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Circular Indicators to Support Decision-Making in the Aerospace Industry
In Collaboration with GKN Aerospace Engine Systems

CARL ERIKSSON
EMMA OLIVEGREN

Department of Technology Management and Economics
Chalmers University of Technology

Abstract

The global aerospace industry faces increasing pressure to address the environmen-
tal consequences of industrial production, with a particular emphasis on reducing
greenhouse gas emissions. In this context, circular economy practices have emerged
as a strategic approach to reduce environmental impact and improve resource ef-

ciency. This thesis explores how circularity can be measured, reported, and im-
proved at GKN Aerospace Engine Systems. Through literature review, interviews,
and factory observations, the study identi es key functions in uencing circularity
and examines the information they require to support circular decision-making. A
set of circular indicators are proposed, emphasizing material e ciency, use of recy-
cled materials, and waste purity, and aligned with frameworks like 1ISO 59020:2024.
Additionally, the business implications of circularity are analyzed, showing poten-
tial for reduced supplier dependency, cost savings, and new revenue streams through
expanded repair services. The ndings contribute both practical recommendations
for the aerospace industry and insights into how CE practices can be implemented
and evaluated in high-precision industries.

Keywords: Sustainability, Circular Economy, Reduce, Repair, Recycle, Circular
Business Models, Circular Indicators, Aerospace, Aviation Sector, GKN Aerospace
Engine Systems
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1

Introduction

The following chapter provides the background and problem de nition of the sub-
ject, outlines the aim, presents the research questions, and speci es the limitations
of this study. Conducted in collaboration with GKN Aerospace Engine Systems
(hereafter referred to as GKN), this thesis aims to gain a deep understanding of the
challenges and issues related to circularity in aerospace engine manufacturing. The
circular approach is focused on reduce, repair, and recycle of material. GKN is a
leading global producer of various aerospace components [5] and their headquarters
is located in Trollh ttan, Sweden, where the master thesis is being conducted.

1.1 Background

In recent decades, the pressure on manufacturing industries has increased to address
environmental impacts due to their production, especially to decrease greenhouse
gas (GHG) emissions. The aerospace industry, with its complex production pro-
cesses, expensive materials and energy-intensive operations [6], is no exception. The
aviation sector alone contributes to approximately 2-3% [7] of global carbon diox-
ide (CO2) emissions, which are expected to increase alongside income levels, as
increased wealth enables more people to a ord to y more [8]. Furthermore, as
concerns about alarming climate change, raw material scarcity, and geopolitical in-
stability grow, the adoption of more sustainable production models has become not
only an environmental necessity but also a strategic business priority.

In response to these environmental impacts, the aerospace industry has launched
several initiatives, for example, to reach net-zero by 2050, focusing on improve-
ments in fuel e ciency, lightweight design, and new sustainable fuels [7]. However,
these approaches may not be su cient to address the urgency and scale of environ-
mental challenges. One concept that could help address these challenges of climate
action and resource scarcity is circular economy (CE) [9]. Unlike the traditional
linear consumption model of extract, make, and dispose, which most of the world
lives by [10], CE is based on three core principles: eliminate waste and pollution,
circulate products and materials, and regenerate nature [11]. This means a shift
in mindset of consumption to one of preservation, focusing on maximizing product
lifespan, and keeping materials and products in circulation for as long as possible.
Thus, CE is a systematic approach to increase sustainable development, designed
to bene t businesses, society, and the environment.

In the aerospace industry, especially with regard to engines, where materials are
expensive, technically advanced, and have a lifespan of decades, the bene ts that
circularity can o er are particularly relevant. By reducing the need for virgin mate-
rials by recycling and reusing components and incorporating circular practices such
as repair, CE strategies can signi cantly lower embedded emissions and improve re-
source e ciency. In addition, circularity also addresses the procurement challenge.

1



1. Introduction

For example, con ict and critical materials, such as titanium and nickel, are a chal-
lenge for the aerospace industry [12]. Con ict materials originate from countries
experiencing con ict, such as Russia and the Democratic Republic of Congo. The
term critical refers to materials that are essential and face risks related to their
supply [12]. This can result from several factors, including scarcity in the Earth’s
crust, di culties in producing or processing the material, and limited availability
due to dependence on a few suppliers. These conditions can lead to increased prices
and monopolistic supply chains, which means that one or a few actors controls the
whole supply chain. A longer product lifespan reduces the need for new raw ma-
terials, thus decreasing dependence on con icting countries and suppliers [13]. In
addition, it also reduces the risks of supply shortages, both short- and long-term, as
well as fostering economic development by creating a circular loop of materials.

Despite the potential bene ts CE can have in the aerospace industry to address
environmental challenges, it is still rarely at the center of sustainability discussions.
Although CO2 reduction is widely discussed and supported by road maps and reg-
ulations [7], progress towards circular practices remains unfocused, and tools to
measure and evaluate their impact are underdeveloped. As a result, an important
approach to environmental and economic performance is being underutilized.

GKN is a global, tier one, supplier to the aerospace engines market, including struc-
tural engineered components, parts repair, commercial and aftermarket contracts
[14]. GKN is positioned between upstream raw material producers and downstream
original equipment manufacturers (OEMs) such as Rolls-Royce and Pratt & Whit-
ney. Some of the components GKN develops are turbine cases, rotating structures,
shafts, intermediate compressors, static frames, and fan cases to civil and military
engine programs [5]. An example of an intermediate case within an engine can be
seen in Figure 1.1, which is a part of a civil aircraft engine. GKN’s products require
high manufacturing precision due to high safety and quality requirements within
the industry, which is done by utilizing technologies such as laser welding [6]. The
products are made from lightweight or heat resistant materials, such as titanium
and nickel-based alloys, which are essential to ensure fuel e ciency and mechan-
ical reliability in jet engines [5]. Although GKN manufactures and delivers these
components, the ownership of the nal engine typically remains with the OEMs or
the customers of the OEMs. GKN does not produce complete engines for the civil
market or operate aircrafts, but its role is essential to ensure the performance and
longevity of the engine’s subsystems. Contracts between GKN and OEMs are typi-
cally long-term, spanning several decades in alignment with the extended life cycles
of aircraft engines.
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Figure 1.1: An intermediate case from GKN

Since 2018, GKN Aerospace has been fully owned by Melrose Industries PLC, a
UK-based investment rm [15]. Under Melrose, GKN has focused on operational
e ciency and nancial performance while also increasingly incorporating sustain-
ability into its strategic priorities. GKN'’s sustainability mission, "to be the most
trusted and sustainable partner in the sky", is supported by global initiatives aligned
with the EU Green Deal, and the Sustainable Development Goals (SDGs) [16]. A
key component of GKN’s circular approach is its growing Maintenance, Repair and
Overhaul (MRO) business. Through its MRO services, GKN restores worn or dam-
aged engine components to serviceable condition. They restore not only their own
components, but also components that they are certi ed to repair from the OEM.
This leads to extended product lifespan and reducing the need for new material
production. These repair operations require deep technical expertise, including ad-
vanced welding, coating, and additive manufacturing (AM) processes.

GKN has a focus on sustainability, with speci ¢ goals targeting emissions reduction,
water usage, and diversion of waste from land Il [16]. As part of its commitment,
GKN is transitioning from a linear to a circular economic model by embedding
sustainability into core business processes such as product development and sup-
plier selection [17]. In addition, initiatives such as life cycle assessments (LCAS),
implementation of material-e cient manufacturing, and innovations in AM demon-
strate the company’s ambition to reduce their environmental impact throughout
the product life cycle. However, despite these e orts, GKN, like many aerospace
manufacturers, still lacks standardized metrics to evaluate the progress and impact
of circularity within its operations. Although waste and land Il reduction is a key
circular goal, more circularity targets are needed. GKN’s current sustainability ap-
proach includes focusing on three key areas, repair, circular materials, and circular
operations, aimed at developing circular solutions®. However, without suitable met-
rics, it is di cult for GKN to evaluate progress, compare its performance over time,
or align e orts across departments. Metrics are also important due to the Corpo-
rate Sustainability Reporting Directive (CSRD) under the EU Green Deal, which

linternal document, 2024



1. Introduction

requires companies to report on their social and environmental risks, as well as how
their activities impact stakeholders and the environment [18]. Therefore, this thesis
is conducted in collaboration with GKN to gain a deep understanding of the chal-
lenges and opportunities related to circularity in aerospace engine manufacturing.

1.2 Aim

GKN has several circular activities, such as MRO and an active interest in reducing
material usage, but there is a lack of circular indicators that allow the measurement
of circularity, in terms of reduce, repair, and recycle. The thesis will therefore aim
to help GKN nd new ways to measure circularity in their material stream in an
appropriate and sustainable way.

1.2.1 Research Questions

This thesis has been guided by the following research questions, which focus on
circularity measurement, the use of circular indicators, their application within the
aerospace industry, and the role of circularity from a business perspective.

1. What functions at GKN make decisions about its circularity?
2. What information do these functions need to improve GKN'’s circularity?

3. In the identi ed functions where circularity can be improved, what are the
appropriate ways to measure, report, and improve the results?

4. How can an improvement in circularity at GKN a ect its business?

1.2.2 Limitations

Since GKN is a security-protected site, photography and unauthorized recording are
not permitted and therefore not allowed to be used in this thesis.

As of writing, there are many regulations and trends in the area of circularity in the
making. Since the topic is still in development, the work will focus on current and
near-future circularity trends and measurements.

GKN is a company that works towards both the military and civil aerospace engine
market. Due to the complications of security classi cations and classi ed informa-
tion towards the military market, the thesis will only focus on the material ow and
materials in the civil market at GKN.



2

Theoretical Framework

This chapter explores sustainability in relation to CE, highlighting the R framework,
closed- and open-loop systems, and the nancial e ect CE has. It also discusses how
to measure circularity using various indicators, frameworks, and 1SO standards.
Finally, relevant business models to the aerospace industry are presented.

2.1 Sustainability

The world is facing a large deal of challenges related to resource consumptions, cli-
mate change, and economic development. Sustainability, according to the United
Nations Brundtland Commission, can be de ned as "meeting the needs of the present
without compromising the ability of future generations to meet their own needs." [19].
This means that the quality of life should be high for the current people living and
for the generations to come. To achieve this quality of life and to address the global
challenges the world faces, the UN developed several sustainable development goals
(SDG). These goals can be grouped into the three pillars (also called the triple
bottom line) of sustainability: economic, environmental, and social sustainability
[20]. Economic prosperity considers the economic parts that an organization has
control over, which could be paying livable wages, sourcing ethically, and workplace
safety. Although some actors may perceive economic prosperity to be about the

nancial performance of a company, in terms of the triple bottom line, this is only a
small part of it. It means that business practices should be in line with the Brundt-
land Commission’s de nition [21]. The second pillar is environmental sustainability,
which considers the relationship between an organization and the environment. This
pillar focuses on how to stop the harmful damage we are creating to the environ-
ment in terms of resource extraction, pollution, and emissions. This means that the
needs and demands of the organization and customers have to balance the environ-
mental e ects it creates. To increase environmental sustainability, new policies can
be implemented, companies can take action to reduce their emission and resource
extraction, and new environmentally friendly based investments can be made [20].
The last pillar of sustainability is the social aspect. This pillar takes all stakeholders
into consideration, which should not be confused with shareholders in this scenario.
Stakeholders are all a ected by the actions of an organization [21]. This can be
actors in the supply chain, customers, people within the company, people in the sur-
rounding environment, and even future generations. In order to work sustainably
with society, human resources need to be managed well. This means that safety
and sustainable growth should be of high priority and that communal growth and
reducing poverty should be prioritized.

There are some problems concerning the three pillars. It is designed to cover all
problems that arise in society, and the UN’s SDGs are there to help society reach
sustainable development [22]. But an increase in one or two of the pillars tends to
have a negative e ect on the last one. For example, by increasing the production of

5



2. Theoretical Framework

food, more economic prosperity can be brought forward and poverty can be reduced
while also decreasing starvation. However, it can have an e ect on the environment
by cultivating inappropriate land elds or by using arti cial fertilizer that harms
other parts of the environment.

2.1.1 Circular Economy

Most of the world lives by a linear consumption model, materials are extracted
from the Earth, products are created by these materials, and nally the products
are thrown away as waste [10]. Instead of continuing to extract new materials and
throwing them away, a CE encourages the extension of material and product use in
order to tackle climate change and other global challenges.

There are several de nitions regarding CE. The European Parliament [9] describes
that CE is a model of production and consumption. However, it involves many sub-
categories such as sharing, leasing, reusing, repairing, refurbishing, and recycling
existing materials and products as long as possible. In short, it reduces the waste
to a minimum. When the product reaches the end of its life, the materials of the
product are kept in the economy with the use of repairing, recycling, and other reuse
measures. This process can be repeated multiple times, creating more value without
extracting new materials.

Another de nition, used in this thesis, is given by the Ellen MacArthur Foundation
[11] which mentions three core principles that a CE must do: Eliminate waste and
pollution, circulate products and materials, and regenerate nature. In order to
move from a linear economy to a circular one, redesigning the economy using circular
principles is a must. By designing infrastructure, products, and materials to return
to the economy after their use, waste and pollution can be eliminated. Thus, by
designing from a circular point of view, waste can be prevented. In addition, by
maintaining, reusing, and recycling products and materials, they can be circulated.
The outcome is longer product life cycles, and the linear process is no longer at the
forefront.

2.1.2 R Framework

Regardless of how CE is de ned, many authors agree on the same general structure
or framework of CE, often the R framework [23]. The framework is based on
di erent core principles, combined in di erent ways. The R-strategies are a helpful
tool to use as a guide on how circular design and manufacturing can maximize
resource e ciency and minimize waste [1]. The tool e ectively visualizes and clari es
the various stages of resource utilization and waste management within a circular
economy and their de nition can be seen in Table 2.1.

6



2. Theoretical Framework

Table 2.1: The R Framework of CE and their de nition [1]

Principles De nition

Refuse Avoid the use of unnecessary or harmful products by making
conscious design and consumption choices from the start.

Rethink Redesign products, services, or systems to enable smarter use,
such as shared access or dematerialization.

Reduce Minimize energy and material consumption throughout a prod-
uct’s life cycle by improving e ciency and using fewer natural
resources.

Reuse Extend product lifespan by reusing items for the same purpose
without signi cant modi cation or processing.

Repair Develop and maintain products that are easy to repair, extend-
ing their lifespan by restoring their original function instead of
replacing them.

Refurbish Improve and modernize used products, often cosmetically and
functionally, to prepare them for resale or continued use.

Remanufacture | Rebuild products by combining reused, repaired, and new com-
ponents to restore them to a like-new condition with the same
functionality.

Repurpose Use products or parts for a new function other than originally
intended, extending their usability.

Recycle Design products with recyclable materials and ensure they can
be processed into new materials of the same or lower quality at
the end of their lifespan.

Recover Extract useful energy or materials from waste through pro-
cesses like incineration or anaerobic digestion when other op-
tions aren’t viable.

The R-strategies have di erent focus points that create di erent lengths of the waste
loop each strategy represents [1]. With shorter loops indicating more sustainable
solutions, as they require fewer resources and less energy as can be seen in Figure 2.1.
For example, Reduce creates the shortest loops by emphasizing smarter product use
and manufacturing. Repair focuses on life extension strategies, resulting in medium-
length loops. Lastly, Recycle involves creative material application, leading to the
longest loops.
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Circular Economy | 14 refuse

Smarter product use

R1 Rethink .
and manufacturing

R2 Reduce

R3 Reuse

R4 Repair Design to extend life
of product and its

R5 Refurbish parts

R6 Remanufacture

R7 Repurpose

RS Recycle Useful appli'cation of
materials

Linear Economy R9 Recover

Figure 2.1: The "R" Framework of CE [1]

2.1.3 Closed-Loop and Open-loop systems

When designing a CE system, two main approaches can be used in material recycling:
the open-loop system or the closed-loop system [24]. An open-loop system means
that once the product or material is used, it is sent for recycling, reuse, or similar
to an external actor. Examples of this can be second-hand markets or recycling
stations. An overview of the process can be seen in Figure 2.2. When a product
in an open-loop system reaches its end of life stage, it is typically recycled with
materials from other waste streams [2]. Once recycled product material is deemed
to no longer meet quality requirements, it is disposed of in the form of energy
recovery, e.g. incineration, or land II.

Manufacturing

Waste
(Company A)

Open-Loop Manufacturing .
M: Material Waste disposal
P: Product

RM: Recycled Material

Recycling (Company B)

Figure 2.2: Flow of Open-loop as depicted by Abubara et al. [2]

The other type of loop in a CE is the closed-loop system. With this type of system,
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an investment in a well-functioning reverse logistics system is needed [2]. As men-
tioned in several interviews, there are multiple ways to achieve a closed-loop system,
but researchers agree that the best way to do it is by making sure that the ownership
of the product returns to or stays with the manufacturer. A clear example of this is
Sweden’s glass bottle deposit system. Consumers purchase a glass bottle and pay a
deposit, which is refunded when they return the bottle to the same manufacturer.
The returned bottles are then washed, recapped, and resold, creating a continuous
reuse cycle that minimizes waste. The closed-loop system can also include recycling,
remanufacturing, and other ways of reusing materials. As mentioned by Fedkin [24]
the material should not deteriorate or lose quality as it is being recovered, the re-
cycling loop should be clear of contaminants, and the material should be able to
manufacture more than one product. In theory, a perfect closed-loop system should
not have any land Il deposition during and after the use phase, since everything is
being reused in the loop. An overview of a closed-loop system can be seen in Figure
2.3.

Virgin materials

Manufacturing Waste

Closed-Loop

Recycling

M: Material
P: Product
RM: Recycled Material

Figure 2.3: Flow of Closed-loop Abubara et al. [2]

2.1.4 Financial E ects

The shift to CE has signi cant implications for the nancial performance of busi-
nesses and industries [9, 25]. By changing from traditional linear economic models,
CE promotes resource e ciency, innovation, and sustainable growth, all of which
in uence nancial outcomes at both micro- and macroeconomic levels.

Adopting CE principles can lead to improved nancial performance for businesses by
reducing costs, improving resource e ciency, and opening new revenue streams [26].
Research has found a positive correlation between circular strategies and nancial
performance, as Palea et al.[26] mention that with their econometric estimations
indicate that CE initiatives contribute to better nancial performance in terms of
pro tability and market value. Furthermore, some actors who have initiated green
initiatives, such as Green Marketing, have increased their market share as a re-
sult [27]. Green marketing involves promoting products and processes that meet
customer needs while reducing environmental impact, such as changes to the pro-
duction process, modifying advertising, and communication.

Furthermore, CE fosters resilience by reducing the dependency on virgin raw ma-
terials, which are often subject to price volatility and supply chain disruptions [9].
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By focusing on material reuse, remanufacturing, and recycling, companies can miti-
gate the risks associated with raw material shortages and geopolitical uncertainties.
These factors contribute to nancial stability and long-term competitiveness.

On a larger scale, CE can drive economic resilience and job creation. According
to the European Parliament [9], the change to a CE could generate approximately
700,000 new jobs in the EU by 2030. The nancial bene ts extend beyond busi-
nesses, impacting consumers by o ering more durable and cost-e cient products,
which in turn sustain economic growth. In addition, Palea et al.[26] highlight that
the circular economy can serve as a means to promote not only environmental sus-
tainability, but also economic development. They suggest that policy measures
aimed at in uencing market demand and amplifying the reach of circular practices
could yield advantages for both the environment and the broader economy.

The DuPont model can be used to analyze a company’s return on assets, a prof-
itability ratio to the companys total assets, by breaking it down into various sub-
components [28]. An overview of the breakdown can be seen in Equation 2.1. The
goal of the DuPont model is therefore to maximize the return on assets, which can
be done by both increasing the pro t margin or the total asset turnover.

H — Revenue
Pro t Margin = =<5~

— Revenue
Asset Turnover = 17 (2.1)

Return on Assets = Pro t Margin Asset Turnover

As mentioned by Palea et al. [26], a manufacturing company that utilizes a CE
approach has a high chance to perform better nancially, which can be explained
by the DuPont model. First, the total asset turnover can be increased if the com-
pany reduces the amounts of assets they are using, for example, by creating the
same value with less resources. They could also reduce the amount of scrap they
are using and recycle it with their suppliers, to use less material overall. Secondly,
the pro t margin can be heavily impacted by opting in to use a CE approach. The
costs, which a ects the results of the company, may be reduced by purchasing a
recycled material. On the other hand, the revenue might be increased if customers
are interested in purchasing products labeled as circular in order to promote sus-
tainability. The revenue can also be increased by better managing waste, and selling
it to recycling companies or back to the supplier.

2.2 How To Measure Circularity

In order to get an understanding of how circular an organization, function, or prod-
uct is, measurements are needed. Without measurements to support the claims
regarding circularity, they lack a proper foundation to support them. Furthermore,
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a measurement is needed to not only report circularity, but also measure improve-
ment progress and deviations. However, how to measure circularity is a challenge,
which is explained in this section.

2.2.1 Circular Indicators

As mentioned above, CE is crucial for transitioning toward a more sustainable so-
ciety. In an interview with one of the researchers, it was mentioned that with
increasing demands for circularity from governments, organizations, and society,
measurement methods are needed not only to report circularity but also to nd
ways to improve and control it [29]. These measurement methods are called circular
indicators and are used in various ways to measure circularity. In the literature,
three main target levels for circularity can be found [30, 31, 32, 33]:

Micro: Focus on an organization as a whole or particular products and pro-
Cesses.

Meso: Focuses on the relationship between companies, consumers, and pro-
ducers.

Macro: The main focus is on large geographical areas and international orga-
nizations.

With these three levels in mind, the goals in a CE are traditionally set with a top-
down approach [31]. Meaning goals are set at the macro level, such as national or
international policies [34], and then adjusted to micro level goals. With relevant
indicators at each level, progress can be measured and areas of improvement can
be identi ed. The purpose of these indicators is then to report circularity to other
stakeholders to ensure that goals are reached, to nd areas for improvement within
the organization, and to gather more data for which decisions can be made.

As mentioned by Saidini et al. [31] and Moraga et al. [30], there are currently many
di erent circular indicators published. In their work, they present a compilation of
about 70 circular indicators, one of which is the Material Circularity Indicator made
by the Ellen Macarthur Foundation [35]. The reason for so many indicators was the
lack of standardization in both creation and usage. In 2024 however, the 1SO foun-
dation released a standard on how to create and use them [3]. Before this standard
was developed, it was di cult to know where to draw limits on measurement levels,
how to properly measure, and how to report the results. While goals on a macro
or meso level might be clear, micro level reportings may have been formulated in
inconsistent ways and lead to a di cult comparison.

2.2.2 Frameworks and 1SO Standard

To develop an e ective circular indicator, it is highly recommended to use a pull
approach. [36, 37], which means that the design of a circular indicator starts with
identifying the function that needs to make a decision. Only after this has been
done can the information needed for the function be explored and collected. Lastly,
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the indicator will be created. There are multiple bene ts in creating circular indica-
tors in this manner, as mentioned by Landstr m et al. [37]. For example, creating
too many indicators could result in a loss of priority which could be minimized by
ensuring that they are based on accurate and relevant data and are clearly de ned.
From a CE perspective, circular indicators will be able to help in decision making
in various ways by providing more data and a better foundation, as mentioned by
Cayzer et al. [32]. Since CE needs to cover the entire life cycle of a product, various
functions need to be informed and have information if an improvement in circularity
is of interest.

When designing circular indicators, it is important to know their purpose to ensure
that all stakeholders has the same interpretation and understanding [36]. In general,
there are three key purposes that can be seen in Table 2.2. However, an indicator
might have more than one purpose:

Table 2.2: Key Purposes When Designing Indicators

Purpose De nition
Reporting Indicators that are used to report information to reports, stake-
holders or others.
Controlling Indicators to make sure a value stays within limits.
Improving Indicators that are used to improve a function.

An organization that works with setting standards for various purposes is the In-
ternational Organization for Standardization (ISO). Due to the many di erent ways
of reporting and measuring circularity [31, 3], ISO developed a couple standards in
2024, the 59000 series, not only to de ne what a CE means, but also to determine
how it can be measured. [3]. The standard corresponds to previous literature on how
to measure circularity in various steps but agrees in the complexity of the subject.
Since circularity in a manufacturing context is a complex subject, some examples of
areas of circular measurements are provided by the standard 1SO 59020:2024 and
can be seen in Table 2.3.

Table 2.3: Examples of circular indicators related to materials from 1SO
59020:2024 [3]

Material Flows Circular Indicators

Reused content

_ Recycled content
Resource in ows

Virgin, renewable content

Virgin, non-renewable content
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Material Flows Circular Indicators

Components and products that are reused
Resource out ows Per cent recycled material derived from out ow
Products and materials for renewable recirculation

Another important thing mentioned by the ISO foundation in its 59020:2024 stan-
dard is that circularity could also be measured in terms of product lifetime [3]. They
describe it as follows:

"The average lifetime of product or material relative to industry aver-
age circularity indicator identi es the degree to which a resource out ow
(e.g. a product or material) is able to retain its value over time compared
to the industry average for that resource when available. This can be used
to represent the slowing of a resource ow. This circular indicator can
be particularly relevant when the system in focus produces products or
materials that are then provided to a user to ful Il a function.”

This is important to discuss when dealing with products with a long lifespan, such
as aerospace engine components. Since engines have a very long lifespan, a compo-
nent that does not need replacement until the end-of-life (EOL) of the engine would
have a higher average lifetime of product ratio compared to those that need to be
replaced or repaired.

The ISO standard 59020:2024 also mentions several economic (or business) indicators
that are not used speci cally to measure circularity but are aimed at supporting the
transition to circularity [3]. They describe it as follows:

"The application of economic-related circularity indicators is of high im-
portance for an organization to provide transparency and demonstrate
that circular strategies and actions are economically feasible. The mea-
surement and evaluation of economic viability can be based on the way
economic value can be created and captured and how the realization of
related actions a ects such value."

Some examples of business indicators proposed in 1SO standard 59020:2024 [3] can
be seen in Table 2.4:
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Table 2.4: Examples Business Indicators

Business Indicator De nition

Net value added Measures the value of a product minus negative
economic factor costs. These negative economic
costs are usually taxes, deprecation or similar, but
can be extended to include circular strategy costs
such as additional labor and resource costs. [3]

Value per mass Provides an estimation of the resource use e -
ciency. An increased value per mass shows an in-
creased amount of circularity. [3]

Resource productivity Can be compared to the value per mass, but is ex-
tended to the regional system by using the GDP
instead of revenue as a measuring unit. Allows
a region, country or geographical area to track
progress towards a circular economy. [3]

Genuine progress indicator | An indicators that is suited to higher system levels.
This indicator is often used as an alternative to
GDP and includes negative economic e ects. This
indicator is not directly related to circularity, but
can include circular activities to make sure that it
is a relevant circular indicator. [3]

When deciding how to measure circular performance, the ISO standard 59020:2024
describes how the measurement boundaries should be established [3]. The bound-
aries should be set with a life cycle perspective. Secondly, the boundaries should be
made with relevant spatial scale. On a product level, this means that all stages across
the value chain are taken into consideration. Since these stages may take place in
di erent locations, the spatial scale can be cross territorial and even international.
Lastly, the temporal scale needs to be considered, as it refers to the time span
that the measurements cover. The framework for measuring and assessing circular-
ity performance according to the 1ISO foundation can therefore be seen in Figure 2.4.

Context of Application
System to be measured, circular goals and actions,
system levels, complementary methods

2. Circularity 3. Circularity
1. Boundary
. measurement and assessment
setting e "
data acquisition and reporting

Targets audience, users, interested parties

Figure 2.4: 1SO Framework on how to measure and assess circularity [3]
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After the boundaries has been set, information has been collected and measured,
circularity is ready to be assessed and reported [3]. This process can be divided
into four steps. First, the measurement results must be reviewed. This involves
re ecting on the purpose of the measurements and evaluating whether the chosen
boundaries were e ective or need adjustment. It also includes assessing how the
circularity indicators can be measured and applied, how they provide results and
support decision-making, and nally identifying any gaps in information or data.
This could be seen as the ISO standards take a bottom-up approach compared to
the guide provided by Almstr m et al. [36] which uses a top-down approach. There
are bene ts to both approaches, but the goal and scope of the measurement could
be more clear with the top-down approach recommended by Almstr m et al. [36].

The second part of the assessment is to assess the value and impact of the mea-
surements [3]. The sustainability impacts should follow the triple bottom line, i.e.
social, environmental, and economic aspects. Although some decisions may lead to
an improvement in one area, it is often that they have contradictory goals, this could
be compared to the sub-optimzation as mentioned by Almstr m et al. [36]. The
economic value of the assessment is also critical and can be evaluated by examining
the total cost of ownership, along with other positive or negative impacts expressed
in monetary terms.

The third part includes consulting interested parties, users and target audiences [3].
These can be grouped into internal and external parties. The internal parties could
be seen to have an interest in decision making and how circular actions will a ect
them in terms of the triple bottom line. The external parties could be users, suppli-
ers, customers, external organizations, and others that might have an interest in the
results of indicators. This falls in line with the three types of indicators mentioned
in Table 2.2.

Lastly, after consulting with the interested parties, the nal part is to document and
report the outcome of the circularity measurement [3]. Important things to take into
consideration here are the target audience and transparency. The report should be
able to be received by the correct audience, and they should be presented with what
is interesting to them. This also means that transparency is of high importance.
All information found and reported must contain everything necessary to support
correct decision-making and correct information.

However, as ISO mentions, and as can be seen in Figure 2.4, the three steps are not
isolated to each other [3]. It is an iterative process that requires the analysis to go
back and fourth between the di erent stages.

2.3 Business models

This section presents important business models in the aerospace industry and cir-
cular business models. Since the aerospace industry uses several circular concepts,
the aspects of circular business models are important to discuss.
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2.3.1 Risk and Revenue Sharing Partnership

A risk and revenue sharing partnership (RRSP) is a kind of collaboration between
multiple actors and an OEM that are developing a product [4]. In the aerospace
industry, this is a typical partnership to enter when developing an engine. An owner
share of 5% would therefore correspond to earning 5% of the revenue that the engine
generates. This method of developing an engine reduces the economic risk a single
actor takes, for example, the PW1000G GTF cost approximately 10 billion USD to
develop [4]. In a traditional engine RRSP, the partners who work together with the
OEM owns less than 50%. This is to make sure that the OEM still retains ownership
and maintains overall decision power.

In addition, the time it takes to develop the engines is very long [4], approximately
up to 15 years, since it may not only be the product itself that is being developed, but
also the underlying technologies. For some actors, revenue might start to generate
once the engine starts selling to customers, but for others, the majority of the revenue
might start to generate once the aftermarket services start taking place. An example
of such an actor is GKN [4].

2.3.2 Circular Business Models

A business model describes how a company creates, delivers, and captures value
[38]. It de nes what customers want, how the business meets those needs and how
it generates revenue and pro ts in the process. Essentially, it re ects the company’s
strategy for providing value while ensuring nancial sustainability. However, a CBM
instead focuses on minimizing resource use, waste, and emissions by improving the
way materials and energy are managed within an organization [39]. Antikainen et
al. [38] describe ve types of CBMs:

1. Circular supply:
Using renewable, bio-based, or recycled materials instead of traditional inputs.

2. Product life extension:
Designing products to last longer by making them easier to reuse, repair,
refurbish, remanufacture, and recycle, ensuring materials stay in circulation
for as long as possible.

3. Sharing:
Maximizing the use of underused products by allowing multiple people to share
them instead of each person owning their own.

4. Resource recovery:
Turn waste into valuable materials by recycling and recovering resources, to
ensure that materials are reused instead of discarded.

5. Product-service systems (PSS):
Instead of selling a product, companies o er access to its function as a service
while still retaining ownership over it. There are also three di erent types of
PSS:
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Product-oriented services:
The customer buys and owns the product, but the company o ers addi-
tional services to extend its lifespan.

User-oriented services:

The company maintains ownership of the product, and customers pay to
use it temporarily. The company is therefore responsible for its mainte-
nance and disposal.

Result-oriented services:
The customer pays for a speci ¢ outcome rather than a product itself.
The company provides whatever is needed to deliver that result.
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Methodology

During the thesis, several methods were used, which can be seen in Figure 3.1. First,
data was collected through a literature review, interviews, and observations to get
a well established background on the subject.

Figure 3.1: Flow chart of the methodology

The literature review aimed not only to explore and de ne topics related to circu-
larity but also to identify potential applications within the aerospace development
industry. From the literature review, the work of Almstr m et al. [36] was ana-
lyzed, which outlines an appropriate approach to develop relevant indicators. This
approach also shaped the structure of the thesis, as re ected in the guiding research
questions. The rst step in developing indicators is to de ne circularity goals to
reach and who or what function at GKN makes decisions about these goals. There-
after, it is necessary to know what information is needed to make these decisions
with a good foundation. After these two steps, circular indicators could be developed
and connected to the decisions and proposed circularity goals. After the literature
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review was completed, a series of semi-structured interviews were conducted with
circularity experts and personnel from GKN. For additional data collection, sev-
eral unstructured interviews were conducted with supervisors and observations were
made in the form of three visits to the factories. Then, a present state analysis of
the company and its situation was conducted. After data collection and a present
state analysis was completed, the result was created and discussed. The result and
present state analysis was regularly discussed with the supervisors and other rele-
vant interviewees which created a loop of feedback, corrections, and veri cations.
Finally, a conclusion and recommendations to GKN and academia were presented.

3.1 Literature Review

Articles related to the subject have been analyzed, summarized, and explored to
support the thesis. According to Knopf [40] a literature review has two main com-
ponents, the rst being to summarize the ndings of previous research on the subject.
Therefore, it was important to nd relevant articles on the subject in the early phases
of the thesis. Secondly, the literature review was supposed to nd how accurate the
current literature was on the subject and what needed further research. Therefore,
the literature review was important not only to nd the most recent ndings on the
subject but also to support other methods to nd new and relevant ndings that
can be used in the thesis. Furthermore, Knopf [40] also mentions that the literature
review should start with a more general approach before narrowing to more speci ¢
topics. The review in the thesis was started by utilizing keywords and phrases in
literature databases to nd relevant articles. Keywords used were the following:

Circular indicators
Circularity in aerospace
Circularity frameworks
Circular business models

Risk and Revenue Sharing Partnership

3.2 Semi-Structured Interviews

The thesis conducted semi-structured interviews with engineers, manufacturing per-
sonnel, technology developers, and other relevant employees at GKN. Interviews
were also conducted with circularity researchers and external people within the
aerospace industry. Since the subject is in an exploratory stage and research is be-
ing conducted as of writing, semi-structured interviews were an appropriate way to
gather information, as follow-up questions were allowed [41]. Follow-up questions
that might arise during the interview are crucial as they may not be covered by the
literature.

The interviews were important in order to grasp the current development of cir-
cularity in the aerospace industry. Therefore, the main objective of the interviews
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was to understand which functions were important for circularity, what information
would be needed in the functions to create measurements, and how circular indica-
tors could be used in various di erent stages of product and business design. The
idea of the interviews was therefore to start wide before narrowing down the focus
with key people. The list of the people interviewed and their occupations can be
seen in Table 3.1.

Table 3.1: All semi-structure interviews

Interview Occupation Date
A Professor Emeritus, Environmental Systems Analysis | Feb 11, 2025
B Site environmental lead at GKN Feb 13, 2025
C Expert Procurement Method and Means at GKN Feb 14, 2025
D Postdoc, Environmental Systems Analysis Feb 18, 2025
E Research Engineer-Materials & Processes at GKN Feb 18, 2025
F Sustainability Expert at GKN Feb 21, 2025
G Project Manager at GKN Feb 21, 2025
H Research Engineer at GKN Feb 21, 2025
I Global Commodity Manager at GKN Feb 26, 2025
J Principal Research Engineer Design at GKN Mar 5, 2025
K Strategy & Sustainability Director at GKN Mar 18, 2025
L Associate Professor, Supply and Operations Manage- | Mar 21, 2025
ment
M Head of Circular Economy working group at Interna- | Mar 21, 2025
tional Aviation Environmental Group (IAEG)

To keep the interviews on track, an interview guide was developed with questions
for each interviewee that contained relevant questions [42], which can be seen in
Appendix A. As mentioned by Wildemuth [42], the order and formulation of the
questions could and would vary between di erent interviewees. The questions were
designed to be open ended due to the fact that the area is unexplored, and this
allowed for follow-up questions. The questions were split into three categories: (1)
general questions about the background of the interviewee and the area, (2) speci ¢
questions for people at GKN, and lastly (3) questions for researchers and external
people. The interviewees were selected with the help of GKN to ensure that the right
person was contacted for the right function and area. With consent, the interviewees
were recorded and asked if it was okay to refer to them in the thesis.

3.3 Unstructured Interviews

The second type of interview used was unstructured interviews. This method was
chosen to strike conversations, meetings, and spontaneous interviews with relevant
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people. The main di erence between an unstructured and a semi-structured inter-
view is that in the unstructured kind, no predetermined questions were prepared
[42]. The selected group of interviewees included individuals from supervision meet-
ings, those working in GKN o ces, and factories as can be seen in Table 3.2. This
enables more spontaneous conversations to get a deeper understanding of the sub-
ject. Since the unstructured interview is based on a normal conversation, Wildemuth
[42] mentions that good ways to start these interviews are with questions similar to
"How do you feel about the...?".

Table 3.2: All unstructured interviews

Interview Occupation
N Sustainability Expert at GKN
Business Analyst at GKN

O

P Associate Professor, Supply and Operations Management
Q Site personnel at GKN

R Manufacturing Engineer at GKN

However, something to note is that although an interview may be unstructured, it
is always a controlled conversation [42]. The goal of the conversation should always
be to reach the interviewer’s research interests, and this occurs when both sides of
the conversation are allowed to participate. A di cult task during an unstructured
interview is to take notes and document everything, since this might disrupt the
conversation. To counteract this, two people attended each unstructured interview
to ensure that all relevant information could be documented.

3.4 Direct Observational Data Collection

Observational data were collected through site visits to GKN in Trollh ttan. These
visits were crucial to get an in person perspective on GKN’s situation accurately
and then comparing it to interviews and literature. The purpose of the site visits
was also to see the material ow and where possible improvements could be made
in terms of circularity.

Wildemuth [42] points out that direct observations are needed to "see it for yourself".
People who exist in the setting may overlook or take certain things for granted that
would be missed without an observation. Furthermore, through observational data
collection, more precise data, e.g. sequence, frequency, timing, and duration, can
be collected. The primary purpose of this sort of data collection is to notice behav-
ioral patterns in a certain settings. Through site visits to GKN, non-participation
observations were made.
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3.5 Empirical Analysis

After interviews and site visits were conducted and the literature on the subject had
been read, a current state analysis of GKN was performed together with a material

ow analysis. Important functions for circularity and decisions within them were
identi ed. After this had been done, the functions would be analyzed and possible
circularity improvements were discussed.

3.5.1 Relevant R

The circularity framework in this report is based on three of the ten R’s in circu-
lar economy principles: Reduce, Repair, and Recycle. These were selected for their
relevance and applicability to GKN, as identi ed in the empirical analysis and intro-
duction as proposed circularity goals. Reduce was considered relevant due to GKN’s
focus on minimizing material usage in production, as well as reducing waste, contam-
ination, and other ine ciencies. Repair is a core aspect of GKN'’s business, as the
company specializes in servicing and repairing engine parts. Although some repair
processes resemble remanufacturing, the de nition used in this thesis (based on the
theoretical framework) classi es these activities as repair as the components, rather
than being returned to their original manufacturer, are sent to GKN for restoration.
Recycle is of signi cant interest to GKN due to the high cost of materials. Diverting
scrap from land Il not only reduces waste disposal costs but also provides a potential
revenue stream through material recovery. In addition, the three Rs each represent
di erent lengths of a loop, short, medium, and long, as described in Chapter 2.1.1.

The other R’s were considered to be irrelevant. Refuse would not be relevant since it
would directly go against GKN’s goals and objectives, and would need a complete re-
model of their business model. Rethink was also not relevant, since the components
are mounted on a single engine and use intensity would be up to the customer/OEM.
Reuse of components could be applicable on the second-hand market of aerospace
engines, but from a rst-tier supplier such as GKN, the products need to live up
to strict regulations and have well-made documentation. Since GKN work mostly
with static parts, refurbishing would not be relevant since it would most likely be
repaired instead. Repurposing GKN’s components is also very impractical if not
impossible in a useful way. The products are designed to be used with a speci ¢
engine, and nding a new useful application would be di cult if not impossible.
Recover mainly insinuate energy recovery by incineration. However, the materials
used in the aerospace industry are of high value, and most engine components are
made of metal. In this context, recycling is far more appropriate than incineration.
Therefore, recover was not deemed relevant.

For GKN, the most relevant R’s are Reduce, Repair, and Recycle, as these align
with their business model, regulatory constraints, and material recovery strategies.
The other R’s are less applicable due to strict safety regulations, high material value,
and the specialized nature of aerospace components.
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3.6 Research Quality of the Thesis

In order to maintain a high quality of the research, several aspects were taken into
account when designing the methodology and data collection. This was based on the

ve criteria presented by Korstjens and Moser [43]. First of all, the research should
have a high degree of credibility by drawing plausible information from the original
data source, which in this thesis are the interviews. Since the data is collected
from original sources, and from multiple organizations, the data is credible and
gives multiple perspectives to the problems faced. Secondly, the research should be
transferable to other context or settings. This was a goal for the thesis, since the
creation of indicators was one of the goals, and this thesis shows how they can be
created in areas where they may not be as developed or have unclear de nitions.
Third, the dependability of the ndings over time needs to be addressed. This
has been supported by multiple interviews over the thesis time period and multiple
feedback sessions from supervisors, and shows that the right areas were of focus.
Fourth, conformability was needed to make sure that the right data was collected
and interpreted in the correct way. This was done in two ways, one by conducting
multiple interviews with researchers to con rm ndings and discuss new potential
areas of research. And the other by conducting a literature review for the discussion
to see how the research holds up to others. Lastly, the re exivity had to be taken
into account. This describes how the critical self re ection during the writing of the
thesis was performed. This was done by proof reading the thesis multiple times, but
also by having the supervisors review the thesis as it was being written.

3.6.1 Use of Al

In line with current recommendations for transparency in academic research [44],
this thesis utilized the Al tool ChatGPT, developed by OpenAl, exclusively for
language re nement and translation support. The tool was used to enhance clarity,
correct grammatical inconsistencies, and improve the overall readability of the text.
Importantly, no content was generated by the tool, all conceptual, analytical, and
written work remains the product of the authors. The authors take full responsibility
for verifying the accuracy and integrity of all content and outputs resulting from the
use of Al support.
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Present State at GKN

The following chapter will provide an in-depth background to GKN as a company,
their business model, and a map of the material ows in the production. This is to
give the reader a better understanding of the current state at GKN. All information
presented in this chapter is derived from interviews, site visits, and GKN’s website.

4.1 GKN Today

GKN Aerospace Engine Systems is a supplier to various actors in the aerospace
industry [5]. They not only design, develop, and manufacture components for en-
gines in the civil industry, but also repair them and provide after-market services
[45]. To provide the best service and products possible, they are currently present
in multiple countries with several manufacturing locations. A focus of their business
is to provide low turnaround times in repairs for their global partners and Original
Equipment Manufacturers (OEM), such as General Electric and Pratt & Whitney
[46].

GKN primarily develops static components for the civil aerospace market. These
parts are typically sold directly to customers, who are usually OEMs [4]. One
common scenario is when the OEM chooses to purchase a component from GKN
without involving GKN in a risk and reward sharing partnership (RRSP). Alterna-
tively, GKN can participate in an RRSP, which quali es them as a strategic partner
in the engine program, this business model is described in more detail below. The
components GKN supplies to OEM customers are often titanium- or nickel-based
alloys, and some examples of products are the following [4]:

Rear engine mount structures
Forward engine mount structures
Rotating components

Fan cases

Turbine cases

Shafts

Since GKN is developing aerospace engine components for OEMs, they are quali ed
as partners in RRSPs. This ensures that GKN is trying to make the best parts
possible within RRSPs in terms of weight, strength, cost, and e ciency. By being
part of this program, GKN can also take on the role of maintaining MRO services
for the engine. This includes parts manufactured by GKN and others within the
RRSPs. As of writing, GKN currently has three large centers for engine MRO, one
in San Diego, US, one in Johor, Malaysia, and one in Trollh ttan, Sweden [47]. This

25



4. Present State at GKN

enables the company to o er repair solutions close to their customers, and also send
out on-site service teams for immediate support.

To stay on top with new technologies and solutions, GKN is investing heavily into
R&D practices [48]. By having a location dedicated to advancing current and new
technologies, GKN is working actively, both independently and in collaboration with
its customers, to improve not only the products it manufactures, but also the overall
sustainability of the industry [16].

Although it is mandatory to report emissions in today’s environmental reports [49],
regulations regarding recycled materials and circularity within a company are not
as developed. GKN could therefore be in need of measuring its circularity to be able
to publish it in its environmental reports in the near future.

4.2 Business Model

GKN'’s products undergo a long development cycle, which can be followed by MRO
until they reach their EOL. GKN’s production process spans an extended period
before products reach the market and begin to generate revenue. The speci cs of
this model will be discussed in detail in Sections 4.2.1 and 4.2.2. Figure 4.1 illustrates
GKN’s cash ow during a product’s life cycle.

Figure 4.1: Time line and cash ow of product’s life cycle [4]

In Figure 4.1, it can be seen that the largest investments are made during the
development stages of the technology and the product, as it has negative cash ow.
Since these stages are very long and it is not uncommon for them to take up to 15
years, a positive cash ow is not realized until many years later, which is explained
in more detail in Section 4.2.1.
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4.2.1 Risk and Revenue Sharing Partnership

The aerospace industry usually works with a RRSP [50]. The same works for some
of GKN'’s products, where they own a share of the whole engine. The share is based
on how much of the engine is made from GKN'’s parts. The OEM contract results
in a power-by-the-hour or a cycle-based business model, where one cycle would be
equal to a ight from point a to point b. This means that the engine only generates
revenue when it is in use. GKN'’s share of the revenue is the same as its share of
the ownership of the engine. As can be seen in Figure 4.1, all positive cash ow
from this business model is generated during the aftermarket phase. As a result,
the industry has high entry barriers, making it di cult for new players to commit
the long-term investments of capital, resources, and time required.

The high risk requires high trust between the many partners since they lose revenue
if some part of the engine breaks down. In addition, the MRO contract expires after
a certain number of years, which in turn results in the end of revenue generated for
GKN on that speci c engine if no additional MRO services are procured. Even if
the engine is later determined to have reached its EOL, this does not mean that
the part produced by GKN is no longer viable or as good as new. This could be a
potential loss of a reliable part for GKN.

Since GKN also takes on the role of repairing and performing engine service, a large
portion of the positive cash ow is generated in these operations. It is therefore
critical that the company has the capacity and materials to repair parts, such as
turbine blades and manufacture spare parts.

4.2.2 Circular Business Model

Given GKN’s involvement in not only the design and manufacture of engine parts,
but also the repair and servicing of engines, circularity is a core aspect of its busi-
ness. In addition, GKN focuses on manufacturing products with a long lifespan,
designed to last the entire lifetime of the engine.

The materials that GKN uses in its products are very expensive. This gives high
incentives not only to recycle the material as much as possible, but also to min-
imize the amount of material needed. GKN currently has two di erent types of
recycling activities. Firstly, it makes sure that its material waste in production is
being managed by a recycling company. When material is sold to an external recy-
cling company, the quality of the waste is of great importance. The price di erence
between the contaminated material and the pure material is large. For example, for
the alloy TI 6-4, the pure metal has a 132% higher price compared to the contam-
inated counterpart . In order to maximize pro ts from these metal scraps, e orts
have been made to collect as much scrap as possible. However, making sure that it is
not contaminated with other metals is one of the larger challenges. Secondly, GKN
works with its suppliers to return excess material from its production to increase

IInternal Document, 2024
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recycling. This type of collaboration sends back material that was purchased from
that speci c supplier, creating a loop of materials.

4.3 Material Flow

After conducting several interviews with the relevant people working at GKN and
visiting the factories, a general material ow was created, as can be seen in Figure
4.2. In order to create the ow of the materials, a sample product was rst selected
and analyzed, and then adjusted to make it more general for all of GKN products.

Figure 4.2: General material ow at GKN

The material ow is analyzed from the perspective of GKN and how it handles ingo-
ing and outgoing material ows. First, the raw material is acquired by its supplier
(1). GKN primarily uses two types of metal-based alloys: titanium-based and nickel-
based superalloys. GKN uses titanium for components that need to be lightweight
and nickel-based when they need to withstand high temperatures. These materials
are then processed in various ways, including melting and casting into products,
creating bars or pellets, forging parts for later machining, or forming sheet metal.
Regardless of the form in which the raw materials are procured, they will undergo
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further processing (2). During this stage, some material waste and scrap is gen-
erated (D), which is most often handled by an external recycling company to be
recycled and sold.

When the processed material reaches GKN’s manufacturing facilities (3), further
processing is carried out on-site, involving techniques such as additive manufactur-
ing (AM), subtractive manufacturing, and assembly. Many of these processes involve
material removal, leading to additional waste and scrap generation (E). However,
in some cases, the supplier will collaborate with GKN to reuse material (A), creat-
ing a closed or open loop, depending on whether the excess material is returned to
GKN or not. In addition, some leftover material is reused internally within GKN’s
processes (B), if the process allows it. An example of such a process could be the
reuse of material from AM processes.

Following manufacturing and nal processing, the components are treated and in-
spected, including quality control (4). Afterwards, they are delivered to customers
for use (5). Over time, these components require maintenance or repair. When
such needs arise, parts are sent back to GKN (C) for service, allowing for repairs to
extend product life and reduce waste. These repairs are for products manufactured
by GKN and components manufactured by others. This cycle continues until the
service contract of the engine runs out. Finally, the engine has reached its EOL and
is out of service (6). At this point, the nal fate of the engine components remains
uncertain, as this is decided by the nal owner (7). Possible scenarios include recy-
cling valuable materials, reusing functional parts for other engines, repairing speci ¢
components, or, in some cases, disposal if no further reuse is feasible.
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5

Proposed Circularity Goals

GKN’s current sustainability approach focuses on establishing circular solutions of
repair, circular materials, and circular operations. In Figure 5.1 the connection
between circular indicators, decisions, and circularity goals can be seen. Accord-
ing to Almstr m et al. [36] a pull approach is appropriate when designing suitable
indicators. Therefore, as seen in Figure 5.1, the circularity goals should be estab-
lished rst, then decisions a ecting these goals, and nally circular indicators can
be developed to support decisions and communicate progress.

Figure 5.1: How circular indicators, decisions, and circularity goals a ect each
other

Since indicators should have something to strive towards and something to communi-
cate progress about, this thesis proposes that GKN establishes its circular solutions
as goals to follow the pull approach of creating circular indicators. These proposed
goals would therefore be formulated as follows:

Goal 1: Reduce material usage
Goal 2: Increase recycling of material
Goal 3: Grow repair business

These goals also mirror the three R’s, Reduce, Recycle, and Repair, and re ect areas
where GKN sees a strong potential to strengthen circular practices.
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Identi ed Functions

The following chapter presents and discusses the identi ed functions that have an
a ect on GKN'’s circularity and how they relate to the three R’s, Reduce, Repair,
and Recycle. All identi ed functions, except EOL Management, are currently orga-
nizational units at GKN and their de nition can be seen in Table 6.1. This chapter
will also discuss the decisions that exist within the di erent functions that need to
be taken to achieve the three proposed circularity goals. All information presented
in this chapter is derived from interviews. Any additional sources are appropriately
referenced.

Table 6.1: All functions and their de nition

Functions De nition

Strategy Organizational unit at GKN that handles business models
and decisions for enabling circular solutions. This includes
managing circularity with regard to economic prosperity.
This function also handles market analyses, merger and
acquisitions, business analysis, and more related to the
strategic decisions within the company.

Commercial Organizational unit at GKN that engages with clients to
understand their needs, provide technical support, manage
service agreements, and ensure long-term partnerships. In
addition, manages business operations related to sales,
pricing, and contracts.

Technology Organizational unit at GKN that develops new materials,
Development manufacturing technologies, and repair methods. It is driven
by market requirements, the integration of new methods and
materials, airframe compatibility, and evolving engine

speci cations.

Design Organizational unit at GKN that cover decisions taken
during the design phase of the product. For example,
determines material selection and manufacturing feasibility
during the product development phase.

Procurement Organizational unit at GKN that evaluates, negotiates, and
contracts suppliers, for example based on cost, quality, lead
time, and adherence to industry standards.

Manufacturing | Organizational unit at GKN that handles selection of
manufacturing methods for products, considering waste
generated both prior to and during production.
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Functions De nition
Product Quality | Organizational unit at GKN that ensures product quality by
Assurance evaluating components after manufacturing, before repair

decisions, and conducting nal inspections after repairs to
authorize their return to the customer.

Waste Organizational unit at GKN that establishes procedures for

Management handling, segregating, recycling, and disposing of waste
materials from manufacturing and maintenance operations.

Engine Organizational unit at GKN that conducts inspections,

Maintenance repairs, and overhauls on engines to maintain performance
and compliance with customer requirements.

EOL How the engine and its components are handled after its

Management operational use. As of writing, this is not yet an

organizational unit at GKN, but it is proposed that one be
established to improve and manage circularity at EOL.

In order to understand how the functions are important with regard to circularity
at GKN, they have been placed in relation to the three R’s that align with the
proposed circularity goals. An overview of these relations can be seen in Table 6.2.
For example, the strategy function has an impact on both repair and recycle to build
a foundation for circularity at GKN.

Table 6.2: Summary of all functions relating to the three proposed circularity
goals connected to the three R’s.

. : Goal 2:
Functions ggglljié Recycle
Strategy
Commercial
Technology Development
Design
Procurement

Manufacturing

Product Quality Assurance
Waste Management
Engine Maintenance

EOL Management

Many of these functions are interconnected and in uence each other. For example,
waste management is directly in uenced by material selection, which is determined
during the design phase. To better understand the root causes behind various deci-
sions, a mapping of these functional relationships has been conducted. The results
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are presented in more detail in Appendix B, which illustrates the connection be-
tween the in uencing and the in uenced function. In addition, while strategy may
not have a direct e ect on waste management, it indirectly in uences it by shaping
design choices, for example, designing products to have a long lifespan. To avoid re-
dundancy, decisions are discussed only within the function in which they are made.
This approach, combined with Appendix B, helps to clearly identify both direct and
indirect in uences between functions.

6.1 Strategy

Reduce & Recycle

The strategy function at GKN is highly relevant to both reducing material usage
and increasing the use of recycled materials, as it de nes the company’s long-term
direction and objectives. By setting measurable circularity goals, such as targets for
material e ciency, reduction in virgin material use, or a target for recycled ingo-
ing material, the strategy function directly in uences how the company prioritizes
and integrates resource-saving measures across its operations. In addition, GKN'’s
business model, as shaped by the strategy function, includes circular aspects such
as product repair services, extended product ownership, and responsibility for com-
ponents at EOL. These elements support material reduction by extending the life
of products and components, minimizing the need for new raw materials.

Repair

As mentioned above, a part of GKN that sets the prerequisites for the entire busi-
ness is the strategy function. The strategy function sets the foundation for who
owns the product and the business model, what they are actually giving to the
commercial function to sell, and what should be repaired and manufactured at the
company. Furthermore, GKN repairs not only the components they design but also
those produced by others, which increases the circularity and extends the lifespan
of the components in the aerospace industry.

Decisions

The strategy function is setting the foundation for a lot of decisions in other functions
and is therefore very important for circularity. The decisions that impact the three
proposed circularity goals can be seen in Table 6.3.

Table 6.3: Decisions in the strategy function connected to the circularity goals

Name Decision Goal
Strl What the long-term goals of the company strategy are. | Goal 1, 2, 3
This includes measurable circularity goals.
Str2 How the business model of the company involves Goall,2,3
circular aspects, such as the repair of products,
ownership, and responsibility at EOL.
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Name Decision Goal

Str3 Determine how and when to expand GKN’s repair Goal 3
portfolio by identifying and certifying additional
components for repair.

6.2 Commercial

Recycle

The restrictions on what GKN can sell are strict, as it is set by the material spec-
i cations. Therefore, through the commercial function, it is important to have a
discussion with customers and OEMs about what an acceptable amount of recycled
material is without risking safety and quality risks.

Repair

Repairing plays an important role in GKN’s customer relationships, as the company
0 ers not only components but also repair services. In order for the repair of the
components to be functional, the communication between the commercial function
and partners would have to be transparent with respect to its quality, data collec-
tion, and performance to result in the best possible repair service.

Decisions

Customers and OEMs set demands and regulations on what GKN can and must do.
For example, how often components need to be serviced or checked, and may result
in repair. Thus, decisions within the commercial function that a ect the proposed
circularity goals of 2 and 3, and can be seen in Table 6.4.

Table 6.4: Decisions in the commercial function connected to the circularity goals

Name Decision Goal

Coml Decide how and when to engage with customers and Goal 2
OEMs early in the material speci cation process to
align on circularity goals, such as acceptable levels of
recycled content.

Com2 Decide how to communicate and demonstrate the value | Goal 3
of circular o erings, such as repair services and
take-back programs, to ensure customer buy-in and
participation.

6.3 Technology Development

Reduce

The development of technologies is what allows new ways of manufacturing, new
products, and new innovations in the industry [4, 17]. Since these developments
are long and are aimed at changing the future and not the present, the reduction
possibilities are large. For example, new manufacturing technologies such as AM
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can reduce the amount of material usage that is needed to produce the product.

Repair

With new and emerging technologies, the repair of components can change to reduce
the amount of material needed and scrapping. With new repair methods, such as
the use of AM, less material can be used. For example, AM can repair broken fan
blades by adding material to the damaged area, eliminating the need to scrap the
entire blade.

However, before repairs even start, quality needs to be controlled. New technologies
may enable better ways of controlling quality in terms of e ciency and accuracy.
Therefore, reducing the amount of repairs needed, or creating predicative mainte-
nance to lengthen product life.

Decisions

Decisions on implementing new technologies that reduce material usage, minimize
land II, and support repairability are made within the technology development func-
tion. Relevant decisions within technology development can be seen in Table 6.5.

Table 6.5: Decisions in the technology development function connected to the
circularity goals

Name Decision Goal
TD1 What innovative manufacturing and repair methods Goal 1
are adopted to improve material e ciency and reduce
waste, e.g., AM.
TD2 What new quality assurance technologies to develop. Goal 3
6.4 Design
Reduce

The design function has a signi cant in uence on several areas of the organization,
as illustrated as a quality house in the Appendix B. Decisions made during the de-
sign phase directly a ect the product’s lifespan, with an extended lifespan reducing
overall material consumption and fewer replacements are needed. In addition, de-
sign determines how much material is required to achieve the desired functionality,
making it central to improving material e ciency. It also shapes which manufactur-
ing methods can be used, potentially enabling more e cient or combined processes
that further reduce material use. Furthermore, since the design relies on a wide
range of information to guide decision-making, supportive documentation can help
steer the design toward more circular outcomes.

Recycle

The design function at GKN has a large impact regarding recycling since the design
phase sets many prerequisites for recycling of the product’s life cycle. The choice of
material is part of the design phase that sets the foundation for whether the material
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is easy, di cult, or even possible to recycle. In addition, supporting documents and
product passports can help choose and trace the material to ensure that it is from
recycled content. The design phase is also crucial for determining how easy it is to
dismantle the product, which results in a better possibility of sorting and recycling.
Furthermore, having a product and a product family of as few materials as possible
could make recycling more e cient and pure.

Repair

The design directly in uences how the component is mounted on the engine, its
resistance to damage, and its potential for repairability. In addition, the design
determines the choice of materials. Since GKN’s components are built for long
lifespans, repairs often occur many years after the initial design phase. Therefore,
material selection must account for future requirements and conditions. For exam-
ple, if the material will be available when the component needs to be repaired or if
a substitute material could be used.

Decisions

There are multiple decisions relevant to the design function that are crucial for
circularity. The decisions made in the design function that are related to the three
proposed circularity goals can be seen in Table 6.6.

Table 6.6: Decisions in the design function connected to the circularity goals

Name Decision Goal

Desl Decide on the material and manufacturing approach Goal 1 &2
for a product or product family, including what and
how much material is used, the acceptable level of
recycled content, and which manufacturing methods
that are compatible with the design.

Des?2 Decide on the product’s design in terms of intended Goall,2,3
lifespan, the balance between durability and
repairability, and the ease of disassembly or

dismantling.

Des3 How supportive documents such as an LCA and ISO Goall,2,3
standards are used in the design phase.

Des4 How traceability is enabled in the design, for example, | Goal 2

through a product passport.

6.5 Procurement

Recycle

The degree of recycled incoming material is directly a ected by the selection of sup-
pliers. However, the decision to acquire and use recycled material is complex and
depends mainly on two variables. Firstly, it is the supplier that currently decides
how much recycled material they are selling and able to supply. Because of this,
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GKN is not aware of how much of the incoming material is recycled. Secondly,
the allowed amount of recycled material is regulated by GKN’s customers and the
material speci cation. The process of changing a material speci cation is long and
expensive and, therefore, is not often prioritized.

Recycling is also important for outgoing materials, where one approach is to manage
and recycle waste through collaboration with suppliers. Some of GKN'’s suppliers
have been able to recover waste material after machining has taken place at GKN.
Some of the waste material is reprocessed and sent back to GKN, and some are sent
to other customers of the supplier.

Decisions

Procurement is very important for circularity as it sets up a large part of the up-
stream supply chain. The decisions made in this function related to the circularity
goals can be seen in Table 6.7.

Table 6.7: Decisions in the procurement function connected to the circularity

goals
Name Decision Goal

Prol Choosing a supplier that has a high degree of recycled | Goal 2
material that still meets the correct regulations and
standards.

Pro2 Collaborating with suppliers who can take back waste | Goal 2
material for reuse and recycling.

Pro3 Decide if supplier audits should be conducted to assess | Goal 2
and ensure circularity performance.

6.6 Manufacturing

Reduce & Recycle

Manufacturing is a critical function for both reducing material usage and increasing
material recycling at GKN. Many of the current manufacturing methods are subtrac-
tive, involving the removal of large amounts of material that generates signi cant
waste. By shifting toward more material-e cient, the need for raw material can
be reduced and less waste is produced. Furthermore, the choice of manufacturing
method directly a ects the recyclability of the waste, as it determines factors such
as the degree of mixed waste, which in turn impacts the ease with which the waste
can be sorted and recycled.

Decisions

Manufacturing methods in uence circularity in terms of both reduction and recy-
cling, as they directly a ect material e ciency and the ease with which excess ma-
terial can be recycled. The important decision made in this function that supports
the circularity goals can be seen in Table 6.8.
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Table 6.8: Decisions in the manufacturing methods function connected to the
circularity goals

Name Decision Goal

Manl Decide on manufacturing methods, in collaboration Goal 1 &2
with the design function, to minimize waste and
improve material e ciency, including the potential for
combining di erent methods.

6.7 Product Quality Assurance

Repair
One function that supports repair operations is product quality assurance which oc-
curs before the component is sent from the customer in question of being repaired or
not. Currently, if the user of the engine detects an anomaly of the component, they
send the evidence to GKN to understand how to proceed. Two paths are possible,
either GKN ensures that the quality is acceptable, without risk, and can continue
ying, or the component is sent to GKN for it to be repaired. Quality is of highest
importance in the aerospace industry due to the high safety standards, and if there
is doubt as to whether the component needs to be xed or not, it will always be
sent for repair. After the component is repaired, a quality control will be performed
to approve it to be returned to the customer.

Decisions

With quick, e cient and secure quality assurance, decisions regarding the quality
can be made more e ciently. To make product quality assurance as best as possible,
the decisions in this area can be seen in Table 6.9.

Table 6.9: Decisions in the product quality assurance function connected to the
circularity goal

Name Decision Goal
PQAL How data is collected and analyzed to determine the Goal 3
quality of a component.
PQA2 What quality is accepted on the damaged components. | Goal 3

6.8 Waste Management

Recycle

Recycling is heavily impacted by the waste management at GKN as the company
works with advanced and expensive alloys. Therefore, how the waste of these materi-
als are handled is of great importance. The waste material during the manufacturing
phase has three di erent routes in terms of recycling. Firstly, the waste can go back
to the previous steps in a closed loop inside of GKN processes, as illustrated in
Figure 4.2. Secondly, the waste is sent back to the supplier who will handle and
recycle it in an open or closed loop. Lastly, the waste is sent to the external recycling
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company who will process and recycle the material.

When GKN is handling its waste, the purity of the waste is crucial to ensure it
can be sold for the highest possible price, as cleaner, single-material waste streams
are more valuable and easier for recycling companies to process without additional
separation or treatment. Therefore, a high degree of purity in the waste is not only
interesting from a recycling perspective, but also a pro tability perspective.

Decisions
Waste management has decisions impacting one circularity area, recycle. The deci-
sions relating to the circularity goal of recycling can be seen in Table 6.10.

Table 6.10: Decisions in the waste management function connected to the
circularity goal

Name Decision Goal

WM1 What methods and protocols are used to sort waste Goal 2
from di erent stages of manufacturing, ensuring proper
separation of materials.

WM2 Decide the level of employee training needed and how | Goal 2
to ensure that they understand the impact of their
waste handling.

WM3 What waste handling partners GKN should collaborate | Goal 2
with.

6.9 Engine Maintenance

Repair
How the engine is serviced is crucial for the repair part of GKN. The possibility to
repair components will result in a longer lifespan of the products.

Decisions
The decisions that are important for the third circularity goal in the engine main-
tenance function can be seen in Table 6.11.

Table 6.11: Decisions in the engine maintenance function connected to the
circularity goals

Name Decision Goal
EM1 Selection of repair technologies and methods that are | Goal 3
used to repair components.
EM2 Decide whether improvements and changes should be | Goal 3
implemented at the level of individual repairs or across
entire workshops.
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6.10 EOL Management

Recycle

In order to create a loop of materials, the materials need to work cradle-to-cradle
instead of cradle-to-grave. Meaning that the materials should work with a circular-
ity perspective in mind, instead of utilizing the linear economy. This in turn means
that all products manufactured by GKN need to be recycled at the end of their
lifespan. With better EOL management, products can be recycled and materials
can be returned to the production ow.

Today, the EOL of the engine is often due to rotating parts or the need for a more
modern engine. However, all parts of the engine are still taken out of operation. This
results in the EOL of GKN’s components as well, even though it is often a static,
still functioning, part. Since the fate of the engine at its EOL stage is determined by
the nal owner of the engine, possible scenarios for the components include recycling
high-value materials, reusing parts as spares, repairing components, or disposing of
them if reuse is not possible.

Decision

Although the EOL management function has an important in uence on circularity
as a whole, GKN cannot currently make any decisions in this function since it has no
ownership of the products at the EOL. Therefore, decisions that a ect the proposed
circularity goals and what happens at the EOL are made in the strategy function.
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Information for Decision-Making

This chapter explores the decisions outlined in the previous chapter, focusing on the
information needed in each function to support and enable them in order to improve
the proposed circularity goals at GKN.

Although all the functions presented in Chapter 6 are relevant to supporting circu-
larity at GKN, it was concluded that several of the decisions within these functions
are either made by external actors or are signi cantly in uenced by other functions,
as can be seen in Appendix B. As a result, the degree of independence in these deci-
sions is limited. For example, decisions related to manufacturing methods are closely
dependent on inputs from both the design and technology development functions.
As a result, the information discussed throughout this chapter can still serve as a
valuable foundation to enable more informed and circular-oriented decision-making
in those functions not explored in detail. Therefore, the functions that were consid-
ered to be not as in uential at GKN are Manufacturing, Product Quality Assurance,
Engine Maintenance, and EOL Management, and will not be discussed in detail in
this chapter.

All information presented in this chapter is derived from interviews and site visits.
Any additional sources are appropriately referenced.

7.1 Strategy

The decisions de ned in the strategy function from the previous chapter can be
divided into three topics: circularity goals, circular business model, and repair certi-

cations and portfolio, which a ects all of the three proposed circularity goals. This
section explores the result of the information that is needed in these decisions, as
illustrated in Figure 7.1.

Figure 7.1: The strategy function and its relevant decisions and information

7.1.1 Circularity Goals

Although the decision to set goals, for example the three proposed circularity goals,
and strive toward them is crucial, it is equally important to ensure that these goals
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are relevant to GKN. Therefore, both internal and external information would help
form the basis for these goals. One of the most signi cant factors in uencing GKN'’s
goals is the impact of other organizations. For example, organizations such as the EU
and its Green Deal and CSRD requirements compel GKN to take action in the same
direction. Therefore, it is important to have knowledge and the ability to anticipate
future regulations related to sustainability that can impact a circular strategy. It
could also bene t GKN to obtain information about industry comparisons and best
practices from peers to establish realistic and competitive circularity goals. Either
way, it needs to be clear what GKN wants to achieve with the circularity goals.

Helpful information for setting and showing the progress of internal circularity goals
includes how circular performance will be measured and applied, such as material
recovery rates, internal material e ciency, the percentage of recycled content used,
and the number of components reused or repaired.

7.1.2 Circular Business Model

How the company decides to involve circular aspects is critical to the strategy to
achieve a higher degree of circularity in the company. As presented previously, GKN
already uses several circular strategies in its operations such as recycling excess ma-
terial, collaborating with suppliers for potential closed loops, and repairing products.
Therefore, a lot of information required is related to the cost of activities, savings,
and future trends in the industry.

Another aspect to consider is when the engine has reached its end of operation,
as GKN’s component may not need to be taken out of operation since they are
most likely still functional. Although the component may not be owned by GKN
at the time of the engine’s EOL, the decision of possibly regaining and reusing the
component, for a new engine or as a replacement part, could bene t GKN. However,
for this to be possible, information about who owns the product at the EOL and
who’s responsibility it is to take care of the component is needed. Information
about the traceability of components is useful in tracking its movement and nal
owner, which can open up for discussion to possibly transfer ownership back to
GKN or the OEM, by buying the components back. In addition, to decide whether
the component is even pro table to take back, information is needed on whether
current products are built in a way that supports it, such as the cost of the return
operation and if it is possible to reuse, remanufacture, or recycle the component. In
addition, there are also regulations that must be followed, such as limitations of age
and quality restrictions and certi cations.

7.1.3 Repair Certi cations and Portfolio

To e ciently repair products, several pieces of information are needed to make a
well-informed decision on what components GKN is certi ed to repair. Information
about the speci cations and requirements for each product that is up for evaluation
is needed to ensure that it is something that GKN can manage. For example, in-
formation about material speci cs, costs, the ownership of the component, etc, is
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information that is in uencing this decision.

Before making a decision on the potential expansion of the repair portfolio, infor-
mation about the current situation will provide an understanding of the di culties
and problems that might arise at GKN. For example, an overview of how many
and what types of components are certi ed for GKN’s repair services, including
repair volumes and trends over time. Afterwards, it is important to know and un-
derstand the limitations that currently prevent an expansion of the repair portfolio,
such as certi cation requirements, material compatibility, competition, or process
constraints, to know where changes are needed. If the decision is to extend GKN'’s
repair portfolio, it would be bene cial to have insight into which repairs are most
commonly requested by OEMs or airlines, and where unmet demand exists in order
to obtain new certi cations to cover additional parts.

7.2 Commercial

Since the commercial function works with communicating with the customer and
the OEM, there is not only a lot of information needed in this function but also
a lot of information being generated. In this section, the result of the information
needed to make decisions regarding the management of the customer and OEM is
presented, as illustrated in Figure 7.2. This a ects mainly the proposed circularity
goals of increasing material recycling and growing the repair business.

Figure 7.2: The commercial function and its relevant decisions and information

7.2.1 Customer and OEM Management

Since a lot of the requirements and regulations are regulated by the material spec-
i cation, discussions are needed before these speci cations are written with the
customers and OEM. An example of such a regulation is the acceptance rate in
terms of recycled material in the products. In addition, information and a mapping
of when GKN communicates with customers and OEMs throughout the product life
cycle could identify where circularity topics, such as repair options, return logistics,
or reuse opportunities, can be introduced or reinforced. Furthermore, to predict
engine maintenance, information on how usage data, repair history, and component
condition are shared between GKN and the customer could be of use.

In addition, since there are many actors involved in a CE, it is important that
stakeholders is informed about the possible circular activities in the supply chain.
In order for GKN to progress its circular operations, its customers need to be well
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informed on the services GKN is 0 ering, such as repair services and take-back pro-
grams, and whether there is any value in these services.

The commercial function also provides information that other functions will take
advantage of in their respective decisions, for example, the allowed amount of re-
cycled material. The commercial function provides customer requirements and de-
mand data that will be useful throughout the organization, for example, customer
demands, potential revenue streams, and market trends.

7.3 Technology Development

The decisions de ned in the technology development function of the previous chapter
could be divided into two topics: manufacturing and repair technologies and quality
control technologies which in uence the goals of reducing material use and growing
the repair business. This section explores the result of the information that is needed
in these decisions, as illustrated in Figure 7.3.

Figure 7.3: The technology development function and its relevant decisions and
information

7.3.1 Manufacturing and Repair Technologies

When deciding to develop new manufacturing and repair technologies, information
on the current situation on what works, what does not, and the possibilities for
improvement is important. For example, data on how di erent manufacturing and
repair methods impact raw material use and waste generation can help GKN un-
derstand which methods and processes need development. Similarly, information
about processes’ ability to collect, reprocess, and reintegrate material waste from
production directly into new manufacturing cycles results in understanding possi-
ble improvement areas. For example, if we look at operational ights, it is vital
to gather data from engines to understand where repair technologies are most fre-
quently needed.

7.3.2 Quality Control Technologies

Furthermore, in the technology development function, it is decided which quality
control technologies should be developed. To develop the most useful quality control
technologies, information is needed on current repair problems and failure rates.
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7.4 Design

The identi ed decisions were mostly related to long-term circularity and in uence all
three of the proposed circularity goals. The de ned decisions were divided into three
topics: material and manufacturing approach, design characteristics, and supporting
documentation. This section explores the result of the information that is needed
in these decisions, as illustrated in Figure 7.4.

Figure 7.4: The design function and its relevant decisions and information

7.4.1 Material and Manufacturing Approach

To recycle the material, information about the current recycling infrastructure is
needed to know if recycling is a feasible option. This could include information such
as collection systems, available technologies, and processing capabilities. To support
this, information on material recovery rates would be useful. Furthermore, informa-
tion on the historical or expected e ciency of recovering the material can provide
valuable insight into how e ciently the material can be reclaimed and reintegrated
into new production cycles.

Deciding to use more than one material in the product a ects the ease of sorting and
recycling. If several materials are used, information on material compatibility could
be useful in determining the risk of contamination during recycling, particularly if
the materials are mixed or bonded in ways that hinder separation. In addition,
information about what material other products are made of could be bene cial as
this could create a standardization across product families that results in the use of
the same material, which facilitates more e cient recycling processes and increases
opportunities for reuse or recycling at the EOL.

When designing a product, it is good to consider how much raw material input
is actually used in the nal product versus what goes to waste, that is, material
e ciency (or in aerospace terms, buy-to- y ratio). The output material is also
important to have information about, such as which manufacturing method results
in less waste, the design could be planned on using the method that creates the least
amount of waste. With this information, a decision regarding how the product have
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to be manufactured could be made, for example AM or forging instead of casting,
which could result in a reduction in scrap and raw material demand.

7.4.2 Design Characteristics

Even though the design stage is at the beginning of a product’s life cycle, it is cru-
cial to consider its EOL from the start. Understanding whether the product is more
likely to be scrapped, upgraded, or repurposed helps determine whether a longer
lifespan or modularity is more bene cial to circularity. Therefore, information on
the trade-o between durability and repairability is needed. This type of informa-
tion could be how much material is needed and how many times the product is
expected to be repaired versus actually repaired. With higher repairability, it would
be bene cial to have a product that is designed to be easy to dismantle for repairs.
In order to ease these repairs, common points of failure for similar products would
be crucial. Lastly, information is needed on how di erent manufacturing methods
a ect durability. Newer types of manufacturing methods, such as AM, is not tested
as much as traditional manufacturing methods.

7.4.3 Supporting Documentation

There is documentation that can support several of the decisions that GKN has to
make. These documents can be grouped into two di erent categories, internal docu-
mentation and external documentation. LCAs are internal documentations that can
help GKN trace the material, see how much is needed, and locate potential circular

ows. External documentation can be aerospace standards, customer demands, 1SO
standards, and government organizations standards. These types of documentation
might not only help GKN measure and enhance its circularity but also de ne di cult
terms and set a foundation for how a company in this sector needs to operate. Al-
though these documentations help track the material throughout its lifespan, strict
industry regulations and standards require extensive internal documentation once
it leaves the factory to ensure traceability and accountability. However, this trace-
ability can be further enhanced with new types of product passports that can help
GKN understand ways to improve their circular material ows [51]. These product
passports are designed to provide everyone with a better understanding of the ori-
gin of a product, provide clear compliance documentation, and provide guidance on
product disposal.

7.5 Procurement

Several decisions were found in previous chapters regarding the e ect that procure-
ment and suppliers have on the potential to increase material recycling. The deci-
sions de ned in the procurement function were divided into three topics: supplier
choice, supplier collaboration, and circularity-based supplier audits. This section
explores the result of the information that is needed in these decisions, as illustrated
in Figure 7.5.
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Figure 7.5: The procurement function and its relevant decisions and information

7.5.1 Choosing Supplier

In order to support the decision to choose a supplier that has a high degree of recy-
cled material, several types of information are important to discuss. To keep track
and possibly increase the degree of recycled material used, information is needed
on what percentage of the incoming material is recycled. Although this number is
assumed to be around 40 - 60% today, there are no de nite data. Suppliers may
also have a di erent de nition of recycled material. Therefore, information regard-
ing the suppliers’ de nition of recycled material is also needed to ensure that it
supports the same as GKN’s. In addition, information on the speci cation of the
material is needed to ensure that each material is living up to the strict demands and
regulations. A transparent supply chain is crucial for tracking material ows, under-
standing the level of circularity in GKN’s operations, and identifying opportunities
for potential improvements and where they can be implemented.

7.5.2 Supplier Collaboration

The decision on who and how to collaborate with suppliers to recycle excess materials
requires several pieces of information. Although some excess material is currently
returned to the suppliers after machining at GKN, it is not clear where the waste goes
once it leaves GKN’s premises. An ideal CE would operate through a closed loop,
which for GKN means ensuring that manufacturing waste reprocessed by suppliers
is returned to GKN for reuse. Information about which suppliers are able to achieve
a closed loop and what happens to excess material is important for the total degree
of recycling. Furthermore, distance from the supplier is also something that should
be taken into account. This could give a better idea of how long the material would
have to travel back and forth to the supplier to create a closed loop of materials.
This would help to determine whether collaboration with the supplier is possible
and bene cial in terms of cost, savings, time, and environmental impacts.

7.5.3 Circularity-based Supplier Audits

The nal decision in the procurement function is whether or not GKN should per-
form supplier audits that focus on circularity. These audits allow GKN to con rm
wether or not the supplier is performing as promised regarding their circular prac-
tices. In addition, it also increases the producer’s responsibility and control over
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GKN’s supply chain. In the end, circularity-based supplier audits result in informa-
tion being gathered to understand how circularity can be improved in the upstream
supply chain.

7.6 Waste Management

The identi ed decisions support the proposed goal of increasing material recycling.
These decisions were divided into two topics: waste contamination and the nal
location of the waste. This section explores the result of the information that is
needed in these decisions, as illustrated in Figure 7.6.

Figure 7.6: The waste management function and its relevant decisions and
information

7.6.1 Waste Contamination

The way waste is sorted and separated is an important decisions in waste manage-
ment to ensure a high recycling rate and low contamination. To achieve and improve
these processes, certain information is needed. For example, information about the
current contamination rate of waste is useful in identifying where the biggest chal-
lenges lie. In addition, better control on how, where, and when waste is generated,
in what form, and how it moves through the facility could be useful to GKN when
it decides how to optimize collection and separation protocols.

To improve waste management processes, it is important to know how and why
contamination can occur in waste management. From the site visits, it was identi ed
that some of the waste was being placed in incorrect waste bins. An example of this
is the placement of scrapped parts and non-metal waste being placed in titanium
waste bins. With correct traceability and knowledge of why waste occurs, decisions
can be made about how employees can be educated and how separation protocols
can be improved. A large part of the contamination is due to human behavior and
their lack of knowledge about how their action impacts waste management when
they do not follow protocols. Information about current knowledge gaps between
employees if they understand and follow the protocols results in knowing where
resources are needed to improve and minimize these gaps.
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7.6.2 Final Location of Waste

The last step of waste management is where waste should go after GKN’s processes.
To ensure that waste does not end up in land Il, which is the worst-case scenario,
information is needed on whether the material can be recycled given its current
form, contamination level, or composite structure. Furthermore, to create the best
possible circulation of material waste, it would be useful to have information on
the external recycling facilities available. For example, information such as whether
they have the technology and expertise to recover high-value aerospace materials and
whether they comply with relevant regulations and quality standards. This could
result in the external recycling partner being able to return processed materials to
GKN’s own supply chain, supporting closed-loop material systems. For example,
the collaboration and contract GKN has with their external recycling partner IMET
allows for this process.
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Suggestions for Circular Indicators

Based on the de ned functions, their associated decisions, and the information re-
quired to support these decisions, a set of circular indicators could be developed
with the help of interviews and literature, such as the 1SO standard 59020:2024 [3].
Through interviews, data and information that felt missing and could be represented
as an indicator were identi ed. These indicators could then be used to support de-
cisions and report progress of the three proposed circularity goals. Therefore, the
following chapter presents indicators that will help GKN measure their circularity
in the various functions to report, improve, or control it.

In Figure 5.1 the connections between the circular indicators, the decisions in the
di erent functions, and the circularity goals can be seen. To reach the proposed
circularity goals, decisions must be made as discussed in Chapter 6. Almstr m et
al. [36] mention that circular indicators are vital to provide information and explain
the progress of the stated goals and to communicate it to the decision makers.

Table 8.1 presents the results of all identi ed circular indicators together with rel-
evant decisions that these indicators would support. A more detailed description
of each indicator, including its de nition, formula, and other relevant elements, can
be found in Appendix C, following the structure proposed by Almstr m et al.[36].
The number of indicators should also be limited, as there should not be too many
to maintain a sense of priorities. Indicators should have a clear de nition to make
them actionable and avoid misuse and should be placed at levels within the company
where change is possible. The right data and tools must be available to analyze the
data.

Table 8.1: Circular indicators, their objective, supported decisions, and location

in appendix
Circular Indicator Objective Decisions Appendix C
Circular product Improve and report Str2; Coml; | C.1
initiatives amount of circular Comz; Desl;
products Des2; Des3
Average lifetime of Improve total Strl; Str2; | C.2
product material usage by Comz; TD1;
reducing it Des2
Material e ciency Improve material Strl; Str2; TD1; | C.3
e ciency by reducing | Desl; Des3;
the weight of Man1l
incoming material
Recyclability of Improve and report Strl; Coml; | C.4
material recyclability Man1l
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Circular Indicator Objective Decisions Appendix C
Percentage of recycled | Improve circularity by | Strl; Coml; | C.5
material in product increasing recycled Desl; Des3;
material in products | Des4; Prol;
Pro3
Excess material sent | Improve recycling of | Strl; Pro2 C.6
back to supplier waste
Excess material Improve the recycling | Pro2 C.7
returned to GKN for | of waste material
closed loop through a closed-loop
process
Accepted products Improve repair Strl; Str2; Str3; | C.8
after repairs quality Comz; TD2;
Des?; PQAL,;
PQA2; EM1;
EM2
Scrap ratio Improve production TD1; TD2; | C.9
by reducing products | PQAL
that are scrapped
Purity of waste Improve and report TD1; Des2; | C.10
quality of waste Manl; WML,
WM2
Waste diverted from | Report and reduce Strl; Str2; TD1; | C.11
land I the total amount of Des2; Des3;
waste going to Des4; Manl;
land IlI, both from WM3
EOL and from waste
in manufacturing.

These indicators will be able to help GKN measure circularity in the organization to
report values, improve circularity, and control values that align with the proposed
goals in Chapter 1. In Appendix C, the indicators are explained in more detail,
along with their corresponding target values. These target values can be interpreted
in two ways. The rst approach is to set highly ambitious and visionary targets
that may not be realistically achievable with current technologies. For example, the
material e ciency target is set at 100%, a value that is unlikely to be fully reached,
but serves to push GKN toward maximizing performance. The second approach
involves setting more realistic targets that make it easier to convince stakeholders
that they can be achieved. However, it may risk lowering ambitions or making
goals too easily achievable, thereby limiting potential improvements. Therefore, it
is crucial that these indicators are applied thoughtfully, with carefully chosen target
values that balance ambition and feasibility applicable to its current practices.
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8.1 Summary of Circularity Result

Chapters 6, 7, and 8 identi ed and analyzed the key functions that in uence the
proposed circularity goals for GKN'’s, with a focus on the three R’s: Reduce, Repair,
and Recycle. The functions of Strategy, Commercial, Technology Development, De-
sign, Procurement, and Waste Management were found to be the most in uential
and were examined in detail. For each function, decisions to be made and the rele-
vant information to achieve the proposed circularity goals were discussed. Functions
deemed less central were excluded due to their strong dependence on other func-
tions, as explained in Chapter 7. Based on the ndings, a set of circularity indicators
was developed, as seen in Table 8.1, to support GKN in reporting, controlling, and
improving its circularity throughout the organization.
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Circularity’s E ect on Business

Although circularity is crucial for achieving sustainable practices, its implementation
must also align with economic interests to obtain full organizational support. From
interviews with external researchers, they agreed that circularity and sustainability-
related changes should not negatively impact other areas of the business long-term,
as this could reduce the organization’s willingness to implement them. Therefore,
many of the changes needed to improve circularity also need to contribute to -
nancial performance, as shareholders often prioritize short-term pro tability over
long-term earnings. Every decision involves trade-o s, and while some changes may
lead to improvements in one area, they can also have unintended consequences on
other parts of the business.

In addition to the suggested circularity goals presented in Chapter 1, it is suggested
that another goal is put in place as well: maintain and increase pro tability. This
goal would therefore track the long term pro tability of the company, and could be
calculated with the help of models such as the DuPont model [28].

The following chapter presents the business implications of circularity based on
the interview ndings, complementing the functions discussed in Chapter 7. Any
additional sources are appropriately referenced. In the end, additional indicators
are introduced with a focus on business performance.

9.1 Strategy

From one of the interviews with an employee at GKN, it was mentioned that com-
panies that prioritize sustainability within their business models are often rated
higher on the stock market, as this signals a commitment to sustainable practices
and a long-term strategic perspective. Therefore, with GKN’s mission to become
"the most Trusted and Sustainable Partner in the Sky’ [45], prioritizing topics such
as sustainability and circularity could positively in uence its market value.

It was previously presented that the strategy function is involved in various de-
cisions, for example, business model and ownership throughout the product’s life
cycle. During the interviews, the concept of maintaining ownership of the product
throughout its entire life cycle was highlighted as a potential enabler of circularity.
This approach could create opportunities to retrieve components at the engine’s
EOL, allowing for actions such as reuse, repair, or recycle of the components. Since
GKN'’s components are developed to last a very long time, they could potentially be
reused in new engines or retained as spare parts for repairs. This would reduce the
need to manufacture new components from scratch and reduce material consumption
and, therefore, costs and new asset acquisition. In addition, it would also result in
a reduced dependence on suppliers as the demand for new material would decrease.
Retaining or maintaining ownership would give GKN greater control over where its
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products ultimately end up, thereby increasing visibility into circular material ows.
However, this introduces possible additional costs and uncertainties. For example,
logistics costs could increase when trying to track and retrieve components, and an
increase in administrative resources would be needed to manage these processes. In
order to balance pro tability, the gains of changing the ownership would therefore
have to outweigh the extra costs that might be incurred.

Expanding the repair portfolio was a decision mentioned in Chapter 6. From a busi-
ness perspective, broadening the range of components that GKN is able to repair
could contribute to increased overall revenue. Furthermore, an increase in repair
0 erings may also strengthen GKN'’s position and in uence in future RRSPs. How-
ever, this strategy also carries additional costs and challenges. Securing customer
certi cations to enable the repair of new components can be time consuming and
expensive. Furthermore, GKN’s current repair facilities may need to be expanded or
upgraded to accommodate the increased portfolio. Therefore, a careful evaluation of
the portfolio expansion is needed by comparing the required costs with the potential
revenue gains to determine its nancial viability.

9.2 Commercial

Since the commercial function works with the sale of products and services, it is re-
sponsible for communicating possible circular bene ts and understanding customer
requirements. Some customers, especially European ones, are more interested in
sustainability and circularity and could be interested in paying extra for a circular
product to support their own circular and sustainability goals. Therefore, a higher
development cost of the product might be compensated for by the customer paying
a higher price if it aligns with the customers interests. Products might also require
product passports to easily communicate the origin and proof of circularity of a
product, which could further increase the development cost.

If circularity is a higher priority, customers and OEMs might be interested in col-
laborating to tackle the di cult sustainability challenges that exist in the industry.
When there is an MRO contract in place, an extension in time of the contract would
not only increase the revenue of GKN, but would also improve the circularity by
increasing the amount of repairs. However, it should be argued that a longer MRO
agreement can lead to the customer waiting longer to buy a new engine, which would
be a source of lost revenue for GKN. The balance of income from a new engine and
current engine would therefore have to be examined.

9.3 Technology development

The technology development lays the foundation for many other functions and ac-
tivities that GKN perform. Since technology development is deeply rooted in R&D,
this function does not generate revenue, but gives other functions the ability to.
Developing new technologies that focus on circularity would have to have the cost
perspective in focus to make sure that they are pro table in the long run. Therefore,
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when developing new technologies for the company, it is important to take all com-
pany goals into consideration. This includes their sustainability goals, the proposed
circularity goals, and the goal of maintaining and increasing pro tability.

Many aspects of circularity work with the reduction of the amount of material
needed, which is one of the core activities of technology development. This aligns
with cost reduction, as using less material results in lower purchasing needs and,
consequently, cost savings. Therefore, new manufacturing methods such as AM
could be ideal not only for reducing material costs but also for improving circu-
larity. However, energy, investment, and operating costs should also be taken into
account, as they might make these investments invaluable. Given the rapid pace of
technological advancement, making large investments too quickly can be risky, as
emerging technologies may soon surpass and render earlier ones obsolete.

9.4 Design

The design function is important in deciding how much products will cost to de-
velop, including material and manufacturing costs. When designing for circularity,
products could be designed to be reusable, repairable, and recyclable. The materials
currently used are di cult to recycle while maintaining the necessary properties and
quality required for continued use in aerospace applications. To enhance circularity
throughout the product’s life cycle, recovery at the end of the use of the product
must be considered during the design phase. This introduces an additional step that
extends the cycle and therefore requires analysis together with the strategy function
to assess how the choice of more easily recyclable and recoverable materials may
in uence costs and potential new revenue streams.

Another important aspect to consider is how extending a product’s lifespan a ects
pro tability. Designing for durability often requires additional or higher quality
materials, which can increase production costs. However, it may also reduce the total
number of units needed over time, thereby lowering overall material consumption.
Although this might decrease sales revenue, it might increase RRSP revenue by
providing a more expensive, durable product that can be serviced for longer. In
addition, more durable products will be in service longer, which is a good selling
point for customers. Therefore, the trade-o between durability and repairability is
particularly relevant for GKN, whose products are typically expected to last for the
entire lifespan of the engine.

9.5 Procurement

The procurement function at GKN is responsible for managing upstream supply
chain activities. Due to the high quality requirements in the aerospace industry,
there are for some materials, relatively few possible suppliers that GKN can chose
from, which poses risks related to supply risk and pricing power. An approach to im-
prove sustainability and e ciency within this function is through circularity, which
aims to increase the volume of materials kept in circulation, as this can contribute
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to cost reductions and decrease supplier dependence. This could increase competi-
tion between suppliers and has the potential not only to reduce procurement costs
but also to stimulate innovation, particularly in the development and di erentiation
of materials. Such innovations may include higher proportions of recycled content
or other attributes that contribute to improvements in environmental and circular
performance. Furthermore, an increase in circularity can also come from deeper
collaborations with suppliers when returning excess material and focusing on main-
taining a closed loop. Since this secures a higher degree of supply, the supply chain
becomes more robust and predictable.

Circularity and the industry of aerospace components are something that requires a
lot of documentation to make sure where the material originates, what it might have
been in contact with and used for, and how it will stand up to new demands when
being reused or recycled. This documentation could potentially be expensive, since
products might need product and material passports. However, while expensive, this
would provide bene ts to the organization in terms of supply chain transparency.
Creating reports could potentially require less work since the information is more
accessible and the origin of material and products would be more visible. More
visibility would make it easier to identify errors in material requirements and pre-
vent potential issues in procurement. Since materials are scarce and could come
from geopolitically sensitive regions, such as Russia and the Democratic Republic of
Congo, increased visibility could help avoid poor working conditions in the supply
chain. GKN counteracts this risk by imposing clear requirements on their suppliers
through their Supplier Code of Conduct, aimed at preventing human rights viola-
tions [12]. In addition, monitoring through supplier audits of higher-tier suppliers
could also increase visibility, although the cost of such audits could be signi cant.

9.6 Waste Management

The management of waste generates a range of costs that are not always imme-
diately obvious. An example of such costs are warehousing costs, which involve
di erent costs in uenced by various factors such as storage duration and space re-
quirements. In addition to warehousing costs, other relevant cost aspects include
potential contamination, administrative e orts, and waste handling operations, both
by GKN and external partners. Each of these must be carefully managed to ensure
that the overall process remains economically viable. Estimating the value of waste,
particularly production waste, is also challenging, as its market value is often only
determined at the point of sale to external recycling rms. Contamination of the
waste can substantially reduce this value, making it crucial to maintain quality and
purity throughout the process. As a result, there are strong economic incentives to
establish and maintain an e cient and e ective recycling system to increase prof-
itability.

It is important to recognize that, particularly when dealing with high-value materi-
als, waste management is important, but the primary focus should be on minimizing
waste generation from the start. Although waste handling is inherently a reactive
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process, proactive strategies that aim to prevent waste o er signi cantly greater po-
tential for cost savings. In some cases, investments in waste reduction can be more
economically bene cial than investments in waste management [52]. Moreover, GKN
is currently involved in the development of AM technologies, which can be more ma-
terial e cient and are expected to result in lower waste volumes. Therefore, it is
critical for GKN to anticipate when AM will be scaled up to represent a more sub-
stantial share of manufacturing activities, as this will in uence the relevance and
long-term value of further investments in traditional waste handling improvements.

9.7 Additional Indicators

Given the importance of the business perspective in improving circularity at GKN,
additional business-related indicators have been developed with the help of literature
and interviews at GKN to support and complement circular initiatives. The business
indicators can be seen in Table 9.1, and more detailed information about them can
be found in Appendix D.

Table 9.1: List of business indicators and their location in appendix

Business Indicator Objective Circularity Goals | Appendix
Repair revenue Report amount of Goal 3 D.1
revenue from repairs
Recycled material Report the di erence | Goal 2 D.2
cost ratio in cost between
recycled and virgin
material
Revenue from Report and improve | Goal 2 D.3
recycled material revenue from
waste recycling
Delivery time recycled | Report, improve and | Goal 2 D.4
material ratio control the delivery
time of recycled
material
Material productivity | Improve revenue Goal 1 D.5
while decreasing
linear resource
consumption
Value per mass Improve circularity Goal 1, 2 D.6

In the interviews, it was also stated that having indicators of monetary value makes
it easier for several stakeholders to understand and relate to them. This makes it
easier to discuss the e ects that circularity has and promote circular activities.
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9.8 Summary of Business Result

This chapter highlights that circularity should align with economic interests to gain
full organizational support. This means that the goal of maintaining and increas-
ing pro tability should be implemented along with the proposed circularity goals.
Strategic initiatives like maintaining component ownership and expanding repair
0 erings can improve circularity, but must be weighed against added costs. To un-
derstand and break down the impact of new costs on pro tability, a model such as
the DuPont model can be useful. Technology development, design, procurement, and
waste management all present opportunities to improve circularity while support-
ing nancial performance. For example, new technologies such as AM and greater
transparency in the supply chain could be important drivers for the transition to
a CE. Finally, business-focused indicators have been introduced to better support
and communicate the monetary value of circular e orts.
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Discussion

In the following chapter, a discussion of the di erences and similarities between the
result of the thesis and the literature is presented. The discussion focuses mainly
on how to handle circular indicators and how the business of GKN complies with
theoretical frameworks. This is followed by a discussion of societal, ethical and
ecological aspects, pros and cons with the methodology of the thesis together with
gaps in literature, and nally ending with suggestions for future research.

10.1 Circular Indicators and Their Implementa-
tion

As presented in the theoretical framework, there have been multiple attempts to
create circular indicators at various manufacturing companies and industries. Sai-
dini et al. [31] and Moraga et al. [30] present a compilation of multiple indicators,
which in total account for about 70 circular indicators. This in turn means that
deciding upon what circular indicator to use at a company might become di cult
since they would all need to be researched to nd which ones are appropriate. A
lot of these indicators try to create a single value for a whole product as well on a
micro-level. An example of this is the Material Circularity Indicator (MCI) created
by the Ellen MacArthur Foundation [35]. The MCI consists of several variables,
such as material type, source, regenerative rate, lifetime, collection rate, and EOL
destination. This could be considered appropriate when trying to report how circu-
lar a product is but might not give a good control or measurement unit since the
MCI uses multiple inputs to calculate its value. Also, since the input variables are
somewhat xed and not a lot of customization is available, the result might not
be as accurate as it can be. This also goes against one of the principles presented
by Almstr m et al. [36], which is to keep the indicators simple. Merging multiple
indicators into one can quickly become complex, making it di cult to understand
the target audience, the intended purpose, the proper use, ways to improve it, or the
root cause of any changes in the result. This is also something that the ISO foun-
dation [3] agrees with when they present examples of circular indicators. They also
present micro-level indicators since they are focused on company or product level.
The interviewees agreed with the idea that important indicators are placed within
resource in ows and resource out ows. This was because these resource ows were
easy to get information on while also having a large control of them. For example,
people from the procurement function mentioned what data they have access to,
and how they would act upon this data with good indicators.

The indicators identi ed for GKN are on the micro- and meso-level [30, 31, 32, 33].
The micro-level indicators focus on the organization as a whole or on speci ¢ prod-
ucts and processes, which align with their intended purpose and correspond to the
indicators outlined in 1ISO 59020:2024 [3]. The indicators presented that could be
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said to be of meso-level are the ones that are measuring something in relation to
the suppliers because they are working together with another company and pro-
ducer. Therefore, these indicators are focused not only on improving the circularity
at GKN but also on its suppliers. The indicators brought forward were not identi ed
to be of macro-level, since they are not focused on large geographical areas or on
international organizations. An organization that could establish indicators for CE
goals might be the IAEG. However, their work group related to CE is only recently
started and any measurable goals are not yet public.

After 1SO 59020:2024 was published, guidelines on how to create circular indicators
were presented [3]. These guidelines also align with what Almstr m et al. [36] men-
tion in terms of utilizing a pull approach. This approach ensures that the created
indicators have a useful purpose, that the right parties are consulted and informed,
and that the indicators are simple and easy to use. This aligns with the approach
that was taken when designing the indicators that were presented in Chapters 8 and
9.

Multiple circular indicators were suggested for GKN and some could be argued to
be more important than others. From the results, the ones that were deemed the
most important were:

Material E ciency
Incoming recycling material
Purity of waste

The reasoning for this is that the indicators together have a very high in uence on
several functions, circularity in general, and together will make GKN reach a higher
degree of circularity. The material e ciency will control how much material waste
is generated. A higher material e ciency will reduce the amount of waste created,
and therefore reduce the amount of focus needed in the functions managing waste.
This directly in uences other proposed indicators: excess material sent back to the
supplier and purity of waste. If the material e ciency reached 100%, no material
waste would be created at GKN. This in turn would result in these two indicators
being less relevant. Even if the target would not reach 100%, it would greatly af-
fect these two indicators since less waste would be generated. The second indicator
of the incoming recycled material sets the foundation for creating a recycling loop
together with the supplier. Lastly, even though the purity of waste is in uenced by
the material e ciency, it is still very important since it could improve circularity
from a short- and long-term perspective. This would not only help GKN increase
the potential of having closed loops but would also be of economic interest since it
will increase the sales revenue of the waste.

As Almstr m et al. [36] mentions, an improvement in a speci ¢ indicator within
one segment of the value chain may have consequential e ects on other segments of
the chain, so called sub-optimization. For example, an increase of incoming recycled
material may lead to higher material costs, which could negatively a ect certain
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parts of the business. It could also impact the material properties, which might not
completely align with the customers’ needs or could require additional testing to
ensure that it lives up to the correct requirements. An optimization does not nec-
essarily have to make one part of the value chain worse, it could also improve other
parts. An improvement in material e ciency will a ect other circular indicators as
mentioned above. Therefore, not all indicators are equally important. Some could
be argued to have a higher level than others, and even remove other indicators if it
were to reach its target score.

Something worth mentioning is the reason for measuring circularity. In one of the
interviews, it was mentioned that it was clear that circularity should not be done
for the sake of circularity, since it may have negative consequences on other aspects
of the organization, such as an increase in emissions by having more transports.
Circularity should not be something that reduces the performance and quality of
other functions but something that sets the foundation for becoming environmen-
tally friendly. However, to know that an increase in circularity leads to better
environmental performance, indicators are needed within circularity, and indicators
that measure other areas that might be impacted need to be analyzed as well.

10.2 Business and Financial E ects

From the result in Chapter 9, it was shown that circularity has a clear impact on
the business of GKN, both strategic and economical. As mentioned in the result,
circularity can have an impact on innovation, e ciency, and sustainable growth,
which according to the literature in uences nancial outcomes at both micro- and
macroeconomic levels [9, 25]. Furthermore, the literature also states that companies
that focus on sustainable practices could gain a higher market share as a result [27].
This aligns with insights from one of the interviews, where it was mentioned that
companies demonstrating higher levels of circularity tend to be valued more posi-
tively in terms of market value. This is because investors associate circular practices
with long-term resilience, better risk management, and greater potential for sustain-
able revenue. To see the progress of potential revenue, indicators in monetary value
can be of use. At the end of the result in Chapter 9, several business indicators
were presented, some from the ISO standard 59020:2024 which builds upon the ISO
standard 14008 about 'Monetary valuation of environmental impacts and related en-
vironmental aspects’ [3]. Such indicators were also discussed during the interviews,
in which it was indicated that the use of indicators expressed in monetary terms is
often advantageous, as their impact is easier to interpret and communicate from a
business perspective across various stakeholder groups.

In the literature, it is stated that there is a positive correlation between circular
strategies and nancial performance, which therefore a ects the business model of
GKN [26]. Some of these bene ts in nancial performance can be explained by the
DuPont model [28]. A circular strategy can help reduce the current assets that a
company relies on, which, in turn, improves return on total assets and lowers pro-
curement costs by requiring less material. For GKN, this aligns with its potential
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strategies that can increase recycling and improve material e ciency. In addition,
since the DuPont model also considers revenue, selling production waste can directly
increase the company’s income. As noted in Chapter 4, pure waste can be sold at
a signi cantly higher price, up to 132% more, compared to contaminated waste 1.
It is mentioned in GKN’s annual report from 2024 [15], that with new AM tech-
nologies it is possible to reduce material usage by up to 70% . If the assumption
can be made that this in turn will reduce their material costs with 70%, a clear
increase in the return on assets will be seen. Using less material reduces both total
assets and costs, two key areas of the DuPont model, highlighting the importance
of material e ciency. GKN’s sustainability report supports this, noting that com-
bining di erent manufacturing methods has led to a 60% reduction in material use
for a speci c product which corresponds to 90 tonnes of titanium waste annually [17].

The literature on CBMs states that the company’s strategy focuses on how to min-
imize resource use, waste, and emissions [39]. Five types of CBMs were stated:
circular supply, product life extension, sharing, resource recovery, and PSS [38].
From GKN’s perspective, they fall in line with circular supply, product life exten-
sion, resource recovery, and PSS. Circular supply aligns with the business of GKN,
as it uses recycled material, but is uncertain of the exact amount. The CBM of
product life extension ts GKN as they are designing their product to last and be
recyclable and focusing on material circulation. However, this CBM could hinder
the possibility of innovation and upgrading. Given that GKN’s products are highly
durable, with an estimated life cycle of approximately 50 years, which raises the
question of whether it is better to implement more innovative technologies or up-
grades over the course of that time. A possibility would be to replace or refurbish
the component instead of long lifespan. Another aspect would also be to discuss
this with the RRSP by reducing the lifespan of the engines or upgrading them more
often. However, this seems unlikely since the materials are of high value and would
create a great logistic and resource cost because of the many partners involved in de-
veloping each engine. The third CBM of resource recovery matches GKN'’s business,
since they have a high interest and practices in reusing and recycling their material
in collaboration with suppliers, mostly because of the high material value. There-
fore, the last resort is to send the material to waste. Finally, PSS is the fourth CBM
that aligns with the business of GKN in the form of product-oriented services, where
GKN sells their product but still o ers additional services such as repair services
to extend components lifespan. It could be discussed that GKN is also touching
the PSS of a result-oriented services by its power-by-the-hour contract within the
RRSPs and its MRO practices since these are aimed at keeping the customer oper-
ational. However, GKN’s main business is selling and repairing components, which
is more aligned with product-oriented services. The last PSS, user-oriented, does
not align with GKN at the moment. User-oriented is a possibility for the future
and was also discussed in the result, where GKN keeps ownership of the product
and is therefore responsible for its maintenance and disposal. Since their products
have a really long lifespan, it could open doors to reusing their products or keeping
them as repair parts instead of manufacturing new ones. The last CBM is sharing,

IInternal Document, 2024
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which GKN is not doing at the moment, as it is not applicable to their business. Its
components remain in the engine for its entire lifespan and therefore are not share-
able. For the sharing model to be applicable, GKN would have to have complete
ownership of the engine, which they do not. As they are a few steps away from the
end user, a sharing business model is not possible.

A challenge that was discussed for GKN is the discussion of supply risk and resilience.
In the result, it was shown that GKN could reduce their supplier dependency by
keeping the material in circulation for as long as possible. This also aligns with the
literature that states that by focusing on material reuse, remanufacturing, and recy-
cling, the risks associated with raw material shortages and geopolitical uncertainties
could be reduced [9].

Something that was not discussed in the result is the e ects this has on the employ-
ees at GKN, such as job creation versus loss. Although, according to the literature,
circularity itself is estimated to create a lot of jobs in all of EU [9], which could be
assumed to be applied to GKN as well. However, with new manufacturing methods
such as AM, less waste management would be needed and could potentially cause
job losses in that area, but new job opportunities and speci cations should also arise
regarding the new practice of AM. Thus, the e ects of circularity could possibly cre-
ate more jobs in repair practices and eliminate jobs in manufacturing. However, if
circularity leads to growth, both areas could increase.

As mentioned in the result, several business indicators were developed to support
circular initiatives to ensure they are strategically and economically feasible. This
is also aligned with 1SO 59020:2024 [3] where it states that the economic-related
circularity indicators are of high importance in this regard. The I1SO standard
continues to explain that with these indicators, economic viability can be assessed by
examining how economic value is created, captured, and in uenced. As highlighted
in Chapter 9, using indicators expressed in monetary terms can enhance clarity,
making these assessments quicker and easier for various stakeholders to understand.

10.3 Societal, Ethical, and Ecological Aspects

In addition to technical and economic considerations, it is also important to discuss
the societal, ethical, and ecological aspects of the research and its potential imple-
mentation. These aspects are related to the goals of sustainable development and
should be considered when evaluating both the chosen methods and the implications
of the results.

10.3.1 Societal Aspects

This thesis focuses on material ows within GKN, with the aim of providing a
foundation for the design and implementation of CE indicators. Although social di-
mensions such as labor conditions, job displacement, or community impact were not
directly addressed in the result, which could be an important opportunity for future
research as discussed at the end of this chapter. An approach to circularity should
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eventually incorporate these societal elements to ensure that circular transitions are
inclusive and equitable.

In promoting circularity at the societal level, it is also essential to consider possible
negative e ects. In a linear model, many industries rely on the extraction of raw
material, often in low-income regions. Signi cantly reducing the demand for virgin
materials, as suggested in the result, could threaten employment in such sectors.
However, this transition could also lead to the creation of new, potentially safer
and more regulated jobs in areas such as recycling and sustainable logistics. These
jobs would most likely be located in more developed countries, which potentially
moves work opportunities from developing countries to developed ones. Therefore,
the societal shift presents both risks and opportunities.

It is also worth noting that a circular approach in high-precision industries such
as aerospace must maintain rigorous quality standards. Compromising on these
standards could pose safety risks and undermine societal trust in circular products.
Ensuring that circularity supports rather than detracts from public safety is there-
fore a critical consideration.

10.3.2 Ethical Aspects

This thesis was conducted in close collaboration with GKN, which required atten-
tion to transparency, integrity, and ethical responsibility throughout the thesis. To
accurately present the company’s practices while maintaining objectivity, multiple
steps were taken during data collection and reporting.

All data collected were thoroughly analyzed and information that was deemed rel-
evant to the scope of the thesis, focusing on circularity and material ows, was
included in the report. Data collected that fall outside the scope were not included,
but are discussed for future research at the end of this chapter. Furthermore, fol-
lowing academic standards, all sources have been referenced to avoid plagiarism and
to support the validity of the ndings. In addition, the literature review included
a broad selection of sources from various authors, allowing for a diverse theoretical
basis.

All interviews were referred anonymously to protect the identities of the participants.
To ensure that the ndings were not biased by individual perspectives, stakeholders
who occupy similar roles at GKN and external actors from the industry were inter-
viewed. This approach allowed for a more holistic understanding of CE practices
within and beyond the company. Furthermore, to ensure accurate representation of
the company and alignment with its interests, the thesis supervisors at GKN were
continuously updated on the thesis’ progress and were able to give feedback during
that time.

However, ethical challenges may arise, especially within industries like aerospace,
where con dentiality is critical. Although circularity demands openness in terms of
data and material tracking, some of this information may be sensitive and di cult
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to disclose publicly, potentially limiting full transparency.

10.3.3 Ecological Aspects

Circular indicators are helpful tools for capturing and measuring environmental im-
pact, but not all impacts are discussed. Since the thesis is limited to the material

ow, other environmental aspects are missing, such as emissions and energy usage.
Furthermore, unintended ecological trade-o s are not discussed. For example, pro-
moting material circularity could come at the expense of energy e ciency. However,
the suggested circular and business indicators create incentives for GKN to make
more ecologically sound decisions, such as increasing recycling and reducing the ex-
traction of virgin materials.

The implications of the result are also correlated with some of the SDGs and its
targets [53] presented by the UN, can be seen in the following list.

SDG 9: Industry, Innovation and Infrastructure

The suggested indicators, together with the discussion of circular design, en-
courage investment in R&D and the adoption of practices such as MRO and
technologies such as AM, which support sustainable industrialization. This
aligns well with target 9.4, as shown below.

9.4: By 2030 upgrade infrastructure and retro t industries to make them
sustainable, with increased resource use e ciency and greater adoption
of clean and environmentally sound technologies and industrial processes
[53].

SDG 12: Responsible Consumption and Production

The result promotes sustainable resource use and minimization of waste. These
actions reduce the dependency on virgin materials and extend product life cy-
cles, the core principles of CE and SDG 12. Circularity measurement in pro-
duction will help GKN control their production and consumption of materials.
More speci cally, the suggested indicators align with targets 12.2 and 12.5 as
listed below.

12.2: By 2030 achieve sustainable management and e cient use of natural
resources [53].

12.5: By 2030, substantially reduce waste generation through prevention,
reduction, recycling, and reuse [53].

SDG 13: Climate Action
To take action on climate change, measurements are needed to report and see
improvement (or deterioration).

10.4 Pros and Cons of the Methodology

The methodology was structured to rst establish a foundation of the subject, in-
dustry, and actors in the industry by reviewing the literature to later dive deeper
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into more speci ¢ topics, such as circularity indicators. This resulted in a good un-
derstanding of the di erent topics, and it was easy to build the knowledge over time.
As can be seen in Figure 3.1, data collection was performed prior to analysis and
the draft of the result. However, during data collection, it was realized that when
feedback was given by supervisors and representatives at GKN, some corrections
and additional data had to be collected and added to the analysis. This worked
well since a loop of feedback from several stakeholders could be taken into account
during the project and added to the thesis.

By researching several areas of literature, a large foundation could be built on which
interviews could be based. However, one challenge here is the gap that exists in the
literature as of writing. There is not a lot of literature written on circularity and
circular indicators in the aerospace industry. Therefore, to gain an understanding
of circularity and indicators, articles written within other industries were reviewed
and used to write questions to researchers within circularity and circular indicators.

From interviews with GKN employees, it was understood what functions for circu-
larity were important and how to improve and measure circularity. It was concluded
that GKN works cross functionally, which means that multiple functions work to-
gether. Since multiple actors across the organization were interviewed to get multi-
ple perspectives, it ensured that as little information as possible was missed and as
many uncertainties as possible could be worked out. However, an improvement to
the methodology could, therefore, be having more group interviews or workshops to
reduce the amount of contradictory information, uncertainty, and gain a greater un-
derstanding of circularity throughout the organization. This would also save time,
as many of the interviewees said the same thing. To avoid bias from the interviews,
external actors were also interviewed. This consisted mostly of researchers from
Chalmers, but also a person from the IAEG. With these interviews, the circular-
ity challenges could be investigated further and trade-o s that might arise when
addressing circularity could be understood.

10.4.1 Gap in Literature

As mentioned above, there is a literature gap when it comes to measuring circularity
in the aerospace industry. Although there is some literature and research related
to AM and energy usage in production, the literature related to material e ciency,
closed-loop production, recycling waste in manufacturing, and material management
at EOL seems to be lacking. Therefore, further research is needed in these areas in
which circularity can be improved in the development of aerospace engines.

10.5 Further Research

Reasonable targets for the indicators is a research area that could complement this
thesis since it was a discussion that was brought up. For example, nding relevant
target for GKN regarding material e ciency would be a good follow up on this
thesis. It is also worth noting that the three proposed circularity goals in this thesis
are presented without speci ¢ numerical targets. As such, future research could

70



10. Discussion

focus on establishing realistic and context-speci c targets for these circularity goals.
In addition, exploring suitable time horizons for each indicator represents another
important area for further research.

This thesis presents ways to measure circularity, but not how to nd and collect the
data needed to measure it. A research topic that could be useful is how accessible
the data is for each indicator. Well-designed indicators need to have accessible data
and ways to nd it. Therefore, a suggestion of a data analysis study would be ap-
propriate to add to this research topic. Furthermore, if there is a lack of reliable
data, Almstr m et al. [36] advise performing risk or sensitivity assessments, as this
will tell how di erent parameters a ect other, e.g. costs, which could be another
research to complement this thesis.

Circularity is directly related to the company’s supply chain, which is crucial re-
garding control and visibility of the supply chain since it can help get a better
understanding of the current CE, where and how to improve it. In this context,
control refers to the company’s ability to in uence and manage various aspects of
its supply chain, from the sourcing of raw materials and selection of suppliers to
production processes, product distribution, and EOL management. Therefore, the
second suggestion for further studies is to examine how the company can gain more
control and how to e ect their supply chain.

Another area of study that is suggested is the impact of circularity on other sus-
tainability aspects. This research could then look at how emissions, energy usage,
and other types of waste are related to circularity, since this thesis only considers
material ow and its roll in a CE. Furthermore, sustainable practice includes all of
the triple bottom line, which include the pillars of economic, social, and environmen-
tal. Therefore, since this thesis only considers environmental and economic aspects,
further research could be done on social aspects and how this pillar is a ected by
circularity. For example, moving from a linear economy to a circular one may reduce
the number of jobs in mines, but increase them in recycling facilities.
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The following chapter summarizes the ndings and concludes the answer to the re-
search questions introduced in Chapter 1.

1. What functions at GKN make decisions about its circularity?

The functions at GKN were identi ed in relevance to circularity in the form of the
three Rs: Reduce, Repair, and Recycle. It was found that multiple functions are
highly important for GKN’s circularity, and each one of them has decisions that
needs to be made to reach the proposed circularity goals. Some functions, such
as strategy, commercial, design, technology development, procurement, and waste
management, are highly in uential in achieving a high degree of circularity. Other
functions such as manufacturing, product quality assurance, engine maintenance,
and EOL management are too dependent on other functions and do not have a high
degree of freedom in their decisions. This in turn results in them not having as high
an impact on circularity as the other functions. The identi ed decisions within the
prioritized functions showed that an early interest in circularity, such as product de-
velopment, is required to address the di cult problems that arise within the subject.
It was also identi ed that no single function or actor can single-handedly achieve
a high degree of circularity at GKN, as multiple functions need to collaborate and
even external actors, such as suppliers, need to be involved.

2. What information do these functions need to improve GKN’s circu-
larity?

The necessary information relating to circularity was only discussed within the func-
tions that were deemed most relevant. The information provided was related to set-
ting relevant circularity goals, expanding repair capabilities, choosing recycled ma-
terials, or tracking waste streams. A lot of the information identi ed were realized
to be useful across several functions and their decisions. This could be information
related to material and product traceability, internal and external collaboration, and
supporting documents such as LCAs or ISO standards.

3. In the identi ed functions where circularity can be improved, what
are the appropriate ways to measure, report, and improve the results?

To measure, report, and improve the results related to circularity at GKN, sev-
eral circular indicators were proposed. The three most important ones were related
to measuring material e ciency, incoming recycled material, and purity of waste.
The reason for this is that an improvement in these areas has a strong in uence
on other functions and circularity at GKN in general. The circular indicators pro-
posed are based on established guidelines, such as ISO 59020:2024 [3] and principles
from Almstr m et al. [36]. These guidelines and principles highlight simplicity,
feasibility, and stakeholder relevance. When using these indicators, the problem of
sub-optimization needs to be taken into consideration. This means that a gain in
circularity or a speci c indicator might impact other areas or indicators. Therefore,
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it is recommended for GKN to focus on the three prioritized circular indicators,
as it will improve circular performance throughout the organization and set a solid
foundation for them to start with.

4. How can an improvement in circularity at GKN a ect its business?
An improvement in circularity at GKN can positively impact the business in sev-
eral strategic and nancial ways. GKN could reduce its raw material costs, reduce
its dependence on suppliers, and increase waste management revenue by increasing
material e ciency, expanding the use of recycled materials, and increasing waste
purity. The actions will not only increase operational e ciency, but will also lead
to cost savings and increased revenue.

By improving circularity, new possibilities for revenue streams are promoted. For
example, by expanding GKN'’s repair services, they would not only have a higher de-
gree of revenue that originates from circular practices, but GKN’s strategic position
on the market could be enhanced. By having a stronger circular and sustainable
pro le, companies are generally favored by investors, which can lead to a higher
market value. Lastly, circular practices require a lot of collaboration both upstream
and downstream. By collaborating with these actors, deeper relationships and part-
nerships can be created.

Before implementing circular initiatives, several aspects must be taken into account.
There are trade-o s, one of which is long-term sustainability and short-term nan-
cial performance. Circularity is usually a long-term investment and a solution that
must be supported by new innovations and a resilient supply chain. Looking at the
short-term perspective, investments and circular practices should meet stakeholder
expectations.

Both the literature and the interviews emphasized that the circular indicators must
be clear and easily understandable to all stakeholders. Since some indicators are
more relevant to certain groups than others, it was suggested that expressing some
indicators in monetary terms can improve their in uence by clearly communicating
their impact, costs, and bene ts.

In summary, circularity at GKN is not just an environmental ambition but a business

enabler that supports sustainable growth, nancial performance, and competitive
advantage.

74



References

[1] L. Malooly and T. Daphne, R-Strategies for a Circular Economy, 11 2023,
date accessed: 2025-02-27. [Online]. Available: https://www.circularise.com/
blogs/r-strategies-for-a-circular-economy

[2] L. Abuabara, A. Paucar-Caceres, and T. Burrowes-Cromwell, Consumers’ val-
ues and behaviour in the Brazilian co ee-in-capsules market: promoting circu-
lar economy, International Journal of Production Research, vol. 57, no. 23, pp.
7269 7288, 12 2019.

[3] sis, Circular economy Measuring and assessing circularity performance
(1SO 59020:2024, IDT), Svenska institutet f r standarder, Stockholm, Tech.
Rep., 2025. [Online]. Available: www.sis.se

[4] Melrose Industries PLC, Risk and Revenue Sharing Partnerships, Melrose,
Tech. Rep., 2024,

[5] GKN Aerospace, About us - GKN, 2025, date accessed: 2025-01-19. [Online].
Available: https://www.gknaerospace.com/about-us/

[6] , Civil engines, 2025, date accessed: 2025-05-12. [Online]. Available:
https://www.gknaerospace.com/markets-solutions/engines/civil-engines/

[7] H. Dodd, Climate action | ATAG, date accessed: 2025-05-12. [Online].
Available: https://atag.org/industry-topics/climate-action/

[8] H. Ritchie, What share of global CO2 emissions come from aviation? 4 2024.
[Online]. Available: https://ourworldindata.org/global-aviation-emissions

[9] European Parliament, Circular economy: de nition, importance and bene ts,
52023. [Online]. Available: https://www.europarl.europa.eu/topics/en/article/
20151201STO05603/circular-economy-de nition-importance-and-bene ts

[10] Ellen MacArthur Foundation, What is a circular economy? date accessed:
2025-02-04. [Online]. Available: https://www.ellenmacarthurfoundation.org/
topics/circular-economy-introduction/overview

[11] ,  Circular economy principles, 8 2024, date accessed: 2025-
02-03. [Online]. Awvailable: https://www.ellenmacarthurfoundation.org/
circular-economy-principles

[12] GKN Aerospace, GKN Aerospace Policy GKN AEROSPACE CONFLICT
MINERALS SUMMARY POLICY, 2025.

[13] B. Baldassarre and S. Carrara, Critical raw materials, circular economy, sus-
tainable development: EU policy re ections for future research and innovation,
4 2025.

75


https://www.circularise.com/blogs/r-strategies-for-a-circular-economy
https://www.circularise.com/blogs/r-strategies-for-a-circular-economy
www.sis.se
https://www.gknaerospace.com/about-us/
https://www.gknaerospace.com/markets-solutions/engines/civil-engines/
https://atag.org/industry-topics/climate-action/
https://ourworldindata.org/global-aviation-emissions
https://www.europarl.europa.eu/topics/en/article/20151201STO05603/circular-economy-definition-importance-and-benefits
https://www.europarl.europa.eu/topics/en/article/20151201STO05603/circular-economy-definition-importance-and-benefits
https://www.ellenmacarthurfoundation.org/topics/circular-economy-introduction/overview
https://www.ellenmacarthurfoundation.org/topics/circular-economy-introduction/overview
https://www.ellenmacarthurfoundation.org/circular-economy-principles
https://www.ellenmacarthurfoundation.org/circular-economy-principles

References

[14] Melrose Industries PLC, Building a sustainable future, Melrose, Tech. Rep.,
2024,

[15] , Aerospace Expertise, Annual Report 2024, Melrose, Tech. Rep., 2024.
[Online]. Available: www.melroseplc.net

[16] GKN Aerospace, Sustainability, 2025, date accessed: 2025-02-11. [On-
line]. Awvailable: https://www.gknaerospace.com/markets-solutions/engines/
sustainability/

[17] Melrose Industries PLC, Sustainable Partner In The Sky, Melrose, Tech.
Rep., 2023, date accessed: 2025-04-09. [Online]. Available: https://www.
gknaerospace.com/media/zoplmdoe/melrose__sustainability _report_2023.pdf

[18] European Parliament, Corporate sustainability report-
ing, date accessed: 2025-04-29. [Online]. Available:
https:// nance.ec.europa.eu/capital-markets-union-and- nancial-markets/
company-reporting-and-auditing/company-reporting/
corporate-sustainability-reporting__en

[19] United Nations, Take Action for the Sustainable Development Goals,
date accessed:  2025-05-09. [Online]. Awvailable:  https://www.un.org/
sustainabledevelopment/sustainable-development-goals/

[20] B. Purvis, Y. Mao, and D. Robinson, Three pillars of sustainability: in
search of conceptual origins, Sustainability Science, vol. 14, no. 3, pp.
681 695, 5 2019. [Online]. Available: https://link.springer.com/article/10.
1007/s11625-018-0627-5

[21] UW ONLINE COLLABORATIVES, Triple Bottom Line, 12 2022,
date accessed: 2025-05-12. [Online]. Available: https://uwex.wisconsin.edu/
stories-news/triple-bottom-line/

[22] L. K. Ozanne, M. Phipps, T. Weaver, M. Carrington, M. Luchs, J. Catlin,
S. Gupta, N. Santos, K. Scott, and J. Williams, Managing the tensions at the
intersection of the triple bottom line: A paradox theory approach to sustain-
ability management, Journal of Public Policy and Marketing, vol. 35, no. 2,
pp. 249 261, 9 2016.

[23] T. Fornasari and P. Neri, A Model for the Transition to the Circular Econ-
omy: The R Framework, SYMPHONYA.EMERGING ISSUES IN MAN-
AGEMENT, p. 78, 2022.

[24] Mark Fedkin, 5.2. Recycling: open-loop versus closed-loop thinking, 2 2025,
date accessed: 2025-02-19. [Online]. Available: https://www.e-education.psu.
edu/eme807/node/624

[25] Ellen MacArthur Foundation, Finance and a circular economy, date accessed:
2025-03-24. [Online]. Available: https://www.ellenmacarthurfoundation.org/
topics/ nance/overview

76


www.melroseplc.net
https://www.gknaerospace.com/markets-solutions/engines/sustainability/
https://www.gknaerospace.com/markets-solutions/engines/sustainability/
https://www.gknaerospace.com/media/zoplmdoe/melrose_sustainability_report_2023.pdf
https://www.gknaerospace.com/media/zoplmdoe/melrose_sustainability_report_2023.pdf
https://finance.ec.europa.eu/capital-markets-union-and-financial-markets/company-reporting-and-auditing/company-reporting/corporate-sustainability-reporting_en
https://finance.ec.europa.eu/capital-markets-union-and-financial-markets/company-reporting-and-auditing/company-reporting/corporate-sustainability-reporting_en
https://finance.ec.europa.eu/capital-markets-union-and-financial-markets/company-reporting-and-auditing/company-reporting/corporate-sustainability-reporting_en
https://www.un.org/sustainabledevelopment/sustainable-development-goals/
https://www.un.org/sustainabledevelopment/sustainable-development-goals/
https://link.springer.com/article/10.1007/s11625-018-0627-5
https://link.springer.com/article/10.1007/s11625-018-0627-5
https://uwex.wisconsin.edu/stories-news/triple-bottom-line/
https://uwex.wisconsin.edu/stories-news/triple-bottom-line/
https://www.e-education.psu.edu/eme807/node/624
https://www.e-education.psu.edu/eme807/node/624
https://www.ellenmacarthurfoundation.org/topics/finance/overview
https://www.ellenmacarthurfoundation.org/topics/finance/overview

References

[26] V. Palea, C. Santhi , and A. Miazza, Are circular economy strategies econom-
ically successful? Evidence from a longitudinal panel, Journal of Environmen-
tal Management, vol. 337, 7 2023.

[27] P. Singh and K. Kamal, GREEN MARKETING : POLICIES AND
PRACTICES FOR SUSTAINABLE DEVELOPMENT, Integral Review-
A Journal of Management, vol. 5 no. 1, 2012. [Online]. Available:
https://www.researchgate.net/publication/338690653

[28] K. Bigel, Introduction to Financial Analysis, Open Touro, Tech. Rep., 2022.
[Online]. Available: www. aticon.com

[29] M. Saidani, B. Yannou, Y. Leroy, and F. Cluzel, How to assess product per-
formance in the circular economy? Proposed requirements for the design of a
circularity measurement framework, Recycling, vol. 2, no. 1, 2017.

[30] G. Moraga, S. Huysveld, F. Mathieux, G. A. Blengini, L. Alaerts, K. Van Acker,
S. de Meester, and J. Dewulf, Circular economy indicators: What do they
measure? Resources, Conservation and Recycling, vol. 146, pp. 452 461, 7
20109.

[31] M. Saidani, B. Yannou, Y. Leroy, F. Cluzel, and A. Kendall, A taxonomy of
circular economy indicators, pp. 542 559, 1 2019.

[32] S. Cayzer, P. Gri ths, and V. Beghetto, Design of indicators for measuring
product performance in the circular economy, International Journal of Sus-
tainable Engineering, vol. 10, no. 4-5, pp. 289 298, 9 2017.

[33] M. Barreiro-Gen and R. Lozano, How circular is the circular economy?
Analysing the implementation of circular economy in organisations, Business
Strategy and the Environment, vol. 29, no. 8, pp. 3484 3494, 12 2020.

[34] J. Drofenik, T. Seljak, and Z. Novak Pintarif, A multi-level approach to circu-
lar economy progress: Linking national targets with corporate implementation,
Journal of Cleaner Production, vol. 493, 2 2025.

[35] Ellen Macarthur Foundation, Material Circularity Indicator, date accessed:
2025-04-23. [Online]. Available: https://www.ellenmacarthurfoundation.org/
material-circularity-indicator

[36] P. Almstr m, C. Andersson, A. Ericson, P. Hammersberg berg, M. Kurdve,
A. Landstr m, S. Shahbazi, M. Wiktorsson, C. Windmark, M. Winroth, and
M. Zackrisson, Sustainable and resource e cient business performance mea-
surement systems The handbook. Produktion2030, 2017.

[37] A. Landstr m, P. Almstr m, M. Winroth, C. Andersson, A. E. berg, M. Kur-
dve, S. Shahbazi, M. Wiktorsson, C. Windmark, and M. Zackrisson, A life
cycle approach to business performance measurement systems, Procedia Man-
ufacturing, vol. 25, pp. 126 133, 2018.

77


https://www.researchgate.net/publication/338690653
www.flaticon.com
https://www.ellenmacarthurfoundation.org/material-circularity-indicator
https://www.ellenmacarthurfoundation.org/material-circularity-indicator

References

[38] R. Antikainen, R. Baudry, A. G ssnitzer, T. Kaisa, M. Karppinen, M. Kishna,
F. Montevecchi, F. M ller, C. Pinet, and R. Uggla, CIRCULAR BUSINESS
MODELS: PRODUCT-SERVICE SYSTEMS ON THE WAY TO A CIRCU-
LAR ECONOMY, EPA Network, Tech. Rep., 2 2021.

[39] M. Geissdoerfer, M. P. Pieroni, D. C. Pigosso, and K. Soufani, Circular busi-
ness models: A review, 12 2020.

[40] J. W. Knopf, Doing a literature review, pp. 127 132, 1 2006.

[41] O. A. Adeoye-Olatunde and N. L. Olenik, Research and scholarly methods:
Semi-structured interviews, JACCP Journal of the American College of Clin-
ical Pharmacy, vol. 4, no. 10, pp. 1358 1367, 10 2021.

[42] B. M. Wildemuth, Applications of social research methods to questions
in information and library science, 2nd ed., B. M. Wildemuth, Ed.
Libraries Unlimited, 2016, date accessed: 2025-02-24. [Online]. Available:
https://www.drghazi.net/media/drghazi/documentary8.pdf

[43] I. Korstjens and A. Moser, Series: Practical guidance to qualitative research.
Part 4. Trustworthiness and publishing, European Journal of General Practice,
vol. 24, no. 1, pp. 120 124, 12 2018.

[44] C. Gatrell, D. Muzio, C. Post, and C. Wickert, Here, There and Everywhere:
On the Responsible Use of Arti cial Intelligence (Al) in Management Research
and the Peer-Review Process, pp. 739 751, 5 2024.

[45] GKN Aerospace, Engines, 2025, date accessed: 2025-01-08. [Onling].
Available: https://www.gknaerospace.com/markets-solutions/engines/

[46] ,  GKN Aerospace O cially Opens $55 Million Repair Facility for
Aero-Engine Components in San Diego, 12 2024, date accessed: 2025-02-17.
[Online].  Available: https://www.gknaerospace.com/news-insights/news/
gkn-aerospace-o cially-opens-55-million-repair-facility-for-aero-engine-components-in-san-diec

[47] , Maintenance & repair, 2025, date accessed: 2025-02-17. [On-
line]. Awvailable: https://www.gknaerospace.com/markets-solutions/engines/
maintenance-repair/

[48] , Research & development, 2025, date accessed: 2025-02-17. [On-
line]. Awvailable: https://www.gknaerospace.com/markets-solutions/engines/
research-development/

[49] The European Parliament and the council of the European Union, Directive
(EU) 2022/2464 of the European Parliament and of the Council, O cial Jour-
nal of the European Union, Tech. Rep., 12 2022.

[50] M. Wagner, Stephan and S. Baur, Risk Sharing Partnership (RSP) in
Aerospace: The RSP 2.0 Model, ETH Z rich, Tech. Rep., 2015.

78


https://www.drghazi.net/media/drghazi/documentary8.pdf
https://www.gknaerospace.com/markets-solutions/engines/
https://www.gknaerospace.com/news-insights/news/gkn-aerospace-officially-opens-55-million-repair-facility-for-aero-engine-components-in-san-diego/
https://www.gknaerospace.com/news-insights/news/gkn-aerospace-officially-opens-55-million-repair-facility-for-aero-engine-components-in-san-diego/
https://www.gknaerospace.com/markets-solutions/engines/maintenance-repair/
https://www.gknaerospace.com/markets-solutions/engines/maintenance-repair/
https://www.gknaerospace.com/markets-solutions/engines/research-development/
https://www.gknaerospace.com/markets-solutions/engines/research-development/

References

[51]

[52]

[53]

European  Union, EU’s Digital Product Passport: Advancing
transparency and sustainability, 9 2024, date accessed: 2025-
05-07. [Online]. Awvailable:  https://data.europa.eu/en/news-events/news/
eus-digital-product-passport-advancing-transparency-and-sustainability

K. Mostaghimi and J. Behnamian, Waste minimization towards waste manage-
ment and cleaner production strategies: a literature review, pp. 12119 12166,
8 2022.

Sustainable Development Solutions Network, Indicators and a Monitoring
Framework Launching a data revolution for the Sustainable Development
Goals, date accessed: 2025-04-23. [Online]. Available: https://indicators.
report/

79


https://data.europa.eu/en/news-events/news/eus-digital-product-passport-advancing-transparency-and-sustainability
https://data.europa.eu/en/news-events/news/eus-digital-product-passport-advancing-transparency-and-sustainability
https://indicators.report/
https://indicators.report/

References

80



A

Interview Guide

This appendix gives an overview of the questions asked in the interviews to the
interviewees. In addition to questions, a quick presentation of the master thesis was
given, and why the person would be relevant to interview. This would also open up
for a quick discussion regarding circularity.

Questions to everyone:

Do you give consent to the interview being recorded?

Who are you and what do you work with?

What function at GKN would have the largest impact on circularity?
Questions to employees at GKN:

What are your responsibilities within the company?

Could you describe what a circular economy means in your role within the
company?

Why are you interested in working more with circularity?
Do you have any goals or measurements regarding circularity right now?
How do you work cross functionally within GKN?

Who within GKN do you think would bene t from indicators that measure
circularity?

If you would want to increase circularity at GKN, where would you start
looking?

How would circularity a ect you from a pro tability or business model per-
spective?

Can you describe any current processes or methods you use to support circular
product design?

How do you utilize life cycle thinking within your decision making?

Do you have any internal or external guidelines to in uence how circularity is
implemented?

Can you describe what happens with your products once they reach their end
of life?

Questions to external experts:



A. Interview Guide

What is needed for future improvements to achieve a circular economy?

How can we distinguish when measuring circularity in today’s operation and
products versus future operations and products?

Is it possible to achieve a circular economy with open loops?
How would you go about measuring circularity at GKN?

Can you give us an example of a company or industry that has successfully
implemented circular initiatives?

What is important to think about when creating circular indicators?



B

Functions In uence

The in uencing functions are listed on the left and show which functions they in-

uence with an ’X’. For example, the function of Strategy in uences the functions
of Commercial, Technology Development, Design, Procurement, and EOL Manage-
ment. In addition, decisions made within one function can have both direct and
indirect a ects on other functions. For example, material selection is a design deci-
sion made in the design phase, but it directly impacts waste management.

Table B.1: How the di erent functions a ect each other



B. Functions in uence




C

De ned Circular Indicators

This appendix will present the circular indicators presented in chapter 8. The circu-
lar indicators follow the structure presented by Almstr m et al. [36]. The indicators
therefore have a clear objective, description, calculation, target value and which
actors are impacted.

Table C.1: Circular product initiatives

Name Circular product initiatives

Objective Improve and report amount of circular products
The circular product initiatives aims to measure the amount

Description pf_pro_ducts in the pr_oduct portfolio th_at has some circular
initiative related to it. For example, it could be made of
100% recycled material or be modular to allow upgrades.

Formula Circular products ratio = Circular products / Total products.

Unit %

Target value (Range 0-100%) 100%

Frequency Each time a product is designed

Source Design

Who reports | Design personnel

Who acts Management




C. De ned Circular Indicators

Table C.2: Average lifetime of product

Name Average lifetime of product relative to industry average

Objective Improve total material usage by reducing it
This indicator shows how the product holds up in value over
time compared to the industry average. A higher value indi-

Description cat_es that fewer products will r_\ave to be prqduced in total.
This could be rebranded as a kind of durability of the prod-
uct compared to other alternatives. This is also an indicator
suggested by the I1SO standard 59020:2024.

Formula Lifetime ratio = Lifetime of product / Industry lifetime aver-
age of the product

Unit Dimensionless

Target value >1

Frequency For every product that is designed

Source Customer

Who reports | Customer and repair personnel

Who acts Design

Table C.3: Material e ciency

Name Material e ciency of a product

Objective ilrr]réprrT(]);/fe:riwj"cerial e ciency by reducing the weight of incom-
In order to reduce the total amount of material needed, the

Description material e cie_ncy_ of each product is cruc_ial. _ It is the _rat_io
between material in the product and the ingoing material in
the manufacturing.

Formula Ma_terial e cie_ncy = V\_/eig_ht of material_ in end product /
Weight of ingoing material in manufacturing

Unit %

Target value

(Range 0-100%) 100%

Each time a product is designed or manufacturing method

Frequency changes for a product.

Source Manufacturing and design

Who reports | Manufacturing and design personnel
Who acts Design

Vi




C. De ned Circular Indicators

Table C.4: Indicator of the recyclability of material

Name Recyclability of material

Objective Improve and report recyclability
This circular indicator shows how much of a material of a
product that can be recycled and still meet GKN'’s quality

. standards. It is calculated by comparing the amount of ma-

Description . .
terial that can be reused by GKN after a product reaches its
EOL, to the total amount of material from the product at
EOL.
Recyclability = Weight of material still usable at GKN after

Formula recycling / Weight of total material at EOL from GKNSs prod-
uct

Unit %

Target value

(Range 0-100%) 100%

Every time a new material is developed or supporting recy-

Frequency cling activities

Source Supplier and procurement

Who reports | Procurement and/or Design personnel
Who acts Procurement

Table C.5: Percentage of recycled material in product

Name Percentage of recycled material in product

Objective Improve circularity by increasing recycled material in prod-
ucts
Measures the degree of recycled material in the incoming ma-

Description terial. Expressed as the ratio between total material and re-
cycled material.

Formula Incgming Recycled Mgterial = Weight of recycled material /
Weight of total Material

Unit %

Target value (Range 0-100%) 100%.

Frequency Every order

Source Supplier and procurement

Who reports | Procurement personnel

Who acts Procurement

Vil



C. De ned Circular Indicators

Table C.6: Excess material sent back to supplier

Name Excess material back to supplier

Objective Improve recycling of waste
In order to create a loop of material, waste material can be

Description sent back _to the supplier. It is expltessed by the ratio between
the material sent back to the supplier versus the total amount
of excess material.

Formula Ex_cess ba_ck to supplier = mater_ial sent _back _to supplier in
weight unit / Amount generated in total in weight unit

Unit %

Target value (Range 0-100%) 100%

Frequency Every year

Source Supplier and procurement

Who reports | Procurement personnel

Who acts Management

Table C.7: Indicator of achieving a closed loop of excess material

Name Closed-loop of excess material

Objective Ilorpop::rec;\;e the recycling of waste material through a closed-loop
This indicator measures how much of the excess material
GKN sends to suppliers is processed, for example remelted,

Description apd the_n returned to GKN for reuse, a closed-loop. The in-
dicator is calculated by comparing the amount of excess ma-
terial returned to GKN with the total amount sent to the
supplier.
Closed-Loop of Excess Material = Weight of excess material

Formula returned to GKN by the supplier / Total weight of excess
material sent to the supplier by GKN

Unit %

Target value (Range 0-100%) 100%

Frequency Every year

Source Supplier and procurement

Who reports | Supplier and procurement personnel

Who acts Supplier and procurement

Vil




C. De ned Circular Indicators

Table C.8: Accepted products after repairs

Name Passed products after quality control
Objective Improve repair quality
Passed products after quality controls aims to see the amount
of products that are passed for each quality control made. A
Description higher degree of passed products results in more successful
repairs and a higher degree of circularity. It is calculated as
the ratio between accepted products and total inspections.
Formula _T_giztlatziln;;;c;cigi%tﬁsafter quality control = Accepted products /
Unit %
Target value (Range 0-100%) 100%
Frequency Every repair
Source Engine maintenance
Who reports | Maintenance personnel
Who acts Design and Management
Table C.9: Indicator of scrap ratio
Name Scrap ratio
Objective Improve production by reducing products that are scrapped
Description Shows the share of the produced products that are scraped.
Formula Scrap ratio = Scrap quantity / Produced quantity
Unit %
Target value (Range 0-100%) 0%
Frequency Every year
Source Manufacturing
Who reports | Manufacturing personnel
Who acts Design




C. De ned Circular Indicators

Table C.10: Purity of waste

Name Waste contamination

Objective Improve and report quality of waste
The indicator is used to improve and report the quality of the

Description waste. Th_is is done by r_neas_uring the V?.I’iOUS scrap created_ in
terms of di erent materials in them. It is calculated by taking
the ratio of pure waste to the total waste.

Formula Pu_rity of waste = weight of pure waste_from manufacturing /
weight of total waste from manufacturing

Unit %

Target value (Range 0-100%) 100%

Frequency At every emptying of waste bins.

Source Waste management

Who reports | Waste management personnel or Stena Recycling

Who acts Manufacturing and Management
Table C.11: Waste diverted from land |l

Name Land Il diversion

Objective Report and reduce the total amOl_Jnt of waste go_ing to land I,
both from EOL and from waste in manufacturing
The land Il diversion is made to track the amount of waste
going to land II. This will help decision makers see and track
their goal. It is proposed that this indicator should measure

Description two types of waste diverted from land Il, the waste in manu-
facturing at GKN and the waste at EOL. It is calculated as
the ratio between the products and waste that is not diverted
to land Il to the products and waste that is produced.

Formula Land Il diversion rate = Waste diverted from land Il / Total
waste produced

Unit %

Target value (Range: 0-100%) 100%

Frequency Every year

Source Waste management and customers

Who reports | Waste management personnel and customers

Who acts Management




De

D

ned Business Indicators

Table D.1: Repair revenue indicator

Name Repair revenue

Objective Report amount of revenue from repairs
The repair revenue share is designed to report the total rev-

Description enue of the business from the repairs. It is expressed as the
ratio between repair revenue and total revenue.

Formula Repair revenue share = Revenue from repairs / Total revenue

Unit %

Target value (Range 0-100%) Unknown

Frequency Every year in reports

Source Commercial

Who reports | Commercial personnel

Who acts Management

Table D.2: Cost of Recycled material

Name Recycled material cost ratio

Objective Report the di erence in cost between recycled and virgin ma-
terial.
The recycled material cost ratio is meant to report the ra-
tio between the cost of recycled and virgin material. This is
important to get an understanding of the price di erence be-

Description tween the two materials. The ratio is more appropriate than
the value in absolute terms, since the material will always be
needed. It is calculated as the price of the recycled material
divided by the price of the virgin material.

Formula R_ecycled cos_t ratio = Price of recycled material / Price of
virgin material

Unit Dimensionless

Target value <1

Frequency Every order

Source Procurement

Who reports | Procurement personnel

Who acts Procurement

Xl




D. De ned Business Indicators

Table D.3: Revenue per mass of recycled material waste

Name Revenue per mass of recycled material waste

Objective Report and improve revenue from recycling
The revenue per mass from the recycled material is the rev-
enue that comes from selling waste to an external recycling
company. However, the revenue has several costs incurred as

Description well and the price of the material is directly related to the
purity of it. Costs incurred are handling costs and adminis-
tration costs. It is calculated as the income from selling the
waste minus the various costs.
Recycled waste income per mass = (Recycled waste revenue

Formula - handling costs - administration costs) / Mass of recycled
waste

Unit SEK

Target value The same price as virgin material

Frequency Each sold shipment

Source Waste management

Who reports | Environmental personnel

Who acts Management

Table D.4: Delivery time recycled material ratio

Name Delivery time di erence of recycled and virgin material

Objective Report, improve and control the delivery time of recycled ma-
terial
The delivery time di erence of recycled and virgin material
aims to indicate the di erence in lead time between the two
materials. This can be applied for each material that is in use

Description by GKN. This gives the user an overlook of the di erence in
lead time between the two materials. It can be calculated by
dividing the lead time of recycled material by the lead time
of virgin material.

Formula Leac_i ti_me ratio_ = Lead time of recycled material / Lead time
of virgin material

Unit Dimensionless

Target value <1

Frequency Every order

Source Procurement

Who reports | Procurement personnel

Who acts Management

Xl




D. De ned Business Indicators

Table D.5: Indicator of material productivity [3]

Name Material productivity (MP)

Objective Improve revenue while decreasing linear resource consump-
tion.
The MP indicator (sometimes described as circular material
productivity , CMP) is the ratio of an organization’s (or a

Description product’s) revenue to total linear (non-circular). An increase
in this indicator demonstrates nancial growth while reducing
(linear) resource dependence.

Formula MP ratio = _total revenue gfanerated. in monetary units / tqtal
mass of all linear material in ows, in kg or other mass unit.

Unit Monetary unit per mass unit, e.g. SEK/kg

Target value | As high as possible

Frequency Every year

Source Commercial and procurement

Who reports | Commercial and procurement personnel

Who acts Management

Table D.6: Indicator value per mass [3]

Name Value per mass

Objective Improve circularity.
Value per unit mass of material provides estimation of the
e ciency of material use. While increasing value per mass
shows increasing circularity (whether due to recycling, reuse,
remanufacturing, etc. or increased material e ciency), com-

Description parisons are only valid within a speci ed system or closely
related systems. The information to be measured is sales,
stock and mass of material(s) input. The goal is therefore
to increase the product revenue value, while minimizing the
total mass of material needed.
The value per unit mass (VPUM) of material(s) input = the

Formula product revenue value, in monetary units / the total mass of
material used

Unit Monetary unit per mass unit, e.g. SEK/kg

Target value As high as possible

Frequency Every year

Source Commercial and procurement

Who reports | Commercial and procurement personnel

Who acts Management

X1







DEPARTMENT OF TECHNOLOGY MANAGEMENT AND ECONOMICS
DIVISION OF SUPPLY AND OPERATIONS MANAGEMENT
CHALMERS UNIVERSITY OF TECHNOLOGY

Gothenburg, Sweden
www.chalmers.se



www.chalmers.se

	List of Abbreviations
	List of Figures
	List of Tables
	Introduction
	Background
	Aim

	Theoretical Framework

