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Abstract

Due to the impact of the climate change on both the natural and the built environment, which
led to a significant rise in environmental awareness of suppliers, companies and customers in
the past few years, consequently, firms are increasingly challenged to justify their business
operations, not only from an economic standpoint, but also from an ecological point of view.
This thesis is seeking to justify how the flexibility can be an enabler for carbon dioxide reduction
in a global supply chain, in a capital-intensive industry such as the semiconductor industry,
which is continuously challenged by high demand volatility that results in production capacities
being not fully utilized to their optimum. A simplified supply chain of a semiconductor company
iIs modeled, and several scenarios were run to allow testing the hypothesis of this study.
Analyzing the data obtained from the simulation experiments proved that the high demand
volatility that characterizes the semiconductor industry could be leveraged to lower the carbon
footprint of the company by enabling flexibility in the global supply chain. The study has shown
that the flexibility of production capacities within a global supply chain enabled by a global
network of transportation could be an enabler for carbon dioxide reduction. Being a first of its
kind, this close-to-reality academic study supported by real data from industry, may lay the
foundation for the work on the ecological impact of flexibility both in academia and in industry.
Semiconductor companies, like Infineon, may use the outcome of this study for the continuous
pursuit of understanding of their carbon footprint improvement potentials. From a strategic
point of view, this thesis will allow to treat the carbon dioxide as a strategic decision-making
parameter.

Keywords: Green supply chain management, ecological impact, flexibility, supply chain
simulation, discrete event modelling, carbon footprint.
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1. Introduction

1.1- Executive summary

Infineon Technologies AG (IFX) is a German semiconductor manufacturer with a focus on
energy efficiency, mobility and security. Divided in the four divisions of automotive, industrial
power control, power management and multimarket and chip security, IFX serves customers
around the world with leading edge technology.

IFX produces all around the world with a strong focus on Europe and Asia-Pacific. A complex
manufacturing network combined with a well-developed distribution network is aligned with
operational excellence. Nonetheless, Infineon faces major challenges in the future. High
demand volatility, short product life cycles and the fast-technological developments based on
Moore’s law must be managed. Next to this core trends, the need for more sustainability along
the whole life cycle of products is demanded. Customers ask for green products, therefore,
companies, like IFX, must move and act to prove their greenness to meet the requirement of
the customers.

In 2011, IFX calculated their carbon dioxide (CO-) balance of the entire supply chain (SC), the
balance contained two sides, the first one is the CO> consumptions resulting from the
production, the raw and the process materials and the transportation. The second side of the
COz balance is the CO2 savings resulting from any amount of CO2 saved through the application
of IFX chips by their customers and end-customers.

The most important findings of the CO- balance for the semiconductor industry in general and
for IFX in particular, is that the major drivers of the CO; are the raw materials and the intensive
use of electricity needed to maintain cleanroom conditions which is a prerequisite of
manufacturing chips. The CO: balance study enabled IFX to understand the potentials for
carbon footprint reduction and gave the recommendation that the SC can also contribute to the
reduction of the carbon footprint through the optimization of the production capacities.

Based on the recommendation from the CO: balance study, the ecological impact of the
flexibility in the semiconductor industry was studied supported by the case study of IFX. The
result proved that the flexibility in using the manufacturing capacities enabled by a global
network of transportation allow semiconductor companies to save COg, this was studied only
for the frontend production (FE), which is the first stage of production.

This thesis will study the ecological impact of flexibility for a global semiconductor SC, taking
the internal supply chain of IFX as a case study, using SC simulation. For this purpose, a
discrete-event simulation (DES) model was built and the results obtained proved that the
flexible utilization of manufacturing capacities or shortly the flexibility allow CO; savings in
the semiconductor industry because of the fact that the CO2 burden due to transportation is low
compared to those due to manufacturing. These results allow companies to obtain ecological,
economic and social benefits by justifying the movement of chips between different production
locations within the global SC. The result allow also considering the CO; as a strategic
parameter in decision-making besides the economic parameters.

1.2- Research motivation

When faced with shortage in production capacities in their in-house manufacturing sites,
companies have two options to follow in this case; the first is through increasing the capacity
of the manufacturing facility by adding a production line or two. The second option is to
offshore their production requests, which exceed the available capacity at the in-house site, to
another production location within the global SC. Companies tend to choose the second option
in the semiconductor industry because, from an economic standpoint, building additional
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capacity incur high capital cost because of the nature of the semiconductor industry that require
cleanroom conditions as well as the expensive tools. Therefore, in a global SC enabled by a
global network of transportation, companies prefer to ship their production tasks to be
manufactured abroad instead of building an additional capacity.

This choice is made based on cost minimization, which is the core focus of SC operations,
because building a wafer fabrication (wafer fab or fab) incur a high fixed investment cost of the
order of several billion US dollar (Brown et al. 2005). Thus, this cost of building a new
production plant or expanding an existing one is significantly high if compared to the low cost
of transportation which has recently major advancements, due to the use of airfreight as the
main mean of transportation which is favored by the short lead times and the high value density
(Rajan, Srivastava 2007). Yet this choice of offshoring production in the case of capacity
shortage is not justified from an ecological point of view, and this is exactly what this thesis
will study.

This master thesis extends the work of Wolfgang Yorck, who analyzed the ecological impact
of flexibility in 2013 with a scope on the first stage of production or FE, so this thesis will study
the ecological impact of flexibility in the semiconductor industry on a larger scale spanning
from the first production stage to the customer using the case study of IFX.

The outstanding work from Michael Reinhard and Joel Liebi in 2011 on CO; balance in the
semiconductor industry, the case of IFX, represents the foundation for this thesis. Based on
their work and as an extension of Wolfgang Yorck thesis, this thesis reflects how flexibility can
be an enabler for CO; reduction, to allow semiconductor manufacturers to justify their global
business activities not only based on economic reasons, but also based on ecological facts and
therefore treating the CO> as a strategic decision-making parameter.

1.3- Problem statement and research questions

The central research question of this thesis is the following:

“How can the flexibility of a global SC enabled by a global network of transportation be an
enabler for the COz reduction in the semiconductor industry?”

Although, to answer this central question, the following sub-questions were developed to help
answering the central research question:

First, it is very important to understand the major drivers of the CO2 emissions that results from
producing one single product and deliver it to the customers, so the first question is:

Q1: “What are the major drivers of the CO2 emissions in the semiconductor industry and
their percentage of shares in the total emission?”

Secondly, to know whether flexibility is beneficial or not, it is important to know what CO>
emissions are resulting from enabling flexibility in the global SC, which raises the second
question:

12



infineon
POLITECNICO

MILANO 1863

Q2: “What are the cost in terms of CO, emissions resulting from enabling flexibility in the
global SC?”

Now it is very important to ask the question whether flexibility is in fact beneficial or not:
03: “Does the flexibility have a positive impact on the company carbon footprint?”

After knowing that flexibility has a positive impact on the company carbon footprint, it is
important to measure the flexibility of the SC and its ecological impact, this lead to the fourth
question:

Q4: “What are the key performance indicators that can be used to measure the impact of
flexibility on the SC?”

Now that, it is known that flexibility is beneficial, it is needed to know what is the best option
of flexibility, because flexibility comes at a greater cost and that enabling 100% flexibility
causes a greater cost, so the following question arises:

05: “How much is the percentage of flexibility that should the SC be equipped with to reach
an optimal carbon footprint in high demand volatility industry?”

To have a holistic view of the situation and not to miss any important parameter that influences
the ecological impact, the following question is considered:

Q6: “What other parameters come into play and contribute in the ecological impact
equation?”

1.4- Research outline

The introduction of this research lays the foundation for giving the readers a clear understanding
of the problem of this research; this introduction is followed by an extensive literature review.
The literature review of this thesis is split into two parts; the first part is giving an overall
overview of the industry in which the problem is studied, i.e. the semiconductors industry, and
the company that provided the case study, i.e. IFX, this part of the literature review is also
giving an idea about the semiconductor SC and IFX SC to allow the readers to have a deep
understanding of this topic. The second part of the literature review is dedicated to the topic of
green supply chain management, which is one of the recent area of studies that emerged after
the significant rise in environmental awareness of stakeholders; this part of the literature review
is also giving a glimpse into the SC flexibility and its ecological impact.

After clarifying the research problem, it is important to address how to obtain the solution to
this problem; this is discussed in detail in the methodology of this research, in which a brief
introduction to the SC simulation is given. The conceptual model, the model assumptions and
the model implementation and verification are also part of the methodology of this research.
After implementing the model and getting results, the results are then analyzed and discussed
in the chapter results and analysis. Figure 1 shows the research outline:
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Results discussion and analysis

Results analysis and impact of parameters

Gfineon

Literature review |

- Industry overview
- SC overview

Literature review 11

- GSCM
- Flexibility

Methodology

SC simulation
Conceptual model

Introduction

Research motivation, questions and outline

Figure 1: Research outline

14



infineon
POLITECNICO

MILANO 1863

2. Literature review and research

This chapter gives the reader a general overview of the literature that is important to read before
deep diving into this thesis. The literature review is split into two parts; the first part is about
the overview of the industry and the company where the study was conducted, also in this part,
the SC in the semiconductor industry is clarified. In the second part of this literature review,
the aim is to give the reader a clear idea about the state of the research in the field of green
supply chain management and the flexibility within the global SC. I hope that after reading this
chapter, the reader will be able to build the pillars that later help them to follow the discussion
in the following chapters.

2.1- Overview of the industry and the company

Semiconductor devices are present in most of the modern electronic devices that are used
nowadays. In fact, if you happen to be reading this thesis on a computer or a printed
version, semiconductors are part of what makes that possible. However, most people are not
very familiar with the semiconductor industry and its main players such as IFX. To make it
easier for the reader, I decided to write this section about the company and the industry.

2.1.1- Overview of the industry: the semiconductor industry

Jack Kilby, a new engineer at Texas Instruments, designed the first semiconductor device in
1959; the device combined several transistors, diodes, and capacitors. Ever since, the market
strongly developed with the numbers of transistors on a chip rapidly increasing and the prices
of transistors sharply decreasing. According to Gordon Moore, a founder of Intel, the number
of transistors on a chip was doubling every 12 months.

Semiconductor devices are electronic components that use electronic conduction to benefit
from the electronic properties of semiconductor materials, such as silicon. The silicon is by far
the most used material in the semiconductor industry, and it is used in form of raw wafers of
different diameters such as 6, 8, 12 and 18 inches. Semiconductor products types are diodes,
transistors and microcontrollers and they have a wide range of application, as stated by Blouin
et al. (2016):

Communications: which is the largest end-market in which growth is driven by
demand for smartphones and wireless networks and, more recently, by the Internet of
Things (1oT).

Computers: in which the growth is driven by the high demand for tablets.

Consumer Electronics: in which the digital TVs mainly drive the growth, together
with Bluetooth enabled speakers and the fitness wearables.

Automotive Electronics: these are advanced electronics that control every aspect of
the automobile.

Industrial/Medical: in which smart grids, smart cities, factory automation and robotics,
industrial 10T and health IT are the major drivers of growth in this area.

Government and Military products.

Figure 2 shows the worldwide semiconductor demand and revenue according to the World

Semiconductor Trade Statistics:
15


http://uk.rs-online.com/web/c/semiconductors/
https://en.wikipedia.org/wiki/Electronic_component
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Electrical_conduction
https://en.wikipedia.org/wiki/Electronics
https://en.wikipedia.org/wiki/Semiconductor
https://en.wikipedia.org/wiki/Silicon

POLITECNICO

MILANO 1863

PC/Compute
r
0%

Europe
9%

Figure 2: Semiconductor demand by end market and region (Source: WSTS 2016)
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More recently with the boom that happened in multiple areas such as 10T, Big Data,
digitalization and so on, the semiconductor industry revenue grew 22.2 percent in 2017
according to Gartner.Com, which is an American research and advisory firm providing
information technology related insight for IT and other business leaders located across the
world. Table 1 shows the ranking of the top 10 semiconductor manufacturers and their market
share (Gartner.com, 2015), in which IFX, the company where this study is done, was ranked
ninth and had the greatest percentage in growth and market share.

Table 1: Top 10 semiconductor manufacturers (Source: Gartner.com, 2015)

Rank| Rank Vendor 2014 2015 2014-2015 | 2015 Market
2014| 2015 Revenue | Revenue Growth (%) Share (%)
1 1 Intel 52,331 51,690 -1.2 154
2 2  |Samsung Electronics| 34,742 37,852 9.0 11.3
5 3 SK Hynix 15,997 16,374 24 4.9
3 4 Qualcomm 19,291 16,079 -16.7 4.8
4 5 Micron Technology | 16,278 13,816 -15.1 4.1
6 6 Texas Instruments | 11,538 11,533 0.0 3.4
7 7 Toshiba 10,665 9,162 -14,1 2.7
8 8 Broadcom 8,428 8,394 -0.4 2.5

12 9 Infineon_
Technologies 5,693 6,808 19.6 2.0
9 10 | STMicroelectronics | 7,376 6,800 -7.8 2.0
Others 160,289 | 156,260 -2.5 46.9
Total 342,628 | 334,768 -2.3 100
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2.1.2- The semiconductor industry segmentation

The semiconductor industry is characterized by the high capital cost resulting from setting and
maintaining the expensive fabrication facilities (known as wafer fabs). Avoiding this high cost,
many chip companies prefer to outsource its production to third-party manufacturers.
According to Blouin et al. (2016) , there are three main types of semiconductor industries:

Integrated Device Manufacturers (IDMs) design, manufacture and sell their own
semiconductors. Examples are Intel or Infineon.

Dedicated Foundries are solely manufacturing facilities with the aim of manufacturing
semiconductors per customers’ specifications.

Fabless companies design semiconductors and outsource the manufacturing of their
designs to either foundries or IDMs.

More recently, a new term of fab-lite companies, that is a form of hybrid between IDM and
fabless companies, these companies are characterized by a considerable amount of outsourcing,
nevertheless they still have a control of their value-added chain from the wafer to the sales. Asia
in general and Taiwan in particular is considered a major hub for the foundries thanks to cost
of labor and other competitive advantages (Brown et al. 2005). Table 2 shows the 300mm fabs
number in percent per country. Reasons for the outsourcing of manufacturing are mainly to:

Overcome the internal capacity constraints

Cope with the capital constraints

Have access to production technologies that are not present in-house
Have internal operations and cost performance against foundries, and
Differentiate while staying an IDM (Hurtarte et al. 2007).

Table 2: The percentage of fabs number per country (Source: The Statistics Portal 2017)

Country Percentage
Taiwan 33%
U.S. 20%
Europe 14%
Japan 11%
SE Asia 9%
S.Korea 8%
China 5%

2.1.3- Productions stages in the semiconductor industry

To understand the question of this study, it is important to know the production stages of
manufacturing a chip, to build up a good knowledge about the semiconductor industry which
will help further in explaining the research question of this study.

The manufacturing and development of a semiconductor consists of three main steps along the
value-added chain (Brown et al. 2005), these steps are:
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Fabrication
Assembly and test} Known as backend

Design } Known as frontend

During the design phase, the desired chip will pass through series of abstract and physical
representations, and then the chip is ready to be manufactured. The most used raw material in
semiconductor manufacturing is the silicon, which is used in a form of a flat, round silicon
wafer that comes in different diameters. Other semiconducting materials are also used in the
manufacturing of chips, such as germanium, gallium arsenide and silicon carbide. Figure 3
shows a schematic illustration of the evolution of wafer diameters in the last 50 years.

Wafer size (in mm)

300+
200
300
100+ 200
150
1970 1975 1980 1985 1990 1995 2000 Year

Figure 3: Wafer size history (Source: van Zant 2014)

The core process used to manufacture semiconductors is called lithography, also known as
photolithography or optical lithography because the main source of printing the circuit on the
surface of the wafer is light. The main five steps that describe the lithography process are shown
in Figure 4. In the first step of lithography, the surface of the silicon wafer is coated or covered
with a photo resist which is then exposed to the desired layer design which creates the
development of the layer on the surface of the wafer. Many microfabrication steps then follow
the development step such as doping, etching, deposition, after which the photo resist is then
deleted, and the result is the desired layer. This repetition of steps is called layer growth; this
process could be repeated for more than 30 times depending on the complexity and the function
of the desired chip, which causes the equipment to be bottlenecks.

After lithography is done, the wafer is cut into individual chips (called die) in a process called
wafer dicing which concludes the step of fabrication and frontend stage of production. The
backend process starts with the assembly process which is about connecting the die of the
desired chip and package it on a protective shell ready for test. After being tested, the
semiconductor devices can be ready for use.

The presence of any impurities in the process can influence the properties of the manufactured
chip, even if in small size and quantities. For this reason the manufacturing process in the
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semiconductor industry requires clean room conditions, which in addition to the highly
expensive equipment used in lithography makes building a new plant requires a high fixed
investment cost of up to several billion US dollar (Brown et al. 2005). The design and
fabrication steps are skill intensive processes whilst the assembly and test facilities are way
much lower in cost compared to design plants (Brown et al. 2005).

thhography I I
Effect on th
Photo resist Exposure Develop et onthe open Resist deleted

place only
Figure 4: Lithography steps (Source: IFX Intranet)

The value chain of a chip consists of the design and the lithography, the assembly and the test,
the OEM and the end customer, as shown below in Figure 5:

Assembly End
Design Lithography and Test OEM Customer
packaging

Figure 5: Value chain of a chip (Source: Electronics Value-Chain, EU Commission)

Since it will be out of the scope of this thesis to go further in details about this topic, it is
suggested for the interested reader to refer to “Microchip fabrication: a practical guide to
semiconductor processing” by Van Zant for more profound information and details.

2.1.4- Overview of the company: Infineon Technologies AG

Infineon Technologies AG (traded as or known as IFX) is a leading manufacturer of
semiconductor devices with a leading market position for applications and its headquarters are
based in Munich, Germany. It was originally a division of Siemens, and then a spun off, it was
offered to the public in an initial public offering (IPO) with an emission volume of 6.1 billion
euro in March 2000. The target markets of the company are focused on three areas: mobility,
energy efficiency and security, which represents the most important challenges of nowadays
society. IFX operates in the following areas of applications, which are called internally as
“Divisions”. Figure 6 shows the market position of each division in 2017:

- Automotive (ATV)
- Industrial Power Control (IPC)
- Power Management and Multimarket (PMM)

19



POLITECNICO
MILANO 1863

- Chip Card and Security (CCS)

Automotive
(ATV)

revenue in Q4 FY17:

€1,820m incl. 005 and C&E of €2m

Industrial Power
Control (IPC)

Power Manage-
ment & Multi-
market (PMM)

Chip Card &
Security (CCS)

Automotive

Power

(infineon

Smart card ICs
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N

g !
Strategy Analytics, IHS Markit, IHS Markit,
April 2017 Technology Group,  Technology Group,
August 2017 July 2017

Figure 6: Business segments share and market position (Source: IFX Annual Report 2017)

With 36,000 employees worldwide and the highest number of employees in Asia Pacific region,
IFX is present in all key markets in the world (as of Sept 2016). IFX operates 34 R&D locations
and 19 manufacturing locations. The company revenue reached 7.043 billion euro in the fiscal
year 2017 with a margin of 17.1 percent, which puts IFX at the list of top-10 semiconductor
manufacturers’ sales leaders (IC Insights). Table 3 shows the ranking of semiconductors sales
leaders in the last 25 years.

Table 3: Top 10 semiconductor leaders (Source: IC Insights)

Rank 1953 2000 2006 2016 1917
1 intel 1.6 Intel 9.7 intel 3l6 Intel 57.0 intel 14.2
2 MNEC 7.1 Toshiba 11.0 Samsung 19.7 Samsung 443 Samsung 116
3 Toshiba 6.3 MEC 10.9 m 13.7 |Qualcomm (1) 154 5K Hynix 5.5
4 Motorola 5.8 Samsung 10.6 Toshiba 10.00 | Broadcom (1) 152 Micron 4.9
5 Hitachi 5.2 T 9.6 5T 9.9 SK Hynix 149 | Broadcom (1] 4.1
[ T a4.0 Motorala 7.9 Renesas B.2 Micron 135 | Qualeomm [1) 3.7
7 Samsung S 5T 1.9 Hymnix T4 Tl 12.5 m .z
8 Mitsubishi 0 Hitachi 7.4 Freescale 6.1 Toshiba 10.9 Toshiba .9
9 Fujitsu 1.9 infineon 6.8 MNXP 5.8 NXP 9.5 NXP 1.2
10 Matsushita 23 Philips 6.3 MEC 5.7 MediaTek [1) 8.8 Infineon 1.9
Top 10 Total ($B) 47.2 108.1 118.2 2.1 56.0
Semi Market (5B) 108.8 118.6 265.5 365.6 99.6
Top 10 % of Total Semi  43% 459% 45% 55% 56%

(1) Fabless

IFX has a wide range of product family and product applications, coupled with a high-level of
quality; this comprehensive range of products has made IFX a preferred partner for a large
family of customers for over 40 years. IFX has a large family of customers for all its divisions,
however, IFX key customers are Bosch, Continental, Hitachi, ABB, Bombardier, Danfoss,
Toshiba, Siemens, among others. Figure 7 shows IFX customers
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Figure 7: IFX customers per business segment (Source: IFX presentation 4" Q 2017)

2.2- The semiconductor supply chain

(infineon

Unlike the SCs of other industries, the semiconductor SC is large and complex since it is serving
a wide range of customers with highly differentiated products. It is characterized by having
challenges such as the complex technology manufacturing processes, a global network of
different locations, which requires a global network of transportation, inevitability of high-
speed efficiency of the SC, in addition to these challenges the semiconductor SC is also
challenged by a highly volatile customer demand. Figure 8 shows the semiconductor SC.

NN N £ N

— = Semicon- Equipment
Customer Tier 1 Tier 2 ductor

supplier

) @ A
L G W A W A

Figure 8: Semiconductor supply chain (Source: Hans Ehm Anylogic Conference, 2012)

21



infineon
POLITECNICO

MILANO 1863

The semiconductor industry is characterized by the following (Lee 2002):

High capital cost driven by the expensive cost of equipment and R&D facilities

Short product cycles due the fast technological development of the industry usually
described by Moore law

High demand volatility due to the upstream position of semiconductor manufacturers
within the entire SC

Long production cycle times due to having process steps of more than 1000 steps

High cost of electricity due to the need to maintain cleanroom conditions, and
Airfreight as transportation mean due to the low densities and short lead time

This makes most companies suffer from a phenomenon called Bullwhip Effect, which is the
increase of the demands upstream of the SC, even if, there is no increase in the demand and
sales downstream towards the end customer. The fact that any semiconductor SC is not stable
makes it vulnerable to variations and fluctuation caused by increase in customers demand, or
conversely decrease in customers demand. The more upstream is the location of a supplier
within a SC (i.e. closer to the raw materials end), then the more they are affected by the demand
fluctuations, which when looked at on a graph resembles a whip being cracked, hence the term
‘Bullwhip’ Effect. Figure 10 shows the Bullwhip Effect in a semiconductor SC. The Bullwhip
Effect is mainly caused by the demand signal processing, rationing game, order batching and
price variations (Lee et al. 1997).

The Bullwhip Effect is a milestone around IFX’s neck (Liebi 2011), however there are many
initiatives launched by IFX to mitigate the impact of the Bullwhip Effect, as it will be discussed
in this report, flexibility is one of these initiatives to face this high demand volatility. As shown
in Figure 9 the semiconductor demand is the highest in terms of volatility.
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Figure 9: Demand volatility in semiconductor SC (Source: Anylogic Conference 2012)
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2.2.1- Infineon Technologies supply chain

At IFX, the SC processes and operations are aligned with the SCOR model, which stands for
Supply Chain Operations Reference (SCOR) developed by the Supply Chain Council (APICS).
In the SCOR model, the SC operations are clustered into Plan (on planning level), Source,
Make, Deliver and Return (on execution level). Figure 10 shows the illustration of SCOR model
and how IFX uses it.

Plan
Source Make Deliver
Return Return

Figure 10: SCOR model (Source: APICS 2017)

Source is about the sourcing of the raw materials needed for the manufacturing processes; in
this case, it is the silicon wafers, while Make represents the manufacturing processes, which as
mentioned before consists of frontend and backend processes. The Deliver is about the shipment
of products to the customer while the Return represents the reverse flow of material back from
the customer to the manufacturer and the supplier at the end of their lifetime. Figure 11 shows
the IFX end-to-end SC according to the SCOR Model.

Frontend (CT of 40-100 days) Backend (CT of 5-20 days)
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Figure 11: IFX SC based on the SCOR model (Source: IFX presentation 4" Q 2017)

The IFX SC starts with receiving the silicon wafers from the suppliers and store them at the
first deposition point called wafer stock (WS), afterwards the production process starts with the
fab in which the wafers go through up to 1000 processes. After the fabrication process in the
fab, the wafers are cut into individual chips called die, which will be tested and sorted and
stored at the second deposition point called die bank (DB), and these stages of production are
clustered together and called in IFX terminology frontend production (FE). FE is considered
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high-tech, skill-intensive and highly expensive in terms of equipment. The sorted chips are then
assembled on a protective shell and connected to form the finished products, this process is
followed by the final testing of the chip to comply with the quality and functionality
requirements, afterwards the tested chips are sent to the distribution centers (DC) and from there
to the customer. The assembly and test processes are called internally at IFX as backend
production (BE); this stage of production is less complicated and less expensive than the FE
production.

The IFX FE locations are Regensburg and Dresden in Germany, Villach in Austria, Kulim in
Malaysia, Newport in Ireland and Temecula and Mesa in the US. While the BE locations are
based in different locations in the three main locations of IFX global network, such as
Singapore, Malacca, Tijuana and Beijing, just to mention a few. The DB are usually located at
the BE production locations. IFX locate their products close to their customers and improve the
reliability of delivery, for this reason, IFX has three major DCs around its global network of
production; each one is targeting a key market. There is (DCE) which is located in Germany
for the EMEA (Europe, Middle East and Africa), Singapore (DCA) for Asia and (DCU) in the
US for the two Americas.

For cost effectiveness or technological limitation reasons, part of the production processes is
assigned to production partners which is referred to as outsourcing, in the case of FE production
the production partners are called Silicon Foundries (SIFOs), while in the case of BE production
at IFX they are called Subcontractors (Subcons). In general, IFX outsource more in BE than in
FE, which corresponds to the strategy of IFX to focus on the skill-intensive and the high-tech
part of the production in order to differentiate their products from competitors. The global
network of production of IFX is shown in Figure 12.

Singapore

e at )
Distribution Center/ |
SiFo Subcon
Frontend . Backend . CLM Pool . Logistics Hub/Cross dock || .

Figure 12: IFX global production network (Source: Infineon intranet, 2017)
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2.3 - Green supply chain management

In this section, a brief overview of the literature related to the field green supply chain
management, is given, this includes a definition of the concept and its main drivers as well as
briefly explaining the lifecycle analysis. However, before explaining the green supply chain
management, it is very important to explain the concept of supply chain management.

2.3.1 - Supply chain management definition

The supply chain management (SCM) is defined as all the activities that are related to the supply
of the product from the raw materials to the customers, this includes the procurement of the raw
materials, the manufacturing and the assembly, the packaging and the delivery and the
movement of information related to these activities (Masteika, Cepinskis 2015). In other words,
the SCM is the flow of material, value and information from the supplier to the customers in
forwards and backwards directions, as in illustrated in Figure 13.

- ey
Cnmr—. §@ 2 %

Supplier Producer Customer
\ Primary / \ Primary /
product product
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» Grow Your Career

www.aims.education

Figure 13: Supply chain management illustrated (Source: AIMS Education)

The central task of the SCM is the so-called “Seven Rs” of logistics, which is mainly concerned
with getting the right product, at the right quantity, in the right quality, in the right time, in the
right place, at the right costs and to the right customer (Gleissner, Femerling 2013). This
concept is illustrated in Figure 14.

Right Product Right Quantity Right Quality Right Location  Right Time Right Customer Right Price

PINISON @

Figure 14: The seven Rs of logistics (Source: AIMS Education)
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2.3.2 - Green supply chain management definition

The field of green supply chain management (GSCM) had a significant growth and was the area
of interest both for academia and for industry over the past recent years; this is mainly due to
the rise in environmental awareness around the globe, because of the impact of the global
warming and the climate change on the natural and built environment.

The green supply chain management, also known as GSCM or GrSCM, is about incorporating
environment criteria in the organizational decisions (Diabat, Govindan 2011). The United
States Environmental Protection Agency (US EPA - Office of Pollution Prevention and Toxics
2000) has defined a four-step framework for implementing a lean and green SC, this framework
consists of:

Identify costs

Determine opportunities
Calculate benefits, and

Decide, implement and monitor.

This framework helps companies, understand the environmental impact of their material
operations, because it is based on the best practices of several companies that have pioneered
in implementing the GSCM practices in their business model.

According to Srivastava (2007), the GSCM topic has increasingly gained interest in the recent
years because of the degradation of the natural environment and the increase in pollution in the
built environment, but it is equally driven by good business sense and economic profit. From
operations standpoint, the GSCM consists of green design or green operations.

The green design consists of the environmentally conscious design (ECD) of products that
ensure the product does not incur any negative environmental impact neither during the
production stage nor during the usage by the customers. A common approach in green design
is to reduce or replace extremely hazardous materials or processes with ones that have less
impact on the environment. The metals that are used in the semiconductor manufacturing
processes are gold, magnesium, silver, tin, zinc, copper, aluminum, to mention few. These
metals are among the list of critical raw materials of the European Union CRMS, currently, IFX
IS moving towards Embedded Wafer Level Ball Grid Array (eWLB), which is a packaging
technology that reduce, for example, gold dies through integration of different of functions.

The life cycle analysis (LCA) is a methodology that is used to evaluate the environmental
impact of products through their fabrication, use and end-of-life (EOL), the results of the
analysis contribute to creating categories of products based on their environmental impact
(Dahlben et al. 2013). Figure 15 shows the LCA process for a certain product. At IFX, an
academic study based on the LCA concept was conducted in 2011 to study the CO> balance of
the company, see the section 2.3.4- Green supply chain management:
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Figure 15: LCA of a chip (Source: Dahlben et al. 2013)

The green operations part of the GSCM is about green manufacturing or remanufacturing,
reverse logistics, network design and waste management. The area of green manufacturing or
remanufacturing is a very important area within the green operations, it focuses on the
minimization of energy and resource consumption, regarding this area IFX have come a long
way, and one of the examples of this is the topic, which is studied in this thesis, i.e flexibility.
Figure 16 shows a framework of the GSCM.

GSCM

Green Green
Design Operations
J
| |
I 1 I 1
I Reverse Logisitics
LCA ECD Manufacturing and Network Waste
and Desi Management
. gn
Remanufacturing )

Figure 16: Green supply chain management (Source: Srivastava 2007)

One of the most common environmental criteria is the so-called carbon dioxide equivalent or
CO2eq, which is used to quantify emissions. In the following paragraph, a brief definition of
the term carbon dioxide equivalent is given, which will help the reader to understand the unit
of measure used in this study.
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2.3.3 - Carbon dioxide equivalent

According to the UN international Panel on Climate Change IPCC, the carbon dioxide
equivalent, or simply stated as CO- equivalent or CO-eq, is a basis of comparison for emissions
of different greenhouse gases based on the global warming potential (GWP). It is obtained by
converting the amount of the specific greenhouse gas into its equivalent amount of CO>, based
on 100-year global warming potential. In Table 4, there are some values of the COzeq for some
greenhouse gases, e.g. for Sulphur Hexafluoride SFe, which is used as a process material in
plasma etching in the semiconductor industry, has a high CO.eq of 22,800 based on 100-year

GWP.

Table 4: Carbon dioxide equivalent of some greenhouse gases (Source: US EPA)
Greenhouse Gas Formula 100-year GWP (AR4)
Carbon dioxide CO. 1
Methane CHg4 25
Nitrous oxide N20 298
Sulphur hexafluoride SFe 22,800

In literature, there is a handful of scientific papers that link the GSCM and the CO-eq.
According to Liebi (2011), the applied green supply chain management AppGSCM, is the
integration of environmental aspects, in addition to the economic aspects, both in the strategic
and operational decision-making processes of the sustainable/green supply chain management,
by adding a fourth layer to the three layers of SCM (material, information and value). By
allowing the CO> to be visible in SCM, a performance measure and monitoring of the ecological
impact of the supply chain from a holistic standpoint (Liebi 2011). Figure 17 illustrates adding
the fourth layer to the SCM.

Figure 17: The four layers of ApGSCM (Source: Liebi 2011)

g

This concept does not mean that the CO- is the only substance emitted by the production or the
SC activities; it is rather to indicate a common basis of comparison, which is used in GSCM to
quantify emission of greenhouse gases of various sources as mentioned previously in the
introduction of the CO.eq.
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2.3.4- Green supply chain management: case studies

This section gives a brief introduction to the academic work that have been done at IFX in the
field of GSCM, this introduction will help the reader to understand the academic work which
represented the starting point for this thesis. The field of GSCM is a recent area of research and
as mentioned before, it emerged from the concerns regarding the climate change, global
warming and so on. In 2011, IFX assigned the first academic research on GSCM to Michael
Reinhard and Joel Liebi (L&R) from ETH Zurich to study IFX SC in terms of CO> emission,
from a holistic point of view, meaning from the suppliers’ suppliers to the customers’
customers.

L&R calculated from one side, the CO2 consumption of IFX resulting from the raw and process
materials, manufacturing and the transportation, using the CO2eq as a common basis for
comparison, this part was done by Liebi (2011). From another side, they calculated the CO>
savings of IFX products, which result from the usage of IFX sensors by the customers, hence
that Infineon applications are energy efficiency, mobility and security, this part was done by
Reinhard (2011). These two components of the academic work were combined to make the CO>
balance at IFX as illustrated in Figure 18:
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Figure 18: CO; balance (Source: Liebi (2011) and Reinhard( 2011))
Some of the key findings of L&R are summarized as follow:

IFX consumes 1 million of gram of CO. per year to produce their chips, while they save
10 million of gram of CO2 when the customers use these products. These results make
IFX a green business with a Green Factor (the ratio of the CO2 savings to the CO;
consumptions) of 1:10, meaning that for each one-gram IFX consumes to produce a
chip, 10 grams of CO; are saved when this chip is used; these results are based on figures
from FY 2010.

The prerequisite for sustainability is the CO. visibility.

The short-term driver of CO2 reduction in the semiconductor industry is resource
efficiency, while in the long term the driver is the innovation.

The biggest share of CO, consumption in the semiconductor industry is resulting from
energy use because of the cleanroom conditions that semiconductor manufacturing
requires. The second contributor of the CO> consumption is the materials, while
transportation accounts for a lower share of CO> consumption, because of the usage of
airfreight as a main aim of transportation and the minor weight of products, as illustrated

in Figure 19:
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Figure 19: CO2 consumption at IFX breakdown (Source: Liebi (2011) and Reinhard( 2011))

- The SCM is a suitable place for CO. balance improvement, in areas such as better
capacity utilization via planning improvement, flexibility and any incentive to fully
utilize installed fabs and equipment.

The results of the CO, consumptions and CO; savings are updated annually at IFX, and
published in the company Annual Report, in the section called Sustainability at IFX, and are
KPMG certified.

Based on the conclusion of L&R regarding the potential of IFX SC to reduce CO,, a new area
of research emerged in the CO reduction, not through resource efficiency, rather via the
flexible utilization of production capacities and the study of the flexibility of the global SC and
its ecological impact. Wolfgang Yorck, a master student at ETH Zurich, did this project in 2013,
in which he simulated a semiconductor SC supported by the case study of IFX to test the
following hypothesis:

“Flexibility enabled by a global network of transportation could have positive ecological
impact in the semiconductor ”

W. Yorck was able to prove the hypothesis true to the FE production at IFX; because at the
time the study was conducted, the detailed energy flow diagrams about the electricity usage in
production were only available for the FE production.

Therefore, W. Yorck concluded that the hypothesis is true for the FE, and that no statement can
be mentioned about the BE production (Yorck 2013). Figure 20 shows the layout and the model
results of W. Yorck.

The key findings of W. Yorck academic work are summarized as follow:

Flexibility enabled by global transportation can have a positive CO2 contribution as
energy intensive capacities can be used more efficiently depending on the business
situation.
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Figure 20: Layout of the modeled SC and Yorck’s first results (Source: Yorck 2013)

The influence of flexibility on the ecological impact of a SC reaches a maximum for
high capacity utilizations and low forecast accuracies.

Ecological objectives can also be economically beneficial.

As recommendation from W. Yorck, the extension of the model to cover the BE
production and the rest of the SC is necessary to be able to draw a more concrete
conclusion about the ecological impact of flexibility in the semiconductor industry.

Based on the above-mentioned recommendation by W. Yorck, the idea for this thesis started,
as the production data for BE production is available; this thesis aims to study the flexibility
and its ecological impact for the end-to-end SC in the semiconductor SC.

2.4- Flexibility and its ecological impact on supply chains

This section is dedicated to the related literature review about the concept of flexibility. It is
important, first, to introduce topics such as the Flexible Manufacturing System (FMS), the
different types of flexibilities and the cost of installing the flexibility.

2.4.1- Flexible manufacturing system definition

A Flexible Manufacturing System (FMS) is a manufacturing system, in which there is a
particular amount of flexibility that allows the system to react in case of changes, whether
predicted or unpredicted. According to Browne et al. (1984), FMS is an integrated, computer-
controlled and automated complex of material handling devices that process variety of volumes
of variety of part types. To clarify the confusion about which kind of flexibility is used in this
study, the classification provided by Browne et al. (1984) is used to explain this topic.

2.4.2- Types of flexibilities

Flexibility is generally considered to have two categories; the first one is the machine flexibility,
this flexibility is on machine level, and it is about how easy to make changes in the machines
to produce different parts of a product, it is achieved through technological progress such as
sophisticated tool-loading and part-loading devices. The second type of flexibility is the routing
flexibility; this type of flexibility is on the system level, and it is about the ability to overcome
breakdowns and produce parts with different possible routings. There are other types of
flexibilities, the product flexibility, which is the ability to changeover and produce a product or
a set of products economically and quickly. The process flexibility is the ability to produce a
set of part types using different materials, in many ways in a possible way. The operation
flexibility is the ability to interchange the ordering of different operations to produce the same
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set of product types. The volume flexibility is the ability to produce profitably at different
production volumes. The expansion flexibility is the capability of building a manufacturing
system and expand it easily and modularly.

The machine flexibility is necessary for the product, process and operation flexibility. The
routing flexibility is necessary to achieve the volume and the expansion flexibility (Parker,
Wirth 1999). All these kind of flexibilities are necessary to build the production flexibility,
which is the ability of the FMS to produce a universe of part types. According to Browne et al.
(1984) this flexibility is achieved by increasing the level of technology and versatility in the
machines, therefore an ideal FMS is the one that possesses all the flexibilities mentioned above.
Installing all these capabilities comes at a high cost, especially in the semiconductor industry
which has a high capital cost because of the expensive machines and the need for maintaining
the cleanroom conditions. Figure 21 shows the relationship between the different kinds of
flexibilities.
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Figure 21: Relationship between flexibility types (Source: Browne et al. 1984)

The flexibility used in this thesis, is of a general scope and can be described as a production
flexibility. So far, the flexibility discussed in this section is on manufacturing level, in the next
paragraphs the concept of flexibility is discussed from a wider perspective that is the SC
flexibility.

2.4.3- Supply chain flexibility

The flexibility of a SC is measured in the ability of the SC as whole to respond to changes and
challenges such as demand volatility, disruptions due to natural disasters, and achieve efficiency
through the optimization of the entire SC, not only through a single or through few participants
of the SC (Rabe et al. 2012).
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Rabe et al. (2012) provided a framework for the categories of flexibility within the SC; the
framework includes the functional perspectives, the dimensions, the time horizon, the
hierarchical aspects, and the influential factors. This thesis will use the hierarchical framework
of flexibility developed by Rabe et al. (2012) to describe the scope of the simulation that was
done to approach the research question. The framework is shown in Figure 22.
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Figure 22: A hierarchical framework for flexibility (Source: Rabe et al. 2012)

The scope of this thesis is of an ecological nature in terms of functional perspective because the
outcome of the study will help in understanding the potentials for the carbon footprint reduction
of semiconductor manufacturers. In terms of dimensions, the study is regarding flexibility as
manufacturing and logistics because in the global SC, a global network of transportation enables
the manufacturing flexibility. The outcome of the study will allow companies to treat the CO>
as a strategic decision-making parameter. The time horizon of the study is mid-term time or
tactical because it is studying the influence of demand volatility which occurs periodically at
companies on tactical level.

At IFX, the SC simulation is classified into four levels, Level 1 that performs simulation for
machine/workcenter, whereas, Level 2 is factory/plant level which studies the manufacturing
site as whole, Level 3 studies the internal SC of IFX and Level 4 is end-to-end SC. For more
details on the levels of simulation at IFX, please see the section 3.1.1- Supply chain simulation
at IFX. The scope of this thesis falls between Level 3 and Level 4, because it is not taking into
account the suppliers of IFX. The factors that influences the flexibility in this study, are of
internal and external origins, for example, the decision of a company to consider flexibility in
order to reduce the carbon footprint of its products is internal factor, while the influence of
carbon footprint reduction on the company brand image or the environmental regulations is an
external factor. Figure 23 shows a hierarchical framework describes the scope of this study,
based on the work from Rabe et al. (2012) and some adopted modifications on their framework.
The orange boxes describes the scope of this thesis.
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Figure 23: A hierarchical framework for flexibility at IFX (Source: author own contribution)

2.4.4- The cost of flexibility in supply chains

According to Tan (2001), the flexibility in SCM was implemented for the aim of minimizing
the unit product cost, this is the traditional practice in this field. The scope of this thesis in
contrast, is focusing on the ecological cost/impact of flexibility, i.e. how the flexibility could
reduce the carbon footprint of the company. According to Browne et al. (1984), building
flexibility come at a high cost because of the installation cost of sophisticated machines and
highly skilled workers cost, however, the advantage of installing flexibility is the minimization
of unit cost and the agility to cope with changes such as the demand volatility and produce
beneficially.

The ecological cost of flexibility can be divided into cost that is resulting from built flexibility
and one that is resulting from used flexibility. The built flexibility is about turning a percentage
of the total capacity into a flexible share of capacity that is available to accept production
requests from other production locations. The used flexibility, in contrast, is the flexibility that
is used after being built, the reason why not all the built flexibility can be used is twofold; the
first one is the free capacity available to produce, the second one is the production lots that were
offshored to be produced at the particular location. This classification is not based on literature;
it is rather based on expert knowledge.

In terms of ecological cost, there is a share of emission related to transforming the percentage
of the total capacity into a flexible capacity, this cost is referred to as the built flexibility
emission/cost, in this study only the electricity emissions are accounted for, this does not mean
that there are no other source of emissions. On the other hand, there is a share of emission
related to using the built flexibility that is called the used flexibility emission/cost. The net
flexibility emission is obtained by subtracting the used flexibility emission/cost from the built
flexibility emission/cost. The built, used and net flexibility is described by the formulas in the
section 3.5- Model calculations. Assuming that 30% flexibility is built but only 20% is needed,
then 10% built flexibility remain unused. Of course, the ideal situation would be to use as much
as the flexibility, which is built.
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3- Methodology

After understanding the problem, it is time now to know how the solution of this problem is
reached. In this chapter, the methodology of the solution is discussed in detail; this includes an
introduction to the SC simulation and the tool used in the simulation of this thesis. Additionally,
the conceptual model and the model implementation and verification is also shown in this
chapter.

3.1- Introduction to supply chain simulation

Simulation is a way to find solutions for complex problems of real-world systems. The reason
for not trying directly to solve the real-world problem is due to the high cost and the risks
incurred by trying different solutions on the real system. Therefore, an abstraction of the real-
world problem, called model, is built in a simulation tool, for example Anylogic which is used
in this study, this model is built based on including only the details from the original system
that are important to replicate the real-life phenomenon (Grigoryev 2016). After building this
model, several runs are performed to reach an optimal solution; this solution is then used in the
decision-making process to reach the optimal solution. The optimal solution will be
implemented in the real-world problem. Figure 24 describes the process of Modelling and
Simulation.

S f 2 J ~ :""v:: * {J2 _r
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WORLD OF MODELS
(RISK FREE WORLD)

Figure 24: The model-building process (Source: Grigoryev 2016)
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A simulation model is an executable model that gives a trajectory about the system’s state
changes; it is like a set of rules that tells how to move from a current state of a system to its
future state. The output of simulation models is produced and observed as the model runs.
Simulation modelling requires special software to perform simulation runs and give state
trajectories.

The simulation modelling has three methods, discrete-event modelling (DE), agent-based
modelling (AB) and system dynamics modelling (SD), these methods serve a specific
abstraction level; each method is used in different fields of application. The Figure 25 shows
the three methods of simulation modelling and their applications.

High abstraction
level
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macro level,
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® Project management ® Human resources
® Fleet management
® Supply chains
Medium abstraction ® Transportation
: euet ® Business processes * Callceners
(med"‘r"':sg?i:'lsl' DE /* * ’  Multi modal terminals
tactical leveli Do \* ® Warehouses Airports @ Hospitals
od .
Discrete event * ® Rail yards * Manufacturing
(process- * * L )
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Figure 25: Simulation modelling methods and their applications (Source: Grigoryev 2016)

DE modelling supports a medium to low medium abstraction, it is used, for example, to model
warehouses, while AB modelling varies from a very high abstraction to a high abstraction and
used, for example, to model airports or manufacturing. SD modelling, on the other hands,
assumes a very high abstraction level and used, for instance, in strategic modelling in
Economics or Ecosystems.

In this study, simulation modelling is used to approach the solution, namely the DE modelling
method, the simulation is performed using Anylogic Software, which is a multi-method
simulation modeling tool developed by AnyLogic Company, it includes a graphical modeling
language and allows the user to extend simulation models with Java code.

AnyLogic 7 version, which was used to build the model of this study, was released in 2014.
Being the biggest release for 7 years, it featured many significant updates aimed at simplifying
model building, including enhanced support for multimethod modeling, decreased need for
coding, renewed libraries, and other usability improvements.
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3.1.1- Supply chain simulation at IFX

The SC simulation at IFX represents an important hub for solving complex problems; there are
four levels of simulation at IFX, which are workcenter/equipment, production site, Internal IFX
SC and end-to-end SC, from level one to level four accordingly, as illustrated in the Figure 26:

Level 4:
End-to-end
supply chain

Level 3:
Internal supply
chain

Level 2:
Manufacturing site
/Work area

Level 1:
Machine
/Workcenter

Figure 26: The four simulation levels at IFX (Source: Fowler et al. 2015)

Level 1 models a single instance of equipment; it can be used to evaluate the performance of
the tool configuration and to support the optimization of the lot size. Level 2 models a
factory/production route; it can be used to support the improvement of the factory design and
the layout of the process.

Level 3 models IFX SC including all Subcons and SIFOs, without customers and suppliers. It
can analyze the interaction between the control level and the execution level, proving a realistic
input data for the planning process. Level 4 studies the end-to-end SC of IFX.

This study is considered in the transition area between Level 3 and Level 4, which studies the
Internal SC and the customers. The production partners, i.e. Subcons and SIFOs are not
included in this study. In the following section, more details are given on how the conceptual
model is built and which assumptions are made to obtain the required results.

The next section is about the conceptual model of this study.
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3.2- Conceptual model

This section is about the conceptual model, this includes the steps of building a simulation
model starting from the problem formulation until the implementation of the model and the
documentation. Figure 27 shows the steps of the simulation modelling according to Banks et

al. (2005).

Problem
formmlation

b
Setting of objectives
and overall project
plan

-

Model

conceptualization

Data
collection

Figure 27: Steps of a simulation model (Source: Banks et al. 2005)

Production

According to Banks et al. (2005), a simulation model starts with formulating the problem and
making the problem statement clear and understood, this step is followed by setting the
objectives of the model, i.e. the questions that the model answers. The model conceptualization
is the most challenging step, because it is about abstracting the real-world system to the model,
based on the assumptions that are selected carefully, the data collection step is conducted in
interplay with the model conceptualization.
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The model is then translated into a simulation software for information storage and
computational power considerations, subsequently; the model is verified to guarantee the
logical structure of the input parameters, this step is followed by the validation of the model to
make sure that the model is an accurate representation of the real system. The experimental
design of the model is the following step that results in the type of the analysis required and the
number of runs to be performed on the model. In the last step, the model is documented and
ready for implementation and use by the decision makers. These steps are summarized in Figure
27.

In this study, the methodology, the conceptual model and the results will be based on the
concept explained above according to Banks et al. (2005), it will be depicted according to the
sequence shown in the Figure 27. The problem formulation part is covered in the introduction
of this thesis.

3.2.1- Model objectives

The key objective of this model, from an organizational point of view, is to allow considering
CO2 as strategic decision-making parameters and understanding the potentials within the SC to
improve the carbon footprint of semiconductor companies. Due to the importance of the user
interface in simulation models, one of the objectives of this model is to have an interactive and
user-friendly interface, to allow, not only the creator of the model, but also other stakeholders
to interact with the model. This is enabled in the model by creating a simple Graphical User
Interface (GUI) in which the user can edit the values of the experiment and enter the values that
the user is interested to check their results. Figure 28 shows the GUI of the model.
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Figure 28: Screenshot of the model main GUI
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3.3- Model building blocks

The part of the SC to be studied in this thesis is simplified to allow including as much significant
elements of the real system as possible to be more realistic, all the unnecessary elements have
been excluded from the analysis to reduce the modelling effort. The transition from the real-
world system to the simplified model is based on aggregation and assumptions.

3.3.1- Model aggregation and assumptions
The aggregations and assumptions used to simplify the real-world system can be classified into
product assumptions, production process assumptions and customer assumptions.

I- Product assumptions

The first assumption that has been considered in this study regarding the product is that all
products are flexible in the sense that they can be produced at any site; this excludes the
technical restrictions of manufacturing the products at different fabs in different locations. This
implies removing the technical possibility check done to ensure that the chosen flexible site can
produce the flexible load. The second simplification regarding the products is the process time,
which is considered constant for all products and all plants and that each product consumes one
unit of the capacity of the plant to be produced.

Due to limitations related to the computational power, running the simulation using chips will
consume a lot of memory, so the best way is to model aggregated quantities. In this study, the
model will use the batch as the granularity level instead of chips. According to IFX common
standards, a batch is equivalent of 10 boxes; each box contains 25 wafers, with an average
output of 9843 chips per batch. Therefore, the number of chips per batch is equivalent to
2460750 chips.

1B Production process assumptions

In this study, a pure pull system of production is considered, the main reason for this is that the
focus of the study is on the influence of overutilization and underutilization of production
capacities resulting from fluctuations in demand due to the disturbance caused by the low
forecast accuracy. It is also assumed that the production process starts before the customer
demand arrives based on forecasting the customer demand, and that the stock levels at all the
deposition points are not included in the study.

The modeled system is assumed to have a certain level of forecast accuracy, average capacity
utilization and flexibility, the value of these three parameters is expressed in percentage and
was obtained from historical data from IFX database. The capacity levels at each of the
production site is considered constant throughout all the time for the specific process.

It is also assumed that the production process is not restricted to a geographically fixed location;
however, the entire SC can be seen as one new global production plant (according to Hans Ehm,
the head of SC Innovation at IFX). Additionally, no preferences by production planners or
customers concerning cost, quality or other related issues, this implies not including in the
analysis of this study the cost and quality preferences, which are checked prior to offshoring

the flexible load to the flexible site.
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The ecological cost of the production process is assumed to be resulting mainly from electricity
because of its high share of the total emission; this does not mean that the electricity is the only
source of emission in production. This cost is divided into fixed emission and variable emission.
In FE production, the fixed emission is considered to account for 60% of the total share of
emission, while the variable emission accounts for 40% of the total share of emission from
electricity. In BE production, the fixed emission is considered to account for 60%, while the
variable emission accounts for 40% of the total share of emission.

The economic cost of production, in which again only electricity is considered, is also divided
into fixed cost and variable cost. In FE production, the fixed cost is taken as 60% of the total
economic cost of production, while the variable cost accounts for 40% of the economic cost of
production. In BE production, the share of cost is equally split into two, 50% of the economic
cost is considered fixed cost and the other 50% is the variable cost, the reason for this is that
the FE production has more complex processes and more expensive, while the BE production
is less complex in terms of processes and less expensive.

ii- Customer order assumptions

As mentioned that the focus of this study is on the influence of overutilization and
underutilization of production capacities due to fluctuations in demand and the emission share
resulting from this phenomenon, therefore, performance indicators such as the service level, the
delivery performance or other relevant indicators are not considered in the analysis of this study.
Therefore, as a simplification in this study, all the finished products moved to the DC from the
BE production step will directly be moved to the customer. This is not exactly what happen in
the real world, but it is assumed here in this study for the sake of simplicity. Table 5 summarizes
the assumptions and aggregations of the model.

Table 5: Summary of model assumptions and aggregations

Assumptions Values
Simulation level (L1, L2, L3 or L4) | Level 3 and 4
Behavior to be modeled over/under-utilization of capacities as
result of demand fluctuation
Push/Pull system | Push system only
Production requests initiated based on Forecast
Production cost in FE ~ 40% fixed cost & 60% variable cost
Production cost in BE 50% fixed cost & 50 variable cost
Cost or quality preferences | Not applicable
Is the parameter F/C considered in the analysis yes
Is the parameter U considered in the analysis yes
Is the Cycle time considered in the analysis yes
Product flexibility | yes
What is the Main KPI of the analysis Unit Ecological/Economic Costs
How many FE and BE locations are assumed | 2 each
Model unit batch
Model time step | week
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3.3.3- Decision flow of the production load assignment

As mentioned before, the production of chips starts with the step of FE production, in which
the designed circuits are printed on the raw silicon wafers using lithography, this step is done
at the fab, and then the circuits are sorted in the so-called Sort step. At this step, the production
load is prepared based on demand forecast, mainly because the most important influencing
parameter in this study is the forecast accuracy.

It is then checked whether the base site/fab has available capacity to produce the forecasted
load. The load that exceeds the capacity of the base site wait to be sent to a flexible site/fab with
an available capacity, the technical possibility of production at the site and the cost and quality
preferences will be checked before sending the load to the chosen fab.

If the load cannot be produced at the production facilities of IFX, then there is another option,
which is outsourcing to a production partner, which in the case of FE production, they are called
SIFOs. The technical possibility as well as the cost and quality preferences check is also done
to ensure the possibility of the chosen site to produce the load.

The load that is still waiting to be produced because of lack of available capacity both at IFX
sites or SIFOs, is considered in this case as work-in-progress (WIP). The WIP is then scrapped
if waited for longer time because of the short product life cycle, the remaining WIP that did not
wait longer time is reintroduced to the production cycle. Whether it is produced at a base fab, a
flexible fab or a SIFO, the produced load is then sent to the next production step, which is called
BE production.

In BE production, which includes assembly and test, the production load is assigned to the base
site first, in case the base site is not able to produce it fully or partially. The load which exceeds
the capacity will be sent either to a flexible site within IFX production facilities or to a
production partner in case of capacity shortage in in-house sites. In the case of BE, the
production partners are called Subcons, these Subcons are located mainly in Asia. Prior to
sending the production load to the flexible site or Subcon, the technical possibility and the cost
and quality preferences are ensured to choose the best alternative. the location is not considered
for the check of preferences, because the manufacturing process at IFX is not restricted to a
geographically fixed location but the entire SC can be seen as one global production plant (Hans
Ehm).

Similar to the FE production, the WIP of the BE that is waiting for longer time is sent to scrap.
All the finished products are moved to the DC from which they are shipped to the customer.

The decision flow of the production load assignment to sites, which will be used in this study,
will exclude the production partners from the analysis as well as excluding the technical
possibility check and the cost and quality preferences as mentioned in the section model
assumptions. In Appendices the process is illustrated in detail, Appendix A and Appendix B
describe the decision flow for the FE production and for the BE production at IFX, respectively,
the grey color indicates the non-implemented part of the model.

The next section is about the layout of the mode.
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3.3.2- Model layout

The modeled SC used in this study consists of two FE fabs, two BE fabs, one DC serving one
customer with one product line. This setting is used to allow the production to have alternative
routes for production in case of lack of capacity in one of the sites. A schematic illustration of
the modeled SC is shown in Figure 29.

el O N

Figure 29: The layout of the modeled supply chain

The movement of the chip from the FE to BE represents the base route, while the movement
between FE and FE or BE to BE represents the flexible route. The base site is the one that the
production requests were first assigned to be produced at, while the flexible site is the site
where the production requests are sent to be produced in case of capacity shortage in the base
site.

3.4- Model input data

The main source of the input data used in this study is IFX internal reporting tools, such as the
Master Data portal, the IFX intranet, as well as the Sustainability Report of the company. The
Business Continuity Department, namely the Sustainability and Continuity Planning
Department that is responsible for preparing IFX Sustainability Report annually, provided the
emission data, which relate to the FY 2017. For the data that was unavailable in these sources
of input data, estimates are taken based on experts’ suggestion or previous academic work at
IFX.

The data can be divided into data related to the ecological cost, the economic cost and the
demand data, for each data, there is data related production and transportation. The sections
below show the input data used in the model.

3.4.1- Ecological cost data

The ecological cost data of the production and transportation is given in Table 6 and 7:
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Table 6: Emission data for FE and BE (Source: IFX Sustainability Report FY 2017)

Production Data
Parameter Remark Value
fixed emission fixed share of emission which accounts | 2435.8
(ton of CO/week) for 60% of emission in FE (see Figure
FE production 37)
variable emission product specific emission, depends on | 13.9
(ton of CO2/batch) the level of utilization/output, accounts
for 40% of emission in FE (see Figure
37)
fixed emission fixed share of emission which accounts | 1043.9
(ton of CO/week) for 60% of emission in BE (see Figure
BE production 37)
variable emission product specific emission, depends on | 5.9
(ton of CO2/batch) the level of utilization, accounts for 40%
of emission in BE (see Figure 37)

Table 7: Transport data, distances and EF (Source: IFX Sustainability Report FY 2017)

Transport Data

distance Emission Factor | product weight
(Km) (9CO2/Km*Kg) (9)
From FE to BE (base) 9,189.12 0.9296 0.1
From FE to FE (flexible) 9,868.83 0.9296
From BE to DC (base)) 9,823.68 0.9296 0.53
From BE to BE (flexible) 8,776.05 0.9296

3.4.2- Economic cost data

In the following table, the cost of producing chips in Euro is given (cost from electricity

consumption):

Table 8: Economic cost for FE and BE at IFX (Source: IFX Sustainability Report FY 2017)

Production Data
Parameter Remark Value
fixed cost fixed share of economic cost, it is 60%, | 856.9
FE production (Euro/week) FE is more costly than BE
variable cost variable share of Economic Cost, it is | 4.9
(Euro/batch) 40% of total cost in FE
BE production fixed cost fixed share of economic cost, it is 50%, | 306.0
(Euro/week) BE is less costly than FE
variable cost variable share of economic cost, it is | 2.61
(Euro/batch) 50% of total cost in BE
Transport shipping price shipping price of third-party logistics | 0.001
(Euro/Kg) that do shipment for companies
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3.4.3- Demand related data (from historical data)

In the following table the customer demand data is given, the main source for this category is
the historic data aggregated based on assumptions from experts.

Table 9: Customer demand data (Source: Historical Data)

Parameter Remark Value

forecast accuracy F/C the percentage of capacity utilization due to | 60%
demand fluctuation (see Figure 35)

flexibility Flex share of capacity available for flexible 22%

production measured in percent of total
capacity (see Figure 36)

average capacity utilization | average utilization of capacities measured in | 93%
U percent of total capacity (see Figure 34)

3.5- Model calculations

This section describes the formulas used in the model to calculate the main drivers of ecological
and economic cost. This includes the electricity, flexibility and transport emission and cost.

3.5.1- Model influencing parameters

The model calculates the emission for one component resulting from the production, the
flexibility and the transportation. The orders are modeled stochastically to indicate the
influence of the forecast accuracy on the ecological impact. In the model, the ecological
impact is formulated as function of:

Ecological Cost (F/C,Flex,U)

Where:

0<F/C<100%
0 < Flex <100%
0<U <100%

As mentioned in the section2.2- The semiconductor supply chain, the Bullwhip Effect is the
most challenging phenomenon for the semiconductor SC that represents a real disruption for
the entire system. The main causes of Bullwhip Effect is the invisibility of demand and the
distortion in demand information at one end of the SC, which will results in disturbance in the
forecasting capabilities (Lee et al. 1997). The consequences and the implications of the
Bullwhip Effect are terrible for companies, they can vary from excessive inventory investment,
poor service level and missed production schedules (Lee et al. 1997), just to mention a few.

In this study, the main focus is on the impact of the Bullwhip Effect on the forecast accuracy
which then causes the manufacturing facilities to fluctuate in terms of the utilization of
capacities. The first scenario is the underutilization, in which the capacity of the production
facility is not fully optimized which increases the cost of production, namely the ecological cost
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of production. The second scenario is that the production facility being fully utilized with
production load or requests that exceed its capacity, this case also causes increase in production
costs due to the increase in inventory holding costs and delays in the production.

The next section will study in details the three parameters that are the focus of this study, namely
the forecast accuracy, the capacity utilization and the flexibility.

I- Average capacity utilization (U)

The total capacity of a production facility is the attainable output that is reached in normal
conditions, these normal conditions include working time and normal maintenance (Klein,
Long 1973). Due to shortages and bottlenecks, the total capacity cannot usually be utilized to
its full, which results in a percentage of utilization of the total capacity (Ragan 1976) which is
referred to as the average capacity utilization or simply the utilization (U). Figure 30 shows the
u.

Total Capacity

(chips/year) Avg Capacity Utilization

(% of total capacity)

Time -

Figure 30: The average capacity utilization U

Optimizing the average capacity utilization to a percentage close to the total capacity is a
priority for the companies in order to compensate the cost of setting up the highly expensive
manufacturing facilities and decrease the unit cost of their products. Figure 31 shows the global
capacity utilization levels in the semiconductor industry in the past 40 years.
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Figure 31: The global capacity utilization levels in the past 40 years (Source: Board of the
Governors of the Federal Reserve System US)
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1B Forecast accuracy (F/C)

The forecast accuracy (F/C) is the degree of deviation of the forecasted quantity from the actual
(true) value. It is impossible to measure the true value because it is in the future, and the forecast
instead is trying to give a glimpse of it. For most businesses, a high F/C means an increase in
their demand serving effectiveness while lowering overall operational costs (Vermorel 2013).
Within the scope of this study, the interest is focused on the F/C from average capacity
utilization point of view, since the F/C causes the utilization of capacities to increase or
decreases on the basis of shortage or availability of production requests. Therefore, the F/C can
be defined under the scope of this study as the fluctuation of capacity utilization represented in
percentage of the U. Figure 32 shows the F/C.

T \/\/\/\ | Forecast Accuracy F/C %

Total Capacity N

(chips/year)

Time

Figure 32: The forecast accuracy F/C
ii- Flexibility (Flex)

The flexibility in this model is considered as the share of capacity available for flexible
production measured in percent of total capacity, as mentioned in the section 2.4.4- The cost of
flexibility in supply chains, that the flexibility is divided into built flexibility and used flexibility.
In the simulation model of this study the built flexibility is the parameter used to describe the
share of the total capacity that is available for the flexible production, while the used flexibility
is accounted for in the ecological cost calculations. Figure 33 shows the flexibility.

Total Capacity
(chips/year)

Flexibility %

Time
Figure 33: The flexibility Flex

These parameters also represent, as it will be discussed and proved by the model results, the
major driver of the ecological impact in this study.
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3.5.2- Electricity cost

The share of electricity used in production can be differentiated into fixed emission/cost and
variable emission/cost. The fixed cost, measured in ton of CO> per week for the ecological cost
or euro per week for the economic cost, is the cost resulting from electricity needed to maintain
the cleanroom conditions. This fixed cost is independent of the level of utilization, i.e. if the fab
utilization is 0% or 100% the cost is the same, therefore, this cost is equally distributed for all
the guantities produced at the same time. The variable emission/cost, on the other hand, is the
cost resulting from the actual production process of the product; it is usually referred to as the
product specific cost, and usually measured in ton of CO2 per product for the ecological cost
or euro per product for the economic cost. Figure 34 shows the fixed and variable emission/cost.

) . Ecological/E i t
Ecological/Economic Cost cological/ conomic cos
per chip

per chip

Detailed Simplified

80%

Fixed Emission/Cost
Fixed Emission/Cost

-
0% 100%

0% 20% 5% 90% 100% Fab Utilization

Fab Utilization

Figure 34: Fixed and variable emission/cost of production

The data obtained from the Sustainability Report proves that the fixed emission and variable
emission account for 60% and 40% respectively of the total share of emission. The following
table shows how the fixed emission and variable emission is obtained from the Sustainability
Report data.

Table 10: IFX annual electricity emission (source: IFX Annual Report 2017)

Parameter Remark Value
IFX Annual Electricity the emission resulting from electricity obtained | 603146.93
Emission in (tCO2/year) from the Sustainability Report of the fiscal year

2017

According to the Sustainability Report of the FY 2017, the total annual emission is split into

60% in FE, 40% in BE. The fixed emission of FE is then divided over the number of production

sites considered in this study, which is two sites, to obtain the fixed emission for each plant in

tCO2 per week, as mentioned before the model time step is given in week and the chips are

aggregated in batches. The same is done to obtain the fixed emission share for each individual
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production plant in BE. The variable emission for FE is obtained by multiplying the total
electricity emission by 40% and divided by the total number of batches produced; the same is
done to obtain the variable emission for BE as shown below in the table:

Table 11: Fixed and variable emission in FE and BE in tCO2

60% electricity FE production | fixed emission (60%) in 2076.9

in (tCO2/week) per plant

FE(tCO2/year) 359992 variable emission (40%) in 11.8
(tCO2/batch)

40% electricity BE fixed emission (50%) in 1347.7

in BE 233607 | production (tCO2/week) per plant

(tCO2/year) variable emission (50%) in 7.7
(tCO2/batch)

The fixed and variable costs are calculated as follow:

Table 12: IFX annual electricity consumption (Source: IFX Sustainability Report FY 2017)

Parameter

Remark

Value

IFX Annual Consumption of
electricity in (Kwh/year)

year 2017

The consumption from electricity obtained
from the sustainability report of the fiscal

1396000

The following table shows the prices of Kwh in euro for different countries, in which IFX

production sites are located, these prices are obtained from power providers in the respective

country. The prices are then average to obtain a value for the price of Kwh, for sake of
simplicity.

Table 13: Electricity price in different countries (Source: national energy companies)

Electricity price for non-domestic
Country use (euro/Kwh)
Austria 0.093
China 0.152
Germany 0.1
Hungary 0.074
Ireland 0.12
Malaysia 0.05
Singapore 0.13
The US 0.1
Average Price for all 0.1
countries (euro/Kwh) '

Similar to what was done in the ecological cost, the total annual electricity (from Table 12) is
multiplied by the price of Kwh to turn it into cost per year, then according to the data from the
Sustainability Report, the total annual cost is split into 60% in FE and 40% in BE. The fixed
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cost of FE is then divided over the number of production sites considered in this study (which
is two) to obtain the fixed cost for each plant in euro per week. The same is done to obtain the
fixed cost share for each individual production plant in BE. The variable cost for FE production
is obtained by multiplying the annual share of variable consumption and the annual quantity of
batches produced, the same is done to obtain the variable cost for BE as shown below in the

table:
Table 14: Fixed and variable cost in euro
60% of electricity FE Fixed Cost (60%) in (euro/week) 503.3
in FE (Kwh/year) | 837600 | production per plant
Variable Cost (40%) in 2.9
(euro/batch)
40% of electricity BE Fixed Cost(50%) in (euro/week) | 327.1
in BE (Kwh/year) | 544440 | production per plant
Variable Cost (50%) in 1.86
(euro/batch)

For sake of simplicity, a simple model to calculate the variable cost is used (see Figure 37,
Simplified). Therefore, the ecological cost of the production for each plant is calculated as
follow:

Plant Emission (o, = Fix Emission(tCOz +| Variable Emission tCOZj*Output(batChj
week week batch week

In addition, the economic cost of production for each plant is calculated as follow:

Plant Cost Euro = Fix Cost Euro +| Variable Cost Euro *Output batch
week week batch week

The plant emission cost for the two FE plants and the 2 BE plants is calculated according to the
above formulas.

3.5.3- Transport cost

To calculate the CO2 emission resulting from transportation of chips to different locations
within the SC, the concept of Emission Factor or activity rate will be introduced.

The Emissions Factor (EF) is the value that represents the amount of a greenhouse gas emitted
to the atmosphere with an activity associated with the emission of that greenhouse gas. These
factors are usually expressed as the weight of pollutant divided by a unit weight, volume or
distance, e.g. gram of CO> per ton of chips per kilometer transported distance. According to
DEFRA, UK Department for Environment, Food and Rural Affairs, the flights with a distance
of up to 3,700 Km are considered short-haul flights, long-haul flights are flights of more than
3700 Km, each flight type has an emission factor as shown in Table 15.
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Table 15: EF of different transport type (Source: DEFRA 2017)
Flight type Short Haul Long Haul
Emission Factor (QCO2/Km*Kg) | 1,27545 0,9296

Based on this classification, the chips transportation is classified into short or long haul flights
at IFX; taking into account the main source of transportation is airfreight. In this study, the

same principle is used to calculate the transportation emission using the following formula:

© *Weight(&j* Shipped Products[ batChj
*K batch

Transport Emission(tcoz j = Distance( Km)*[EF ( "

week

week

According to the model above the transportation between the FE plants to the BE plants and
the transportation from the BE to the DC locations are calculated, the transportation to the
customer is neglected in this study because of the low impact that the flexibility has on this part

of the SC.

For the economic cost of transportation, the number of batches shipped per week is multiplied

by the price of shipping one Kg.

3.5.4- Flexibility emission

As stated in the section 2.4.4- The cost of flexibility in supply chains, the flexibility cost is
divide into built flexibility cost, used flexibility cost and net flexibility cost, these are
calculated in the model using the following formulas:

Built Flexibility Emission (€0, j =| Variable Emission [ﬂj*Capacity(—j*Flexibility(%)
week batch week

Used Flexibility Emission[tcoz j - (Variable Emission[écto

week

wee

Net Flexibility Emission(tcolij = Built Flexibility Emission—Used Flexibility Emission

batch

hj* Flexible Load Produced (

Total Emission(tCOZ j = Plant Emission + Transport Emission + Net Flexibility Emission

week

Where the output is the number of components produced per week and the flexible load is the

number of components produced flexibly per week.

3.5.5- Key performance indicators (KPIs)

The key performance indicators (KPIs) used in this study are the unit ecological cost and the
unit economic cost. The ecological cost is expressed in gram of CO; per chip (gCO2/chip), and

the following equation is used to calculate the unit ecological cost of producing a chip:
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. (tcO
Total E 2
o mlssmn(weekj 1000000

batch) 2460750
week

Ecological Cost( gC_02 ] =
chip

Total Output(

The value is multiplied by 1000000/2460750 to convert from tCOz/batch into gCO>/chip.

Similarly, the unit economic cost is expressed in Euro per chip, and the following equation is
used to calculate this KPI:

Total Cost Euro
EuroJ_ week ) |, 1

i batchj 2460750

Unit Cost[ .
chip Total Output(
week

The value is multiplied by 1/2460750 to convert from batches to chips.

3.6- Model implementation, verification and validation

The model components described above are implemented in the simulation software Anylogic
7; the model contains six interfaces, Home, Analysis, Parameters 1&2, Animation and Logic.
In the Homepage of the model, the input data are stored, as mentioned before about creating a
user-friendly model GUI. The input data can be edited both by the model designer and by any
other user of the model. This will allow the model stakeholders to update the data when a new
version is available. Figure 28 shows the Homepage of the model. The Animation page shows
the mechanism of the system in which the model layout is depicted; this will allow the users to
understand the behavior regardless of the complexity of the model.

The Logic page of the model is the page where the components of the DE model are stored, this
page is dedicated for users who are interested to extend the model for example. The Analysis
page of this model contains the parameter variation experiment done in this model, the analysis
done here is explained in the chapter Results and Analysis. The Analysis page contains graph
for the KPIs of the model as well as other important parameters calculated in the model such as
the total emission, the total output, among others.

After implementing the model it is needed to be checked that the implemented model is a replica
of the real-world model, and that it meets the requirements of the conceptual model, these two
processes are referred to as verification and validation. According to Balci (1994) the
verification is about building the model right and validation is about building the right model.

The Model verification in this thesis was done using Anylogic Software Debugger which is a
built-in debugger, this is to ensure that the model is clear from bugs. Anylogic Compare Runs
Experiments are built-in tools that are used in this thesis to verify the correctness of the model.
The model has also been subject to a continuous round of feedback from experts during
simulation experts meetings.
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The Model Validation is done using historical data from the study of L&R, W.Yorck and the
data from the Sustainability Report as shown in the table below:

Table 16: Model validation using data from previous models

Quantity calculated | L&R Results W. Yorck Results | This thesis results
(tCO2/chip) 2010 | (tCO2/chip) 2013 | (tCO2/chip) 2017
emission per product 32,7 32.237 32.237
FE
emission per product 17,8 Yorck model 17.23
BE didn’t include this
total emission per 26,4 Yorck model 26.298
product didn’t include this
parameter

These results prove that the built model behavior matches the one from real-world system.
The slight variation results comes from the assumptions in each study and the data used.
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4- Results and analysis

This chapter is about the results and the analysis, before going deep into analyzing the results
and discussing them, the reader need to know about the analysis experiment done in this thesis,
the following section is dedicated to explain the type of analysis obtained to answer the
questions raised by this thesis.

4.1- Overview of the analysis experiment

The analysis performed on the results of the model of this thesis is a parameter variation
experiment; the aim is to study the independence of all three parameters, i.e. Flex, F/C, and U
and the their influence on the model KPIs. The analysis shows also the extent to which the
optimization of each parameter can contribute to the reduction of the ecological and economic
cost of products. To know which parameter or set of parameters would result in obtaining the
optimal value of the KPI, the value of the KPI of each parameter will be investigated through
having several runs of the simulation model along the whole range of each parameter. Each
parameter has been analyzed within a range from 0% to 100%, with a step of 5 percent, while
keeping the other values constant. The measurement period and measurement delay describe
how long the model will run until a value is registered. This allow simulating the SC with the
same set of parameters for a longer time to allow having results with good quality. Figure 35
shows the Analysis page of the model. The results of the analysis are shown in the following
section.

4.2- Results analysis

The above explained analysis have been done on varying the values of Flex in a range of 0% to
100% for a given value of F/C. This allows knowing the best value of the KPI, i.e. the
percentage of flexibility that give the lowest value of the ecological cost in ton of CO; for the
given F/C. The analysis shows that for a value of F/C of 100%, the best value of the unit
ecological cost and the unit economic cost occurs at a flexibility of 0%, which explains that if
the customer demand is adequately forecasted, there no need for flexibility. In addition, the
total output and the cost of transportation stay the same in this case of 100% F/C. This scenario
is the idealistic situation that all companies dream of having, in which the customer demand is
adequately forecasted and there is not deviation from the true demand in this case. Figure 35
shows the results of the analysis for a value of F/C of 100%. It is noticed, also, that the flexibility
cost is increasing with the increase of flexibility percentage, and that the used flexibility cost is
zero, even if this flexibility is not used, this explains the fact that setting flexibility comes at a
high cost and that this flexibility should be optimized through optimal utilization. The total
output remains constant at this scenario, because F/C is able to predict the customer demand in
this ideal case. The transportation emission remains constant, because of the absence of the
flexible transportation between different production locations. The same trend is obtained for
the unit economic cost in euros, since the same assumptions are used in this KPI.
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Figure 35: Model results for F/C of 100%

The result of the KPIs for the value of F/C of 80% is also analyzed. The value of the flexibility
that allow obtaining the optimal value of the KPIs at 80% F/C is at 10% flexibility. The drop in
the unit ecological cost is due to an increase in the total output, despite the increase in the
transport emission, which did not influence the KPI trend because as mentioned before the
transportation account for a lower share of CO2. The used flexibility emission/cost enters into
play in this case, but since it is incorporated in the built flexibility cost, the net flexibility cost
decreases and this is what makes flexibility beneficial at lower percentages. The transportation
emission increases because of the flexible transportation between the different locations; this
however, does not affect the trend of the KPI because of the minor influence of the emissions
from transportation, which in most semiconductor companies in done by airfreight. The same
results are obtained for the unit economic cost, because it is obtained based on the same
assumptions. Figure 36, shows the situation of the SC at a value of F/C of 80%. This result of
having low CO, Cost per chip at a flexibility of 10% means that for the semiconductor SC to
be able to cope with the high demand volatility, it is necessary to have a level of flexibility of
10% in the global SC.
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Figure 36: Model results at F/C 80%

For the value of F/C of 50%, which means that the forecasting system of the company gives a
forecast of the customer demand with 50% deviation from the true demand. This is quite similar

to the situati

on in the semiconductor industry, which is characterized by the Bullwhip Effect

and the location of the semiconductor manufacturers within the SC results in a high demand
volatility. The results of the KP1 at this value of F/C, is that the lowest value of CO> per chip is
obtained at a flexibility of 25%, this means that the SC, would have to enable a flexibility of

25% to cope
occurred tha

with the demand volatility, as depicted in Figure 37. The drop in the CO- per chip
nks to the increase in the total output. The increase in transportation emission is

negligible compared to the optimization of the electricity emission.
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Figure 37: Model results at F/C 50%
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4.3- Impact of parameter on the results

To have a clearer picture of variation of parameters, the KPIs are analyzed for all the values
of the forecast accuracy and flexibility, this gives a 3D graph, in which the X-axis and Y- axis
are the flexibility and forecast accuracy, respectively, while in the Z-axis the CO; per chip as
in Figure 38. For the complete analysis, see Appendix C.
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Figure 38: Model results plotted in a 3D graph

Based on expert knowledge, the possible current situation of the semiconductor industry can
be plotted on the 3D surface, which represents the set of the possible solutions of the
optimization problem. The model shows that best value of CO- per chip are obtained for high
value of F/C, and as the F/C decreases, the best values are obtained when a certain degree of
flexibility is enabled in the global SC.
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5- Conclusion and outlook

The goal of this thesis was to prove that the flexibility of the global SC enabled by a global
network of transportation have a positive impact on the ecological cost or the carbon footprint
of the products. In a capital-intensive industry, like the semiconductor industry, where the CO>
burden from manufacturing is very high due to the need to maintain clean room conditions.
While the CO2 burden from transportation is lower due to the use of airfreight. This goal was
split into main question and sub-questions. In this final chapter of the thesis, the research
questions are answered and the author give suggestion for improvement of the model.

The results obtained from the simulation model answered the main question of the study about
whether the flexibility of a global SC can be an enabler for CO; reduction in the semiconductor
industry through optimizing the production capacities of the SC and leveraging the global
network of transportation. The literature review supported by the results obtained from the
model prove the correctness of this hypothesis. The positive impact of that is due to the
optimization of the electricity emission, which accounts for a significant share of the total
emission, while the increase in the transportation emission has of low influence on the CO- cost
per chip.

The study give answers to the question of the major drivers of the CO2 emissions and their
percentage of shares in the total emission. According to the model, the electricity emission is
by far the major driver in the semiconductor industry due to the need for cleanroom conditions
as a prerequisite for manufacturing. These emissions are independent of the level of utilization;
this explains why at lower forecast accuracy and absence of flexibility, the CO- per chip is high.

This thesis explained the costs incurred by enabling flexibility in the global SC, because setting
flexibility comes at a great cost, the costs are at highest for flexibility level of 100%, but luckily
the benefits can be obtained at lower values of flexibility according to the level of the forecast
accuracy. This thesis used the unit ecological cost in gram of CO; per chip and the unit
economic cost in Euro per chip as key performance indicators to measure the impact of
flexibility on the global SC. This allows semiconductor companies in general and IFX in
particular to consider the CO2 as a strategic decision parameter, alongside the economic
parameters.

The results of the model shows the best values of the KPI obtained for different values of
flexibility at a given value of F/C. The optimal value of CO; per chip is obtained at higher F/C
values, the less the F/C gets; then the more flexibility is needed so that the SC could cope with
the demand volatility. This gives a space of maneuvering for companies to choose the value of
flexibility that gives the best carbon footprint.

This thesis demonstrated also that the forecast accuracy, the flexibility and the average capacity
utilization are the parameters that are driving the ecological impact. For the semiconductor
industry, with low forecast accuracies and low utilization, the flexibility that allow a lower CO2
per chip is approximately 25%.
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This study will help to treat the sustainability as a competitive advantage, not as regulations to
meet. The model results allow IFX to understand the potentials of reducing the carbon footprint
of their products. This will have ecological, economic and social benefits.

Being one of the first close-to-reality academic study, this study can lay the foundation for
further research on this topic, both in academia and in industry. The model used in this study is
slightly deviating from realistic systems; more improvements to the model are needed to move
closer to the real system.

The simulation model used a pure pull system to describe the behavior of the SC, however, the
situation should be studied from a push-pull system, which is the system used in reality. This
implies adding inventory and stocks to the SC, which means a system that is more realistic. It
is also recommended to extend the model to include more fabs and more routing options

For simplification, the model assumed one product line with a constant level of demand
volatility, however, the most significant ecological influence of flexibility on the sustainability
of a SC is very clear for products, which are typically very volatile; these products make wafer
fabs reach capacity limits during an economic upturn. Such products should therefore have
more flexible capacities than products with a more stable demand. Therefore, it is suggested to
extend the model to include more products with a stable demand and others that have volatile
demand.
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Appendices

Production starts

Appendix A: Decision flow of the production load assignment in FE
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Appendix B: Decision flow of the production load assignment in BE
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Appendix C: Complete Analysis
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Figure 39: Total emission in tco2/week
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Figure 40: Total output in batch/week
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Unit Ecological Cost (Euro/chip)
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Figure 41: Unit economic cost in euro per chip
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Figure 42: Used flexibility emission
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