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Abstract: 
 

Recently trade-off among producers, customers and society/ environment is 
one of the most popular concerns in industry. This issue conducts the 
decision making by manufacturers on the selection between two alternative 
techniques, ECM and MM. The purpose of this study was to explore the 
problem in how to assess the value of a product/ service in the early stages 
of the design activity. Through the simulation tool of System Dynamics, a 
model helps to quantify all the values which were involved. The result of this 
model was that the coming 10 years NPVs of two alternatives were 
assessed. Contrasting the alternatives on different manufacturing processes 
and market conditions, the decision makers could find out an appropriate 
scenario with an appropriate technique. This approach was verified to ensure 
the accuracy and practicability. 
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Executive Summary  

Introduction 
This thesis introduces a model based on the simulation tool of system 
dynamics. The benefit of this model is that decision makers can assess the 
value of the PSS and then trade-off the three parties (the 
producers/companies, the customers, and the environment and society). The 
research question, therefore, comes into the sight.  
 
Research Design 
The guiding research question for the thesis work is: How to quantify 
sustainability consequences of alternative product concepts in a way to 
provide facts and data to the engineers taking preliminary design decisions? 
The thesis describes how the simulation method has been chosen among a 
portfolio of available simulation approaches (SD fits the initial problem best), 
and how it has been applied to enable the benchmarking of the 2 alternative 
manufacturing technologies. A simulation model supports the benchmarking 
between alternative PSS hardware using value as metrics. 
 
Methods 
Literature review, case study, observation, interview, functional 
decomposition, and triangulation are main methods implemented in this 
thesis.  
 
Discussion 
ECM’s performance which was quantified as NPV was expected to be prior to 
MM’s, and the premise was that both legislation and ban were absent. The 
results were in accord with the expectation. Differing from models of similar 
researches in this area, the factors in the process of ECM is specified. 
Additionally, waste management cost and environmental consciousness in 
case study became more specific. Thanks to the effective execution of 
verification, the SD model became more accurate. 
 
Conclusion 
This thesis effectively solved the research question. Sustainability 
consequences of ECM and MM were effectively quantified. The intuitive 
comparison offered a solid basis to “most value adding” trade-off. The 
adjustable and visualized System Dynamics model made early stage value 
assessment possible. As two potential improvements, the probability of 
introducing the legislation or ban each year and IRR (Internal Required Rate) 
should be introduced in the future. 
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Glossary 

PSS - a combination between products and services which are competent to 
satisfy customer needs, and meanwhile it takes the advantage of reducing 
the impact on environment (Goedkoop, 1999). 
 
Product-oriented PSS – is a typical PSS. When the customer owns a product, 
an additional service also can be provided to guarantee the use of the 
product (Williams, 2007). 
 
Use-oriented PSS – is a typical PPS that the customer has the right to use a 
product or enjoy a service, valid in a specific period (Williams, 2007). 
 
Result-oriented PSS – is a typical PSS that the company just sells the result 
desired by customers (Williams, 2007). 
 
Sustainability – is the ability to live the desirable life in earth without limiting 
the ability of next generations to live their desirable life (Robèrt et al., 2007). 
 
Sustainable Development – is a systematic criterion that presents a 
satisfying future to people in which the ecosphere and the lithosphere could 
satisfy regular human needs instead of impact environment as well as 
resource contributing to reduce human’s ability for meeting their needs 
(Yadav, 2014). 
 
Value-Driven Design (VDD) – is a strategy that uses an economic-based 
optimization to support early-stage design decision when dealing with the 
design of complex systems (Collopy and Hollingsworth, 2011). 
 
System Dynamics (SD) – is an information-feedback characteristics study of 
industrial activity to show how interaction between organizational structure, 
amplification (in policies), and time delays (in decisions and actions) 
influence the success of the enterprise (Forrester, 1958). 
 
Discrete-Event Simulation (DES) – is a simulation approach whose state 
variables only change at discrete times and whose models have to be 
analysed using a numerical rather than analytical method, which suggests 
that differential equations are not needed and that the model needs to be 
“run” instead of being “solved” (Banks et al., 2000). 
 
Agent-Based Modelling Simulation (ABMS) – is a decentralized, bottom-up 
approach to modelling, in which behaviours are defined on an individual level 
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and global behaviour is the result of many individuals following their own 
rules and communicating with each other in a common environment 
(Bonabeau, 2002). 
 
Mechanical Machining – is one of the most commonly used machining 
technology in industry. With a specific powder chosen, a work piece is 
shaped by a milling cutter in a physical approach (Zhang, 2004). 
 
Electro Chemical Machining (ECM) – is a non-traditional machining process 
which is based on the principle of Faraday’s laws of electrolysis (Zhang, 
2004). 
 
Environmental Impact Assessment (EIA) – is a method for characterizing 
and quantifying environmental impacts from a whole life cycle of a product 
or a system (Bertoni et al., 2014). 
 
Strategic Sustainability Assessment (SSA) – is a method that reveals the 
sustainability problems based on 4 sustainability principles (Bertoni et al., 
2014). 
 
Net Present Value (NPV) – is the difference between the present value of 
cash outflows and the present value of cash inflows (Bertoni et al., 2014). 
 
Functional decomposition – is a top-down approach to show the sub-system 
of a complex product/service (Zupan et al., 1997). 
 
Verification – is that the evaluation of whether a model complies with the 
design requirement, performance requirement and specification (Haskins et 
al., 2006). 
 
Inspection – is a verification method to observe and examine whether the 
characteristics comply with specified requirements and standards (Haskins et 
al., 2006). 
 
Analysis – is a quantitative approach of utilization of data or simulations 
under given circumstance so as to prove the compliance with theories 
(Haskins et al., 2006). 
 
Demonstration – is a qualitative means to show how functional performance 
is fulfilled with few or even without instrumentation (Haskins et al., 2006). 
 
Test – is an activity to verify if an item is operable, supportable or capable of 
performance under the realistic or simulated conditions (Haskins et al., 
2006). 
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Triangulation – is an analytical tool used in positioning the points in the field 
by configuring triangles (Konecki, 2008). 
 
Interview – is a crucial means of collecting information and opinion in 
qualitative research (Hannabuss, 1996). 
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1. Introduction 

With fierce competition in global market, to maintain or even expand the 
share, manufacturing companies a facing a transformation of the traditional 
definition of good products. The relatively simple improvement of the 
product itself can no longer meet customer needs. A better understanding of 
the underlying needs of a product is necessary in order to deliver solution 
able to “add value” to the customer. Companies are growing awareness that 
what customers concern about is not only the “hardware” sold, but also the 
services or functions that companies can offer together with the physical 
product (Oliva and Kallenberg, 2003). Therefore, the concept of 
Product/Service System (PSS) (Baines et al., 2007) is more and more 
popular. 
 
PSS emphasizes the synchronous development of product and service. 
Decision makers have the responsibility to formulate product/service mix so 
to optimize both the value perceived by the customer and the one for the 
companies.  
 
Today the manufacturing industry is also faced by the need to be more 
sustainable in the way they manufacture and support their products, as well 
as they have to meet the expectations of their customers who target 
sustainability objectives. Considering the beneficiaries – the 
producers/companies, the customers, and the environment and society, 
decision makers should assess the value of the PSS and then trade-off these 
three parties (Ostlin et al., 2008).  
 
For instance, different PSS hardware might need different manufacturing 
technologies to be manufactured. While these technologies might look 
excellent from the point of view of satisfying customer needs and decrease 
company costs, they might score very low for what concern their 
environmental impact.  
 
This is a challenge when it comes to take preliminary design decisions for 
new products and services, because sustainability is not “valued” as other 
parameters that can be translated into monetary terms. Sustainability is 
often conducted in a qualitative way, and this is a problem when engineers 
have to take decisions, because they are used to trust facts and numbers, 
and not qualitative judgements. 
 
How to find the right trade-off between these aspects is still an open 
question in research. 
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2. Research Design 

2.1. Research Question and objectives 

The main purpose of this thesis is to help the engineering team in better 
visualising the sustainability consequences of their early stage design 
decisions. 
 
The guiding research question for the thesis work is: how to quantify 
sustainability consequences of alternative product concepts in a way to 
provide facts and data to the engineers taking preliminary design decisions? 
 
Given 2 alternative PSS hardware, the thesis has specifically looked at the 
manufacturing technology needed to produce such alternatives. In the case 
studied, 2 alternative production processes have been identified: 
Electrochemical Machining (ECM) and Mechanical Machining (MM). While the 
first one appears to be optimal in the perspective of maximising customer 
value and minimize internal production costs, it is also very dangerous for 
the environment due to the fact it produces hexavalent chromium, a very 
toxic material. In case more stringent regulations and penalties would be 
introduced in the upcoming years, lower customer appeal and higher costs 
would suggest betting on MM already today. 
 
The work has then focused on developing, implementing and verifying a 
simulation model able to support the benchmarking between alternative PSS 
hardware using value as metrics. The models builds on the idea of 
constructing alternative future scenarios characterized by different 
regulations/legislations for what concern environmental protection, and to 
calculate the monetary value related to a product concept under such 
different sets of assumptions. 
 
The thesis specifies how the simulation method has been chosen among a 
portfolio of available simulation approaches (such as discrete event, systems 
dynamics or agent-based), and how it has been applied to enable the 
benchmarking of the 2 alternative manufacturing technologies (and hence of 
the 2 PSS hardware)  
 
The approach has been verified in terms of feasibility/applicability with 
industry practitioners and domain experts. The discussion section would 
further highlight benefits and drawbacks of this approach when applied in a 
real world case. 
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The authors consider 3 different approaches: Discrete Events, Agent-Based, 
Systems Dynamics and finally choose SD because it is the one that fit the 
initial problem best. 
 

2.2. Method 

The study of this thesis is conducted by following methods: 
• A literature review should cover literatures searched comprehensively 

and unbiasedly. The work of literature review began with the 
identification of alternative high-frequency terminologies/concepts in 
the research design. In this thesis, a manual search is mainly 
conducted in systems engineering, sustainability and innovation. 
Databases selected are Inspec, Springer and Compendex. The 
publication year was not limited but the language of paper was only 
English. The search strings used to search through databases above 
are SD, DES, ABSM, and ECM. The database of Springer provides the 
best resources of SD, DES and ABSM. Compendex is the best place to 
search ECM.  
 

• Case study as an important research method plays a critical role in the 
combination of sustainability and VDD. The authors conduct the case 
by means of interviewing experts, such as authors’ supervisor, BTH’s 
researchers and the case owner (an engineer and specialist on VDD 
and Systems Engineering in GKN). In addition, data collected from the 
specification of ECM process, is received through authors’ supervisor. 
To understand the case, a loop of the interaction with the case owner 
(interview - feedback - improvement - interview) is run several times. 
 

• The decision of choosing a suitable simulation model is mainly based 
on the observation of data, which is collected from ECM process 
specification, the results of interview and contrast of different types of 
simulation by literature review. Literature review reveals the benefits 
and drawbacks of each type of simulation, and then contrast helps the 
authors to trade-off among the alternatives. Both the observation and 
interview enable the authors to select the simulation, which is the 
closest to the real world and caters to the stakeholders’ needs in this 
case. 
 

• Functional decomposition, which mainly refers to the specification 
provided by authors’ supervisor, helps authors understand the whole 
ECM process and interrelationship among the components. The model 
is also developed according to the map of functional decomposition. 
Besides, to populate this model, both horizontal (comparison of three 
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different scenarios within ECM or MM process) and vertical comparison 
(comparison between ECM and MM process) is implemented. 
 

• The simulation model is verified by a quantitative analytic method, 
Triangulation (Denzin, 1970). It means the results of the model built 
are similar with or the same as the results of a baseline, of which 
accuracy is proven, so the results of the model can be verified 
indirectly. Besides, the model is also validated by a qualitative method, 
named interview. 
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3. Theory 

This section provides a review of the main concepts used in the work as well 
as the State-of-the-Art for simulation modelling tools used within the domain 
of value assessment. 

3.1. Product/Service System (PSS) 

Since 1999, there have been a lot of authors who defined Product Service 
System successively. 
 
Goedkoop et al (1999) give the birth to Product Service System. The concept 
is defined as “A Product Service System is a combination between products 
and services which are competent to satisfy customer needs, and meanwhile 
it takes the advantage of reducing the impact on environment. “ 
 
Mont (2001) extended this definition, by considering supporting networks 
and infrastructure as essential enablers for a PSS. Later on, Morelli (2003) 
emphasized the transition from creating a new product to integrating ready-
made resources. 
 
Cook et al. (2006) brought a breath of fresh air to this field and firstly 
separated Product Service System into three categories: Product-oriented, 
Use-oriented and Result-oriented PSS (Williams, 2007). 
 
As a traditional business model, Product-oriented PSS means that when the 
customer owns a product, an additional service also can be provided to 
guarantee the use of the product. For example, a customer purchases a 
wash machine and a several years’ warranty is embedded. 
 
Use-oriented PSS means that the customer has the right to use a product or 
enjoy a service, which is valid in a specific period. For instance, now it is 
popular to share a car in USA instead of owning a car. 
 
Result-oriented PSS indicates that the company just sells the result desired 
by customers. In this case, the customers can pay for the outcome with the 
quantity and quality they required. Without possessing a product or a service 
all the time, customer’s personalized requirement could be satisfied. 
 
Obviously, the trend of the product and service development is to get rid of 
pure product or service design and replace with use-focus design. That 
means designers must have empathy and play a role of customer to 
effectively reduce some waste, such as cost and resources.  
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3.2. Sustainability 

Sustainability refers to the ability to live the desirable life in earth without 
limiting the ability of next generations to live their desirable life. A 
sustainable society is the one that without disturbing and eroding its 
fundamental natural life system is able to continue to develop and create a 
nice human wellbeing (Robèrt et al., 2007). 
 
Sustainable Development has been defined as a systematic criterion for 
people in the world. The SD presents a satisfying future to people in which 
the ecosphere and the lithosphere could satisfy regular human needs instead 
of impact environment as well as resource contributing to reduce human’s 
ability for meeting their needs (Yadav, 2014).  
 
Four basic principles are formulated in order to define a sustainable society 
in which “nature is not subject to systematically boost 1) in concentrations 
of substances extracted from the Earth’s crust 2) in concentrations of 
substances produced by society 3) in systematic physical degradation of 
nature 4) in undermining of people’s capacity to meet their needs worldwide” 
(Robèrt et al., 2007).  
 

Value Driven Design 

Value-Driven Design can be defined as a strategy that uses an economic-
based optimization to support early-stage design decision when dealing with 
the design of complex systems (i.e., Systems Engineering). VDD has 
become popular in the last 10 years in fields of defence and aerospace. The 
history of VDD can trace back to 1950, and to the work of Von Neumann. In 
the 1970’s Andrew Sage tested big systems analysis and systems 
engineering as decision processes. In the late 1990’s, Collopy and 
Hollingsworth (2011) proposed a value-based distributed optimization 
process built around the concept of flowing component design objectives 
down from a system value model. During the early 2000’s, Oliva and 
Kallenberg (2003) at Massachusetts Institute of Technology Engineering 
Systems Division developed a new methods for exploring a design trade 
space by Generalized Information Network Analysis. Since VDD was coined, 
it has been applied in many cases, like the F6 Fractionated spacecraft 
programme of US Defense Advanced Research Projects Agency (DARPA) and 
Global Positioning System of American Institute of Aeronautics and 
Astronautics (AIAA) (Collopy and Hollingsworth, 2011). 
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3.2.1. An example of VDD in practice 

To achieve the goal of a successful PSS, at the early stage of processing the 
designers have to quantify the value criteria for PSS, define the relevant 
weight for these criteria, set baseline with careful consideration, scale each 
criteria, prioritizing each criteria and assess the value by calculation/ 
computation (Bertoni et al., 2014). A way to illustrate how this process work 
is to apply it to a simple case, such as the design of a washing machine as 
described below. 
 
Problem statement:  
As a member of design team who works for a wash machine company, you 
must find out an optimal portfolio, which includes three types of components: 
motor, pump and drum. The objective is to maximise the value for the 
customer, moving from the information available for each of these 
components, they are: cost per unit, lifespan and electric efficiency. (See 
Table 1.1 Wash machine values).  
 

 Name Cost/unit 
(€) 

Lifespan 
(hours) 

Efficiency 
(%) 

Motor Boosch 
Motors 

180 17520 0,95 

 ElectroMotor 150 26280 0,8 

 MotorMarts 80 17520 0,6 

Pump Coldpoint 
pumps 

400 12250 0,85 

 Pumps E Us 200 8340 0,8 

 Whirlpumps 
Ltd. 

120 8300 0,7 

Drum Drumatics 
Ltd 

600 26280 0,6 

 KM Drums 
Ltd 

400 17520 0,9 

 Unidrum 160 13140 0,6 
Table 3.1 Wash machine values 
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Additional Information: 
1.      For customer: 

• Average wash period: 1.5 hours 
• Annual wash times: 3600 
• Cost per wash: 3.75€ 
• Electricity charge: 0.25€/KWh 
 

2.      For manufacturer: 
• Expected sales of wash machine: 5000 units 
• Length of Project: 15 years 
• Machine lifespan: 5 years 

  
Solution: 
Considering the definition of value is the difference between price and cost, 
the strategy of solving this question is to translate these criteria into price or 
cost first. 
 
1.      Charge by the company: 
As long as the lifespan of each component is shown in terms of year or 
machine lifespan is referred on the scale of hours, it is not difficult to realize 
that each component must be changed once at least. The times to change 
these components can be calculated as follows: 

• Times = Machine lifespan/ lifespan of a component 
 
The figures should also be rounded off so that the numbers of times are 
integer. Since each time only one unit of component will be consumed, the 
cost of each component over the whole life of wash machine can be figured 
out. And this type of cost is charged to the company. So the charge is 
calculated as follows: 

• Charge by the company = Cost/ unit * times 
 
2.      Charge by the customer: 
According to the extra information, this charge is divided into two parts: 
wash cost and electricity charge. Given Average wash period, Annual wash 
times, Cost per wash and Machine lifespan, Wash cost can be calculated as 
follows: 

• Wash cost = Average wash period* Annual wash times* Cost per 
wash* Machine lifespan 

 
Both electricity charges per KWh and electricity efficiency are already known, 
Electricity charge also can be calculated as follows: 

• Electricity charge = Electricity charge per KWh/ Efficiency * Average 
wash period* Annual wash times * Machine lifespan 

After get the sum of Wash cost and Electricity charges, the charge by 



9 
 

customers can be seen clearly. 
 
As mentioned in the introduction, designers must consider all three 
beneficiaries. Therefore, the charge by both company and customers must 
be taken into account. Table 1.2 Result of wash machine values shows the 
total cost. The lowest cost represents the highest value in light of the 
definition. As a result, among these alternative components, it is suggested 
that the designer could select the scenario- a combination of MotorMarts 
(Motor), Whirlpumps Ltd (Pump) and Unidrum (Drum). 
  

 Name Cost/ 
unit 
(€) 

Lifespan 
(hours) 

Efficiency 
(%) 

Change 
times 

Charge 
by the 
company 

Charge by 
customers 

Total Cost 
(for the 
customer) 

Motor Boosch 
Motors 

180 17520 0,95 3 540 203850 204390 

 ElectroMotor 150 26280 0,8 2 300 187650 187950 

 MotorMarts 80 17520 0,6 3 240 166050 166290 

Pump Coldpoint 
pumps 

400 12250 0,85 4 1600 193050 194650 

 Pumps E Us 200 8340 0,8 6 1200 187650 188850 

 Whirlpumps 
Ltd. 

120 8300 0,7 6 720 176850 177570 

Drum Drumatics 
Ltd 

600 26280 0,6 2 1200 166050 167250 

 KM Drums 
Ltd 

400 17520 0,9 3 1200 198450 199650 

 Unidrum 160 13140 0,6 4 640 166050 166690 

Table 3.2 Result of wash machine values 
  

Conclusions: 
For a value driven case, the design should firstly predict the form of result, 
then interpret all the criteria given and assure that these criteria are at the 
same page. The calculation/computation with the aid of additional 
information is always necessary.  
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4. Simulation tools for value assessment 

Several approaches exist for creating value assessment model, from 
qualitative mainly based on expert judgment to quantitative (based on 
modelling and simulations and supported by different techniques). In this 
section the thesis reviews the most popular quantitative methods, as seen in 
the literature. 
 

4.1. System Dynamics (SD) 

System Dynamics (SD) is a method proposed by the professor Jay Forrester 
of the Massachusetts Institute of Technology during the mid-1950s. System 
Dynamics was known as an information-feedback characteristics study of 
industrial activity to show how interaction between organizational structure, 
amplification (in policies), and time delays (in decisions and actions) 
influence the success of the enterprise (Forrester, 1958). 
 
There are three key elements in System Dynamics diagrams, which are 
feedback loops, accumulation of flows into stocks and time delays. This 
methodology requires a large set of quantitative data and is strongly 
mathematical, since it involves a system of differential equations. SD models 
work at a high level of aggregation and it is necessary for the modeller to 
focus on global structure dependencies. Single stocks do not represent 
individuals, so can make no individual choices and are hence 
indistinguishable from one another.  
 
System Dynamics have been used in designing mechatronic systems 
involving large numbers of electrical, mechanical, hydraulic, pneumatic, 
thermal, and magnetic subsystems (Karnopp et al., 2012). 
 
The high level of abstraction is useful if the goal is to simulate the behaviour 
of a company process at a system level. However, since the model works on 
a continuous temporal domain and the stocks do not represent individuals, it 
seems difficult to apply this kind of methodology from a business perspective. 
It is possible for the model to help identify bottlenecks in a process, but does 
not allow the modeller to adopt, for example, an Activity Based Costing 
approach, or to obtain significant data regarding, for instance, lead time and 
materials flow. Sterman (1992) proposed the use of SD to evaluate 
industrial costs, but there are no examples of such an application in the 
literature. SD is strongly mathematical and requires the solving of 
differential equations. Therefore, it is difficult to understand when a high 
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level of complexity is present and is thus incomprehensible to most 
managers and users. In addition, Forrester (1994) raised the problem of 
there being no guidelines for converting a real life situation into an SD 
simulation model. 

4.2. Discrete-Event Simulation (DES) 

With Discrete-Event Simulation (DES), the state variables only change at 
discrete times. DES models have to be analysed using a numerical rather 
than analytical method, which suggests that differential equations are not 
needed and that the model needs to be “run” instead of being “solved” 
(Banks et al., 2000). The main components of DE models are “Entities”, 
passive actors that can represent products, people or goods. These entities 
follow a process flow chart where they undergo the intended actions such as 
“stay in queues”, “been delayed”, “processed”, “seize”, “release resources”, 
“split”, “combined” etc. Once the simulation process ends, the modeller can 
inspect the results, by analysing the system statistics tracked during the 
process. DES models are easy to understand for people without a process 
modelling background, since they are quite intuitive and visual. With DES, it 
is possible to allocate a cost to each process activity, thus making it possible 
to use an Activity Based Costing approach to evaluate the actual cost of 
production, assembly, logistics, maintenance etc. Models can have different 
levels of granularity and it is possible to study the flow of every single entity 
through the process. DES allows the identification of process bottlenecks by 
keeping track of system statistics. This methodology requires a large amount 
of statistical data since the behaviour of the overall system needs to be 
defined before the simulation. This implies that using DES it is impossible to 
capture emergent phenomena since the entities are passive objects that are 
driven by the process. 

4.3. Agent-based Modelling Simulation (ABMS) 

Agent-Based Modelling (ABM) aims to simulate actions and interactions of 
autonomous agents and to evaluate the impact of these actions on the 
global environment. Agent-Based Modelling is a decentralized, bottom-up 
approach to modelling, in which behaviours are defined on an individual level, 
and global behaviour is the result of many individuals following their own 
rules and communicating with each other in a common environment. The 
benefits that ABM has over other modelling techniques can be described thus: 
(i) ABM captures urgent phenomenon; (ii) ABM provides a natural 
description of a system and (iii) ABM is flexible. The ABM’s capability for 
addressing urgent phenomenon is what brings about other benefits 
(Bonabeau, 2002). 
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Agent-Based modelling systems are majorly used to model person behaviour 
and personal decision-making (Macal and North, 2005). There are several 
examples of applications of ABMS that mostly model the behaviours of 
people/consumers (Said et al., 2002), but there are some that examine the 
effect of word of mouth, social network effects, distributed computing, 
workforce management (Chiu et al., 2005) and financial market 
management (Raberto et al., 2001). 
 

4.4. Selection of simulation tool 

Through the trade-off based on a series of literature review, contrast 
analysis and interview, the authors finally choose the System Dynamics (SD) 
as the final simulation tool. Compare with SD, the DES fails to capture 
emergent phenomena since the entities are passive objects that are driven 
by the process. Similarly, ABMS model has its drawback in failure to provide 
analytical solution in macroeconomics.  
 
By contrast, the information base for the formulation of System Dynamics 
models is much broader than the numerical database employed in 
operations research and statistical modelling. In the meantime, the SD can 
be beneficial to gain insight and understanding in a messy situation by 
sketching increasingly sophisticated causal loop diagrams. Regarding these 
points, the SD is deemed as the most appropriate simulation tool in this case. 
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5. Case Study 

The case study has been defined and conducted in collaboration with a major 
aero-engine sub-system supplier and relates to the design of an innovative 
aero-engine component. Two alternative design options were considered in 
preliminary design, each of those was characterised by a different 
manufacturing process: the traditional Mechanical Machining (MM) process, 
and a more sophisticated one that use a different physical principle to 
remove material from a component, which is Electro Chemical Machining 
(ECM). 
 
Mechanical Machining is one of the most commonly used machining 
technologies in industry, which uses a physical approach to remove material 
from work pieces (Zhang, 2004). 
 
As a non-traditional machining process, ECM is based on the principle of 
Faraday’s laws of electrolysis. Therefore, the process is more than a physical 
way. To deplete metal from the work piece, and to make it smooth, an 
electrolyte, which mainly contains water and chemicals such as alkaline 
solutions, is required. In a pool full of electrolyte, a work piece is connected 
with the anode while a shaped tool is placed in the cathode. Under the 
specific voltage and flow, the work piece is shaped without changing the 
original shape of the tool. ECM technology now is widely used in the aero 
field, for example, machining the 3d-twisted blades compressor blade in the 
aero engine. 
 
ECM can complete the machining regardless of the complexity, hardness and 
the strength of the surface with precisely shaping and smoothing without 
burr. Simple operation and lower machining time are another two pros 
regarding the cost of this process. Expensive equipment of ECM, complex 
design of tools, infeasible machining insulted material and high requirement 
of space for equipment bring ECM cons. 
 
Considering the implementation of machining a jet engine component, in the 
work piece toxic elements which improve both the hardness and high-
temperature resistance are inevitable. Generally the work piece required is 
Nickel-based alloy which contains Nickel, Chromium Lead and other toxic 
elements. In this case, the challenge of ECM is larger than what MM faces, 
since after the process, the electrolyte (which previously contains only water 
and alkaline solutions) is be contaminated by the remnants from the work 
piece. These remnants take the form of hexavalent chromium, which is 
highly dangerous for the environment. A closed loop of the process which 
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recycling the waste liquid gets involved is a quite knotty tough issue for 
manufacturers.  What’s worse is that governments also take notice of this 
drawback of ECM and actions, for example, ban of using ECM will be taken 
and imperative. The exact time of introducing legislation prohibiting the use 
is what manufacturers concern about most. Therefore, the trade-off between 
using ECM and MM brings manufacturers to a dilemma and an effective 
system is required to assess both technologies. 
 

5.1. Existing work related to value assessment models for 
supporting ECM vs. MM process selection 

The design team at the partner company’s headquarter is asked to make the 
decision of it on the early stage of component design. For making a 
reasonable and appropriate decision, team members are obliged to consider 
investment and all round performances in both the long term and short term. 
In order to do that, Marco Bertoni and Sophie Hallstedt and Ola Isaksson 
have recently proposed a model called Sustainability Assessment and Value 
Evaluation (SAVE), which combine the Net Present Value (NPV), Strategic 
Sustainability Assessment (SSA) and simplified Environmental Impact 
Assessment (EIA) (Bertoni et al., 2014). 

 
Figure 5.1 Sustainability Assessment and Value Evaluation (SAVE) Model 
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5.1.1 Using EIA to identify sustainability hotspots 

The Environmental Impact Assessment (EIA) is a method for characterizing 
and quantifying environmental impacts from a whole life cycle of a product 
or a system. The tool makes designers and decision makers aware of the 
environmental impacts in the beginning of development process. 
 
The analysis of EIA came out many hotspots indeed; the most critical one of 
whole life cycle got more obvious, the manufacturing process. The Electro-
Chemical Milling (ECM) had been at one time identified as the fittest 
manufacturing technology for its component. But after EIA, the ECM was 
found might not such favourable for long-term investment, despite it look 
very effective and advisable presently. The ECM process would generate 
nickel, hexavalent chromium, and come out particles when applied for 
Nickel-based alloys. The ECM process’s special working condition already 
adds more additional expense of the corporation. To be worse, the potential 
ban would greatly reduce the profitability of ECM. 
 

5.1.2 Using SSA to clarifying sustainability consequences 

Strategic Sustainability Assessment (SSA) is a method that reveals the 
sustainability problems based on 4 sustainability principles. 
 
The SSA showed that the ECM will be more advantageous than MM in short 
term because more efficient and also because infrastructures investment had 
already been made at the company. However at the same time, the 
assessment pointed out that in the long term perspective the MM is more 
desirable, because the upcoming ban would rapidly consume the economic 
advantages of ECM due to the process and according infrastructure change. 
In terms of the SSA, the MM process contains less dangerous material (only 
nickel) and generates less toxic substances than ECM process. So the final 
SSA suggests that MM is preferable in spite of its comparatively low quality 
and high manufacturing expense. Yet, a definitive answer in terms of benefit 
vs. cost of choosing such solution require more investigation from an 
economic point t of view, which was achieved by adding a Net Present Value 
analysis as third step in the assessment process. 
 

5.1.3 Using NPV to quantify consequences in hotspots 

Net Present Value (NPV) can be defined as the difference between the 
present value of cash outflows and the present value of cash inflows. The 
NPV discount rate represents the relationship between money’s future value 
and present value. In designer and engineer’s perspective, the NPV analysis 
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model could offer a clear description of hotspots as a strong argument (i.e., 
data and facts) to support decisions, which the other two methods cannot. 
 
For comparing the ECM process and the MM process in holistic views, the 
authors built an MS Excel calculation model, and populated it with data from 
SSA, as well as with corporation documents and reasonable assumptions. 
The most relevant factors were set as main variables according NPV’s 
property in the sheet, such as Environmental requirements toughness, 
Environmental Consciousness, Number of suppliers after 10 years, ban of 
the ECM process and discount rate. 
 
Since the uncertainty variables and the diversified interaction among them, 
the result of the model is not fixed. The model, rather, allows to play with 
different scenarios, considering, for instance, when the ban on the ECM 
process will be introduced (year) or when less stringent legislation on the 
ECM process are likely to appear. This information, which in part affects the 
MM process too, is used as controlling variable in the value model to obtain a 
total NPV for the 2 alternative manufacturing choices. 
 
In this stage, three different situation examples were built to compare the 
profitability between ECM and MM. 
 

 
Figure 5.2 the static scenario 

 
The first example (Figure 5.2) presented a scenario that there just a few 
small legislations will be introduced in next ten years, and meanwhile the 
ECM won’t be totally banned. Obviously, in that situation the ECM is more 
beneficial than the MM process, continuously and steadily. The total 
(cumulative) NPV of ECM is almost 3 times as much as the MM. 
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Figure 5.3 the fast changing scenario 

 
The second scenario (Figure 5.3) considered a fast changing scenario, where 
legislation changes frequently in the in next decade. It means that new 
environmental requirements will be introduced at a quick pace in the next 10 
years. Meanwhile, it will be accompanying by increasing waste management 
costs, decreasing number of suppliers and enhanced environmental 
consciousness of customers. As shown, the profitability of ECM is keeping 
decreasing and will be overtaken by MM at the third year. 
 

 
Figure 5.4 Ban of the ECM process scenario 

 
The third scenario considered (Figure 5.4) foresees a ban for ECM to be 
introduced at the seventh year (i.e., 2020). This is accompanied by other 
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environmental requirements, increasing waste management costs, 
decreasing number of suppliers and enhanced environmental consciousness 
of customers. Since the ECM will be banned at seventh year, the company 
would be obliged to change ECM manufacturing line to MM, it would be a 
tremendous impact for its profitability, because of the high investment costs 
that such a shift implies.  
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6. Model 

The model builds from the work conducted by Bertoni and Hallstedt and 
aims at improving the way Net Present Value is calculated, by using Systems 
Dynamics in order to model and simulate loops that are currently not 
accounted for in the MS Excel-based model proposed by the two authors. 
 

6.1. Context 

Case study describes a specific problem which most of manufacturers 
concern themselves with - which technology is more valuable, ECM or MM. 
To find out a solution to this problem, in this section, the authors of the 
thesis will build a simulation model to assess the cost of both ECM and MM. 
In the first part of this section how literatures brought inspiration and ideas 
for facing this task will be introduced. A model, in fact, must rely on a 
theoretical basis that can inspire designers to construct the architecture of 
the model. Meanwhile, suggestion from experts on building this model was 
necessary. To collect the voice of experts, interview was proceeded with, 
before and after modelling. The choice of simulation tools is the second issue 
will be explained in this section. As highlighted in the section describing the 
State-of-the-Art of simulation tools, each approach has its limitation. Linked 
with these two machining technologies, the limitation of the simulation tool 
selected will be exposed. Assumption also will be proposed before modelling.  
 

6.1.1 Interview 

Interview is a crucial means of collecting information and opinion in 
qualitative research (Hannabuss, 1996). Linguistic feedback from customers, 
users, experts or other stakeholders during the conversation, which is the 
nature of interview, is the import output. The result relies on the pace and 
style of addressing questions. Therefore the quality of questions is highly 
required so that interviewers can explore the understanding and point of 
view which interviewees reflect. 
 
During the thesis project, authors have done two interviews. The purpose of 
the first interview is to make sure the elements and values set for the model 
are proper. The second one is that the reflection from experts can be given 
effectively and efficiently after the presentation of the model.  
 
For collecting the relevant information and discovering unpredictable 
information from interviewees, an open-ended interview was conducted. 
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Before generating these interview questions, respect of confidence was 
considered. In addition, after receiving approvals from interviewees, the 
contents during interviews were mainly recorded by hand.  
 
The first interviewee was Sophie Hallstedt, who is University Lecturer and 
Senior Researcher in Sustainable Product Development at Blekinge Institute 
of Technology. Sophie is an expert in integrating and implementing strategic 
sustainability perspective into product innovation process with focus on the 
early phases. The overview and objective of our model were presented in the 
very beginning. And then, the discussion on the elements in the model to 
strengthen the correctness and consistency of our model is conducted. The 
feedbacks from Sophie helped to clarify the rationale for some of the 
behaviour in the model, as well it helped in focusing on which relationships 
to optimize. Overall, this review activity made the authors more confident on 
the results of the model. Meanwhile, it reminded the authors the objective of 
the model ensuring they are in the right track. Furthermore, this interview 
preliminarily offered validation for the model. 
 
In the interview with Ola Isaksson, a specialist in aero engine systems at 
GKN, which is main stakeholder for the model, the conversation began with 
a brief introduction of the model was given. In the introduction, top-down 
approach was adopted. It meant that firstly the authors indicated the result 
of the SD model, a graph illustrating the tendency of NPV with respect to 
years, then went deeper into the outputs of the model, and eventually 
presented how the shape of the curve in the graph changed by adjusting 
inputs. The answers of interview were interpreted through the understanding. 
According to the requirement, the model is improved in the following ways: 
 

• Environmental and social costs are added in order to make the cost 
cover all the potential impacts. 

 
• The volume of products is brought in so that a ladder-type changes of 

the cost. 
 

• Link to the previous point, variable cost mainly relies on the volume of 
products. In other words, as the volume rises, the variable cost will 
increase linearly. Therefore, the parameter of the volume can be 
inputted in the model correctly.  

 
These feedbacks brought authors more information about the requirement of 
stakeholders’ with more details. Furthermore, the defects of the model 
against the requirement are exposed effectively. After the improvement of 
the model, the satisfaction of the requirements proves the validity of the 
model.  
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6.1.2 Defining Systems Dynamics as modelling approach 

System Dynamics is an excellent information-feedback characteristics study 
method which serve for manage intricately complicated systems. System 
Dynamics model can enable developers to comprehend as well as predict 
problems and variables going along with time. The formulation and 
conceptualisation database which are applied in System Dynamics models is 
much wider than the numerical information-base employed in statistical 
modelling and operations research. The possibility of drawing more and 
more complicated causal loop diagrams makes designers are capable to 
understand and rationalize a mazy system. In this case, the manufacturing 
process doubtless is a super complicated system contains a lot of branches 
which interact and give feedback to each other. At one time, the System 
Dynamics model can run several data version simulation through changing 
its variables values, it’s very convenient for developer to compare the final 
consequence while set different inputs and test the variations relationships 
among variables.  
 
Zhang (2004) states the structure of a sustainable manufacturing system by 
system dynamics. This provides us a critical base and inspiration of building 
this model. In the article Zhang (2004) three metrics sets are introduced to 
assess the whole manufacturing system as follows: 
 

• Economic Metrics: This set of metrics emphasizes the common 
operations related to manufacturing a product. Capital and cost of 
routine operations get involved in order to assess the performance of 
the economics of the company. 

 
• Environmental Metrics: No matter what kind of manufacturing 

processes, every production process has an impact on the 
environment. Environmental metrics highlight what manufacturers 
concern about, such as the cost of recycling the waste, energy cost 
and material usage. 

 
• Social Metrics: Assessing the contribution and responsibilities of 

manufacturers in the society is the aim of this set. These metrics take 
care of what extent manufacturers are devote to providing staff 
welfare, creating and maintain a healthy and friendly environment for 
all the stakeholders, and abiding by laws and legislation. 

 
The purpose of the model presented in this thesis is to represent these three 
aspects in the model so to reflect the total cost of the whole system, and to 
eventually allow a more fact-based comparison between ECM and MM. 
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6.1.3 The limitation of System Dynamics 

Different cultural groups or stakeholders might bring different assumptions 
and thus would come out a fairly different consequence. A system dynamics 
diagram can become very complex when actual situations with lots of 
variables are modelled. To some extent, the System Dynamics quite rely on 
veracity and accuracy of data. Because of the interaction and causal loop 
characters in System Dynamics, even the slightest data error would give rise 
to adjacent variables being amplified several times as much as the correct 
value. Consequently, if there were many uncertainty or bad assumptions in 
the system, the precision of final consequence would hardly be ensured. 
 

6.1.4 Functional decomposition of the ECM process 

The creation of a Systems Dynamic model implies the modelling of all the 
major system functions, which is the creation of a functional model via 
functional decomposition. According to the definition, functional 
decomposition is a top-down approach to show the sub-system of a complex 
product/service (Zupan et al., 1997). The method assists designers or 
developers to understand and manage the whole system by the separation 
into elements regardless of how big or complicated the system is.  
 
A typical ECM machine can be divided into four structural units: Power 
supply unit, Electrolyte supply and cleaning unit, Tool and tool feed unit, and 
Work piece unit. More in detail, looking at the components of each main 
system, other elements can also be highlighted: 
 

1. Power supply unit: Electrical circuitry, Silicon controlled rectifier, and 
Power supply. 
 

2. Electrolyte supply and cleaning unit: Pumps, Filters, Centrifuge, 
Pipings, Control valves, Heating or cooling coils, Pressure gauges, 
Storage tank clean, Storage tank, Sludge container, and recycling 
device. 
 

3. Tool and tool feed unit: Texture and Tool. 
 

4. Work piece unit: Work piece and Work holding device.  
 

Each element has its own function. After the description of these functions, it 
can be easily found out the interrelationship among the elements by 
mapping. The mapping diagram is an important output. The resulting model 
is later implemented in a commercial simulation software called Vensim 
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(www.vensim.com), which enable System Dynamics simulation to be 
executed in a flexible way. 

6.1.5 Assumption  

Constructing a SD model is an exercise that in many cases relies on several 
assumptions. This thesis is no exception. Listed below the major 
assumptions considered in the work  

• Only two main suppliers for the equipment exist in the world, both 
from Germany. The duopoly is likely to keep the cost of the equipment 
higher compared with perfect competition. 
 

• So here suppose the costs, such as the electricity cost, recycling cost 
and the cost of raw material are based on Swedish price. 
 

• Since the material of work piece is mainly Nickel-based alloy, suppose 
the toxic element which is mainly assessed in this model is hexavalent 
chromium.   
 

• As the social reputation cost is strongly relevant to the company 
picture and reaction for ECM process of people, the social reputation 
cost is set as a comparatively conservative value. 
 

• The interest rate in ten years is supposed in a stable range; hence 
authors take 1.05 as the average interest rate in ten years. 

 

6.2. Modelling 

This part uses Top-down approach to describe the model from trunk to 
branch in detail. It starts from the output as well as purpose of this model, 
Net present value, tracing back to the initial inputs. Then, clearly elaborate 
the logic and consecution of the model with the aid of each module’s flow 
chart, aiming to give audiences an unambiguous and comprehensive 
perspective of the model.  
 
Since the revenue and cost part of ECM and MM process are almost uniform, 
for preventing overlap, authors only list the elements of ECM following as an 
example to introduce the rationale of composition of both manufacturing 
processes.  
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6.2.1 Model system 

ECM and MM cash flows model 
This report is for comparing the value between ECM process and MM process. 
Since the values of them depends financial element in a great extent, the 
model set “Actualized yearly cash flows” as the final result. 
 
Cash flows model backbone 
From the very beginning, the “Actualized yearly cash flows” also known as 
the “Net present value” is actualized from “Yearly cash flows (Non-
actualized)” with the help of “Discount factor” and “Number of years”. 
Meanwhile, the “Yearly cash flows (Non-actualized)” is the difference that 
between “Revenue per year” minus “Total cost per year”. Furthermore, the 
“Revenue per year” is the result of “Units of products per year” multiply 
“Unit price”; the “Total cost per year” is composed by “Cost of total ECM per 
year” and “Cost of total MM per year” as well as the determinant “Ban year 
of ECM”, which determines which cost and when would be transferred to 
“Total cost per year”. And then the “ECM Manufacturing and machine cost” 
and “ECM Waste, Environment and Society cost” make up the “Cost of total 
ECM per year”; the “MM Manufacturing and machine cost” and “MM Waste, 
Environment and Society cost” constitute the “Cost of total MM per year”. 
The cash flow and detail information of each variable can be seen as follows. 

 

 
Figure 6.1 Cash flows model backbone 
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Variables 
Actualized yearly cash 
flows: 

The yearly NPV of whole ECM 
system 

 Unit: SEK 

Discount factor: The predicted interest rate in 
order to calculate the NPV 

 Unit: % 

Number of years: The amount of working time  Unit: Year  
Yearly cash flows (Non-
actualized): 

The yearly cash flows of whole 
ECM system 

 Unit: SEK 

Total cost per year: The yearly total cost of whole 
manufacturing process system 

 Unit: SEK 

Cost of total ECM per 
year: 

The yearly total cost of ECM 
process 

 Unit: SEK 

Revenue per year: The yearly revenue of whole ECM 
system 

 Unit: SEK 

Cost of total MM per 
year: 

The yearly total cost of MM 
process 

 Unit: SEK 

Ban year of ECM: The year which ECM might be 
banned 

 Unit: Year 

Total cost per year: The yearly total cost of whole 
ECM system 

 Unit: SEK 

ECM Manufacturing and 
machine cost: 

The initial investment and 
processing cost of ECM 

 Unit: SEK 

ECM Waste, 
Environment and 
Society cost: 

The cost of waste management, 
environment management and 
company image maintenance of 
ECM 

 Unit: SEK 

MM Manufacturing and 
machine cost: 

The initial investment and 
processing cost of MM 

 Unit: SEK 

MM Waste, 
Environment and 
Society cost: 

The cost of waste management, 
environment management and 
company image maintenance of 
MM 

 Unit: SEK 

Units of products per 
year: 

The yearly anticipated product 
output 

 Unit: % 

Unit price: The price of unit product  Unit: SEK 
 
Waste, Environment and Society part 
As the input for “Total cost per year”, the “Waste, Environment and Society 
cost” includes many variables at the same time. It was influenced by 
“Number of years”, “Legislation coming year”, “Waste treatment”, “Social 
reputation cost” and “Environment cost”.  And the “Waste treatment” derives 
from “Cost for the waste from Work Piece” Moreover, the result of “Waste 
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treatment”, “Social reputation cost” and “Environment cost” are all linked 
with “Units of products per year”. The flow chart of Waste, Environment and 
Society part are as follows. 
 

 
 Figure 6.2 Waste, Environment and Society part 

 
Variables 
Number of years:  The amount of working time Unit: Year  
Legislation coming year:  The predicted legislation coming 

year 
Unit: Year  

Waste treatment:  The total waste treatment cost Unit: SEK 
Social reputation cost:  The cost for maintaining 

company image 
Unit: SEK 

Environment cost:  The cost for managing 
environment problems 

Unit: SEK 

Cost for the waste from 
Work Piece:  

The cost of manufacturing 
waste 

Unit: SEK 

Units of products per 
year:  

The yearly anticipated product 
output 

Unit: % 

 
Manufacturing and machine cost 
Coming to Manufacturing and machine cost, the most complex part in the 
model, this part contains six variables in second layer and a great number of 
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sub variables under the layers. The detail relationships among them and 
information of each variable can be seen as follows. 
 

 
Figure 6.3 Manufacturing and machine cost 

 
Variables 
Manufacturing cost:  The cost during ECM 

manufacturing process 
Unit: SEK 

Cost per electrolyte used:  The unit price of electrolyte Unit: SEK 
Cost of the consumable 
machining tools:  

The ECM consumables cost Unit: SEK 

Cost of the workforce:  The labour cost of ECM 
manufacturing 

Unit: SEK 

Cost for electricity:  The electricity cost of whole 
ECM manufacturing process 

Unit: SEK 
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Units of products per 
year:  

The yearly anticipated product 
output 

Unit: % 

Number of years:  The amount of working time Unit: Year  
Cost of Machine per year:  Sum of maintenance cost and 

supplementary cost 
Unit: SEK 

Efficiency improvement 
factor:  

The factor indicates the lifting 
of manufacturing efficiency 
over time 

Unit: % 

Cost of maintenance per 
year:  

Maintenance cost of each year Unit: SEK/Year 

Cost of maintenance per 
machine per year:  

The unit price of machine 
maintenance 

Unit: 
SEK/Year% 

Cost of supplementary 
machine:  

The cost of supplementing new 
machine 

Unit: SEK 

Supplementary amount:  The amount of supplementing 
new machine 

Unit: % 

Availability of the 
machines: 

The availability indicator of 
machines 

Unit: % 

Machine availability 
factor: 

The predicted availability factor Unit: % 

Availability of 
maintenance of 
machines: 

The rate of availability which 
maintenance would offer 

Unit: % 

Cost of maintenance per 
machine year:  

The unit price of maintenance 
machine per year, which would 
directly influence the rate of 
availability of maintenance of 
machines 

Unit: SEK 

Initial machines cost:  The initial investment of 
machines 

Unit: SEK 

Cost per machine: The unit price of ECM machine Unit: SEK 
Number of machines:  The total amount of ECM 

machines 
Unit: % 

Number of suppliers:  The amount of ECM suppliers Unit: % 
Supplier reduction: The reduction amount of ECM 

suppliers per year 
Unit: % 

Legislation coming year: The predicted legislation 
coming year 

Unit: Year 

Number of years: Number of years: The amount 
of working time 

Unit: Year  

Waste treatment: Waste treatment: The total 
waste treatment cost 

Unit: SEK 

Social reputation cost: The cost for maintaining Unit: SEK 
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company image 
Environment cost: The cost for managing 

environment problems 
Unit: SEK 

Cost for the waste from 
Work Piece: 

The cost of manufacturing 
waste 

Unit: SEK 

 
Processing ECM part 
In the processing ECM part of this model, the core variable is Removal Rate 
of electrolyte, which means the volume that can be removed from the work 
piece per second. There are several factors that influence the performance of 
Removal Rate directly or indirectly. They are Voltage, Flow Rate, 
Temperature Difference, Specific Heat Capacity, and Current Density of 
electrolyte. Among these variables, Voltage, Flow Rate, Temperature 
Difference and Specific Heat Capacity are inputs, while Current Density, 
which is measured by the sum of product of the each element’s density in 
electrolyte and each element’s weight, is an intermediate variable. The 
logical relationship between these factors and Removal Rate is illustrated in 
the following graph.  
 

  
Figure 6.4 Processing ECM part 

 
Variables 
Temperature Difference: As the electrolyte is heated up, Unit: C 
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the temperature difference will 
be positive and turn larger 

Specific Heat Capacity: The variable is to measure the 
heat energy required as 
temperature increases 

Unit: 
KJ/(kg*C) 

Mass Flow Rate: The mass of a substance passes 
through a specific surface per 
second 

Unit: Kg/s 

Voltage: The electricity pressure Unit: V (Volts) 
Density of each element 
in electrolyte: 

The mass per unit volume of a 
substance 

Unit: g/cm3 

Weight of each element: The percentage of each element 
in the electrolyte 

Unit: % 

Atomic Weight of each 
element: 

The mass of an atom of an 
element 

Unit: g 

Valence of each 
element: 

The variable is to measure the 
combining power of an element 
when compounding with other 
atoms 

Unit: % 

 
Costs based on the process 
Based on the variables and output of Removal Rate, the following the “cost 
of electricity” can be calculated. 
 
As the result of removal rate and the weight of target end product are clear, 
the time lasting in the whole procedure can be known. Since the cost per 
current unit and the specific current are given or calculated, the cost per 
hour for electricity can be arrived at as well. Eventually, after the 
multiplication of the cost per hour and the time lasting, the result of the cost 
of electricity is generated. The following flow chart indicates the whole 
diagram of getting the cost.  
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Figure 6.5 The cost of electricity 

 
Given the weight of work piece required to remove, the waste ratio which 
means the percentage of work piece wasted during the process of ECM, 
weight (%) of Nickel in the work piece and cost for the element of Nickel, 
the cost of waste Nickel-based can be quantified.  
 

 
Figure 6.6 The cost of waste Nickel-based 
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The weight of each element, cost of each element per weight unit, current 
density of electrolyte and the volume of electrolyte lead to the generation of 
the cost of electrolyte.   
 

 
Figure 6.7  The cost of electrolyte 

6.2.2 Calculation and Comparison 

This section show the results of the System Dynamics simulation for three 
scenarios, whose primary input variables selected are Units of products per 
year, Legislation coming year, Ban year, Efficiency improvement factor, 
Social cost, and Environmental cost. Suppose the lifespan of both two types 
of machines (ECM and MM) is 10 years. The discount factor is a fixed value 
in all these three scenarios and supposed to be 4%. The comparison will be 
separated into both vertical and horizontal type. In the vertical comparison 
(or internal comparison), three different scenarios of ECM or MM will be 
shown in terms of line charts by adjusting the variables above and 
superiority sequence depends on the NPV per year generated. Horizontal 
comparison or external comparison offers three pairs of contrast between 
ECM and MM by NPV per year in the form of line charts and total NPV in the 
form of bar charts. The three pairs of contrast are all based on the change of 
parameters above.  
 
Calculation and vertical comparison of the NPVs of ECM process 
In the first scenario, the curve in figure 5.8 is smooth and rises steadily after 
a dramatic increase. The curve begins with a negative amount thanks to the 
initial investment on the purchase of machine. However, the cost is covered 
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shortly because of the amount of product sales by ECM is considerable. 
Since both the legislation on disposing waste and ban of using ECM are not 
introduced in the coming 10 years, the company can always gain profits with 
a stable growth. When it goes to the reason of the growth, experience 
accumulation of labours causes efficient production, and therefore the 
volume of products increases gradually. Besides, environmental cost and 
social cost are set in a lower level. Finally, this scenario presents an 
extremely high NPV set.  
 

  
Figure 6.8  ECM NPV in first scenario 

 
The second scenario provides a modest set of NPV results. Compared with 
the first scenario, both environmental and social cost in the second one are 
relatively higher, while efficiency improvement factor of production is 
lowered. Additionally, the factor of coming legislation is brought into this 
scenario in year 5. As a result, the figure 5.8 indicates that the curve rises 
steadily as well before the legislation of waste disposal comes, although the 
uptrend is inferior to the one in the first scenario. The legislation leads sharp 
decrease of NPV because of the extra waste disposal cost charged or fine 
from exceeding emission, however, sales of products slightly ease the 
impact of this factor and make the process remain profitable.  
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Figure 6.9  ECM NPV in second scenario 

 
In the last scenario, another extreme case is shown where environmental 
and social cost rise much more. Meanwhile, the process gets much lower 
efficiency. Besides the legislation, the ban of using ECM is introduced as well 
in year 7. According to the figure 5.9, in the first 5 years, the trend of the 
curve is the same as the second scenarios, although the performance each 
year is worse than the previous scenarios’. As the ban comes, NPV in year 7 
drops violently. The ban forces the company switch the production line from 
ECM to MM. The cost from disposing the ECM machine and purchasing new 
MM machine has to be afforded. After year 7, the process of ECM is replaced 
by MM’s, so the curve performs the same as MM from year 7.  
 

 
Figure 6.10  ECM NPV in third scenario 

 
There is no doubt that the first scenario generates greatest profits (NPV) 
among these entire three scenarios. In the whole 10 years, without being 
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hindered by Legislation and Ban, the smooth process of ECM plays a critical 
role in the most profitable scenario. The increase of environmental and social 
cost, caused by the new legislation at year 5, brings negative effects on 
value, Nevertheless, the factor of efficient production remedies the defect of 
extra cost and keeps NPV positive. Therefore, the second scenario wins a 
second place in the comparison. The third scenario takes heavy tolls twice. 
Besides the legislation in year 5, ban introduced in year 7 becomes a fatal 
blow, which results in a complete replacement of the process of ECM by MM. 
The extent of the curve of NPV dropping is even more serious than the 
previous hit by legislation. Obviously, the last place for the third scenario is 
fair and reasonable.  
 
Calculation and vertical comparison of the NPVs of MM process 
The three scenarios of MM are generated by similar adjustment of these 
variables with ECM’s. In the first scenario indicated by the figure 5.11, 
thanks to the absence of legislation and ban, after initial investment, NPV 
climbs every year with smooth winds, such as the lowest social and 
environmental cost, the highest efficiency improvement factor, and the most 
units of products per year. In the figure 5.12, the uptrend in the second 
scenario frustrates slightly in year 5 resulting from the introduction of 
legislation. The pace of increase being slowed down accounts for the 
scenario interior to the first one. The introduction of legislation, lowering the 
volume and efficiency of production, and finally raising both environmental 
and social cost, which is all illustrated in the figure 5.13, impact the trend of 
the curve and the scenario is forced to less the profit. Despite staying 
profitable, the third scenario still fails to relief from the bottom place.   
 

 
Figure 6.11  MM NPV in first scenario 
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Figure 6.12  MM NPV in second scenario 

 
 

 
Figure 6.13  MM NPV in third scenario 

 
Recalling the two sets of vertical comparisons, a striking resemblance is 
explored. No matter how to adjust the parameters, such as environmental 
cost, social cost, efficiency improvement factor, and units of products per 
year, the effects of legislation and ban cannot be simply covered. The extra 
costs of waste disposal and complete shift of manufacturing technique into 
MM are the main reasons behind.  
 
 
 
 
 



37 
 

Horizontal comparison of NPV per year of ECM & MM process 
 

 
Figure 6.14  NPV Comparison in first scenario 

 
Coming to the horizontal comparison, the Net Present Value curve difference 
between ECM and MM was obviously appeared in the chart. On account of 
the booming market and relatively tender environmental legislation, both of 
ECM and MM process got a desirable first year result in NPV performance 
after a notable trough which due to the vast investment in infrastructure. 
Along with the steady market and policy situation as well as the 
manufacturing efficiency enhancement, the NPV of both two processes keep 
increasing in the following 10 years. From the curve contrast, the result that 
in a comparatively static scenario ECM is more considerable than MM in NPV 
view can be easily come out. 
 

 
Figure 6.15 NPV Comparison in second scenario 
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The second NPV curve comparison is based on a moderate assumption for 
the market situation and possibly coming legislation. With the change of 
model context, the result of the model gets a big change and forms a 
dramatic curve. In this scenario the market expectation is no longer such 
optimistic, the reduction of products sale amount and the increase of 
environment cost and social cost badly harms the profitability of both two 
manufacturing process.  
 
Most notably, the appearance of new severe environmental legislation 
tremendously influences the NPV trend of ECM process. By contrast, 
although the remarkable NPV growth of MM is stopped by the year new 
legislation coming; but it doesn’t be affected a lot in the following several 
years. From this scenario, it can be distinctly found that the ECM process 
NPV performs an enormous contrast between before and after new 
legislation announced. Hence, a conclusion comes out that the NPV in this 
scenario depends closely on the coming year of legislation. 
 
 

 
Figure 6.16 NPV Comparison in third scenario 

 
The third curve comparison shows the contrast of two processes in an 
extreme rigorous scenario. Due to quite harsh environmental cost condition, 
the difference between ECM and MM is not very big any more. Like the 
second scenario, the coming environmental legislation changeovers the 
advance direction of ECM. To be worse, the more severe policy bans the ECM 
manufacturing process in the 7th year. It makes the company be obliged to 
replace whole production line contributing to spend a big deal of money on 
new MM infrastructure, which further exacerbating the poor profitability of 
ECM. On the other side, despite the undesired context MM still keeps the 
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steady in the coming 10 years. In this scenario, the MM is doubtless a better 
choice no matter for NPV or company image. 
 
Horizontal comparison of the total NPV of ECM & MM process 
 

Figure 6.17 Total NPV comparison in first scenario
 

In the first scenario diagram, the cuboid in figure 5.17 shows the horizontal 
comparison of total Net Present Value between ECM and MM manufacturing 
process in the following 10 years. As the diagram shown, when in a 
comparatively loose and prosperous market as well as without the context of 
severe environmental policy, the NPV performance of ECM process is far 
better than MM process (almost twice as much as the MM NPV). The result 
proves that the profitability of ECM process is quite considerable indeed; 
meanwhile it also indicates that ECM is fully capable to operate well in a 
steady and thriving market situation. 
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Figure 6.18  Total NPV comparison in second scenario 

 
As for the second scenario diagram, the cuboid in figure 5.18 reveals that 
when there is a relatively moderate market change and environmental 
requirements toughness context, the contrast between ECM and MM NPV are 
no longer such big. As demonstrated in NPV per year horizontal comparison 
2, the NPV performance of ECM is in a great content relative to the coming 
year of severe environmental legislation. In this scenario, risk assessment 
becomes further significant for the decision maker. Meanwhile, more factors 
like company image and staff engagement should be involved to help 
decision maker do the trade-off. 
 

  
Figure 6.19  Total NPV comparison in third scenario 
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Coming to the last scenario diagram, the cuboid in figure 5.19 reflects a 
totally inverse result comparing to first scenario. As good as the second 
scenario, thanks to an extremely rigorous situation and legislation, the NPV 
of ECM has already located in a relatively low position. Moreover, the ban of 
ECM directly causes a huge amount investment in rebuilding production line. 
Accordingly, it results in a collapse of total NPV performance of ECM, directly 
contributing to that NPV of ECM is just half of MM in this scenario. Based on 
this comparison, the conclusion can be obviously got that the traditional MM 
process is far sensible than ECM in extreme context. 
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7. Verification 

Building a System Dynamic model is just a part of the whole procedure in 
the thesis. The confidence of this model must be boosted by exhibiting the 
evidences which enable us to prove that the model is accurate, reliable, 
feasible, and capable. Not only qualitative method but also quantitative 
method should be implemented to complete this goal. Therefore, verification 
comes into authors’ sight. 

7.1. Concept and description 

The definition of verification, as ISO/IEC 15288:2008 describes, is that the 
evaluation of whether a model complies with the design requirement, 
performance requirement and specification. The question should be solved in 
verification is “did you build a model right”. Inspection, analysis, 
demonstration and test are the alternative activities which are explained 
below. 
 
Inspection is to observe and examine whether the characteristics comply 
with specified requirements and standards (Haskins et al., 2006). It implies 
evaluation exercises, such as measuring and gauging, should be done for 
verifying whether the model is consistent with the targets. 
 
Analysis is a quantitative approach of utilization of data or simulations under 
given circumstance so as to prove the compliance with theories. If the 
achievement in the real world is difficult or costly, analysis will offer a 
solution to comply with the requirement or specification(Haskins et al., 
2006). 
 
Demonstration, on the contrary, is a qualitative means to show how 
functional performance is fulfilled with few or even without instrumentation. 
The means can be applied when whether a system is suitable is required to 
prove or statistical forms of requirement or specification are provided 
(Haskins et al., 2006). 
 
Test is an activity to verify if an item is operable, supportable or capable of 
performance under the realistic or simulated conditions. In this case, some 
special test instrumentations or equipment by which precise quantitative 
analytic data is available are necessary (Haskins et al., 2006). 
 
In our thesis, since a simulation model is built and then theoretically a 
solution to evaluate both ECM and MM comes out, the procedure including 



43 
 

inputting data, comparing with another model whose accuracy is verified, 
and exhibiting the similarity between two different models, is feasible. 
Therefore, as the definitions of these activities expressed above, analysis 
should be the most suitable one in this case. 
 

7.2. Triangulation 

The original definition of this concept stems from geometry. Triangulation 
refers to the tool used in positioning the points in the field by configuring 
triangles (Konecki, 2008). Denzin (1970) categorizes triangulation and 
divides it into four various categories: triangulation of data, triangulation of 
researchers, theoretical triangulation and methodological triangulation. 
Triangulation of data, as Atkinson and Hammersley (1994) defined, is 
applied to verify the conclusion based on data by inputting data from other 
sources. Triangulation of researchers implies different kind of researchers 
get involved in one common study. Theoretical triangulation means by the 
introduction of different theories a set of data can be interpreted. 
Methodological triangulation is to utilize various tools or methods to verify 
the same conclusion or the same solution to a problem. 
 
Triangulation is applied to analysis the simulation model by means of the 
comparison between the outcome of this SD model and the one in case 
study. It is quite obvious that the type of methodological triangulation is 
implemented in our thesis. The specific implementation of methodological 
triangulation for this model is specified step by step as follows: 
 

1. Searching a SD model using VDD. In the case study, Marco Bertoni 
and Sophie Hallstedt and Ola Isaksson build a value-driven based 
model in which the NPV is calculated and the comparison of ECM and 
MM is also done. Therefore, this model is the one which is quite similar 
with ours.  
 

2. Setting the similar model as the baseline. The model being searched is 
proven to be suitable for the contrast, but the correctness has to be 
verified as well. Since the article is already published, the model can 
be trustable and reliable. Therefore the model is set as the baseline of 
triangulation.  
 

3. Contrasting two types of models. According to the line charts above in 
the sections of case study and modelling, the results of NPVs are 
consistent with the baseline. Compared with the baseline, more 
parameters are added in order to cover all the factors of ECM or MM 
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process, but these additional parameters do not influence the similarity 
of the results.  
 

4. Conclusion. Since the results of our model’s scenarios consist with the 
ones of baselines and the correctness of the baseline is confirmed, 
theoretically, our model can be proven indirectly to be trustable. 
 

 

 
Figure 7.1  The diagram of triangulation process  
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8. Discussion  

As the results in the model section shown, sustainability consequences of 
ECM and MM were effectively quantified. Meanwhile, contrasts between/ 
inside of ECM and MM processes revealed the fact that the legislation and 
ban coming heavily influenced ECM, although ECM brought higher production 
and value. In other words, the loss and extra cost because of legislation and 
ban undermined the competitiveness of ECM.  
 
After case study, authors expected that ECM’s performance which was 
quantified as NPV would be prior to MM’s, and the premise was that both 
legislation and ban were absent. The results were in accord with the 
expectation, because actually legislation and ban were two main factors 
which hindered the increase of ECM’s NPV.   
 
As the core of this thesis, modelling engaged plenty of time, mainly on 
preparation, processing flow diagram and elaborating the model. The 
purpose of building a model is to find a simple and visualized way to 
understand a phenomenon that ECM and MM benefit GKN with quantified 
values under different circumstances. The model began with the process of 
ECM and MM production in order to gain the results of costs related. And 
then the process of all the costs was converged when main factors in 
environmental and technical aspects were considered. Eventually after 
calculating, output of the model was shown in the terms of NPV.  
 
Differing from model in the case study, more factors are considered so that 
the model built can become closer to the real world. The process of ECM is 
specified so that the electricity consumption, the cost of waste from 
electrolyte and work piece can be calculated. Additionally, the parameters in 
the case, such as waste management cost and environmental consciousness 
were refined and became more specific.  
 
Verification was processed by means of triangulation. Thanks to the effective 
execution of verification, the SD model became more accurate.  
 
The model brought the benefits to the stakeholders. Factors which impacted 
the process of ECM or MM were all able to be quantified. The stakeholders 
could observe the value (NPV) of both processes intuitively. Besides, the use 
of NPV causes the two different manufacturing techniques being on the same 
paper. And this approach introduces a benchmark which provides the 
comparability of this model.  
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The drawbacks of this model were obvious as well. As when the legislation or 
ban would be introduced is unpredictable, what can be done is just to 
assume the year of legislation or ban coming. The inappropriate assumption 
in this model may cause a tremendous error by amplification of the complex 
system. 
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9. Conclusion  

Nowadays, economic factor is generally deemed as a quantified tool to 
measure value. Hence, the value assessment turns into the financial element 
evaluation in some way. Correspondingly, the system dynamics model, 
which is in light of value-driven, sets “Actualized yearly cash flows” as the 
final result. By quantitative output of the ECM and MM process model, the 
value of each process can be effectively interpreted. The intuitive 
comparison between two manufacturing process can offer a solid basis to 
“most value adding” trade-off. The adjustable and visualized System 
Dynamics model makes early stage value assessment possible. Therefore, 
the research question has been solved effectively.  
 
During the thesis, several popular methods are implemented in order to fulfil 
the aim. The literature review of the thesis, including the study of 
sustainability, PSS, simulation and QFD, inspires us to integrate PSS factor 
and Sustainable factor into VDD system. Besides, functional decomposition 
does a great aid to find out the specific factors which impacts the process. 
The system dynamics simulation captures the characteristics and the 
dynamic behaviour of a system, implements dynamic adjustment.  
 
To remedy the defects of this model, statistical methods are good 
alternatives in the future. Considering the unpredictable factors, such as the 
year of legislation or ban, a clear picture of the probability of introducing the 
legislation or ban each year can be shown by statistical analysis. In addition, 
in the future the authors would like to introduce another concept, IRR 
(Internal Required Rate) which can measure the value and evaluate the 
feasibility of a product/service system. 



48 
 

Reference 

Atkinson, P., Hammersley, M., 1994. Ethnographyand participant observation. Handb. Qual. Res. 
Thou-Sand Oaks CA Sage. 

Baines, T.S., Lightfoot, H.W., Evans, S., Neely, A., Greenough, R., Peppard, J., Roy, R., Shehab, 
E., Braganza, A., Tiwari, A., Alcock, J.R., Angus, J.P., Bastl, M., Cousens, A., Irving, P., 
Johnson, M., Kingston, J., Lockett, H., Martinez, V., Michele, P., Tranfield, D., Walton, 
I.M., Wilson, H., 2007. State-of-the-art in product-service systems. Proc. Inst. Mech. Eng. 
Part B J. Eng. Manuf. 221, 1543–1552. doi:10.1243/09544054JEM858 

Banks, J., Carson, J.S., Nelson, B.L., 2000. DM Nicol, Discrete-Event System Simulation. 
Prentice Hall. 

Bertoni, M., Hallstedt, S., Isaksson, O., 2014. Value assessment of sustainability hotspots in 
conceptual design: An aerospace study. Presented at the Proceedings of TMCE 2014. 

Bonabeau, E., 2002. Agent-based modeling: Methods and techniques for simulating human 
systems. Proc. Natl. Acad. Sci. U. S. A. 99, 7280–7287. 

Chiu, D.K.W., Cheung, S.C., Leung, H., 2005. A Multi-Agent Infrastructure for Mobile 
Workforce Management in a Service Oriented Enterprise, in: Proceedings of the 38th 
Annual Hawaii International Conference on System Sciences, 2005. HICSS ’05. 
Presented at the Proceedings of the 38th Annual Hawaii International Conference on 
System Sciences, 2005. HICSS ’05, p. 85c–85c. doi:10.1109/HICSS.2005.28 

Collopy, P.D., Hollingsworth, P.M., 2011. Value-driven design. J. Aircr. 48, 749–759. 
Cook, M.B., Bhamra, T.A., Lemon, M., 2006. The transfer and application of Product Service 

Systems: from academia to UK manufacturing firms. J. Clean. Prod. 14, 1455–1465. 
Denzin, N.K., 1970. The research act: A theoretical introduction to sociological methods. 

Transaction publishers. 
Forrester, J.W., 1958. Industrial dynamics: a major breakthrough for decision makers. Harv. Bus. 

Rev. 36, 37–66. 
Forrester, J.W., 1994. System dynamics, systems thinking, and soft OR. Syst. Dyn. Rev. 10, 

245–256. 
Goedkoop, M.J., 1999. Product service systems, ecological and economic basics. Ministry of 

Housing, Spatial Planning and the Environment, Communications Directorate. 
Hannabuss, S., 1996. Research interviews. New Libr. World 97, 22–30. 

doi:10.1108/03074809610122881 
Haskins, C., Forsberg, K., Krueger, M., Walden, D., Hamelin, D., 2006. Systems engineering 

handbook, in: INCOSE,. 
Karnopp, D.C., Margolis, D.L., Rosenberg, R.C., 2012. System Dynamics: Modeling, Simulation, 

and Control of Mechatronic Systems. Wiley. 
Konecki, K.T., 2008. Triangulation and Dealing with The Realness of Qualitative Research. 

Qual. Sociol. Rev. 4. 
Macal, C.M., North, M.J., 2005. Validation of an agent-based model of deregulated electric 

power markets, in: Proc. North American Computational Social and Organization 
Science (NAACSOS) 2005 Conference, South. Citeseer. 

Mont, O., 2001. Introducing and developing a Product-Service System (PSS) concept in Sweden 
(report). 



49 
 

Morelli, N., 2003. Product-service systems, a perspective shift for designers: A case study: the 
design of a telecentre. Des. Stud. 24, 73–99. 

Oliva, R., Kallenberg, R., 2003. Managing the transition from products to services. Int. J. Serv. 
Ind. Manag. 14, 160–172. 

Ostlin, J., Sundin, E., Bjorkman, M., 2008. Business drivers for remanufacturing, in: LCE 2008: 
15th CIRP International Conference on Life Cycle Engineering: Conference Proceedings. 
CIRP, p. 581. 

Raberto, M., Cincotti, S., Focardi, S.M., Marchesi, M., 2001. Agent-based simulation of a 
financial market. Phys. Stat. Mech. Its Appl. 299, 319–327. 

Robèrt, K.-H., Broman, G., Waldron, D., Ny, H., Byggeth, S., Cook, D., Johansson, L., Oldmark, 
J., Basile, G., Haraldsson, H., undefined,  others, 2007. Strategic leadership towards 
sustainability. Blekinge Institute of Technology. 

Said, L.B., Bouron, T., Drogoul, A., 2002. Agent-based interaction analysis of consumer 
behavior, in: Proceedings of the First International Joint Conference on Autonomous 
Agents and Multiagent Systems: Part 1. ACM, pp. 184–190. 

Sterman, J.D., 1992. System dynamics modeling for project management. Unpubl. Manuscr. 
Camb. MA. 

Williams, A., 2007. Product service systems in the automobile industry: contribution to system 
innovation? J. Clean. Prod. 15, 1093–1103. 

Yadav, N., 2014. Major Aspects of Sustainable Development. IJLESS 09. 
Zhang, D.L., 2004. Processing of advanced materials using high-energy mechanical milling. 

Prog. Mater. Sci. 49, 537–560. 
Zupan, B., Bohanec, M., Bratko, I., Demsar, J., 1997. Machine learning by function 

decomposition, in: ICML. pp. 421–429. 
 
  



50 
 

Appendices 

Appendix A - ECM & MM process model overview 
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Appendix B - ECM & MM process model, section 1 
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Appendix C - ECM & MM process model, section 2 
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Appendix D - ECM & MM process model, section 3 
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Appendix E - Functional decomposition mapping 
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Appendix F - Questions and answers of interview 

 
The interview with Sophie Hallstedt 

 Q: How are the factors involved in the model? 
A: It seems good, and contains most of critical factors in your model. But 
the Sum of NPV should be included and add some graphs for comparing 
the ECM and MM process. 
 

 Q: How could the elements be set in an appropriate way? 
A: It would be better if you could sort the factors in order. Make the 
rationale of model and relationship of NPV more clear to enable others 
have a better understanding of the model. 
 

 Q: What are the particular values for them? 
A: Many of elements are regarding the corporation confidence, so to a 
great extent, it relies on some assumption. But the key of this model are 
the interactions among these factors and the reasoning of whole model. 

 
 
The interview with Ola Isaksson 

 Q: How far the simulation model away from the realistic situations of 
ECM or MM process? 
A: The model looks nice; however, there is no perfect model in fact. The 
process of ECM or MM simulated is quite close to the real world, but 
considering that the model shoulder comply with the value-driven base, 
all the elements which influence the NPV should be taken into account to 
the greatest extent. 
 

 Q: What kind of factors did we miss? 
A: The volume of products is an important factor. As the process of ECM 
or MM generates a higher volume, the efficiency of production should 
increase so that the requirement of labour and electricity consumption is 
also higher.  

 
 Q: What is an ideal model which you anticipate? 

A: An ideal value-driven based model requires the concentration on both 
price and cost. The price of product is relatively fixed in spite of inflation, 
while the total cost is the combination of variable and fixed cost. 

 


