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Abstract  
 

 

In this study we develop a model that is able to incorporate the value of flexibility in the design of 

a global supply chain using real options analysis. The formulated switching options are valued 

using Monte Carlo simulation incorporating the various operational aspects. A case study is 

conducted at a large Complex Equipment Manufacturer in order to gain insight into the 

applicability of such a model in a real-world global supply chain. The first finding of this study is 

that the cost differences between in-house assembly in Western Europe and outsourced assembly 

in the Far East are much lower than expected. The second finding is that the supply chain design 

with initial manufacturing in-house is for all demand forecasts the best strategy when 

incorporating lost sales and the possibility to switch. 
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Management summary 
 

This thesis focuses on the design of global supply chains, and specifically, on the valuation of 

flexibility within these supply chains. Cohen and Huchzermeier (1999) defined operational 

flexibility as a firm’s ability to anticipate and respond to changes in market conditions by means 

of the firm’s operations. The traditional capital budgeting techniques such as Net Present Value 

cannot incorporate the value of this flexibility. Real options analysis can be used to value this 

flexibility to respond to uncertainties.  

 

Research 
 

While real options analysis seems to be a promising research area and has been successfully 

applied in for example the energy sector, the use of real options analysis in supply chain 

management seems to be rather limited. The first purpose of this study is to develop a model that 

is able to incorporate the value of flexibility in the design of a global supply chain. The second 

purpose is to gain insight into the applicability of such a model by conducting a case study using 

a real-world global supply chain. 

 

The case study is conducted at a large Complex Equipment Manufacturer (CEM) located in 

Western Europe. The company develops and assembles complex equipment in series ranging 

from a few hundred to tens of thousands during the product life cycle. For each new product 

introduction, the company is faced with the need to decide between the alternative supply chain 

designs within the current supply chain network. A supply chain design consists of a selected 

group of suppliers and an assembly location. The choice for an assembly location is a choice most 

large companies in Western Europe have to make: produce in-house in Western Europe or 

outsource production to the Far East.  Each supply chain design has a different cost structure: 

different variable costs per unit, different fixed costs per year, different non-recurring costs and 

different missed margins due to lost sales.  

 

The conducted literature review reveals that the literature is rich in terms of presenting the 

possible benefits, risks, and strategic issues to outsourcing. However, when it comes to offering 

tools and guidelines in terms of decision support, the literature is lacking and needs additional 

work. Also, Cohen and Huchzermeier (1999) conclude the following about real options in supply 

chain management: ‘For example, newly available market information, such as real prices or 

actual customer demand, can be utilized to rebalance the firm’s production schedule at plants and 

its product flows to market regions. This type of option has not been considered in the literature 

to date’. Additionally, empirical research on the validity of the various frameworks is needed. To 

the best knowledge of this author, Smith (2002) is the only practical application of real options 

analysis applied in a supply chain context using a quantitative model. Therefore, based on this 

literature review and the analysis of the supply chain of the CEM, the following research question 

is defined: 

 

Can real options analysis contribute to better decision making in a supply chain network model 

of a low-volume high-mix manufacturer by valuing the switching options between the alternative 

supply chain designs under stochastic demand and exchange rates? 

 

The model 

 
We develop a model in which the multiple supply chain designs are compared using both a static 

strategy and a dynamic strategy. The static strategy is to decide beforehand which supply chain 
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design has the lowest costs, based on the assumption that the demand during the product life 

cycle and the exchange rates are constant. Under this strategy, the values of the different supply 

chain designs are calculated using Net Present Value analysis. However, in the real world, these 

variables are stochastic, as the company is faced with large demand uncertainty when a new 

product is introduced and with large exchange rate fluctuations. This implies that the 

attractiveness of a particular supply chain design can change when these input variables change 

over time. Under the dynamic strategy, these uncertainties are taken into account, and the 

possibility to switch between supply chains during the product life cycle according to newly 

acquired information is present. These switching options are valued using real options analysis. 

 

Valuing real options 
 

We use a Monte Carlo simulation technique to value the complex switching options. Monte Carlo 

simulation readily accommodates multiple uncertainties and can incorporate the various 

operational aspects such as a time lag in exercising, stochastic exercise price and changing 

volatility. A procedure is proposed to value the options under a risk-neutral framework, which 

includes a risk-adjusted drift for the demand process. The values of the European switching 

options are compared with the values of the American switching options. European switching 

options have a predetermined exercise date, while American options can be exercised 

continuously. Standard Monte Carlo simulation models, with their forward induction approach, 

have traditionally been considered inappropriate for valuing American-type options. However, in 

the last decades, there have been several efforts to extend Monte Carlo simulation techniques for 

solving American-type options (Broadie and Glasserman, 1997 and Longstaff and Schwartz, 

1998). In this study, a modified version of the algorithm developed by Broadie and Glasserman is 

used to value the American switching options. 

 

Supply chain designs under consideration 
 

In the analysis of the supply chain network of the CEM, three feasible supply chain designs have 

been identified, which are shown in the following Figure. Each supply chain design can have 

options to switch to another supply chain design. In this study, the cost differences between the 

supply chain designs are calculated and the options to switch between the supply chain designs 

are valued. 
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Results 

 

The first result is that the cost differences between in-house assembly in Western Europe (Supply 

chain design 2) and the outsourced assembly in the Far East (Supply chain design 3) are much 

lower than previously estimated by the company (5% savings, while 10-30% savings were 

expected by higher management). The main reason for this is that, while the savings on labor are 

large, the impact of the purchasing power of the contract manufacturer on the material value is 

low. Additionally, the contract manufacturer adds profit margin on the material value of the 

assembled machine. Finally, outbound logistic costs increase due to the fact that for most 

machines, the market is largely located in Europe. These cost differences are in line with the 

research of Berggren and Bengtsson (2004) in which they compared the different strategies for 

production and outsourcing employed by Nokia (majority manufacturing in-house) and Ericsson 

(radical outsourcing manufacturing) for the production of radio base stations.  

 

The second result is that for small series (<4000 machines product life cycle demand) ‘W-Europe 

soft tooled’ is the best supply chain design, irrespective of whether lost sales are taken into 

account. This is due to the fact that this supply chain design has the lowest non-recurring costs 

(lowest investment in tooling and the lowest industrialization costs). 

 

The third result is that starting assembly in W-Europe is always the best strategy when 

incorporating lost sales and the possibility to switch. However, the assumption of lost sales 

depends on several factors, such as whether parts are on the critical path and whether customers 

are willing to wait or a new machine. When not incorporating lost sales, starting with assembly in 

W-Europe using soft tooled parts can increase the total costs with a maximum of 2%.There are 

several opportunities present to reduce the switching costs by reducing the second learning curve. 

 

The fourth result is that the added value of real options analysis compared to Net Present Value 

analysis is relative small when analyzing the switching strategy. The added value of real options 

analysis is largest when the Net Present Value of the switching decision is approximately zero. 

Authors argue that the most companies do not use real options because managers don’t know or 

understand them well or the required modeling assumptions are violated in practice. However, 

this research indicates that the fact that real options analysis cannot always improve decision 

making may also be a major reason for the lack of practical applications. 

  

Furthermore, the sensitivity analysis showed that, due to small differences between the costs of 

the alternative supply chain designs, the optimal decisions as calculated by the model are highly 

sensitive to several input parameters including labor hours per machine, the demand per region, 

technological complexity and time-to-market. The analysis is even more complicated because 

parameters such as lost sales, industrialization costs resulting from the technological complexity 

and the demand per region are difficult to estimate beforehand. Therefore, it is recommended to 

the CEM to improve the measurement of these input variables in order to enable better decision 

making.  

 

Finally, this study showed that the competitiveness of manufacturing complex equipment in 

Western Europe can be improved by an improved competiveness of sheet metal and plastic 

suppliers. The largest part of the purchased value in a machine is always purchased from 

suppliers that are best of global (and therefore independent of manufacturing location) because 

the logistic costs of these relative small and expensive parts are low compared to the value. 

However, the logistic costs of sheet metal and plastic parts are, due to the low value compared to 

the size and weight, relative high. Therefore, a more competitive local-to-local supply base of 

these parts would be an advantage for manufacturers located in Western Europe.  
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“I often say that when you can measure what you are speaking about, and express it in 

numbers, you know something about it; but when you cannot measure it, when you 

cannot express it in numbers, your knowledge is of a very meager and unsatisfactory 

kind.” 

 

William Thomson, Baron Kelvin, 1824-1907 
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1. Introduction 
 

This thesis deals with deciding between different supply chain designs for complex products with 

limited product life cycles, where parts of the supply chain can be outsourced to a contract 

manufacturer in the Far East. The decision to do so will have a large impact on the company and 

can affect many departments within the organization. Analyses for this type of supply chain 

decisions are usually done using Net Present Value, possibly including sensitivity analysis. In this 

thesis I propose a way to include the value of flexibility to switch between different supply chain 

designs during the product life cycle in the decision making process. In order to value this 

flexibility, real options analysis is used. When the value of flexibility is large enough, this 

analysis can change the decision for the initial supply chain compared to the decision when only 

Net Present Value analysis is used. 
 

1.1. Introduction and motivation 
 

During the last decades, supply chain management has been growing in importance. 

Globalization, outsourcing, increased volatility of market demand and decreased product life 

cycles contributed to the relevance of supply chain management.  Supply chain management 

deals with the integration of business processes from end customer through original suppliers that 

provide products, services, and information that add value for customers (Cooper et al., 1997).  It 

is a very broad area and has been studied by different disciplines. In general, supply chain 

management problems can be divided into three categories (De Kok and Graves, 2003): 

 

• Supply chain design, which deals with long-term strategic decisions, such as the decision 

on the production location, whether to outsource, and the distribution channels. 

• Supply chain coordination, which deals with medium-term decisions on the contract 

design, information sharing, and collaboration between supply chain partners. 

• Supply chain operations, which deals with short-term decisions with respect to matching 

demand and supply. The focus is on releasing and allocating materials and resources 

within the supply chain to meet customer demands. 

 

This thesis focuses on the design of supply chains, and specifically, on the valuation of flexibility 

within these supply chains. If the future were predictable, it would be relatively straightforward to 

design a supply chain that was optimized for that particular future. In reality, however, the future 

is uncertain. Increased globalization, outsourcing, volatility of market demand, technical 

complexity of new products and decreased product life cycles all contribute to more uncertainty. 

These uncertainties present significant challenges for many aspects of an operation.  Therefore, a 

well-designed supply chain must be flexible and fully capable of adapting to a wide range of 

potential futures. Recently, academics have started to study the value of operational flexibility 

within supply chain designs. Cohen and Huchzermeier (1999) defined operational flexibility as a 

firm’s ability to anticipate and respond to changes in market conditions by means of the firm’s 

operations.  One strategy has been to increase the flexibility of the operation, by for example 

having the possibility to switch between suppliers and between production facilities. Real options 

analysis can be used to value this flexibility to respond to uncertainties. Real options analysis will 

be explained in more detail in Section 1.2. 

 

While real options analysis seems to be a promising research area and has been successfully 

applied in for example the energy sector, the use of real options analysis in supply chain 
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management seems to be rather limited. Block (2007) has surveyed the Fortune 1000 companies 

on the use of real options. From 279 responses, he finds that only 40 (14%) of the companies use 

real options in their capital budgeting process. In Appendix A, the results are split up into 

different industries. Only 5% of the respondents in the manufacturing industry use real options as 

an analytical tool for capital budgeting. One may wonder why this percentage is rather low if real 

options analysis can improve decision making by valuating operational flexibility. 

 

Managers from several large (Dutch) companies (Real Options Round-table 16-09-2010, 

European Decision Professionals Network 
1
) indicate that there is a clear need for success stories 

of applying real options analysis in supply chain management. The challenge presented in this 

thesis is to provide such a story by developing and applying a model using real options analysis in 

order to improve the design of global supply chains. The company chosen for the case study 

develops and assembles complex equipment in series ranging from a few hundred to tens of 

thousands during the product life cycle. For each new product introduction, the company has to 

decide whether to start assembly in-house in Western Europe or to outsource the assembly to the 

Far East. Next to the choice for the manufacturing location, the location and type of the suppliers 

used to provide the parts has to be chosen. Stochastic exchange rates and changes in demand can 

change the attractiveness of the chosen supply chain design. As both uncertainty (demand and 

exchange rates) and flexibility (switch suppliers and/or transfer assembly) are present, this is an 

interesting case for real options analysis. 

 

1.2. Real options analysis  
 

The term ‘real option’ is relatively new, and was introduced by Professor Stewart Myers at the 

MIT Sloan School of Management in 1977. The real options approach has its origin in the 

financial options world.  There are two basic types of financial options. A call option gives the 

holder of the option the right (but not the obligation) to buy an asset by a certain date at a certain 

price. A put option gives the holder the right to sell an asset by a certain date at a certain price. 

The date specified in the contract is known as the expiration date or the maturity date. The price 

specified in the contract is known as the exercise price or the strike price. Options can be either 

American or European, a distinction that has nothing to do with geographical location. European 

options can be exercised only on the expiration date itself, while American options can be 

exercised continuously from the moment they are bought till the expiration date. Most of the 

financial options that are traded on the exchanges are American. However, European options are 

generally easier to analyze than American options, and some of the properties of an American 

option are frequently deduced from those of its European counterpart (Hull, 2009). 

Damodaran (2005) describes by which variables, relating to the underlying asset and financial 

markets, the value of an option is determined. These variables and their summarized descriptions 

are presented in Table 1.1. For example, an important determinant of the value of an option is the 

volatility of the underlying asset; when volatility increases, the option value also increases.  
 

                                                 
1 ‘Real Options Analysis - How is this applied in real world applications? Invitation to a Round-table discussion among Decision 

Analysis Professionals’. Participants from ASML, CQM, TUE, DSM, Ortec, Essent and Shell 
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Table 1.1 Inputs for valuing financial options 

 

Inputs for valuing financial 

options 

 

Current value  

of the underlying asset 

Options are assets that derive value from an underlying asset. Consequently, 

changes in the value of the underlying asset affect the value of the options on that 

asset. Since calls provide the right to buy the underlying asset at a fixed price, an 

increase in the value of the asset will increase the value of the calls. 

Puts, on the other hand, become less valuable as the value of the asset increases. 

Volatility in value  

of the underlying asset 

The buyer of an option acquires the right to buy or sell the underlying asset at a 

fixed price. The higher the variance in the value of the underlying asset, the greater 

the value of the option. This is true for both calls and puts. While it may seem 

counter-intuitive that an increase in a risk measure (variance) should increase 

value, options are different from other securities since buyers of options can never 

lose more than the price they pay for them; in fact, they have the potential to earn 

significant returns from large price movements. 

 

Dividends paid  

on the underlying asset 

The value of the underlying asset can be expected to decrease if dividend payments 

are made on the asset during the life of the option. Consequently, the value of a 

call on the asset is a decreasing function of the size of expected dividend 

payments, and the value of a put is an increasing function of expected dividend 

payments. For example, once a call option is in the money, i.e., the holder of the 

option will make a gross payoff by exercising the option, exercising the call option 

will provide the holder with the stock, and entitle him or her to the dividends on 

the stock in subsequent periods. Failing to exercise the option will mean that these 

dividends are foregone. 

 

Exercise price of option In the case of calls, where the holder acquires the right to buy at a fixed price, the 

value of the call will decline as the strike price increases. In the case of puts, where 

the holder has the right to sell at a fixed price, the value will increase as the strike 

price increases 

 

Time to expiration  

on option 

Both calls and puts become more valuable as the time to expiration increases. This 

is because the longer time to expiration the more time is provided for the value of 

the underlying asset to move, increasing the value of both types of options. 

Additionally, in the case of a call, where the buyer has to pay a fixed price at 

expiration, the present value of this fixed price decreases as the life of the option 

increases, increasing the value of the call. 

 

Risk-free interest rate Since the buyer of an option pays the price of the option upfront, an opportunity 

cost is involved. This cost will depend upon the level of interest rates and the time 

to expiration on the option. The riskless interest rate also enters into the valuation 

of options when the present value of the exercise price is calculated, since the 

exercise price does not have to be paid (received) until expiration on calls (puts). 

Increases in the interest rate will increase the value of calls and reduce the value of 

puts.  

 

 
The major difference between financial options and real options is that the underlying asset for a 

financial option is a security such as a share of common stock or a bond, while the underlying 

asset for a real option can be an intangible asset, for example, a project. The fact that financial 

options are written on traded securities makes it much easier to estimate their parameters 

(Copeland and Antikarov, 2003). The security price is usually observable, and we can estimate 

the variance of its rate of return either from historical data or by calculating the forward-looking 

implied variance from other options on the same security. With real options, the underlying risky 

asset is usually not a traded asset and therefore, the volatility of the underlying asset has to be 

estimated. 

 



 

4 

An important question is when the use of real options is likely to improve the decisions made 

using static Net Present Value analysis? Real options have the greatest value when three factors 

come together (Copeland and Antikarov, 2003). First, when there is high uncertainty in the 

outcomes of the project, and, second, managers have flexibility to respond to it, real options 

analysis becomes important. The third and decisive factor is the difference in Net Present Values 

between the various scenarios. The value of real options analysis is large when the difference in 

Net Present Values between these scenarios is close to zero. It is in making these decisions that 

the additional value of flexibility can make a big difference.  

 

 
Figure 1.1 When managerial flexibility is valuable (Copeland and Antikarov, 2003) 

 

 

The main difference between Net Present Value analysis and real option analysis is that the 

traditional net present value analysis assumes a single static decision, while real options analysis 

assumes a dynamic series of decisions where management has the flexibility to adapt, given a 

change in the business environment (Copeland and Antikarov, 2001). 

 

1.3. Literature review 

 
The literature on real options in supply chain management is rather recent. One of the first 

influential papers on this topic is by Kogut and Kulatilaka (1994). They developed a stochastic 

dynamic programming formulation to determine the value of production switching between two 

locations. A Markov chain model is developed for a mean-reverting exchange rate process which 

determines the option value of maintaining two manufacturing locations with excess capacity 

over the single-country base case. However, this model becomes intractable for more than one 

exchange rate process or two production location decisions (Huchzermeier and Cohen, 1996). 

The work of Huchzermeier and Cohen (1996) is the most influential from a modeling perspective 

(Ding, Dong and Kouvelis, 2007). They developed a stochastic dynamic programming 

formulation for the valuation of global supply chain network options with switching costs. A 

numerical evaluation scheme (a multinomial approximation of correlated exchange processes) is 

proposed for the valuation of a global supply chain network for a discrete set of alternative 

network options with costly switching between them. Their numerical results demonstrate the 

benefits of operational hedging practices via excess capacity and production switching options in 

environments of volatile exchange rates. 

 

In the global sourcing problem as described by Kouvelis (1999), the firm has the real option to 

switch among alternative suppliers as the exchange rates change over time. The key insight of his 
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research is that firms are willing to continue to source from suppliers that are more expensive 

than others because of switchover costs and because of the option to switch between suppliers. 

The switch over cost induces a zone of inaction, also called the “hysteris band”, where the 

optimal decision for firms sourcing from one supplier is to continue sourcing from the same 

supplier. It has been shown that the hysteris band increases with increase in the switchover costs 

and the volatility of the exchange rate process between the two countries, while an increase in the 

risk-free rate or a decrease in the “rate of return shortfall” will cause the hysteris band to shrink 

(McDonald and Siegel, 1985). 

 

Operational hedging and financial hedging are not substitutes. While it is essential for the firm to 

hedge financially in the short run to avoid catastrophic shocks of exchange rates, in the long run 

these strategies can be advantageously complemented by operationally hedging through a global 

supplier portfolio (Kouvelis, 1999). Cohen and Huchzermeier (1999) observe that firms are 

willing to buy insurance against financial risk. However, rarely do they invest in slack capacity or 

excess inventory to mitigate against operational risk. Analysis of the costs and benefits of such 

risk reduction strategies, through the joint coordination of operational and financial risks, is 

defined as an important area for future research. Few of the current models, for example, 

incorporate the underlying complexity of a global supply chain network or account for 

international market dynamics, i.e., real price/exchange rate risk, demand risk, lead time risk and 

service requirements. Cohen and Huchzermeier also demonstrate how the Harvard case study 

Applichem can be revisited to show that the firm can derive option value from the operational 

flexibility of excess capacity within its global manufacturing and distribution logistics network. 

This contradicts the original main message of the case that less capacity enhances the firm’s 

global profitability. 

 

Smith (2002) demonstrates for the first time in a real-life setting that a realistic amount of real 

options flexibility in a supply chain network yields financial benefits that outweigh the costs of 

embedding operational and managerial flexibility in the supply chain. The author quantifies the 

value of real options in the global automotive industry using an existing, operational supply chain 

specifically designed to support world car vehicle platform production. A world car is a vehicle 

that is designed for sale in multiple (and often emerging or developing) markets around the world 

with the objective of achieving economies of scale. Financial results from the world car supply 

chain form the base scenario, against which supply chain strategies incorporating increasing 

amounts of real options flexibility stemming from additional second tier suppliers and first tier 

manufacturing capacity are compared. The strategies are quantified using a large-scale, mixed-

integer global network optimization tool, which captures and explicitly deals with the special 

considerations and extensive complexity and features of multi-national, multi-currency, multi-

site, multi-tier, multi-company supply chains operating under foreign exchange risk. The work of 

Smith is especially interesting, because it is the only large practical application of real options 

methodology to a supply chain network. It would be interesting to see whether his model is also 

actually applied to design the supply chain to incorporate more flexibility in sourcing, production 

and distribution logistics. 

 

Nemhard et al. (2003) studied the option value of being able to switch between the states of 

producing or outsourcing an item using a Monte Carlo simulation. In this study, switching 

between in-house production and outsourcing was assumed to be costless. Introduction of 

switching costs makes the problem more complex, and the solution requires the application of 

dynamic programming. Nembhard et al (2005) formulates a more realistic switching problem 

within a supply chain network by taking into account both switching costs and a time lag prior to 

implementation of the option. For example, when the company wants to switch the supplier, all 

raw materials from the new supplier cannot be received instantly and when a switch is desired for 
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the production plants, the required amount of production in the new plant cannot be completed 

instantly. In order to model the exchange rate movements and value the options, the authors 

consider both multinomial lattice and Monte Carlo simulation procedures. The Monte Carlo 

simulation estimates of the option values are close to the lattice estimates (differences range from 

0.11% to 2.17% for the several options). The authors also noticed that when there is a time lag, 

the option value is smaller than in the case of immediate implementation. Nembhard (2009) has 

developed a model for real options in outsourcing, incorporating methods developed by 

Nembhard et al. (2005). She investigates optimal decision making and value of outsourcing 

flexibility considering volatile currency exchange rates between client and vendor countries. 

Implications of decision implementation time lag on real options valuation are also considered. It 

parallels Kouvelis (1999) which develops a general framework for evaluating the total expected 

cost of outsourcing from a global network of suppliers when the purchasing firm faces uncertain 

exchange rates (Nembhard et al., 2009) 

 

Kremic, Tukel and Rom (2006) analyzed a comprehensive list of recent outsourcing studies. 

Their general observation based on this analysis is that literature is rich in terms of presenting the 

possible benefits, risks, and strategic issues to outsourcing. However, when it comes to offering 

tools and guidelines in terms of decision support, the literature is lacking and needs additional 

work. Also, Cohen and Huchzermeier (1999) conclude the following: ‘For example, newly 

available market information, such as real prices or actual customer demand, can be utilized to 

rebalance the firm’s production schedule at plants and its product flows to market regions. This 

type of option has not been considered in the literature to date’. Additionally, empirical research 

on the validity of the various frameworks is needed. To the best knowledge of this author, Smith 

(2002) is the only practical application of real options analysis applied in a supply chain context 

using a quantitative model. 
 

 

1.4. Research question 
 

Based on the literature review and the analysis of the supply chain of the Complex Equipment 

Manufacturer, the following research question has been defined: 

 

Can real options analysis contribute to better decision making in a global supply chain network 

model of a low-volume high-mix manufacturer by valuing the switching options between the 

alternative supply chain designs under stochastic demand and exchange rates? 
 

 



 

7 

2. Model formulation 
 

2.1. Introduction of the dynamic supply chain design 

 
In this section, the model developed to value flexibility in a supply chain network will be 

formulated.  The supply chain network model under consideration consists of suppliers, assembly 

locations, and markets in different countries. Parts flow from the suppliers to the assembly 

locations. In these assembly locations, the received parts are used to assemble finished machines. 

These machines are then transferred to the market regions in different countries. Although these 

flows in the supply chain are quite straightforward, there are multiple possibilities to combine 

suppliers and assembly locations in a supply chain design. In order to capture the variety of these 

possibilities, the firm defines a set consisting of several supply chain designs SCDn. Each supply 

chain design defines which suppliers group s and assembly location a of the supply chain network 

will be used to produce machines. In addition, each supply chain design can have options to 

switch to another supply chain design, by changing the supplier group, by changing the assembly 

location, or by doing both, at a certain transfer cost.  

 

The total cost of a supply chain design is calculated using four costs categories: the variable 

landed costs, the fixed costs per year, the non-recurring costs and the missed gross margin due to 

lost sales. Non-recurring costs consist of industrialization costs and tooling costs. 

Industrialization is the process of preparing products for production (including necessary design 

modifications), ramp-up of production from prototype fabrication and try-out series to full 

industrial scale, and the design and fine-tuning of the supply chain from order to delivery and 

customer hand-over (Berggren and Bengtsson, 2004). Investment in tooling can consist of 

assembly tooling and of part tooling. Assembly tooling (for example test equipment) is used to 

support the assembly line. Part tooling is used to produce for example plastic or sheet metal parts.  

 

In this model, different supply chain designs are compared using both a static strategy and a 

dynamic strategy. The static strategy is to decide beforehand which supply chain design has the 

lowest costs, based on the assumption that the demand during the product life cycle and the 

exchange rates are constant. Under this strategy, the values of the different supply chain designs 

are calculated using Net Present value analysis. However, in the real world, both demand and 

exchange rates are stochastic. This implies that the attractiveness of a particular supply chain 

design can change when these input variables change over time. Under the dynamic strategy, 

these uncertainties are taken into account, and the possibility to switch during the product life 

cycle between supply chains according to newly acquired information is present. These options 

are valued using real options analysis. The switching options are characterized using input 

parameters for simple financial options; however, the valuation of the switching options is more 

complicated than the valuation of financial options. The valuation of the switching options should 

take operational aspects into account, such as a time lag in exercising, stochastic exercise price 

and changing volatility. These additional difficulties are discussed in Chapter 3. The resulting 

objective of the firm using a dynamic strategy is to (i) choose the initial supply chain design with 

the highest value (including option values) and to (ii) exercise the available options according to 

changes in the forecast for the demand during the product life cycle and changes in currency 

exchanges. This two-stage model is presented schematically in Figure 2.1. The choice for the 

initial supply chain design is made at k months before the start of the assembly. When the 

assembly is started, available options can be exercised at any time until the life cycle of the 
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product ends at time T
p
. The present values are calculated for time t = 0 and are denoted in the 

presentation currency, which is the currency in which the financial statements are presented. The 

demand during the product life cycle is assumed to be equally divided across the months in the 

product life cycle.  

 

 
Figure 2.1 An overview of the two stage model. The sales lifecycle consists of Tp months 

 
The formal comparison of static and dynamic supply chain designs is presented in Section 2.2. 

For determining the Net Present Value of a supply chain design and valuing the switching 

options, several parameters need to be determined upfront. These input parameters will be 

discussed in Section 2.3. In Section 2.4, the calculation of the Net Present Values of the initial 

supply chain designs is presented. Finally, the switching options are formulated in Section 2.5.  

 

2.2. Choosing between supply chain strategies 
 

In this model, the value of static strategies, which are valued using Net Present Value, are being 

compared with the value of dynamic strategies, which are valued using a combination of Net 

Present Value and real options analysis. The added value of real options analysis can be 

determined by comparing the value of the dynamic strategy with the value of the best static 

strategy. The first (static) strategy (I) is to stick to the initial supply chain design. The second 

(static) strategy (II) is to determine at the initial decision moment (k months before start 

assembly) which switch will be made at which moment. As only one switch is allowed during the 

product life cycle, the switch between the supply chain designs with the largest value is selected. 

The third (dynamic) strategy (III) is to view the switch as an option, which can be exercised 

according to future opportunities.  

 



 

9 

 

 

I: Value static supply chain design = Net present value initial supply chain design 

 

)()( nn SCDNPVSCDV = (I)                                                                                                               (2.1) 

 

 

II: Value static supply chain design = Net present value initial supply chain design 

+ Net present value static switching decision                                                                           
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                                                    (2.2) 

 

 

III: Value dynamic supply chain design = Net present value initial supply chain design 

+ value options 

 

( )( )ji
nmm

nn SDCSCDOSCDNPVSCDV ,max)()(
, ≠

+=                                                                 (2.3) 

 

 

In these formulas, ( )mn SDCSCDNPV ,  is the Net Present Value of the predetermined switching 

choice between supply chain design n and supply chain design m and ( )mn SDCSCDO ,  is the 

option valuation of the switching choice between supply chain design n and supply chain design 

m. When using American option valuation, this is the calculated option value for switching 

between the supply chain designs. When using European option valuation, this is the option value 

for the optimal predetermined switching moment 
ST . The difference between European and 

American options will be further discussed in Section 3.4. The Net Present Value of the switching 

decision can never be less than zero, because when expecting beforehand that switching means 

losing money, the decision will be made to never switch. 

 

The expected value of strategy (II) is always at least as high as the value of strategy (I), because 

strategy (II) has only more upside potential by allowing switching. Therefore, we can compare 

the value of the dynamic strategy (III) with the value of the static strategy (II). The added value 

of the real option analysis is then computed as follows:  

 

( )( ) ( )( )+

≠≠
− mn

nmm
mn

nmm
SDCSCDNPVSDCSCDO ,max,max

,,
      (2.4) 

  

This added value should be large enough to start considering the new dynamic strategy of real 

option thinking, taking into account the additional difficulties of a dynamic strategy.  

 

 

2.3. Input parameters  
 

The parameters used throughout this report are presented in Table 2.1. Costs that are expensed in 

multiple currencies are denoted as a vector, with as many elements as the currency vector et 

contains. For example, the vector 
m

sc , which is  the value of purchased materials for one machine 

using supplier group s, could look like the following, denoted respectively in the currencies euro, 

dollar, ringgit and yen 
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This means that material value for one machine purchased from supplier group s is 100 Euro, 150 

Dollar, 60 Ringgit and 120 Yen. The vector of exchange rates et could then look like the 

following: 

: 



















=

0.0089

0.2321

0.7176

1

te  

 

The exchange rates are the exchange rates between the currency of the foreign country and the 

presentation currency, which is in this case the Euro. This means that 1 Dollar is converted to 

0.7176 Euro, 1 Ringgit is converted to 0.2321 Euro and 1 Yen is converted to 0.0089 Euro. 

Multiplication of the transposed exchange rate vector with the material value vector,
m

s

T

t ce ⋅ , 

results in the value of the purchased materials denoted in the presentation currency, which is, 

using the vectors in the example above, € 222.  

The values in the matrices for the switching options that are considered initially as not feasible 

are intentionally left blank. 

 
Table 2.1 Input parameters used in the supply chain network model  
Parameter Description 

Variable costs 

m

sc  
Vector purchased material value using supplier group s 

il

asc ,  
Matrix of variable inbound logistics costs from supplier group s to assembly     

location a 

A

ac  
Vector of variable assembly costs using assembly location a 

ol

masc ,,
 

Matrix of variable outbound logistics costs from assembly location a to market    

region m with the cost of capital calculated over the manufacturing cost price using   

supplier group s and assembly location a 

D

mp  
Percentage of total demand in market region m 

Fixed costs 

Ca Fixed costs per year for using assembly location a 

Non-recurring costs 

asI ,  
Matrix of the industrialization costs for the supply chain with supplier group s   

and assembly location a 

A

taaI ,2,1  
Matrix of the industrialization costs for switching between assembly location a1  

and assembly location a2 at time t (dependent on time due to learning curve  

effects) 

P

tssI ,2,1  
Matrix of industrialization costs for switching between supplier group s1 to  

supplier group s2 at time t (dependent on time due to learning curve effects) 
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asT ,  
Matrix of part tooling investment for the supply chain with supplier group s and  

assembly location a 

A

aaT 2,1   
Matrix of assembly tooling investment for switching between assembly location  

a1 and assembly location a2 

P

ssT 2,1  
Matrix of part tooling investment for switching between supplier group s1 and  

supplier group s2 

Lost sales 

asd ,  Time-to-market delay in months for the initial supply chain design with supplier  

group s and assembly location a 

Lp  
Percentage lost sales when delaying market introduction 

P Sum of average sales price and the present value of the margins on  

complementary products (in euro) 

Option valuation 

k Number of months between initial decision making moment and the planned  

start of the assembly 

D

tσ  
Volatility of demand forecast during product life cycle in month t 

hg ,ρ  Correlation between the exchange rates g and h 

mnl ,   Implementation time for switching from supply chain design n to supply   

chain design m 

mD,β  Relation of the required risk premium on demand uncertainty and the excess  

return of the market over the risk-free rate   (=
D

m

mD σ
σ

ρ , ) 

pm  Equity market risk premium (excess return of the market over the risk-free rate) 

rf Risk free interest rate 

Other 

Tp Duration of product life cycle, in months 

Dt Forecast of the total demand during the product life cycle at time t 

et Vector of exchange rates between the currencies of foreign countries and the   

presentation currency at time t 

W Weighted average cost of capital per year 

 

 

2.4. Net present value analysis supply chain designs 

 
Net present value analysis is used to value supply chain designs assuming that future cash flows 

are predictable, i.e. forward exchange rates and demand forecasts turn into actual exchange rates 

and actual demand. We are interested in the present values of the costs Vt at time t = 0, the 

moment when the assembly starts, hence, everywhere in the following, it will be denoted simply 

as the value V. Throughout the whole report, time t is denoted in months. We define the Net 

Present Value of the total costs using supply chain design n as follows:  
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Where the variable costs per unit, asc , , is the sum of the different variable costs as presented in 

Table 2.1: 

∑
=

⋅+++=
z

m

D

m

ol
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A

a

il

as

m

sas pccccc
1

,,,,         (2.6) 

         

The subscripts s and a denote the group of suppliers and the assembly location included in the 

supply chain design n, respectively, and z is the number of market regions. The derivation of 

Equation (2.5) is shown in Appendix B. 

 

2.5. Switching options 
 

In this section, the formulation of the available switching options will be discussed and the 

modeling of the stochastic variables demand and exchange rate will be elaborated on. Thereafter, 

the analogy between the switching options and the financial options is presented. Finally, the 

generic payoff function of the switching options will be discussed. The valuation of the 

formulated switching options will be regarded in the next chapter. 

 

2.5.1 Uncertainty modeling 

 

Performing a real option valuation requires a projection of the stochastic process followed by the 

underlying asset. For stock options, the underlying asset, S, is the stock price. In this model, the 

underlying asset is composed of a combination of the life cycle demand forecast and the 

exchange rates between the presentation currency and the currencies of foreign countries.  The 

geometric Brownian motion (GBM) process is used to model both the demand process and the 

currency exchange rates. The discrete-time version of this process is (Hull, 2009): 

 

tStSS ∆+∆=∆ εσµ          (2.7) 

 

In this formula S∆  is the change in the value of the variable, S, in time interval t∆ , and ε  has a 

standard normal distribution. The parameter µ  is the expected drift per unit of time and the 

parameter σ  is the volatility of the variable. It is generally accepted to model currency exchange 

rates as geometric Brownian motion (Huchzermeier and Cohen, 1996; Nembhard, 2005). This 

process is also frequently applied to stocks and commodities. When using GBM to model for 

example stock prices, it is assumed that past price information is already incorporated in the 

current price, which is generally seen as a valid assumption (Efficient Market Hypothesis). 

Changes in forecasts for the demand during the product life cycle are also assumed to be 

unpredictable and based on for example, renewed insights, early sales indicators and actual sales. 

In case there would be autocorrelation in the changes in demand forecasts, the forecasting 

procedures would be failing, because not all relevant information has been incorporated in the 

previous demand forecast. Another attractive property of the GBM distribution process is that 

negative values are not possible, which is of course also applicable for the demand forecast.  

 

Standard GBM models assume constant volatility. However, life cycle demand uncertainty is 

resolvable, which means that postponing a decision will reduce and eventually (at the end of the 

product life cycle) diminish the volatility regarding the forecast of the total demand during the 
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product life cycle. Therefore, the volatility of the distribution is dependent on time. In contrast, 

the currency exchange rate uncertainties are irresolvable, which means that the uncertainty will 

always persist because it is subject to an ongoing random process (Weck, Eckert and Clarkson, 

2007). Therefore, it is reasonable to assume that the exchange rate volatilities are constant. 

 

Exchange rates can exhibit intercountry correlation. To model the correlated exchange rates as 

geometric Brownian motions, the procedure of Hull (2009) is used. In this procedure, the samples 

from the standard normal distribution,ε , are correlated. Independent samples 1x and 2x from a 

univariate standardized normal distribution are obtained using standard procedures. The required 

correlated samples 1ε  and 2ε  are then calculated as follows: 

11 x=ε            (2.8) 

2

212 1 ρρε −+= xx          (2.9) 

 

where ρ  is the coefficient of correlation between the exchange rates. 

 

The situation can be more generalized when we require n correlated samples from normal 

distributions. The procedure to compute these correlated samples is known as the Cholesky 

decomposition. When using more than 2 exchange rate uncertainties in the model, one has to 

make sure that the no-arbitrage principle holds. 

 

2.5.2. The analogy between the switching options and stock options 

 
The switching options between supply chain designs are modeled as call options, which means 

that the owner of the option has the right, but not the obligation, to receive the underlying 

(stochastic) asset for an exercise price. The input parameters of financial stock options, as 

presented in the introduction section 2.1, are used to model the switching options. The underlying 

asset in our model is the present value of savings that can be achieved by switching from the 

initial supply chain design to a new supply chain design. To discount the savings, the rate to be 

used is a ‘risk-adjusted rate’ of the project, which is the company weighted average cost of capital 

if the project has the same risk as the existing business (Amico et al., 2003). The exercise price is 

the sum of the (stochastic) transfer costs, consisting of industrialization costs and tooling 

investment. The exercise costs (denoted in the presentation currency) are also stochastic because 

they are dependent on the actual currency exchange rates at the moment of transfer and the 

learning curve effects, which also depend on the moment the transfer is initiated. An overview of 

the analogy between the switching options and financial call options is presented in Table 2.2. 

However, the analogy is not a simple mapping: real options tend to be much more complicated 

than financial options. For example, the time lag ln,m in implementation of the switching options is 

not incorporated in financial option pricing. The additional complications of real options are 

further discussed in the next chapter. 
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Table 2.2 Analogy between real options in supply chain and financial options 

 
Parameters financial options Corresponding parameters switching options 

S (current value underlying 

asset) 

Present value of savings due to switching between supply chain designs  

σ (volatility in value of the 

underlying asset) 

Combined volatility of demand uncertainty and exchange rate uncertainties, 

depends on time as changes volatility of demand forecast during life cycle are 

allowed in the model 

D (dividend) Loss of potential savings due to not switching between the supply chain designs   

K (exercise price) Costs of switching between the supply chain designs  

T (time to expiration) Number of months in product life cycle 

rf (risk free interest rate) Risk free interest rate 

 

2.5.3. Payoff function 

 
Using the input parameters as defined in Table 2.2, the payoff function of the switching options 

can be formulated. The payoff function of the option to switch in month T
s
 between supply chain 

design n and the supply chain design m, is dependent on the underlying value S and exercise 

value K. The payoff will be the greater of the savings achieved by switching minus the costs of 

the switch and zero: 
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where the subscripts s1 and a1 are the group of suppliers and assembly location included in the 

supply chain design n, and s2 and a2 are the group of suppliers and assembly location included in 

the supply chain design m. 

 

In this payoff function, the time lag effect is incorporated by the fact that the savings from 

switching are computed starting at time mnlt ,= , where mnl ,  is the implementation time for 

switching from supply chain design n to supply chain design m. The derivation of Equation (2.10) 

is shown in Appendix B. 
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3. Valuing real options 
 

In the more than 25 years since the term “real options” was coined by Stewart Myers, several 

approaches have been proposed for calculating the real option value. In this chapter, the valuation 

of formulated switching options will be discussed. As the valuation methods of real options 

originate from the valuation of financial options, the chapter will start with a short discussion of 

the various methods to value financial options. Thereafter, in Section 3.2, the differences between 

the real options as proposed in our model and simple (financial) options are presented. Not all 

valuation methods used to price financial options are equally suited to price real options, because 

of these deviations. Section 3.3, elaborates on how risk-neutral valuation can be used to value 

options dependent on assets that are not traded. In Section 3.4, the method used to valuate the 

formulated switching options using Monte Carlo simulation will be presented. 

 

3.1. Valuations methods originating from financial options 
 

In the early 1970s, Fischer Black, Myron Scholes and Robert Merton achieved a major 

breakthrough in the pricing of stock options (Black and Scholes, 1973). This involved the 

development of what has become known as the Black-Scholes model.  This model is widely used 

in the stock market, but can also be used to price real options in relatively straightforward 

investment opportunities.  Magrabe (1978) developed a Black–Scholes type analytical solution 

for the value of an option to exchange one risky asset (cash flow stream) for another. This is 

called an ‘exchange option’. In principle, Magrabe’s model is a suitable way to describe the 

formulated switching options, that is, the option to exchange one cost stream (supply chain design 

n) for another (supply chain design m). However, the major deficiencies of Magrabe’s model 

regarding the switching options are that it does not allow for assets paying dividends and for the 

possibility of early exercise (Johnstone, 2002). With dividends, no such analytic formulas exist 

(Trigeorgis, 1999). Other modifications of the standard Black-Scholes formula are also available, 

for example, when volatility or interest rates are known functions of time, volatility is stochastic, 

interest rates are stochastic, or dividends are paid. However, for many investment opportunities 

with non-standard features, the Black-Scholes option pricing formula, or a modified formula, is 

not sufficient. An alternative, which is more flexible, is to derive and solve an appropriate partial 

differential equation (PDE). However, when a project has more complex features, the modeling 

modifications required can lead to highly complex PDEs, or it may even be difficult to determine 

the PDEs that represent the underlying stochastic process. Besides that, it is imperative to 

understand the restrictive assumptions behind the model in order to be able to put the resulting 

valuation in proper perspective (Lander and Pinches, 1998).  Therefore, while widely used for 

valuing financial options, these continuous-time models (including the famous Black-Scholes 

model) are less useful in valuing real options. 

 

The binomial model, first introduced by Cox et al. (1979), represents the cash flows of a project 

as points on a lattice. This options pricing approach is widely used as it is able to handle a variety 

of conditions for which other models cannot easily be applied. This is largely because the 

binomial option pricing model models the underlying instrument over time - as opposed to at a 

particular point. For example, the model is used to value American options which can be 

exercised at any point in time and Bermudan options which can be exercised at various (discrete) 

points. A binomial lattice may be viewed as a probability tree with binary chance branches, with 

the unique feature that the outcome resulting from moving up u and then down d in value is the 

same as the outcome from moving down and then up. Thus, this probability tree is recombining, 
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since there are numerous paths to the same outcomes, which significantly reduces the number of 

nodes in the lattice (Cox et al., 1979). The tree can also be multinomial instead of binomial. This 

means that there are more than two paths for each node. For example, a trinomial tree is a tree 

where the asset can move up, mid or down. Many manufacturing system models contain multiple 

state variables. If there are more than two state variables in a problem, lattice techniques become 

difficult to apply. The structure of the lattice becomes too complex and the number of possible 

jumps at each node becomes too large (Nembhard et al, 2005). Changing volatility, a common 

case with real options, is problematic with a standard binomial lattice since the changing 

volatility means that the tree would not recombine. Without recombining, one builds a new tree 

from each node, which amplifies the memory and time needed to evaluate the tree. 

 

Monte Carlo simulation is a widely used technique for dealing with uncertainty in many aspects 

of business operations. It has been shown to be an accurate method of pricing options (Hull, 

2009). Simulation is particularly handy at coping with path dependencies, random volatilities, 

discrete-time jump diffusion processes, multiple uncertainties, firm-specific complexities and real 

option interactions, and therefore particularly suited for real options valuation. Many approaches 

have been proposed to use Monte Carlo simulation to value American options, including the 

famous methods developed by Broadie and Glasserman (1997) and Longstaff and Schwartz 

(2001). Nembhard et al. (2005) have used both a lattice approach and a simulation approach, 

based on Broadie and Glasserman, to value real options whose values depend on multiple sources 

of uncertainty. They consider options in a supply chain network with uncertain exchange rates, 

where costly switching decisions for the suppliers, production plants, and market regions require 

a time lag to be implemented. He finds that whereas the lattice approach does make a good 

approximation, a Monte Carlo simulation procedure can more easily incorporate a large number 

of variables into the valuation.  

 

 

3.2. Differences between switching options and financial 
options 

 

There are significant differences between switching options in a supply chain network and simple 

financial options. An important issue in applying real options to manufacturing enterprises is to 

incorporate the operational concerns of the decision making into the existing real options 

framework (Brach, 2003). The model developed in this study extends previous models by 

incorporating the following operational aspects: 

 

• Multiple uncertainties, possibly correlated. Both demand and exchange rates are 

modeled as stochastic variables. The possibility of correlation between the exchange rates 

is also incorporated. Simple option pricing assumes only one underlying uncertainty.  

 

• Uncertain payoff. The payoff of the switching option is uncertain at the time of exercise. 

The payoff of the option occurs during the remaining time in the product life cycle and is 

an expected value, as both demand during product life cycle and exchange rates are not 

fixed at the moment of exercise. However, the exchange rate uncertainty can be locked 

during the remaining time through forward or futures contracts. In simple option pricing, 

the holder of the option receives instantly the difference between the value of the 

underlying asset and the exercise price. 
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• Stochastic exercise price. The exercise prices of the switching options are dependent on 

the stochastic exchange rates, the design learning curve and the assembly learning curve. 

Simple option pricing assumes that the exercise price is a constant. 

 

• Changing volatility of the underlying asset. Constant volatility of demand uncertainty is 

often assumed by authors (Nembhard, 2003; Amico et al., 2003).  However, as a product 

goes through its life cycle, volatility can change. In our model, it is possible to 

incorporate changing volatility of the forecasted demand during the product life cycle. 

For example, demand uncertainty can be very high during the first few months of a new 

product introduction and reduces as the product become more mature. Simple option 

pricing assumes a constant volatility of the underlying asset. 

 

• Time lag in exercising. In manufacturing operations, changes in supply chain designs are 

implemented after the exercise decision with a time lag. For example, to transfer an 

assembly line, tooling needs to be bought or transferred, the assembly line needs to be 

designed and the quality level needs to be sufficient before the line can deliver machines. 

These actions take time, which causes the time lag after exercising. Simple options 

pricing assumes that the option is exercised instantly, as is the case for simple financial 

stock option. In most papers on applying real options, the common assumption is that real 

options can be implemented immediately as well (Nembhard et al. 2005). Nembhard et 

al. found that when there is a time lag, the option value is smaller than in case of 

immediate implementation.  In our model, the time-lag lowers the number of months over 

which the savings on costs due to switching can be obtained. Furthermore, when having 

no time lag, the value of the right not to exercise is longer preserved. 

 

 

3.3. Risk-neutral valuation 

3.3.1. Introduction  

 

Real options along with financial options can be valued under a risk-neutral framework. Risk-

neutral valuation is without doubt the single most important tool for the analysis of derivatives 

(Hull, 2009).  The risk-neutral valuation principle states that a derivative can be valued by (a) 

calculating the expected payoff on the assumption that the expected return from the underlying 

asset equals the risk-free interest rate and (b) discounting the expected payoff at the risk-free 

interest rate. The key to risk-neutral valuation is that the actual expected return, µ , is not needed 

to determine the value of a derivate on a traded asset (Black and Scholes, 1973). In a world where 

investors are risk neutral, the expected return on all investment assets is equal to the risk-free 

interest rate.  The reason is that risk-neutral investors do not require a risk premium to induce 

them to take risks.  If the valuation would involve the actual expected return on the underlying 

asset, the computed value would not be independent of risk preferences. This is because the 

expected return does depend on risk preferences: the higher the level of risk aversion by 

investors, the higher µ  will be for any given stock. The present value of any cash flow in a risk-

neutral world can be obtained by discounting its expected value at the risk-free rate. It is 

important to notice that the solutions obtained using risk-neutral valuations are valid in all worlds, 

not just those where investors are risk neutral. When we move from a risk-neutral world to a risk-

averse world, two things happen that always offset each other’s effects exactly: the expected 

growth rate in the stock price changes and the discount rate used for any payoffs from the 

derivative changes (Hull, 2009).  
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3.3.2. Risk-neutral process of currency exchange rates 

Risk-neutral valuation is relatively easy applicable to exchange rate currencies, as they are traded 

assets. When modeling the currency exchange rates as geometric Brownian motions, risk-neutral 

valuation can be applied by using r – rf   as an adjusted drift rate for the expectation of change in 

the exchange rate, where r and rf are the risk-free rate of return in the home country and country f, 

respectively (Huchzermeier and Cohen, 1996).  It is important to note that the adjusted drift does 

not have to be the actual expectation of the change in the exchange rate. In general, a risk 

premium applied to holdings in one currency would cause the exchange rate to have an actual 

drift of µ , that was different from the modeled drift rate r – rf . The resulting discrete-time risk-

neutral process is as follows: 

( ) 
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where fσ is the volatility of the exchange rate for the foreign country f and ε  has a standard 

normal distribution. 

3.3.3. Risk-neutral process of demand 

 
The second source of risk is demand during the product life cycle. Demand for a product 

produced by a manufacturer is, in contrast to for example exchange rates, not a traded asset and it 

is it not possible to view future prices from which to easily obtain the risk-adjusted processes 

needed for valuation. To value derivatives dependent on non-traded assets using risk-neutral 

valuation, a risk-adjusted drift for the stochastic process of the state variable can be used, such 

that the expected payoff at maturity can be discounted at the risk free rate (Schwartz and 

Trigeorgis, 2001). The size of the risk adjustment depends on the market price of demand risk. 

The risk-adjusted drift α  is equal to the original drift µ  minus the risk premium, which is 

computed by multiplying the volatility of demand σD, with the market price of risk λ: 

Dλσµα −=           (3.2) 

 

The market price of risk λ is defined as (Hull, 2009): 

( )
p

m

m
σ

ρ
λ =           (3.3) 

Where pm = equity market risk premium rm −µ  

 

When combining Equation (3.2) and Equation 3.3, this can be rewritten to: 

pD

m

m⋅−= σ
σ

ρ
µα           (3.4) 

This can be further rewritten to: 

pmD m⋅−= ,βµα          (3.5) 

Where D

m

mD σ
σ

ρ
β =,           

The size of the risk premium is dependent on ρ , the correlation of the demand forecast with the 

performance of a market index. Correlation with the market index results in systematic risk that 

must be modeled if the underlying risk cannot be diversified. When the two are uncorrelated, the 
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market price of risk should be set to zero. For example, Paddock, Siegel and Smith (1988) 

develop an approach to valuing leases for offshore petroleum. They state that because the 

quantity risk of the reserves is almost entirely technological and geological, the risk is therefore 

non-systematic and requires no risk premium. Therefore, they can use risk-neutral valuation 

without adjusting the growth rates. Another example is given by Huchzermeier and Loch (2001). 

They reason that the risk of an R&D project is typical because of factors unique to this project 

and thus unsystematic or diversifiable. Therefore, a rational investor can diversify the project risk 

away by holding a portfolio of securities without requiring a risk premium. In short, a world 

where expected growth rates are adjusted from µ  to RP−= µα , will be referred to as a ‘risk-

neutral’ world. For traded assets or for those real assets with no systematic risk, r=α or, 

formulated otherwise, the risk premium is zero. The resulting risk-neutral process for the total 

demand during the product life cycle, which is a non-traded asset, is then as follows: 
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where 
Dσ is the constant volatility of the demand and ε  has a standard normal distribution. 

 

Incorporating time-dependent volatility 
D

tσ  in equation (3.6), results in the following risk-neutral 

process for the demand: 
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3.4 Valuing the real options using Monte Carlo simulation 

3.4.1. Introduction 

 

In this study, a Monte Carlo procedure is used to value the complex switching options. Monte 

Carlo simulation readily accommodates multiple uncertainties and can incorporate the significant 

differences between switching options in a supply chain network and simple financial options. 

Nembhard (2005) compared the results for the Monte Carlo simulation procedure and the lattice 

procedure and showed that the differences between the valuation methods are small. Next to that, 

Monte Carlo simulation is more intuitive to practitioners.  

 

The switching options can be valued as European options or as American options. An American 

option can be exercised at any time until expiry. A European option, on the contrary, can only be 

exercised at expiry, time T
e
. The value of an American option is always at least as high as the 

value of a comparable European option. In terms of our switching options, when modeling the 

switch as a European option, the moment of switching, T
s
, is fixed. For example, the option can 

only be exercised at the end of the third month. The American option can be exercised in every 

month till the end of the product life cycle. 

In the following sections, the value of the European option with the optimal predetermined 

exercise month, which is the month for which the European option has the highest value, will be 

compared with the value of the American option.  
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3.4.2. Valuing the switching options as European options 

 

Boyle (1977) proposed a Monte Carlo simulation approach for European option valuation. The 

method is based on the idea that simulating price trajectories can approximate probability 

distributions of terminal asset values. Option cash flows are computed for each simulation run 

and then averaged. The discounted average cash flow using the risk free interest rate represents a 

point estimator of the option value. This procedure is used to value the European switching 

option, exercised at time T
s
, in the following four steps: 

 

 

1. Simulate n risk-neutral sample paths for each of the underlying uncertainties, where n 

denotes the number of iterations 

 

Using the solution to the risk-neutral demand process (Equation 3.7), it is possible to generate 

the risk-adjusted sample paths for the demand forecast. From t=-k to t=0, the real drift µ  is 

used instead of the risk-adjusted drift α , because the resulting option values are calculated 

for time t=0. The resulting equation is: 
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and the sample paths for the two stochastic and correlated currency exchange rates: 
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Where, using Equations (2.6) and (2.7) 

ii x ,2,2 =ε  

2

3,2,2,13,2,3 1 ρρε −+= ttt xx  

and ijx ,,1 , ix ,2  and ix ,3  with j=-k,…,t and i=1,…n are independent samples drawn from a 

standardized normal distribution 

 

2. Calculate the option payoff ( )i

T

i

T

i

T SSS eDP ,  for each sample path  

 

Using equation (2.10), it is possible to calculate the option payoffs ( )i

T

i

T

i

T SSS eDP , for the 

values of the forecast of the product life cycle demand and the exchange rates at time T
S
 for 

each iteration i. 

 

3. Calculate the arithmetic mean of the option payoffs 
 

By calculating the arithmetic mean of the option payoffs we get the expected payoff at the 

exercise moment: 
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4. Discount the arithmetic mean of the option payoffs to obtain V̂ ,  the estimated value at 

time t=0,  
 

Once the expected payoff is known, the estimated option value V̂  can be computed by 

discounting the expected (risk-neutral) payoffs with the risk free rate. This is the main 

property of risk-neutral valuation and it is allowed because the sample paths in step 1 are 

risk-adjusted. The following equation is used: 

 

S

S

T
Tr PeV

__
12/ˆ ⋅= ⋅−

         (3.12) 

 

The variable 0V̂  is the estimate of the value of the switching option obtained using simulation. 

The accuracy of the result given by Monte Carlo simulation depends on the number of iterations. 

To determine the accuracy of the estimate, the standard error of the estimate is calculated (Hull, 

2009):  

M
SE

ω
=           (3.13) 

 

Where ω  is the standard deviation of the discounted payoffs and M is the number of trials. A 

95% confidence interval for the actual value 0V is therefore given by: 

M
VV

M
V

ωω 96.1ˆ96.1ˆ +<<−        (3.14) 

 

3.4.3 Valuing the switching options as American options 

 

Standard Monte Carlo simulation models, with their forward induction approach have 

traditionally been considered inappropriate for valuing American-type options (Cortazar et al., 

2000). However, in the last decades, there have been several recent efforts to extend Monte Carlo 

simulation techniques for solving American-type options. These include the well-known methods 

developed by Broadie and Glasserman (1997) and Longstaff and Schwartz (2001). In order to 

value an American-style option it is necessary to choose between exercising and continuing at 

each early exercise point. The value of exercising is in most cases easy to determine, as it is the 

difference between the value of the underlying asset and the exercise at time of exercise. A 

number of researchers provide a way of determining the value of continuing when Monte Carlo 

simulation is used.  

  

Broadie and Glasserman (1997) introduced a “high” and “low” estimator, then using the average 

to estimate the value of the option. While both estimators are biased, both are also consistent, so 

as the number of trials in the simulation is increased, the error bounds on the estimate narrow. 

The estimators are based on simulated lattices. The simulated lattices are parameterized by b, the 

number of branches per node. State variables are simulated at a finite number of possible decision 

points, i.e., exercise times. In fact, it is a valuation technique for Bermudian options, which are 
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the right to exercise at a discrete number of times. However, by having a large number of exercise 

moments, the resulting value of the option approximates the value of an American option. 

 

Longstaff and Schwartz (2001) present another method for valuing American options with 

simulation that utilizes least squares regression. Their approach basically consists of estimating a 

conditional expected payoff function for each date for the continuation value of the American 

option, and comparing this value with its exercise value. Whenever the exercise value is higher 

than the continuation value the option should be exercised, while in the opposite case it would 

not. To estimate the conditional expected payoff value they first run several thousand state 

variable paths, and at a second stage they make a backward induction analysis of when it is 

optimal to exercise. At any point in time (starting from the end) each path generates one 

observation on the optimality of exercising or not for that path. Using cross sectional regressions 

it is possible to estimate when it is optimal to exercise for given date and state variable values, 

and solve recursively backwards. 

 

Both the methods of Broadie and Glasserman and Longstaff and Schwartz are accurate, but in 

terms of computational speed, the method of Broadie and Glasserman seems to be more 

demanding than the LSM method (Longstaff and Schwartz, 2001). However, considering the fact 

that optimizing computational speed is less relevant in this context than comparing the methods 

with previous papers, we chose to follow Nembhard et al. (2005). They developed an algorithm 

based on Broadie and Glasserman (1997) to compute the value of switching in global 

manufacturing options incorporating switching times and costs. The method we use to value the 

switching options is a modified version of the algorithm developed by Broadie and Glasserman 

and is specified in pseudo-code in Appendix C. It incorporates operational aspects such as 

multiple uncertainties, a stochastic exercise price and changing volatility. The time-lag in 

exercising is taken into account in the payoff function, as described in Section 2.5.  

 

The American switching options can be exercised anytime till expiration. The expiration moment 

is in this case the end of the product life cycle at month T
p
. However, in order to obtain 

acceptable computation speed, the maturity of the option can be varied using input parameter d, 

denoted in months. The maturity of the option is the sum of the minimum exercise month T
m
 and 

(d – 1). The minimum exercise moment T
m
 has been defined in order to incorporate the 

operational constraint that the production can not be moved instantly after the production started 

in the initial supply chain design. This is caused by various operational aspects, such as the need 

to produce demand, to build-up inventory and the need to have sufficient human resources 

available. In case of American options, early exercise is a trade-off at all possible exercise 

moments whether to exercise early or to continue. By exercising early, you get the dividends, but 

you lose both the time value of money on the exercise costs and the value of the right to exercise 

the option in the future. Therefore, if no dividends are present, it is never optimal to exercise a 

call early. However, in this model there are dividends present: the loss of potential savings due to 

not switching between the supply chain designs.  
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4. Case study and numerical results 

 
A case study performed at a large Complex Equipment Manufacturer illustrates the use of the 

model with real-life data. Insights are gained into the applicability of real options in supply chain 

management.  

 

4.1. The company and its supply chain 
 

The company is a complex equipment manufacturer (CEM) with a large research & development 

department. The company has sales offices in about 100 countries. Historically, the activities of 

the CEM have always been concentrated around one location in Western Europe. This includes 

the headquarters, the research and development center, and all assembly activities. Recently, 

however, the board of the CEM decided to outsource assembly operations to contract 

manufacturers in the Far East in order to reduce costs. As a result the supply chain changed 

fundamentally. In the past, the CEM operated a local assembly facility and sourced a large 

number of parts from European suppliers. Assembly and suppliers were located in close 

proximity to the R&D department. In the new situation, assembly operations are also located in 

the Far East, including a supply base in that region. The large physical and cultural distance 

between assembly and R&D and the fact that the assembly is managed by a contract 

manufacturer, has caused new challenges for the company.  

 

The supply chain relevant to this case study is conceptually described in Figure 4.1. The inbound 

supply chain is the flow of parts from the first and second tier suppliers to the assembly locations. 

The outbound supply chain is the flow of finished machines from the assembly locations to the 

configuration centers. The CEM has configuration centers in each demand region (Europe, U.S. 

and Asia) supplying local sales organizations in that specific region with a fixed frequency.  

 

Second tier suppliers,

managed by contract 

manufacturer

Contract 

manufacturer Far 

East

Assembly W-Europe
First tier suppliers, 

managed by CEM

Produce to stock
CODP

Configuration center 

Asia

Configuration center 

Europe 

Configuration center 

USA

Cross-dock 

Asia

Inbound supply chain Outbound supply chain

 
Figure 4.1 Relevant part supply chain CEM 

 

The configuration centers keep modules in stock. This is the point in the supply chain where the 

goods flow becomes customer driven instead of forecast driven. It is defined as the customer 
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order decoupling point (CODP) (Bertrand et al, 1998). This means that the configuration centre is 

controlled by customer orders, while the inbound supply chain is forecast driven.  

4.2. The decision window 
The model formulated in Chapter 2 provides support to the decision making regarding the choice 

between different suppliers and different assembly locations. It is therefore important to know at 

which point in time the decisions regarding this supply chain design are taken in the current 

situation. The model will be influenced by what is known at that point in the project. Based on 

conducted interviews can be concluded that the decisions regarding the suppliers and assembly 

location is currently taken before Milestone 2 (see Figure 4.2). The number of months between 

Milestone 2 and the start of the assembly is dependent on the kind of project. 

 

 
Figure 4.2 Project phases, main activities and Milestone reporting within the CEM 

 

 

4.3. Supply chain designs and available options 
 

The first step in applying the model is to define the supply chain design alternatives and the 

available options. The possible supply chain designs are defined based on information that is 

obtained from interviews. These designs are confirmed by several key employees. This resulted 

in three alternatives which are presented in Figure 4.3. Two supply chain designs have switching 

options available. There are two different supplier groups, s1 and s2, and two different assembly 

locations, a1 and a2. The supplier groups have different characteristics. The soft tooled parts, 

produced by supplier group s1, have high costs per unit but need low capital investment. In 

contrast, the hard tooled parts, produced by supplier group s2, have low costs per unit but need 

high capital investment. The assembly location a1 is an in-house manufacturing facility located in 

Western Europe, near headquarters and R&D. The assembly location a2 is managed by a contract 

manufacturer and is located in the Far East.  
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Figure 4.3 Overview of supply chain designs and switching options 

 

Several other, less promising, supply chain designs are not considered in this case study. For 

example, the current sheet metal suppliers of the CEM in the Far East are not capable of 

producing sheet metal parts using soft tooling according to the right quality level and right cost 

level. Some validation of this is provided in Appendix F, where the Far East suppliers are, 

considering 9 soft tooled sheet metal parts, on average 28% more expensive. The support tooling 

is even 240% more expensive. Transportation of soft tooled sheet metal parts from European 

suppliers to the Far East is also considered to be not feasible, expect for a short transition phase. 

This is due to cost issues. Therefore, it is not possible to transfer the assembly to the Far East 

when the parts are not hard tooled in the Far East. Production of sheet metal using hard tooling in 

Europe is only feasible for very large series (>20,000 parts in lifecycle). This due to the fact that 

hard tooled sheet metal parts production in Europe is more automated (several simpler tools 

integrated in one complex tool to reduce machine switching and associated labor costs). 

Therefore, in this case study, the production of hard tooled parts is in this model restricted to 

suppliers in the Far East. 

 

4.4. Cost analysis 

 

4.4.1 Introduction 

 

It has been decided to select the data from one specific machine, the Nero, to use in the case 

study. The project Nero is generating 47% of the total revenue at the contract manufacturer. 

Therefore, the project Nero is an important project in the outsourcing strategy. The machine was 

introduced in the market in 2009. It is sold worldwide, with an initial demand estimation of 

21.615 machines during the product life cycle, which was estimated to be 5 years at the project 

milestone M2. The current estimate, however, is 16.800 machines during a product life cycle of 4 
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years. The machine is assembled in the Far East by the Contract Manufacturer using hard tooled 

sheet metal parts from Far East suppliers. The project is a so-called leaf project, which means it is 

a large update of its predecessor. In the Nero, 351 of the 774 parts are new compared to its 

predecessor. The predecessor was also assembled in the Far East by the contract manufacturer. 

 
To collect data for this case study, several managers at different hierarchical levels and at 

different business units of the company were regularly interviewed. To ensure reliable results, 

multiple sources of evidence were used. Therefore, besides the interviews, extensive 

documentation study, data analyses and study of archival data, such as the quotes from the 

contract manufacturer (Q2 2010) and the internal project cost documents was performed. The 

machine is currently assembled by the contract manufacturer in the Far East using hard tooled 

parts. Therefore, to calculate the costs for the scenario ‘Far East using hard tooled parts’, the 

actual project data is used. To calculate the costs for the other two scenarios, assumptions have 

been made, which are based on a would-be-project that has the characteristics of the machine 

under study.  

 

Some important assumptions, such as the estimate of the industrialization costs ex-ante, the 

number of lost sales in the different supply chain designs (both ex-ante and ex-post), the routing 

through the facility in Western Europe due to technological complexity and the demand per 

region are influenced by opinions and personal beliefs. When collecting data on these 

assumptions, different sources did sometimes contradict one another. These different views are a 

result from differences in (empirical) experiences, different responsibilities in the process and 

different strategic beliefs and such expressed opinions were therefore always handled carefully. 

The sensitivity analysis further on in this Chapter provides a way to deal with the reliability of the 

input data. 
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4.4.2. Overview cost data case study 

 
The major costs of a manufacturing project at the CEM can be divided in the following four 

categories: 

• Variable landed costs per machine 

• Fixed (overhead) costs per year 

• Non-recurring costs: industrialization costs and tooling costs 

• Time-to-market: missed margin due to lost sales 

 

An overview of the relative importance of the first three costs in the case study project, based on 

actual figures, is presented in Figure 4.5. In this Figure, the cost category non-recurring is split in 

industrialization costs and tooling costs. Besides these three cost categories, there is also the 

possibility of lost sales due to delayed market introduction. Margin is missed due to these lost 

sales, and therefore, this can decrease the attractiveness of supply chains with a slower time-to-

market. This category is not included in the Figure, because no actual figures are available. In the 

following subsections, each of the cost categories will be discussed. 

 

Present value landed variable costs 

Present value fixed overhead costs per year

Present value industrialization costs

Present value tooling investment

 
Figure 4.5 Major costs in percentages of total cost project during product life cycle (assembly Far East using 

hard tooled parts)  

 

4.4.3. Variable landed costs 

 

First, the main components influencing the variable landed cost of the machine, asc , , will be 

discussed. The variable landed costs are defined in Chapter 2 as follows: 
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To provide an indication about the size of each cost component, the break-down of the variable 

landed costs per machine in the current supply chain design are presented in Figure 4.6. 
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Figure 4.6 Variable landed cost break-down (assembly CM using hard tooled parts) 
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The following subsections will elaborate on the material value, 
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Material value 
 

Purchased material value determines the largest parts of the variable landed cost price. In case of 

assembly by contract manufacturer using hard tooled parts this is 78%. The parts can be bought 

directly from first tier suppliers (Cat A parts) or indirectly via the contract manufacturer from 

second tier suppliers (Cat B parts). When buying from second tier suppliers, the contract 

manufacturer manages the supplier relationship. The total material value for a machine using 

supplier group s is calculated as follows: 
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Where 
edManufacturA

sc ,
 are Cat A parts that are always manufactured in Western Europe, regardless 

of the assembly location. 
smA

sc ,
, 

plasticA

sc ,
 and 

machiningA

sc ,
 are Cat A parts from the commodities 

sheet metal, plastic and machining, respectively. 
otherA

sc ,
are the remaining parts bought from Cat 

A suppliers. The other variables with superscript B have the same meaning, only bought from 

second tier suppliers 

 

The material value break-down of the current supply chain design is given in Figure 4.7. This 

figure points out that while 56% of the parts are bought from second tier suppliers, these parts 

make up only 20% of the total material value. All sheet metal parts (190 parts) are purchased 

from second tier suppliers, as well as all machining parts (27 parts). However, only 23% (60 

parts) of the total material value in plastic parts (106 parts) is sourced from the second tier supply 

base. One of the arguments in favor of using a contract manufacturer is the saving on material 

value through the purchasing power of the contract manufacturer. The majority (80%) of the 

product material value in the machine, however, is bought by the CEM, and the material costs of 

these parts are decided in the contracts which the CEM negotiates with the first tier suppliers. The 

purchasing discount enjoyed by the contract manufacturer applies therefore only to a minor part 

(20%) of total materials costs. Even if the costs of these parts are lowered by 5%, an optimistic 

assumption, this would only change the total material value by 1 percentage point. More details 

on the material values can be found in Appendix F. 
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Figure 4.7 Purchased material value and number of parts from first tier (CEM) and second tier (contract 

manufacturer) supply base 

 

 
Soft tooled versus hard tooled sheet metal parts 

 

Sheet metal parts (27% of the number of parts, 12% of the material value in case of hard tooling 

Far East suppliers) can be produced using two different production processes. The first is using 

soft tooling (programmable machines, for example using laser cutting). This production process 

has low tooling investments, but the parts produced have relatively high costs per unit. The 

second process is using hard tooling. This production method has high tooling investment (for 

stamping dies), but the parts produced have relatively low costs per unit. Therefore, the main 

decision criteria whether to use soft or hard tooling is the number of machines produced during 

the product life cycle. 

 

Initially, the machine studied in this case study was supposed to be assembled from the start in 

the Far East. However, due to the late completion of the technical design, the introduction date 

was in danger. To speed up, higher management decided to assemble the first 650 machines in the 

assembly location in Western Europe. Instead of using hard tooling to produce the sheet metal 

parts, soft tooled parts were used for these machines. This reduced the time-to-market, because 

the tooling needed to produce hard tooled sheet metal parts has a lead time of several months and 

can only be ordered after the technical design is finished. Contrary, soft tooled parts have a lead 

time of only several weeks. 

 

The costs of the soft tooled parts from SAP (ERP-system) and the costs of hard tooled parts from 

the quote Q2 2010 provided by the contract manufacturer are compared in order to calculate the 

cost difference per machine. The SAP prices are corrected in two ways to make them comparable 

to the prices provided by the contract manufacturer. First, the prices denoted in SAP included the 

amortisation of non-recurring expenses such as first article inspection, the machine program and 

the necessary support tooling in the part price. In order to provide a fair comparison with the hard 

tooled parts, the part prices were multiplied by 0.85. A detailed calculation of this factor is 

presented in Appendix F. The second correction applied is due to the lack of focus of the 
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suppliers on cost price. The CEM indicated for these parts that short lead-times and good quality 

had priority due to high time-to-market pressure. Because of the time pressure the suppliers did 

not exert all possibilities to reach the most efficient means of production. The risk of changes also 

was a strong motivation to limit the number of to be ordered tools as much as possible. The price 

impact of this is estimated by the responsible sheet metal purchaser to be 15%. 

 

There are currently 190 sheet metal parts in the bill-of-material of the Nero, with a total material 

value of masked (quote contract manufacturer Q2 2010). 170 of these 190 sheet metal parts are 

initially produced soft tooled at European suppliers. It was possible to compare 117 of these 170 

soft tooled parts (SAP prices) with its hard tooled counterparts (quote contract manufacturer Q2 

2010), based on matching part numbers number and derived part numbers. Using the above 

discussed calculations, the 117 soft tooled parts are a factor 2.7 more expensive than the 

corresponding hard tooled parts. Furthermore, the assumption has been made that the 117 

compared parts are representative for all 170 parts. The total material value of these 170 parts 

produced soft tooled was masked (prices SAP). Corrected for the amortization and the 

inefficiencies, the estimated material value for soft tooling in a normal situation is masked. Using 

the computed factor 2.7, these 170 parts would correspond to hard tooled parts with a material 

value of masked As the hard tooled sheet metal suppliers are located in Asia, this corresponds to 

masked Ringgit, using the exchange rates as defined early on. 

 

Inbound logistics costs 

 
The inbound logistics costs are the packaging costs, the transportation costs and the cost of capital 

needed for the transportation of parts from the suppliers to the assembly location, excluding 

material management costs. These material management costs are allocated to the overhead costs 

of assembly. The purchased material value is split into Cat A parts and Cat B parts. Cat A parts 

are purchased from CEM suppliers and Cat B parts are purchased by the contract manufacturer 

from their suppliers. The contract manufacturer arranges the inbound logistics for all Cat B parts 

and for some Cat A parts, the so-called Cat A LOA parts. The logistic costs incurred by the 

contract manufacturer are included in the cost price of the contract manufacturer to the CEM. The 

other Cat A parts are supplied to the contract manufacturer by the CEM and the CEM pays the 

logistic costs directly. 

 

To simplify the calculations, percentages of the material value of the parts are used to calculate 

the packaging and transportation costs for the parts. Different percentages are used for sheet 

metal parts, plastic parts and general parts. These percentages are empirically validated across 

several suppliers of the same commodity. The percentages are only applicable to the parts for 

which the CEM arranges the transportation from the supplier to the assembly location. The costs 

for transportation of the other parts, arranged by the contract manufacturer, are included in the 

quote from the contract manufacturer as one percentage over the total material value purchased 

by the contract manufacturer.  
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The inbound logistics costs using supplier group s and assembly location a are then calculated as 

follows: 
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Where 

 
mt

aqp ,

,  = percentage transportation costs for goods of type m from region q to assembly location  

   a  
mp

aqp ,

,  = percentage packaging costs for goods of type m from region q to assembly location a 

Fp  = general percentage inbound logistics used by the contract manufacturer 

aql ,  = lead time transportation from region q to assembly location a 

w  = weighted average cost of capital 
Om

aqsc ,

,,  = part of material value of type m purchased from suppliers of suppliers group s in region  

   q and delivered by the CEM to the assembly location a 
F

asc ,  = part of material value purchased from suppliers of suppliers group s and delivered by     

   the contract manufacturer to the assembly location a 

 Sm = sheet metal, pl = plastic, g = general, HQ=headquarters, FE=Far East 

 

 
As shown in Figure 4.8, the inbound logistics costs are significantly higher when assembling in 

Western Europe compared to assembling in the Far East. This is mainly caused by the increased 

transportation costs of the hard tooled sheet metal and plastic parts from Far East suppliers to the 

assembly location in Western Europe. For more detailed information, see Appendix G. 
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Figure 4.8 Costs inbound logistics for the different supply chain designs 
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Assembly costs 

 
The costs of assembly in the current supply chain design make up 10% of the variable landed 

costs price. The break-down of assembly costs can differ significantly between the different 

supply chain designs. The assembly costs using assembly location a are calculated as follows: 
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Where 

 
CM

as ,
CEM

as  = scrap costs incurred by respectively the contract manufacturer and the CEM for 

assembly location a 
CM

ao ,
CEM

ao  = variable overhead costs (costs for parts inventory incurred by the contract 

manufacturer are included in the overhead of the contract manufacturer) incurred 

by respectively the contract manufacturer and the CEM for assembly location a 
CM

al ,
CEM

al  = direct labor incurred by respectively the contract manufacturer and the CEM for 

assembly location a 
CM

am   = margin contract manufacturer for assembly location a 

CEM

ai  = costs for parts inventory incurred by the CEM for assembly location a 

CM

af ,
CEM

af  = financing costs incurred by respectively the contract manufacturer and the CEM 

for assembly location a 
CM

ad  = cost of delivery terms to warehouse (for example Delivery Duty Unpaid to the 

CEM owned cross dock) incurred by the contract manufacturer for assembly 

location a 
CEM

aa  

 

= additional costs (for example additional assembly costs because of Buy 

American Act) incurred by the CEM for assembly location a 

 

The costs incurred by the contract manufacturer are taken from the quote Q2 2010. The key 

figures used to calculate the costs incurred by the CEM are mostly taken from the ‘ABC Cost 

Model v8’. The variable overheads as used in this calculation are lower than the overheads as 

presented in the quote of the contract manufacturer or calculated by the ‘ABC Cost Model v8’. 

This is due to the fact that part of these overheads is fixed and therefore considered in the section 

‘Fixed costs per year’. 

 

An overview of the resulting costs is shown in Figure 4.9. In this overview, some costs have been 

added up in order to improve visibility on the costs that have a large impact. The first conclusion 

from this Figure are that the total variable overhead (overhead contract manufacturer and 

overhead CEM added up) is not reduced by outsourcing the assembly activities. The second 

conclusion is that the difference between the costs of direct labor is, as expected, large. The final 

conclusion is that the margin of the contract manufacturer is an important factor when 

outsourcing assembly in the Far East. More details can be found in Appendix H. 
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Figure 4.9 Assembly costs Far East versus assembly costs Western Europe 

 

Outbound logistics costs 
 

The costs of outbound logistics are the costs of transportation from the assembly location to the 

configuration centers, the cost of capital of the machines for the duration of the transportation and 

the costs of the safety stocks. The outbound logistics costs per machine from assembly location a 

to configuration center in market region m are calculated as follows: 
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(4.4) 

 

Where  

 
ol

seap  = percentage of machines using sea transport for outbound logistics 

ol

airp  = percentage of machines using air transport for outbound logistics 

maS ,  = cost of ship transport per 40-foot container from assembly location a to market     

   region m 
sea

mal , ,
air

mal ,  = lead time transportation from assembly location a to market region m, using     

   respectively sea or air transportation 

N = number of machines in one 40-foot container with optimal utilization 

u = realistic utilization grade of outbound containers 

k = additional costs packaging of machine for air transportation 

v = volume package (in m
3
) of one machine for air transportation 

w = weight in kg of one machine for air transportation 

maA ,  = air freight tariff per volumeweight measure from assembly location a to market  

   region m 
man

asc ,  = manufacturing cost price of one machine using supplier group s and assembly   

   location a 

 

Based on the actual demands from 2009 and 2010, the demand per region is determined for 

multiple machines, including the case study project (Nero). The results are shown in Figure 4.10. 
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Figure 4.10 Demand per region for multiple machines 

 
In this case study, the base situation is the demand per region of the Nero. However, the demand 

for, for example, the Tacitus and Lucanus is significantly more located in the region Europe, as 

shown in Figure 4.10. The impact of this on outbound logistics costs for the different supply 

chain designs will be showed in the sensitivity analysis. The calculated outbound logistics costs 

for the Nero are presented in Figure 4.11. More detailed information is available in Appendix I. 
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Figure 4.11 Outbound logistics costs per machine per demand region and weighted average using Nero demand 

figures 

 

 
Final overview variable landed costs 

 

Using the costs of the materials, inbound logistics, assembly and outbound logistics, the variable 

landed cost price can be calculated. An overview of the results is presented in Figure 4.12. The 

difference in variable landed costs between ‘W-Europe soft tooled’ and ‘W-Europe hard tooled’ 

is masked and the difference between ‘W-Europe hard tooled’ and ‘Far East hard tooled’ is 

masked. Finally, in Figure 4.13 an overview is given in which currencies the cost price is 

expended. This is important for the real options analysis, as exchange rates are modeled as 

uncertainties. For example, a larger part of the costs for the supply chain design ‘Far East hard 

tooled’ is expensed in Dollar compared to the supply chain design ‘W-Europe soft tooled’. 
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Figure 4.12 Overview break-down variable landed cost price    Figure 4.13 Overview break-down variable 

            landed cost price according to expensed currency 

4.4.4. Fixed costs per year 

 
Fixed costs are costs that are independent of the production volume. In this case, part of the 

overhead costs is fixed. These fixed components are ‘Depreciation other material assets’, 

‘Housing’, part of ‘Global competence center’ (masked), ‘Inbound logistics’ ‘Purchasing’ and 

Manufacturing Quality. The calculation reveal that the fixed overhead costs (including material 

management) per year for ‘Assembly W-Europe’ are masked and for ‘Assembly Far East’ 

masked. This, however, includes only the fixed overhead incurred by the CEM. The contract 

manufacturer has also ‘hidden’ fixed costs: the quoted values for ‘Material Overhead’ and ‘Labor 

Overhead’ increase when the production volume decreases. For the Nero, no data was available 

on this. This data, however, was available for the Trident, which is a machine that will be 

introduced on the market in 2011. Based on the proportion of the fixed costs relative to the 

variable costs in that project, the fixed costs for the Nero have been estimated on masked for 

‘Material Overhead’ and on masked for the ‘Labor Overhead’. Converted using the initial 

exchange rates, the fixed costs for assembly in the Far East are approximately masked  higher 

than for assembly in Western Europe. More details are presented in Appendix H. 

 

One important remark has to made: based on interviews with the business controller of 

manufacturing some costs have been considered as non-changing between the different supply 

chain designs, due to the fact that they are essentially fixed. These costs are ‘Housing’, 

‘Personnel’, ‘Health, Safety & Environment’, ‘Equipment engineering’, ‘Information systems’ 

and ‘Global competence center’.  

4.4.5. Non-recurring costs 

  
The non-recurring costs consist of industrialization costs and tooling costs. Both will be discussed 

in the following sub-sections. 
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Industrialization costs 
 

Industrialization was in Chapter 2 defined as the process of preparing products for production 

(including necessary design modifications), ramp-up of production from prototype fabrication 

and try-out series to full industrial scale, and the design and fine-tuning of the supply chain from 

order to delivery and customer hand-over (Christian Berggren and Lars Bengtsson, 2004). 

Industrialization costs are mainly composed of the costs of man year. In total, almost 44 man-year 

was used to industrialize the project (including project costs 2010), of which 32% by employees 

located in Western Europe, 28% by employees located by the office of the CEM in Asia and 40% 

by employees from the contract manufacturer. This number of man-year is corrected for the 

number of man-year needed for the industrialization of the soft-tooled parts and the initial 

assembly in Western Europe. This is estimated by the project leader to be 2.5 man-year 

Manufacturing Quality, 2 man-year Logistics and 1 man-year Purchasing. These numbers are 

confirmed by the project coach from purchasing. The total actual costs incurred for the 

industrialization of the project in the Far East was masked. In Figure 4.14 is shown that the actual 

industrialization costs are almost twice as much as the estimates obtained by using the internal 

model developed by the project management department of the CEM.  

 

While the actual costs of industrialization in the Far East are available, the would-be 

industrialization costs for other supply chain designs have to be estimated. The project 

management model is used to estimate these industrialization costs. While the model was shown 

to be unreliable for industrialization projects in the Far East, it is probably more reliable for 

industrialization projects in Western Europe. The model for industrialization in the Far East is 

based on figures from only one past project, while the project management model used to 

compute the number of man-year needed for industrialization in Western Europe is based on five 

past projects. The estimate from the model for industrialization in Western Europe is used further 

on as an estimate of the industrialization costs for the supply chain design ‘W-Europe soft 

tooled’. For ‘W-Europe hard tooled’, the number of man-year needed to industrialize the 170 

sheet metal parts is increased with 30%, due to inefficiencies when working with Far East 

suppliers. An overview of the industrialization costs used in the model is shown in Figure 4.15. 

Detailed calculations are included in Appendix J. Both the costs of man-year of the facility in 

Western Europe and of the Asian office are considered to be in Euro (Asian office has many 

expensive expats). The contract manufacturer is paid in Dollars. 
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Figure 4.14 Actual industrialization costs ‘Far East – hard tooled’  Figure 4.15 Industrialization costs  
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Possible explanations for the difference in the costs between industrialization in the Far East 

using a contract manufacturer and industrialization in Western Europe are the additional 

interactions needed (both Western Europe headquarter, Asian office and contract manufacturer’s 

people involved), the physical distance between R&D and manufacturing, time zone differences 

and cultural differences. 

 

 

Industrialization costs switching options 

 

The exercise costs of the switching options consist of industrialization costs and tooling costs. In 

this Section, the industrialization costs are discussed. When industrializing a machine, there are 

two learning curves: a design learning curve and an assembly learning curve. When transferring 

the assembly line, the assembly learning curve has to be climbed up again. The industrialization 

of parts consists of supplier selection, parts reviews with suppliers and quality checks new parts. 

When switching from soft tooled to hard tooled parts, this industrialization process has to be 

redone for those parts with different suppliers. 

 

The numbers of man-year needed to transfer an assembly line and to switch from soft to hard 

tooled parts are estimated using figures from the model developed by project management. The 

man-year needed to transfer an assembly line is calculated by filling in the project management 

model the same as it was a completely new industrialization in the Far East. However, only the 

man-year Manufacturing Quality Manufacturing, Manufacturing Quality Outbound, Logistics 

Inbound and Logistics Delivery of the Western Europe office, the Asian office and the contract 

manufacturer are eventually used to calculate the needed number of man-year for transferring the 

assembly line. This calculation assumes that no more man-year of Manufacturing Quality 

Inbound and Purchasing are needed for transferring the assembly line. The number of man-year 

needed to switch from soft tooled to hard tooled parts is calculated by using 27 Cat 2-Lever and 

143 Cat 4-Routine parts (categorized using Kraljic matrix; Kraljic, 1983) as input parameters in 

the project management model. The man-year and associated costs for the third option, the option 

to switch from soft to hard tooling and to transfer the assembly line, is calculated as the sum of 

the options 1 and 2. The results of these calculations are presented in Figure 4.15. 
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Figure 4.15 Estimated costs for the industrialization of the switching options 

 

To view whether the outcomes of the project management model are in line with the expectations, 

the outcomes of the model for industrialization switch from soft to hard tooled are compared with 

the estimates (by the project leader) of the additional industrialization costs the project Nero 

incurred for using soft tooled parts and Western Europe as assembly location to reduce the time-
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to-market. The total man-year needed for this time-to-market project was estimated to be 5.5 

man-year, of which 2.5 man-year Manufacturing Quality, 2 man-year Logistics and 1 man-year 

Purchasing. This is a significant lower number of man-year than calculated by the project 

management model for industrialization parts from soft to hard tooled. The strategic account 

manager from the contract manufacturer (is responsible for several large OEMs and with many 

years experience) also indicated that transferring an assembly line is relatively easy. Therefore, in 

practice, the man-year needed for switching is probably not underestimated. The results are also 

validated with project leaders and a purchasing coach. In the sensitivity analysis, the impact of 

over- and underestimation will be showed. 

 

The number of months needed from the moment of deciding to switch and the actual realization 

of the switch is estimated to be 5 months for the switch from soft tooled to hard tooled sheet 

metal parts (mainly due to lead time tooling) and 2 months for transfer of an assembly line. These 

estimates are based on experience of the project buyers, the contract manufacturer and figures 

from other projects.  

 

When switching from soft tooling to hard tooling, production of soft tooled parts can continue 

until the assembly location starts receiving hard tooled parts. However, when transferring an 

assembly line from Western Europe to the Far East, choices have to be made due to assembly line 

tooling. In this case study it is assumed that it is possible to fly the expensive assembly line 

tooling (mainly testing equipment) to the Far East. During the transfer time of the tooling, no 

machines can be assembled. The actual down-time is estimated to be 1 month, for which 

inventory of finished machines has to be present in addition to the regular safety stock. The cost 

of this additional inventory is approximated by multiplying the initial demand forecast for one 

month with the cost of capital for: 

jiP

kI c
W

T

D
C ,

12
⋅⋅= −

         (4.5) 

 

Assumed is that the inventory is built up linear during the previous month and decreases also 

linear in the month that there is no assembly due to the non-availability of the assembly tools. 

For a demand during the product life cycle of 16800, a product life cycle of 48 months and a 

WACC of 15% per year, the costs of this inventory is, using the above defined formula, 

approximately masked. These costs are not incorporated in the calculations due to the fact that it 

is a relatively small amount of money. However, it has larger practical implications, as during the 

month before the transfer, the assembly location has to produce twice as many machine. 

 

Tooling investment 

 

Investment in tooling can consist of assembly tooling and of part tooling. Assembly tooling is 

used to support the assembly line (for example test equipment). Part tooling is used to produce for 

example plastic or sheet metal parts. Some parts cannot be produced without tooling, such as 

plastic parts. For sheet metal parts, however, it is a choice whether to invest in tooling as 

explained in the section ‘Soft tooled versus hard tooled sheet metal parts’. The investment in 

tooling (stamping dies) needed to produce hard tooled sheet metal parts has a long lead time, 

which is a disadvantage compared to soft tooled sheet metal parts. The tooling needed for each 

supply chain design is presented in Figure 4.16. The major difference between soft tooled and 

hard tooled is explained by the investment needed in stamping dies to produce the 170 sheet 

metal parts under consideration either soft tooled or hard tooled. As only data on the total tooling 

per project is available, the tooling needed for these 170 parts is estimated by the project leader to 

be masked. Also discussed previously, the exercise costs of the switching options consist of 
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industrialization costs and tooling costs. When switching from soft tooled to hard tooled parts, 

masked has to be invested in part tooling. When transferring the assembly line, masked has to be 

invested in additional assembly tooling. More details are available in Appendix K.  
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Figure 4.16 Tooling costs for different supply chain designs 

4.4.5. Lost sales 

 

Lost sales are considered as costs in this model because they affect the attractiveness of a supply 

chain design due to missed margins on the sale of the machine and its complementary products 

such as service. Choosing a particular supply chain design can delay the market introduction. For 

example, hard tooling can only be ordered after the technical design of a machine is finished. As 

tooling has an average lead time of several months, the start of the assembly will be delayed 

compared to the supply chain design in which soft tooling, which has an average lead time of a 

few weeks, is used. When the market introduction of a machine is delayed, there is a possibility 

of lost sales. How many sales will be lost because of the delayed introduction will depend on 

several circumstances. For example, when the machine has a predecessor which remains selling 

well, lost sales will be reduced. However, when the market introduction is planned on, for 

example, a large exhibition or convention during which resellers can place orders, delaying the 

market introduction can have a large effect on sales. In this case study the percentage lost sales is 

based upon interviews with the product manager of the Nero, who is responsible for the forecasts 

of demand and the assistant business controller of the marketing department, who developed the 

business case for the Nero. 

 

The equation (2.1) for calculating the missed margin on lost sales was presented in Chapter 2. For 

the supply chain design ‘W-Europe soft tooled’, the number of months delay is assumed to be 0 

months, for the supply chain design ‘W-Europe hard tooled’ it is assumed to be 2 months and for 

‘Far East hard tooled’ it is assumed to be 3 months. This assumption depends on the specific 

characteristics of the machine. For example, when the parts are not on the critical path, the 

number of months delay due to the use of hard tooling is probably less. Furthermore, P, the sum 

of average sales price and the present value of the margins on complementary products is 

calculated to be masked. The percentage lost sales is assumed to 40%. These figures are used for 

calculating the total costs of a supply chain design.  More details are included in Appendix L.  

 

The lost sales assumption has a high impact on the attractiveness of the alternative supply chain 

designs. The actual number of lost sales is always debatable. However, that the fear for lost sales 
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is present up to the highest management is showed in the Nero project: the project was initially 

planned to be assembled from the start in the Far East. However, for time-to-market reasons, the 

higher management decided to build the first few hundred machines in Western Europe using soft 

tooled parts.  

 

4.4.6. Tax effects 

 
The responsible internal tax consultant indicated that currently there are no tax effects associated 

with the decision where to assemble. 

4.4.7. Uncertainties 

 

Exchange rates 

 

Most of the expenses for a project are paid in Euros, Dollars and Yen. The contract manufacturer 

is paid in Dollars. However, the suppliers of the contract manufacturer that the CEM uses are 

located in Malaysia and are paid in the Malaysian currency, the Ringgit. The exchange rate 

changes between the Dollar and the Ringgit are updated in the cost price calculations for the 

CEM. So while the expenses are paid in Dollars, the CEM has also exposure to the Ringgit. The 

Euro-Yen is considered as fixed, because the exposure in Yen does not change between the 

various supply chain designs. 

 

The parameters for the distributions on exchange rates are estimated using data from January 

1999 to October 2010. The initial exchange rates used to compute the cost data are the rates as 

used in the quote Q2 2010 provided by the contract manufacturer. These rates are chosen because 

all cost data with respect to purchased material value and the VAM of the contract manufacturer 

is obtained from this quote. The rates are presented in Table 4.1. The correlation between the 

Euro-Dollar and the Euro-Ringgit is estimated to be 0.79. 

 
Table 4.1 Initial exchange rates used in the model 

Currency exchange rates Euro-Dollar Euro-Ringgit Euro-Yen

Initial exchange rates 1.3911 4.7598 125.5885

Volatilities 0.103 0.117 n.a.  
 

 

Demand forecasts 
 

It is a challenge to obtain an accurate estimate of the volatility of the forecast of demand for new 

products. Several methods have been proposed to estimate this volatility. For example, Moe and 

Fader (2001, 2002) forecast the demand distribution for new products using historical sales data 

of other products and advance purchase orders for new products. Another method to estimate 

demand uncertainty is to let experts estimate confidence intervals. However, Soll and Klayman 

(2004) show experts to be grossly overconfident when estimating the confidence interval of a 

random variable. A third method is to let experts on a panel assign point forecasts of demand for 

a given product. The standard deviation of these forecasts, which is known as the dispersion 

among experts, can be used to estimate the standard deviation of demand. Fisher and Raman 

(1996) used the heuristic rule ii Zs 75.1= , where is  is the estimated standard deviation of 

demand for item i, iZ  is the standard deviation of experts’ forecasts for item i, and 1.75 is a 
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parameter estimated from historical data for previous seasons. However, Gaur et al. (2007) show 

that the method of Fisher and Raman leads to underestimating the standard deviation of demand, 

and this error increases with scale. 

 

An additional complication is that the volatility of the forecast of demand is dependent on time in 

our model. The months before the product introduction, forecasts are changed, but the expected 

changes are often small compared to the changes when the product is close to market introduction 

or just introduced in the market. The volatility of demand is also dependent on the type of 

product. For example, when a new product is introduced that did not have a predecessor, the 

demand uncertainty is significantly larger than for a product that had a predecessor.  

 

In this study, the volatilities are computed from confidence intervals estimated by the author. The 

estimates are based on the differences between demand forecasts and actual demands for previous 

machines and on interviews with people from the production and the marketing department. The 

resulting volatilities are shown in Table 4.1. Additional information is provided in Appendix N. 

 
 

 

 

 

 

Table 4.1 Volatility of forecast for demand during the product life cycle 

Before 

start 

assembly

Q1 first 

year

Q2 first 

year

Q3 first 

year

Q4 first 

year

After first 

year

Yearly volatility 11% 40% 44% 37% 29% 5%  
 

While this method provides reasonable estimates of the volatility, more research is needed to 

improve the accurateness of the volatility estimates used in this study.   

 

We showed in Section 3.3 that the risk-adjusted drift rate for the forecast of the demand during 

the product life cycle is dependent on the correlation of the changes in demand forecast with the 

market performance. While no time-series analysis is applied on demand of previous projects 

with the performance of the market, demand uncertainty is likely to be the most important driver 

of systematic risk for the CEM in projects. Therefore, the assumption will be made that mD ,β  in 

Equation 4.4.8 is equal to the levered β  used by the company to calculate the WACC for new 

projects. The sensitivity analysis in Section 4.6 shows that the option values are not very sensitive 

for the chosen mD ,β .  
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4.5. Model results 

 
In this section, the supply chain strategies as defined in Section 2.2 are compared and the 

attractiveness of the alternative supply chain design under different strategies is discussed.  

4.5.1. Value static supply chain designs 

 

The first strategy is to choose the initial supply chain design and stick to it during the product life 

cycle: 

 

Value static supply chain design = Net present value initial supply chain design (I) 

 

To present the results of the Net Present Value cost analysis, the performance of the static supply 

chain designs ‘W-Europe soft tooled’ and ‘Far East hard tooled’ is compared to the performance 

of the static supply chain design ‘W-Europe hard tooled’. The relative percentages are plotted 

against the initial forecast of demand during product life cycle in Figure 4.17 and 4.18. Figure 

4.17 is excluding the effect of lost sales and Figure 4.18 is including the effect of lost sales. When 

comparing the supply chain designs without the effect of lost sales, ‘W-Europe soft tooled’ has 

lowest costs for the initial demand forecast up to 4000 machines. From 4000 to 5500 forecasted 

machines, ‘W-Europe hard tooled’ is the supply chain design with the lowest costs. For forecasts 

of 5500 machines and higher, ‘Far East hard tooled’ has the lowest total costs. However, looking 

at Figure 4.18, these break-even points increase significantly when the effect of lost sales is taken 

into account. Next to the fact that the break-even points increase, the differences between the 

supply chain designs decrease for all demand forecasts. This is all due to the fact that ‘W-Europe 

soft tooled’ has the fastest time-to-market, followed by ‘W-Europe hard tooled’ and ‘Far East 

hard tooled’.  
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Figure 4.17 Percentage cost difference static supply chains design excluding lost sales. W-Europe hard tooled is 

baseline 
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Figure 4.18 Percentage cost difference static supply chain designs including lost sales. W-Europe hard tooled is 

baseline 
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4.5.2. Value analysis dynamic supply chain design 

 

The dynamic strategy discussed in this section is to (i) choose the initial supply chain design with 

the highest value, and to (ii) exercise the available options according to changes in the forecast 

for the demand during the product life cycle and changes in currency exchanges: 

 

Value dynamic supply chain design = Net present value static initial supply chain design 

+ value options (III) 

 

 

The performance of the alternative supply chain designs are again compared for multiple initial 

forecasts of the demand during the product life cycle. This time, however, the supply chains are 

valued as dynamic supply chains, as the value of the available switching options is taken into 

account. First, however, the valuation of the switching options is discussed. The switching 

options will be valued both as European and as American options and the differences are 

discussed. 

 

Value European switching options 
 

The European switching options are valued according to the procedure described in Section 3.4. 

An overview of the resulting values for various exercise months can be found in Appendix P. 

When modeling the switching options as European options, the expiration month is 

predetermined (it can only be exercised at expiry, time T
e
). For the results in this Section, the 

expiration month 3 is used, because this seems to be combining financial benefits with the best 

operational feasibility. Considering for example the need for inventory build-up and the 

availability of human resources, it is more difficult to transfer the month after the initial start of 

the assembly. Next to that, for a project like the Nero about 100-200 systems necessary for the 

design learning curve, as estimated by the project leader of the Nero. 

 

Value American switching options 

 

The difference between European options and American options is that European options have a 

predetermined exercise moment while American options can be exercised at any time until 

expiry. At all exercise moments, the value of early exercise is compared with the continuation 

value in order to decide whether to exercise early or to continue, as discussed in Section 3.4.  The 

minimum exercise month T
m
 is also assumed to be 3 months. In this case study, the loss of 

potential savings due to not switching between the supply chain designs is so high compared to 

the time-value value of the switching costs and the value of the right to exercise the option in the 

future that the American option is in almost all cases early exercised at the first possible exercise 

moment. Therefore, the values of the American option switching options are approximately equal 

to the values the European switching options. Considering the operational difficulties of using an 

American option-style of decision making, such as the willingness of the contract manufacturer to 

be able allocate instantly both industrialization and manufacturing capacity during multiple 

possible exercise months, the choice has been made to use the values of the European options 

with expiration dates of 3 months further on in this study. 

 

Net Present Value and real options analysis combined 
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Under the dynamic strategy, using both Net Present Value to value the costs of the initial supply 

chain and real option analysis to value the switching options, starting with the initial supply chain 

design ‘W-Europe soft tooled’ and switching according to opportunities to lower costs has under 

all demand forecasts the lowest integral costs. Under the current assumptions, this result is 

because lost sales are incorporated in the analysis and because the sum of the industrialization 

costs of ‘W-Europe soft tooled parts’ and the switching costs is not significantly larger than the 

industrialization costs of starting directly in ‘Far East hard tooled’.  
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Figure 4.19 Percentage cost difference dynamic supply chain designs excluding lost sales. W-Europe hard tooled 

is baseline 
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Figure 4.20 Percentage cost difference dynamic supply chain designs including lost sales. W-Europe hard tooled 

is baseline 

 

4.5.3. Switching options compared with static switching decisions 

 

The added value of real options analysis is the difference between the value of the best static 

supply chain design and the value of the best dynamic supply chain design. In the previous 

section, the switch was modeled as an option. However, it is also possible to decide beforehand 
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whether to switch. In that case, switching is independent of changes in demand and exchange 

rates. In section 2.2, a formula for this difference was proposed: 

 

( )( ) ( )( )+

≠≠
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ijj
ji

ijj
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,,
     (2.4)  

 

This difference is plotted in Figure 4.21 for the option to ‘transfer assembly and switching soft to 

hard tooled’ as a function of the initial forecast of demand during product life cycle.  
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Figure 4.21 The value of real options analysis versus Net Present Value analysis for the option to ‘transfer 

assembly and switch from soft to hard tooled parts’ as a function of the initial demand forecast  

 

The value is, as expected in the field of real options, highest at the initial demand forecast where 

the Net Present Value of switching is zero. The option value is highest at that moment, because 

no static strategy (never switching versus always switching) is preferred for that demand forecast 

and therefore, waiting for new information on demand and exchange rates is the best strategy.  In 

this case study, the break-even initial demand forecast for switching parts from soft tooled to hard 

tooled and transferring assembly from Western Europe to Far East is approximately 6000 

machines during the product life cycle. The added value of real options analysis is at that point 

masked. The total Net Present Value of the landed variable costs during the product life cycle is 

masked for 6,000 machines, using the ‘W-Europe soft tooled’ supply chain design. Therefore, the 

additional value of real options analysis is in this case 1.3% of the Net Present value. For other 

initial demand forecasts, the relative option values are even lower. The results for the other 

options are comparable and show that for this type of product, the option analysis adds only 

marginal value compared to deciding beforehand whether to switch using Net Present Value 

analysis. For more details, see Appendix P. 

 

4.6. Sensitivity analysis 

 

4.6.1. Introduction 

In this analysis, the sensitivity of the resulting values to the input parameters will be presented. In 

Section 4.6.2, all relevant input parameters are included in an overview analysis using tornado 

charts. The parameters that have the largest impact on the computed values are then discussed in 

Section 4.6.3. 
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4.6.2. Overview sensitivity analysis of input parameters 

 

To provide an overview of the sensitivity of the input variables, various input variables 

are varied over three different values while all other variables are held at baseline values. 

The values used for the analysis are shown in Appendix Q. The first graph, Figure 4.22, 

shows the impact of changes in input parameters on the difference in variable landed 

costs between ‘W-Europe hard tooled’ and ‘FE hard tooled’. The second graph, Figure 

4.23, shows the impact of changes in input parameters on the difference in total costs 

between the supply chain designs ‘W-Europe soft tooled’ and ‘Far East - hard tooled’ in. 

The differences in total costs are computed for the baseline scenario in which the initial 

forecast of demand during the product life cycle is 16,800 machines. The last graph, 

Figure 4.24, shows the sensitivity of the value of the switching option ‘Option to switch 

from soft tooled parts to hard tooled parts and transferring assembly from Western 

Europe to the Far East’ to the input parameters. The option values are computed for the 

scenario in which the initial forecast of demand during the product life cycle is 6,000 

machines. The reason for this is that the option value is maximal for this initial demand 

forecast, as explained in the previous Section. 
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Figure 4.22 Tornado chart showing the impact of changes in input parameters on the difference in variable 

landed costs between ‘W-Europe hard tooled’ and ‘FE hard tooled’. In the baseline scenario, the variable 

landed costs of ‘FE hard tooled’ are 5.2% lower than ‘W-Europe hard tooled’. 
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Figure 4.23 Tornado chart showing the impact of changes in input parameters on the difference in total costs 

between the supply chain designs ‘W-Europe soft tooled’ and ‘FE hard tooled’ incorporating lost sales.  In the 

baseline scenario, the total costs of ‘FE hard tooled’ are 2.0% lower than ‘W-Europe hard tooled’ 

 

 

-30.0% -20.0% -10.0% 0.0% 10.0% 20.0% 30.0% 40.0%

Demand volatility -20% and

+20%

Exchange rate volatilities -20%

and +20%

Correlation exchange rates -

20% and +20%

Industrialization costs sw itching

-20% and +20%

Lead time transfer (4, 5 or 6

months)

Beta -20% and +20%

 
Figure 4.24 Tornado chart showing the impact of changes in input parameters on the value of the ‘Option to 

switch from soft tooled parts to hard tooled parts and transferring assembly from Western Europe to the Far 

East’. The initial forecast of demand during the product life cycle is 6000 machines. 

 

4.6.3. Discussion sensitivity analysis 

 
In both introduction section and the following sections, several parameters were indicated as 

difficult to estimate. These are the industrialization costs, the lost sales due to slower time-to-

market, the routing through the facility in Western Europe due to technological complexity and 

the demand per region. Unfortunately, these parameters also have a large impact on the decision 

for the supply chain design: 

 

• Industrialization costs initial supply chain design. As discussed in the introduction 

Section, the industrialization costs are known ex-post, but are difficult to estimate ex-
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ante.  The impact of +/- 20% change in industrialization costs in Western Europe on the 

cost difference is not startling high, but the deviation between the actual industrialization 

costs and the estimated industrialization costs using the project management model is a 

factor 2. Also, the impact of industrialization costs on the value of the options is large. 

Therefore, it is important to gain more insight into the drivers of industrialization costs. 

 

• Industrialization costs switch. This variable has a high impact on the value of the 

switching option, as shown in Figure 4.24. There is also a lot of uncertainty about the 

actual industrialization costs of switching. Therefore, further research on the 

industrialization costs (of switching) seems necessary. 

 

• Months later on market when using ‘Assembly Far East using hard tooled parts’ 

instead of ‘W-Europe using soft tooled parts’ and the percentage lost sales. This 

variable determines the number of lost sales and has a high impact on the attractiveness 

of the soft tooled supply chain design. However, it is difficult to estimate and to measure 

lost sales.  The current lost sales assumptions depend on the specific characteristics of the 

machine. For example, when the parts are not on the critical path, the number of months 

delay due to the use of hard tooling is probably less. The percentage lost sales is also 

difficult to estimate ex-ante and just as difficult to measure ex-post. 

 

• Routing all machines through facility in W-Europe. When machines are routed 

through the facility in W-Europe, for, for example the final test, the cost savings 

diminish. This when a machine is so complex that it needs to be finished by experienced 

people, as was the case with a recent machine. Therefore, for a new machine with new 

technology, it should be questioned whether the contract manufacturer is able to complete 

the whole assembly including all tests. 

 

• Demand per region. When a large percentage of the demand is located in Europe, 

expected cost savings are reduced. For the Nero, 32% of the demand is located in Europe. 

However, for the Tacitus and the Lucanus, 60% of the demand is located in Europe. 

 

These parameters are currently difficult to estimate, but have a large impact. Therefore, more 

effort should be put into the accurate measurement and upfront estimation of them.  This will 

clearly improve the final supply chain design decision. Several other parameters turned out to 

have also a large impact on the cost differences between the supply chain designs. However, 

these parameters can be estimated with better accuracy upfront: 

 
• Number of labor hours per machine. On machines with a high number of labor hours, 

ceteris paribus, relatively high savings can be achieved 

• Margin CM. The margin of the contract manufacturer has a large impact on the savings. 

However, this can only be reduced by tough negotiations or by starting an own assembly 

location.  

• Cost multiple of soft tooled sheet metal parts versus hard tooled sheet metal parts. 

This variable has a high impact on the attractiveness of the supply chain ‘W-Europe soft 

tooled’. Opportunities for cost reductions on soft tooling seem to be present. Therefore, 

further research on the costs of soft tooled sheet metal production seems necessary. 

 
Finally, it is shown in the sensitivity analysis that the often cited drivers of long-term uncertainty, 

such as transportation costs and wage rates in low-cost countries (Goel, Moussavi, and Srivatsan, 

McKinsey Quarterly September 2008) have only a small impact on the cost differences between 

the different supply chain designs. 



 

49 

4.7. Discussion case study 
 

In this discussion, the results of the case study are put into different perspectives. At first, the 

relevance of this case study for the production of other CEM machines that are outsourced to the 

contract manufacturer is discussed. Second, some additional aspects related to outsourcing that 

are relevant for the CEM are discussed. Third, the representativeness of this case study for other 

manufacturers located in Western-Europe is discussed. Finally, the results of the real options 

analysis is compared with the paper of Nembhard (2005) on real options in supply chain 

management. 

 

Relevance of the case study for other machines of the CEM that are outsourced 
The results of an analysis of the total material value purchased from the suppliers of the contract 

manufacturer are in line with the results of the case study. The contract manufacturer handles 

31% of the overall material value but 73% of the parts. Four suppliers account for 57% of the 

total purchased value from contract manufacturer’s suppliers whereby one supplier accounts for 

35% of the total purchased value. Three out of the four largest suppliers produce sheet metal parts 

(49% of the total purchased value). The fourth supplier produces plastic parts (7% of the total 

purchased value). More detailed information can be found in Appendix R. These results are in 

line with the results of the case study on the Nero: the supply base of the contract manufacturer is 

used mostly for the sheet metal and plastic parts. These sheet metal and plastic parts sourced from 

the contract manufacturer’s supply base claim a large percentage of the total number of parts, but 

they have a relatively low value. It would be interesting to analyze what percentage of the 

capacity of these four second tier suppliers is used to produce parts for the machines of the CEM. 

If the percentage is only small, the contract manufacturer is able to add additional purchase value 

and increase the purchasing power with that larger volume. However, if the parts for the CEM 

already claim a large percentage of the revenue of the supplier, the contract manufacturer cannot 

increase the purchase power. Another line of research is how the CEM can increase the purchase 

value from the contract manufacturer’s supply base in order to increase cost advantages. The 

CEM categorizes the parts it uses for a project using the Kraljic matrix (Kraljic, 1983) according 

to the material value and the supply risk. In Figure 4.25, the value per category is presented for 

the Nero. An interesting case would be whether the contract manufacturer is capable to of using 

its purchasing power to reduce the costs of more ‘category 2-lever’ parts. ‘Category 2-lever’ parts 

are parts with high value that are sourced in a market with low supply risk. Therefore, these parts 

are suitable for a focus on cost price. 

Value 1-Strategic

Value 2-lever

Value 3-Bottleneck

Value 4-Routine

Blank

 
Figure 4.25 Value parts Nero categorized according to Kraljic matrix (source: quote Q2 2010 contract 

manufacturer, PDMS December 2010) 
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Additional aspects of outsourcing not explicitly covered in the case study 
There are some costs which are not taken into account in the case study. Two examples are the 

travel costs of people and the unexpected inbound transportation costs. The travel costs for 2010 

are estimated on more than masked (see Appendix M). However, the total travel costs allocated to 

the Nero are only approximately masked. Due to problems with inbound supply of parts in case of 

the Nero, unexpected inbound transportation costs of approximately masked are incurred during 

the industrialization. Further research on the drivers of these costs is necessary. For, example, to 

which extent would these costs have been made when using assembly in Western Europe and 

hard tooled parts from suppliers in the Far East? It is also important to stress that this case study 

has only covered the direct financial consequences. There are also other aspects that have not 

been analyzed, but are still worth mentioning. First, when using a contract manufacturer to 

assemble a machine, flexibility is present to for example increase and decrease direct labor when 

demand suddenly changes. The model is still valid when this would be taken into account, only 

the ratio between variable and fixed will change. The second is that in several interviews people 

mention that the current supply base of the CEM in the Far East is not large enough to 

industrialize large projects within time to market restrictions. The third, related, argument is there 

are not enough skilled people within the manufacturing & logistics department of the CEM to 

industrialize a large project which only occurs once per several years within time-to-market 

restrictions. The contract manufacturer has the flexibility to allocate the supply base and the 

(skilled) people to the CEM when necessary. 

 

Relevance of the case study for other West European manufacturers 
The results of the case study are also in line with the research of Berggren and Bengtsson (2004). 

They compared the different strategies for production and outsourcing employed by Nokia and 

Ericsson for the divisions for mobile network systems (core product: radio base stations). The 

strategy of Ericsson in 2000 was to transfer manufacturing to contract manufacturers. It was 

justified by three main arguments. The first argument concerned cost advantages. By 

collaborating with international contract manufacturers, who enjoyed higher volumes and a 

broader customer base, it was thought that product costs could be reduced significantly due to 

economies of scale. A second argument concerned the assumed advantages in reducing risk 

exposure and increasing flexibility, including possibilities to expand output with limited capital 

investments. Finally, there was a more general argument, based on comparisons with the PC 

industry, that a ‘knowledge company’ like Ericsson should not be involved in manufacturing and 

therefore should outsource its manufacturing activities. Nokia had a different strategy: it insisted 

on keeping critical manufacturing skills and production of end products in-house. 

 

At a consolidated level, the purchasing levels of the contract manufacturer are indeed much 

higher than those of Ericsson. The majority of the product components in a radio base station, 

however, are designed and specified by the customer company, and the materials costs decided in 

the contracts which Nokia or Ericsson negotiate with these sub-suppliers. The purchasing 

discount enjoyed by large contract manufacturers applies only to a minor part, approximately 20–

30 percent, of total materials costs.  

 

Taking together the reduced prices for a minor part of materials purchases, lower labor costs and 

somewhat higher capacity utilization on the one hand, increased expenditures for overall 

management and an extra supplier margin on the other, Berggren and Bengtsson define the 

advantages of outsourcing to be marginal at best, calculated as the direct cost of the final product. 

The estimate for Ericsson indicates a 5–10 per cent reduction of product cost. The follow-up 

studies also pointed out that calculations of previous outsourcing projects have neglected the 
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negative scale effects on the remaining in-house manufacturing. Reduced volume meant that 

these plants now suffered from a diseconomy of scale and increasing unit costs, sometimes so 

much that the entire justification of involving contract manufacturers was threatened. 

 

The authors were also invited to Siemens for a comparison of the strategies of Nokia and Ericsson 

with Siemens’ business in digital cordless phones (DECT). Cordless phones are too different 

from radio base stations to make a rigorous assessment possible. Nevertheless the fundamental 

outsourcing problematic turned out to be strikingly similar. 

 

The experience of Nokia and Siemens seems to support that — at least in this sector 

— a supply model, which facilitates intensive interaction (between product design, engineering 

and manufacturing) and reduces inter-organizational interfaces is more responsive and conducive 

to rapid industrialization of new products than a vertically sliced model, where volume 

production is externalized. Including the issues of speed, time to market, and revenue, Berggren 

and Bengtsson state that there are strong reasons to believe that the model employed by Nokia is 

superior to the model employed by Ericsson.  

 

This case study found comparable results for the CEM as Berggren and Bengtsson found for the 

case study with Ericsson and Nokia. First, purchasing discount enjoyed by large contract 

manufacturers applies only to a minor part (20% CEM, 20-30% Ericsson) of the material value. 

The estimate for Ericsson indicates a 5–10 per cent reduction of product cost. The estimate for the 

CEM is on the bottom side of this range: only 5%. For the CEM, there is also no research 

available on negative scale effects of outsourcing on the remaining in-house manufacturing. 

Finally, the effect of issues of speed, time to market, and revenue tend to have a large (probably 

underestimated) effect on the supply chain design for both the CEM and Ericsson. 

 

The earlier mentioned results indicate that outsourcing (to the Far East) does not bring always the 

savings that were initially expected. However, when does it bring significant savings? The best 

example is the electronics industry, where turnkey production networks exist. 

As the electronics industry has evolved, certain kinds of knowledge have become increasingly 

codified. International standard setting bodies (e.g., the International Organization for 

Standardization (ISO) and the International Electrotechnical Commission (IEC)) have emerged to 

help develop industry-wide classification and specification of components and processes 

(Sturgeon, 1997). Increasingly, electronics firms are using information technology to 

communicate across the firm boundary using these standard classification systems as a basis. 

Components with exact specifications can be located and purchased with electronic purchasing 

systems. The result is a highly formalized information exchange between the firms. Therefore, 

due to this standardization, contract manufacturers can create value by sharing expensive 

production capacity between different OEMs and strongly increase the purchasing power by 

combining the volumes of the individual OEMs. The standardization also significantly lowers the 

industrialization costs. 

 

Relevance of the case study for the real options in supply chain management literature 

The initial research question was whether real options analysis could improve decision making in 

global supply chain management. In this case study, the added value of real options analysis has 

little decision making impact. The decisions made using Net Present Value analysis are in almost 

all cases the right one, also when the additional real option value is taken into account. How can 

this be put in perspective with the literature on real options analysis in supply chain management? 

For example, Nembhard (2005) suggests that the value of real options can increase the profits 

significantly (Figure 4.26). However, they do not mention that, at least in the context of this 

research, the switch to supply chain design ‘12’ would be always the right decision under Net 
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Present Value analysis. Therefore, the added value of real options analysis is limited to the 

difference in value between the ‘switch’ strategies of supply chain design ‘12’ and the ‘no switch’ 

strategy of supply chain design ‘12’.  

 

 
Figure 4.26 Expected profits with and without switching (Nembhard, 2005) for 12 different supply chain designs 
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5. Conclusions, recommendations and future 
research 
 

5.1. Conclusions 
 

In this thesis, a model is proposed to value the flexibility of switching between alternative supply 

chain designs within a global supply chain network. This model has been applied at the CEM for 

the global supply chain of the Nero. In order to apply the model, many costs within the supply 

chain network have been calculated. From these calculations, there are several important 

conclusions to make: 

 

1. Savings due to outsourcing assembly to contract manufacturer in the Far East are 
much less than previously estimated. This research shows that the difference on landed 

variable cost price between assembly in the Far East using a contract manufacturer and 

assembly in Western Europe using hard tooled sheet metal and plastic parts from the Far 

East is far less than expected by the CEM (5% savings, while 10-30% savings was 

expected by higher management). The main reason for this is that, while the savings on 

labor are large, the impact of the purchasing power of the contract manufacturer is low. 

Additionally, the contract manufacturer adds on average 4.2% profit margin on the 

material value of the assembled machine. Also, outbound logistic costs increase due to 

the fact that for most products the demand is for a large part located in Europe. While this 

increase is not large for the Nero (30% of the demand in Europe), this increase is more 

significant considering the Tacitus and Lucanus (60% of the demand in Europe) This 

statement about the current cost savings, however, is no value judgment about the chosen 

outsourcing strategy: this has certainly contributed to a larger (first and second tier) 

supply base in Asia, especially for the commodities sheet metal and plastic. It also 

brought more focus on the production costs of the own assembly location.   

 

2. For small series (<4000 machines product life cycle demand) ‘Western Europe soft 

tooled’ is the best strategy irrespective of whether lost sales are taken into account 

Due to the lowest investment in tooling and the lowest industrialization costs, ‘W-Europe 

soft tooled’ is the preferred scenario for small series. 

 

3. Starting assembly in Western Europe is always the best strategy when incorporating 

lost sales and the possibility to switch 

Using a dynamic supply chain strategy, starting assembly in Western Europe using soft 

tooled parts is always the best strategy when incorporating lost sales. The assumption of 

lost sales depends on several factors, such as whether parts are on the critical path and 

whether customers are willing to wait or a new machine. When not incorporating lost 

sales, starting with assembly in Western Europe using soft tooled parts can increase the 

total project costs with a maximum of 2%. Under the current assumptions, this result is 

caused by the fact the sum of the industrialization costs of ‘W-Europe soft tooled parts’ 

and the switching costs is not significantly larger than the industrialization costs of 

starting directly in ‘Far East hard tooled’. 

 

4. The results of the model are highly sensitive to several, difficult to estimate, input 
parameters. Due to the small differences between the costs of the alternative supply 



 

54 

chain designs, the optimal decisions as calculated by the model are highly sensitive to the 

following input parameters: 

•••• Labor hours per machine 

•••• Lost sales due to time-to-market  

•••• Demand per region 

•••• Technological complexity (including industrialization costs and routing 

through facility in Western Europe) 

The analysis is even more complicated because parameters such as time-to-market, the 

costs resulting from the technological complexity and the demand per region are 

currently difficult to estimate beforehand. 

 

5. Low additional value of real options analysis compared to Net Present Value 

analysis 

The added value of real options is maximal when the initial forecast of demand during 

the product life cycle is 6000 machines. That is because the Net Present Value analysis of 

the switching decision is for that forecast not conclusive about whether to switch never or 

to switch always. The added value of real options analysis is then masked. However, 

when the initial demand forecast is lower or higher, the added value of real options 

analysis decreases at a fast rate. 

 

6. Increase competitiveness manufacturing in Western-Europe by optimization of 

sheet metal and plastic suppliers. The competitiveness of the assembly location in 

Western Europe relies for an important part on the competiveness of sheet metal and 

plastic suppliers. The largest opportunity is probably the cost reduction of soft tooled 

sheet metal parts. When the cost multiple of soft tooled sheet metal parts versus hard 

tooled sheet metal parts can be reduced to 2
2
, assembly in Western Europe using soft 

tooled parts is even without considering lost sales the lowest cost supply chain design for 

product life cycle demands up to 8000. The results of this research correspond to the 

results of the report written by Berenschot about the strategy of the manufacturing 

industry in South-Netherlands (2003). They state that the strategy of suppliers in the 

region South-Netherlands should focus on the integration of design and production, full-

service (just-in-time, reliable, zero errors) and focus on a low-volume high-mix 

production and time-to-market. This focus on low-tooling investment, high flexibility and 

fast time-to-market is what would make these local suppliers more attractive for the 

CEM. The presence of these competitive sheet metal suppliers can make assembly in 

Western Europe the lowest cost supply chain. 

 

 

 

 

 

 

 

 

 

                                                 
2 Figure estimated to be realistic by experienced sheet metal purchasers 
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5.2. Recommendations 
 

 

Measuring is managing 

• Improve the accurateness of the model used for estimating industrialization costs. 

The current model underestimated the costs of industrialization Far East in case of the 

Nero with a factor 2. Responsible: New Product Introduction 

• Develop a more accurate cost price model for soft tooled parts to avoid large cost 

deviations such as in the Nero project occurred. Responsible: Purchasing coaches 

• Formally evaluate projects afterwards, together with and visible for all employees and 

formulate lessons learned. For example, was the choice to start the assembly of the Nero 

initially in Western Europe with soft tooled parts a good decision or a bad decision? 

Many of the involved people have a different opinion. Fact based analysis would reduce 

such discussions. Responsible: Input from all departments, final evaluation by 

Manufacturing & Logistics management team 

 

Optimization switching strategy 

• Reduce switching costs and switching time: the additional investment in tooling is 

unavoidable, but there are probably significant opportunities to reduce industrialization 

costs of the switch. The lessons learned during the assembly in Western Europe and 

during the production soft tooled parts should be incorporated before switching. People 

from the Asian office and from the contract manufacturer should be involved from the 

start of the industrialization in Western Europe. Responsible: New Product Introduction   

• Avoid two parallel industrialization projects. Key employees cannot be at two places 

at the same time. Next to that, there is no climbing up the learning curves. The employees 

involved in the Nero project indicated that due to the parallel industrialization in Western 

Europe and in the Far East, two assembly learning curves had to be climbed up. 

Responsible: New Product Introduction   

 

Other recommendations 

• Compare expected savings with actual savings and investigate still promising 

opportunities together with the contract manufacturer. Compare the savings of 

outsourcing as presented by the contract manufacturer with the savings calculated using 

this model and investigate why the proposed savings are not achieved. The senior director 

Global Account Management of the contract manufacturer who is responsible for the 

CEM relationship indicates that large savings can still be obtained from outsourcing. 

Responsible: multi-disciplinary, including purchasing, manufacturing and logistics 

• Investigate the difference in industrialization costs between an assembly line in 

Western Europe and an assembly line in the Far East. Related research questions to 

this issue are: Is the man-year needed for industrialization in the Far East indeed twice as 

many as needed for industrialization in Western Europe? Can the industrialization in the 

Far East be organized more effectively? An interesting new case study would be the new 

machine Pompei. This is a so-called technology project, in which the machine is not 

based on a predecessor. The assembly of this machine will start in the beginning of 2011.  

Responsible: New Product Introduction   

• Investigate how to lower the costs of sheet metal and plastic at the contract 

manufacturer. For example, investigate the possibility to force the contract 

manufacturer to vertically integrate. The first saving achieved on this is that the contract 
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manufacturer does not calculate 5% profit margin on parts from its vertically integrated 

suppliers. Responsible: Purchasing 

• Investigate whether the purchasing power of the contract manufacturer could 

reduce the costs of more category 2-lever parts. Responsible: Purchasing 

• Use best practices of other low-volume high-mix manufacturers. Compare the 

outsourcing processes and results with other (Dutch) low-volume high-mix 

manufacturers in order to adopt best practices. Responsible: Manufacturing 

5.3. Future research 

 
This research provides several insights on which topics are interesting for further research for 

both general operation management literature as well as the real options literature. 

 

Manufacturing in-house in Western-Europe versus outsourcing in the Far East 

This study showed several interesting results regarding the choice of whether to produce in-house 

in Western-Europe or outsource production in the Far East. The results regarding the cost 

differences that are found in this study and the study of Berggren and Bengtsson, (2004) seem to 

be generalizable to other West-European companies manufacturing capital goods. However, 

future research should determine whether these results indeed replicate. It is also showed that the 

local presence of competitive sheet metal and plastic suppliers would increase the 

competitiveness of the manufacturing operations of the CEM in Western-Europe. An interesting 

research topic would be whether these results are also applicable to other manufacturers in 

Western Europe. The reduction of the difference in costs between soft tooled and hard tooled 

production of sheet metal parts seems to be promising. Further research should indicate whether 

this is indeed the case and how these reductions can be achieved. 

 

Real options analysis in supply chain management 

As discussed in the introduction of this thesis, only 5% of the respondents in the manufacturing 

industry use real options as an analytical tool for capital budgeting. One may wonder why this 

percentage is rather low if real options analysis can improve decision making by valuating 

operational flexibility (Block, 2007). Lander and Pinches (1998) give three main reasons why real 

option models are not widely used by corporate managers and practitioners.  First, they do not 

know or understand them well and they are often not conversant with the mathematics involved. 

Second, the required modeling assumptions are often violated in a practical real option 

application. The last reason they give is that the necessary additional assumptions required for 

mathematical tractability limit the scope of applicability. Motivated by this research, we have a 

different view on the reason why real option models are not widely used by decision makers. Our 

view on the limited use of real options analysis is that the biggest challenge is to identify projects 

in which real options analysis can have decision changing impact. As indicated in the 

introduction section of real options analysis, the added value of real options analysis can be large 

for situations in which both high uncertainty and high flexibility is present. Further research 

should focus on the search for suitable application areas of real options analysis. This research 

should involve multiple companies in different industries and should define both the uncertainties 

and the flexibilities that are present.  
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Appendices 
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A Overview use of real options in different industries 
 
Table 1 Use of real options in different industries (Block, 2007) 
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B Derivation of model formulas 
 
Equation (2.5) 

 

In order to calculate the Net Present Value of supply chain design n, four cost categories are taken 

into account:  

• Variable landed costs per machine 

• Fixed (overhead) costs per year 

• Non-recurring costs: industrialization costs and tooling costs 

• Time-to-market: missed margin due to lost sales 

 

The variable landed costs during one month (in euro) is calculated by multiplying the transposed 

exchange rate vector with the variable landed cost price vector and the expected demand per 

period: 
P

kas

T

k TDce /, −−           (2.5a) 

 

The present value of the variable landed costs during the whole product life cycle is calculated as 

follows: 
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The present value of the fixed costs per year is calculated as follows: 
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 The non-recurring costs are calculated as follows: 
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T
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The missed margin due to lost sales is calculated as follows: 
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Combining the Equations (2.5b), (2.5c), (2.5d) and (2.5e), the Net Present Value of supply chain 

n can be calculated: 
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This can be rewritten to equation (2.5): 

 



 

64 

[ ] as

T

kas

T

k

d

t

LP

kas

T

kt

T

t

aP

kas

T

ktn

TeIepTDce
W

C
TDce

W
SCDNPV

as

p

,,

1

,12/)5.0(

1

,12/)5.0(

,

/ P
)1(

1

12
/

)1(

1
)(

−−
=

−−−

=
−−−

++







⋅−

+
+

















+

+
=

∑

∑
  

 (2.5) 

 

Equation (2.8) 
 

The payoff function of the switching option is based on the payoff of a standard call option, 

which is: 

)0,)(max( XTSCT −=         (2.8a) 

In this Equation, )(TS  is the value of the underlying asset at expiration time T and X is the 

(constant) exercise price. The value of the underlying asset is, when translated back to our 

switching options, the present value of savings due to switching between supply chain designs. 

These savings are composed of savings on variable costs and savings on fixed costs per year. In 

the calculations of these savings, the time lag effect is incorporated by the fact that in the payoff 

function, the savings from switching are computed starting at time mnlt ,= , where mnl ,  is the 

implementation time for switching from supply chain design n to supply chain design m. The 

exercise price is the sum of the costs associated with switching between the supply chain designs. 

These costs are stochastic because they dependent on the exchange rates at the time of exercise.  

 

The present value of savings on variable costs due to switching between supply chain designs is 

calculated as follows: 
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The present value of savings on fixed costs per year due to switching between supply chain 

designs is calculated as follows: 
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The switching costs are calculated as follows: 
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Combining the equations (2.8b), (2.8c) and (2.8d) in the payoff function of a financial call option 

(2.8a), the following equation is obtained for the payoff function of the switching option: 
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Equation (2.8e) can be simplified to: 
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C Pseudo-code valuation switching options as American options 
 
In this appendix we provide detailed information for the implementation of our modified version 

of the algorithm of Broadie and Glasserman (1997). The minimum exercise month 
mT  is due to 

notational issues denoted with M. The variables 
s

Me ,2 , 
s

Me ,3  and 
s

MD  are calculated using the 

Equations (3.8), (3.9) and (3.10). ‘Payoff’ refers to the payoff function defined in Equation 

(2.10). The procedure is shortly discussed in Section 3.4. For more details concerning the 

algorithm, the reader is referred to Broadie and Glasserman. 

 
/* allocate storage */ 

integer vector w(j) for j=1 to d by 1; 

real matrix e(i,j,2) for i=1 to b by 1, j=1 to d by 1; 

real matrix D(i,j) for i=1 to b by 1, j=1 to d by 1; 

real matrix v(i,j) for i=1 to b by 1, j=1 to d by 1; 

real vector E(2); 

 

Discdt = exp(-r*1/12) 

 

for z = 1 to 2 by 1 

 for s = 1 to n by 1 

   

  /*initialize parameters  */ 

  e(1,1,2) = 
s

Me ,2 ; 

  e(1,1,3) = 
s

Me ,3 ; 

D(1,1) = 
s

MD ; 

 

/*value at minimum exercise month*/ 

v(1,1) = )0)),1,1(),1,1(,(max( eDMpayoff ; 
w(1) = 1; 

     

  for j = 2 to d by 1; 

   /*switching month is (M + j – 1)*/ 

( )( ) ;
12

1

12

1
5.0exp*)1,1(),1( 1

2

1 







⋅+⋅−−= −+−+ εσσα D

jM

D

jMjDjD   

     

( ) ( )[ ];)12/1(12/15.0exp*)2,1,1()2,,1( 2

2
22 εσσ ⋅+⋅−−−= rrjeje

( ) ( )[ ];)12/1(12/15.0exp*)3,1,1()3,,1( 3

2

33 εσσ ⋅+⋅−−−= rrjeje  

   w(j) = 1; 

end for 
 

  /* process tree */ 

  j = d; 

 

  while (j > 0); 

case 1 and 2: (j = d) 

      

);0)),),(()),),((,1(max()),(( jjwejjwDjMpayoffjjwv −+=  

 

/*specific for case 1 */  

if (w(j) < b) 
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( )( ) ;
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( ) ( )[ ];)12/1(12/15.0exp*)3,1),1(()3,,1)(( 3

2

33 εσσ ⋅+⋅−−−−=+ rrjjwejjwe

 

w(j) = w(j) + 1;   

 

    /*specific for case 2 */ 

    elseif (w(j) = b) 

     w(j) = 0; 

     j = j – 1;  

    end if      

   end case 1 and 2     

    

case 3 and 4: (j < d) 

 

    if (z = 1) /* high estimator */ 

     for k = 1 to b by 1 

      Sum1 = Sum1 + Discdt * v(k,j+1); 

     end for 
       

);0)),),(()),),((,1(max( jjwejjwDjMpayoffiseEarlyExerc −+=  

ContinuationValue = Sum1 / b; 

      

     v(w(j),j) = max(EarlyExercise,ContinuationValue);  

           

    elseif (z = 2) /* low estimator */ 

for k = 1 to b by 1 

 for l = 1 to b by 1 

  if (k~=l) 

        Sum2 = Sum2+Discdt * v(l,j+1); 

       end if 

      end for 
 

);0)),),(()),),((,1(max( jjwejjwDjMpayoffiseEarlyExerc −+=

      

     if (EarlyExercise >= (Sum2 / (b-1) 

      Sum1 = Sum1 + EarlyExercise; 

     else 
      Sum1 = Sum1 + Discdt * v(k,j+1); 

     end if 

     end for 
     v(w(j),j) = Sum1 / b;  

    end if 

 

    /*specific for case 3 */ 

    if (w(j) < b) 

    if (j > 1) 

    

( )( ) ;
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    w(j) = w(j) + 1; 

 

    for i = j + 1 to d by 1 
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     w(i) = 1;  

    end for  
    j = d;    

    else  

     j = 0; 

    end if 

   end if 

     

    /*specific for case 4 */ 

   if (w(j) = b) 

    w(j) = 0; 

    j = j - 1; 

   end if 

   end case 

end while   
EstimatorSum = EstimatorSum + v(1,1); 

 end for 
 E(z) = EstimatorSum / n; 

end for 
 

/* return option value estimate */ 

ValueOption = 0.5*E(1)+0.5*E(2); 
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