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a  b  s  t  r  a  c  t

The  manufacturing  industry  is  facing  a turbulent  and  constantly  changing  environment,  with  growing
complexity  and  high  levels  of customisation.  Any  investment  solution  should  address  these  problems  for a
dynamic  market  and  within  limited  budget  boundaries,  so  that companies  try  to  remain  competitive.  The
authors propose  a real  options  model  to support  firms  making  important  investment  decisions,  specif-
ically  decisions  associated  with  the  acquisition  of  new  equipment  aimed  at allowing  firms  to  increase
their  manufacturing  flexibility  for the  production  of  both  standard  and  customized  products.  This  paper
is partially  based  on  a  real  operating  experience  related  to visual  finishing  technology  features  in  an
industrial  company  that  conforms  to  the definitions  of  the  product  mix.  The  authors’  motivation  for  this
roduct mix  strategy
nvestment decisions

work  is  driven  by  firms’  desire  to satisfy  specific  customer  needs,  and  to  respond  to  them  quickly  under
uncertain  demand.  Our  goal,  using  theories  from  finance,  production  management,  and  product  offering
management,  is  to conclude  that  there  is a relevant  difference  between  the  evaluation  of the  technology
that  is to be  chosen,  and  the  potential  value  due  to product  mix  adaptations  that  are  able  to  provide  the
maximum  return  from  investment.  We  address  problems  related  to standard  and  customized  production
systems,  and  the  decision  to invest  in  a set of  resources  that  will  enable  this  choice.

iety o
© 2012 The Soc

. Managerial relevance

Today’s firms are constantly trying to figure out better ways of
xploiting economies of scale, while also satisfying the increasing
emand for highly customized products. Most of the existing equip-
ent was designed for large-scale production, and it was  evaluated

sing the considerations of economic order quantities. These prob-
ems result from strategic definitions of whether or not a company
s focused on a low cost approach, or if the firm is prepared for
mall quantities and customized orders. This dilemma is timely in
he industry, mainly referring to our numerical example related
o flooring. The challenge is about the choice of flexible equip-

ent features that should be balanced with reasonably customized
ffers.

. Introduction
Please cite this article in press as: Fernandes R, et al. Product m
doi:10.1016/j.jmsy.2012.02.001

In recent years, in order to satisfy finely targeted niche markets,
ith an increasing number of product variants, decreasing lot sizes,

ccelerated lead-times, and shorter products’ life cycles, companies
ave dramatically increased their product mix. As a result, a high

∗ Corresponding author at: Rua Professor Baptista, 581, 4520-818 Travanca, Santa
aria da Feira, Portugal. Tel.: +351 256881042.

E-mail addresses: rfernandes.ar@amorim.com (R. Fernandes), bgouveia@ua.pt
J.B. Gouveia), cpinho@ua.pt (C. Pinho).

278-6125/$ – see front matter ©  2012 The Society of Manufacturing Engineers. Publishe
oi:10.1016/j.jmsy.2012.02.001
f Manufacturing Engineers. Published by Elsevier Ltd. All rights reserved.

degree of equipment flexibility is now required, and companies
must incorporate this need into discussions of new investments.

Despite the way  managers think, traditional approaches that are
based on discounted cash flows techniques, and which compare
future profits with the cost of investment for a certain demand’s
quantity, do not actually consider the value of product mix  flex-
ibility. As a consequence, volume increase or economies of scale
are still the more attractive argument to use in a project payback.
The problem of the traditional approach is that investing in more
flexible equipment that is able to produce smaller and more cus-
tomized batches, does not generate the required profitability over
the expected period of time in order to cover the initial costs. Invest-
ments in flexible equipment are generally more costly than those
for inflexible equipment, and the potential benefits are difficult to
value with accuracy at the initial time. This is particularly true in
the presence of high levels of uncertainty, when it is difficult to
predict if a certain option will be exercised or not.

Any company offers a mix  of standardized and customized prod-
ucts. The strategic problem of offering only standard products is the
fact that the other suppliers could easily copy the solutions; on the
other hand, the operational dilemma of the company is about the
use of the equipment under analysis, and whether it can be used
for standard products that are based on big orders, or for smaller,
ix strategy and manufacturing flexibility. J Manuf Syst (2012),

customized orders.
Investments tend to be evaluated considering a single mea-

surement and associated yield of the particular machine under
analyses; these is considered the same for all the products, despite

d by Elsevier Ltd. All rights reserved.
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ifferent batch volumes. Smaller batches are seen as unpopular and
ustomized products the exception, but normally they are at the
ore of the reasoning for some additional investments that argue
or more flexibility and market requirements. Managers have to
nitially decide whether to invest in a flexible manufacturing sys-
em that has the possibility of producing customized products, or
n dedicated systems, which are inflexible concerning customisa-
ion. In other words, the firm has to consider whether it is valuable
nd convenient to spend additional money to acquire equipment
eatures that offer flexibility. In short, the model is more valuable if
he benefits resulting from the product offer flexibility are greater
han the costs of the initial investment.

The investment in flexible manufacturing equipment and the
ubsequent ability for customized products is generally greater
han the investment in equipment that aims a standard mix  based
n a limited range of products. Flexibility gives the management
ome freedom [1].

Flexible manufacturing equipment is designed to produce a
ide variety of product variants (in our work, the product property
ith the greatest potential is the surface design), each of which
as small lot sizes, with the efficiency of mass production. For our
urposes, our choice in industrial equipment is based on cost effec-
iveness and customisation [2].

Specifically, we propose a method that uses real options for the
verall economic figure of an investment in new equipment, pri-
arily, and aiming the visual finishing at an industrial company.

he firms customize their product mix  to meet market needs, yet
lso to provide a quick response times.

The main challenges are calculations of managerial flexibility to
upport the decision whether or not to accept an investment that
s able to provide additional customisation by adding costs. Our

otivation comes from an investment problem that was encoun-
ered by an industrial company. The alternatives are either a flexible
r an inflexible product line. To simplify our approach, an item
roup represents a number of items with similar manufacturing
haracteristics, which is applied to the equipment under analysis
common simplification in capacity problems).

We will investigate the differences between evaluating an
nvestment in new equipment for an industrial company, and con-
ider alternative scenarios for the product mix. The problem we
resent is formulated by two questions: (i) what is the value of
roduct mix  customisation? (ii) How much money is a firm inclined
o spend in order to have a more flexible equipment? And we  will
onsider two situations affecting the profit function: (i) in which
he supplier does not let themselves be exposed to risk (charg-
ng the customers with additional costs by using a premium on
elling price), and (ii) in which the supplier allows themselves
o be partially exposed to risk (charging the customers only with
he initial costs related to equipment adaptation, assumed as sunk
osts). To answer these questions, an appropriate methodology to
upport investment decisions, taking into account these character-
stics, needs to be used. We  aim to conclude that there is a relevant
ifference in the evaluation of decisions about what equipment to
hoose, considering the potential value related to changes in the
tandard mix  that are able to provide the maximum return from
nvestment and fulfil the market demands.

. Literature review

Valuing manufacturing flexibility has been done for more that
wo decades. In this paper, however, we will focus on the flexibility
Please cite this article in press as: Fernandes R, et al. Product m
doi:10.1016/j.jmsy.2012.02.001

elated to product mix.
Traditionally, investment appraisal is based on net present

alue and other discounted cash flows techniques. These tech-
iques ignore the value of flexibility related with management
 PRESS
uring Systems xxx (2012) xxx– xxx

adaptation, or the influence of new information during the project
life time [3].  Another relevant problem is the increase of variables
affecting the decision process, despite the required profitability
under demand fluctuation [4],  such as flexibility, cost adaptabil-
ity, equipment’s requirements and eventual reconfiguration [5],
mainly linked with the diversified customer base, product models
and variants extension, smaller lot sizes, accelerated time to market
and shorter life-cycles [6,7]. Recent developments in technology,
like flexible manufacturing systems, can provide benefits that are
not properly captured by traditional approaches; we refer mainly
to economies of scope [8].  The Real options approach, on the other
hand, requires expected discounted future cash-flows to be signif-
icantly above the investment costs, by addressing the limitation of
traditional approaches and valuing the flexibility of management
decisions along the project period [9].

Traditional techniques admit that management makes an irre-
vocable decision on the basis of future market expectations,
assuming that the deterministic discounted cash flows are known
at the initial moment. The traditional techniques can be used and
are valid in the absence of uncertainty, but their use is not correct
when managers are able to react in the presence of new informa-
tion from the market and, therefore, to improve the value of the
project.

Manufacturing flexibility is the ability to deal with a changing
environment and can be seen as a competitive priority [10–12],  but
acquiring flexibility has a cost [13] and should be valued [14]. The
literature reports several methods to measure the manufacturing
flexibility (see, e.g. [15–21]).

Different studies on managerial flexibility have been done for
almost two decades, using real options and other techniques (see,
e.g. [3,22–26]). The bases of the developments are the decisions
whether to buy flexible or non-flexible equipment and how much
capacity should be acquired, with regard to the fact that investment
is irreversible.

Different types of flexibility can be evaluated such as the “vol-
ume”, “process” and “product mix”, which can be, respectively,
defined as the ability to operate profitably at different outputs or
scales, with different designs and routes or in the presence of sev-
eral products being manufactured without causing set-ups increase
(e.g. [27,28]). We  refer specifically to product mix  flexibility and
the capacity of production equipment to handle the product mix
changes [29], and we follow Berry and Cooper [29] that defined
product mix  flexibility as the ability to manufacture a wide range
of products or variants with expected low changeover costs. Gerwin
[30] focused on equipment and features related to volume and mix
flexibility. Slack [31] discussed the implications of the resources on
flexibility, e.g., process technology versus volume and mix  flexibil-
ity. Olhager [32] mapped, among others, set-up time as a source
of volume and/or mix  flexibility. Chang et al. [33] studied, e.g., the
ratio of manufacturing technology to the mix  and volume flexi-
bility. Hutchison and Das [34] listed the ability to produce a wide
range of products and quick changeover times as capabilities to
achieve mix  flexibility. Finally, we  can refer Wang et al. [35], who
put the attention on the relationship between mix optimisation and
manufacturing complexity.

In 1996, Trigeorgis [3] proposed a real option approach to value
the managerial flexibility and Suarez and Cusumano [36], examined
the use and implementation of manufacturing flexibility, showing
that the degree of flexibility depends on what the firm is aiming
to achieve concerning product-demand characteristics. In 1998,
Chryssolouris, Anifantis and Karagiannis [37] presented some flex-
ibility measures, considering the manufacturing system ability to
ix strategy and manufacturing flexibility. J Manuf Syst (2012),

react to dynamic changes in inputs. Koren et al. [38] evaluated man-
ufacturing systems, considering the configuration of machines and
material handling. In 2004, Kurtoglu [39] used the cost of chang-
ing a system, aiming the production of new products/variants and

dx.doi.org/10.1016/j.jmsy.2012.02.001
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iendahl and Heger [40] referred to the concept of changeabil-
ty. Wahab [41] studied measures for machine and product mix
exibility.

Typically, scale economies are used to support investment
ecisions; in contrast, scope economies are not directly incor-
orated in assessment techniques. However, exceptions can be
ound in literature, as the percentage of products that are standard
r customized [42], the number of complementary technolo-
ies/standards employed [43] and the modularity of the product
44]. Generally, allied arguments have faced flexibility as outcomes
f management know how [45].

The research in this paper differs from previous literature
egarding three aspects: (i) we quantify the investment decision
nder demand uncertainty; (ii) we examine the impact of different
quipment features on investment flexibility value; and (iii) our
odel incorporates the problematic of product mix  distribution

etween standard and customized items, making a closer approach
o the reality. Although previous research has addressed one or two
f the above points, nothing has been found integrating all three
spects. Thus, our research provides additional contributions to the
iterature.

. General problem identification

A recent trend is that commodity-producing companies try to
t the market requirements to the existing production facilities.
his is because consumers have become more demanding when it
omes to finding a suitable product for their needs.

The company we will use in our example has an extensive
roduct portfolio, containing more than one thousand articles. The
ompany divides its customers into three different segments: spe-
ialty, chains and contracts. The fact that the company has a wide
ariety of products, but wants to maximize batch volumes, in order
o minimize the unit cost, will lead to a new reality in investments
valuation. The problem with this strategy is that the company has
o extend its product portfolio further, which leads to higher over-
ead costs and a need for greater flexibility in production facilities.
he company faces a problem related with surface finishing variant,
s the initial costs are very high. This causes small and customized
rders to be expensive to produce. New techniques for surface fin-
shing need to be evaluated. In this new design technique project is
iscussed whether it should be used only for development of new
tandard products or if it should be used as a production machine
or small customised products.

Today, the production tries to minimize the total time of set-
ps. The factor that has greater impact on the total set-up time

s the number of changes in production orders. Consequently the
roduction tries to minimize the number of production orders by
aximizing the batch sizes.

. Model

In this section, we will derive our model focusing on the research
uestions outlined in the introduction. We  relate our problem
ith the equipment acquisition function; however, we  realize the

mportance of extending the issue to future resources argument
onfiguration. We  focus our approach on assembly systems, where
he set-up time is a relevant activity, consuming resources and
osts, to endure the process flexibility.

It is stated that the most important factor influencing manu-
acturing investment decisions, is product demand. Therefore, the
Please cite this article in press as: Fernandes R, et al. Product m
doi:10.1016/j.jmsy.2012.02.001

ncertainty in demand (quantity) is recognized as the only source
f uncertainty in our valuation framework, which will be repre-
ented by D. Also, Cobb and Charnes [46] or Rabbani et al. [47]
nd other authors used the demand as a source of uncertainty to
 PRESS
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support manufacturing investment decisions. The change in
demand (stochastic variable) is modelled as a geometric-Brownian
motion (assumption also used by [26,48–50]).

We  assume that the product demand can be based on standard
or customized products, for a certain period of time, the possibil-
ity of sequential investment is not considered within the review
period, and we  consider the existence of a salvage value at the end
of the investment period. We  stress that the strategy of splitting
demand between standard and customized products is influenced
by the company.

We restrict our model to buying resources perspective, consid-
ering that there are no outsourcing alternatives for the specified
activities, and we ignore the inventory planning influences in the
equipment performance.

Considering the equipment and process analysis, we assume
that features like processing times, the set of product types that
the system is capable to produce and their required operations
are known. Based on this information, we  interpret flexibility as
the ability to switch between different products, without incurring
major changing costs (based on [51–53]).

We will use two relevant indicators related with integration and
impact of set-ups. Equipment effectiveness depends on the inte-
gration of various stations, taking into account the buffer sizes,
the loading conditions and the balanced workload up and down-
stream of the chain. Integration aims to significantly reduce part
waiting times and work-in-process inventory [54,55]. There is also
an impact from different scheduling policies on the performance
of each process configuration. For limited or not allowed buffers,
our main performance measure is the expected throughput rate,
while for systems with infinite buffers is the equipment flow time.
For both systems we can use an integration flexibility factor as
presented in the model. We  derived the indicator considering the
technical equipment features, mainly the output rate, and the up
and downstream process stations capacity. We  used the worst situ-
ation as the basis (minimum boundary) and then we derive to other
alternatives considering the global flow output improvements, but
always subject to a maximum boundary according to the invest-
ment budget. The integration costs are calculated as the inverse
of flexibility factor, and are applied to the cost of lost or unused
flow capacity. This means that if we choose equipment with lower
output within up and downstream stations, and limited buffers,
we should book an opportunity cost. An example is provided in
Table A.3.

On the other hand, set-up time is usually incurred each time a
machine switches from one item type to another type, which affects
the flexibility of the equipment [56]. The set-ups may  be due to
exchange of tools, designs, dimensions or programs. The frequency
of set-ups is determined by the number of items being processed in
the same machine and the used scheduling policy, which is being
affected by lower and more frequent orders. Although it is dif-
ficult to extend the analytical models for zero set-up times, we
did not restrict the model to capture the effect, when applicable.
We derived the indicator, considering the time of change required
in each task to be performed, in accordance with the technical
parameters of equipment under consideration, but subject to bud-
get constraints (upper limit). We  use the worst case (minimum
boundary) as the basis and derived the alternatives using a flex-
ibility ratio, which we  apply in the reverse order for the set-up cost
function. An example is presented in Table A.2.

For a general application of the model, we consider the possi-
bility of dividing a complex investment in different homogeneous
units, in the same way as the integrated equipment.
ix strategy and manufacturing flexibility. J Manuf Syst (2012),

The demand process is written as:

dD = ˛Ddt + �Ddz (1)

dx.doi.org/10.1016/j.jmsy.2012.02.001
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Table 1
Notation.

Ii = Ii−1 · � ii · �si ; i ≥ 1 Investment in flexible technology (equipment or
homogeneous unit) index, i

Ib Maximum allowed investment budget
I0 Investment in inflexible equipment (or

homogeneous unit)
S  Salvage cost (% of investment value)
T  Time to expiration
i Index for technology flexibility. i = 0; equipment

(or homogeneous unit) dedicated to standard
products; i ≥ 1; flexible technology able to
produce customized items

�si Flexibility factor for additional investment value
regarding set-up costs

� ii Flexibility factor for additional investment value
regarding integration costs

�si Flexibility factor for set-up costs optimisation
�ii Flexibility factor for integration costs

optimisation
x Offer index for standard products
pvx Selling price standard products
py Selling Price premium for customized products
cv Variable production unit cost
�cf  Development costs of customized products for a

single unit
y  Customer index participation in �cf
r Risk-free interest rate
ksi = ksi−1 · �si ; i ≥ 1 Fixed set-up cost by order for option technology,

i
kii = kii−1 · �ii ; i ≥ 1 Integration cost for option technology, i
ks0 Fixed set-up cost by order for inflexible

technology
ki0 Integration cost for inflexible technology
ϕ  Average quantity by order for standard products
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Table 2
Numerical parameters.

Ib I0 × 1.5 × 103 D
I0 1200 × 103 D
S 10% × I0
D 250 × 103 un
T 10
� ii 1.02 (see Table A.3)
�si 1.1 (see Table A.2)
�ii 1/� ii
�si 1/�si

x 90%
pvx cv × 1.2 D /un
py 2.5 D /un
cv 10 D /un
�cf 1 D /un
y 20%
r 6%
ks0 240.57 D /un
ki0 0.3 D /un
ϕ 1500 un/order
�  Average quantity by order for customized
products

here dz = ε(t)
√

dt; ε(t) ≈ N(0, 1);  ̨ is the instantaneous drift; �
he volatility; dz is the increment of a wiener process and ε(t) is a
erially uncorrelated and normally distributed random variable.

From Eq. (1) it follows that the demand D is log-normally dis-
ributed with a variance that grows with the time horizon (also an
ssumption of the model presented by [1]). The demand is modelled
s a continuous process that can be applied realistically, considering
hat the manufacturer accepts any order, despite the economic lot
ize, and there is no relevant influence of inventory buffers between
he equipment production output and the market demand. We
ssume that the product mix  is defined by the company, which
annot influence the overall demand quantity but influences the
elling price, within a set price corridor. The parameters used in
he model are described in Table 1.

We will model two situations, considering the flexibility and
nflexibility of the equipment concerning the product mix. This
an be applied for the same volume of demand, assuming differ-
nt indices in the product mix. We  consider that there is always

 balance between the volumes and prices for each index. This is
 realistic assumption, considering the existence of a higher price
premium) for customization. We  derived the model Eqs. (2) and
13) based on the reasoning described in Table A.1.

.1. Product mix flexible model

When studying an investment acquisition, which expires at
he end of time T, and gives us the opportunity to buy more
exible technology, whether the benefits of the possibility of
anufacturing customised products, exceed the costs for acquir-
Please cite this article in press as: Fernandes R, et al. Product m
doi:10.1016/j.jmsy.2012.02.001

ng the additional equipment resources, respecting the maximum
llowed investment budget; the optimal alternative (value match-
ng), which we denote as “flexible investment acquisition”, at the
�  150 un/order
� 20%

end of T, can be expressed as:

D ·
[

x ·
(

pvx − cv − kii−1 · �ii − ksi−1 · �si

ϕ

)

+(1 − x) ·
(

pvx + py − cv − kii−1 · �ii − (1 − y) · �cf

−ksi−1 · �si

�

)]
− Ii−1 · �ii · �si + S (2)

Then we calculate the FIAi(T) as the expected terminal value of
the condition (expiration optimal condition):

FIAi(T) = max

{
D ·

[
x ·

(
pvx − cv − kii−1 · �ii − ksi−1 · �si

ϕ

)

+(1 − x) ·
(

pvx+py − cv − kii−1.�ii−(1 − y) · �cf − ksi−1 · �si

�

)]

−Ii−1 · �ii · �si + S
}

(3)

where, FIAi(T) is the additional value of flexible investment acqui-
sition; D · x · (pvx − cv − kii−1 · �ii − (ksi−1 · �si)/ϕ) represents the
profit function for standard products within a certain demand
level D and the offer mix  x; D · (1 − x) · (pvx + py − cv − kii−1 · �ii −
(1 − y) · �cf − (ksi−1 · �si)/�) represents the profit function for cus-
tomized products within a certain level of demand D and the offer
mix  1 − x; Ii−1 · � ii · �si represents the investment in technology for a
flexible combination of products, considering integration flexibility
factor � ii and production flexibility factor �si; finally, S represents
the salvage value.s.t.

i ≥ 1 (4)

py ≥ 0 (5)

0 ≤ x ≤ 1 (6)

Ii ≤ Ib (7)

�ii ≥ 1 (8)

�si ≥ 1 (9)
ix strategy and manufacturing flexibility. J Manuf Syst (2012),

�ii ≤ 1 (10)

�si ≤ 1 (11)

dx.doi.org/10.1016/j.jmsy.2012.02.001
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˛

Fig. 1. Inflexible investment, flexible investment acquisit

Thus, the value of the alternative can be expressed as a European
all option with the following differential equation:
Please cite this article in press as: Fernandes R, et al. Product m
doi:10.1016/j.jmsy.2012.02.001

 · D · dFIAi

dD
+ 1

2
·  �2 dFIAi

2

d2D
− rFIAi = 0 (12)

Fig. 2. Flexible investment acquisition valu
lue (FIA) and set-up costs, for different mix alternatives.

5.2. Product mix inflexible model

{ ( ) }
ix strategy and manufacturing flexibility. J Manuf Syst (2012),

IA0(T) = max D · pvx − cv − ki0 − ks0

ϕ
− I0 + S (13)

e (FIA), mix  index and set-up costs.

dx.doi.org/10.1016/j.jmsy.2012.02.001
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Table 3
Relationship between set-up costs reduction and the flexible investment acquisition.

Equipment specification (set-ups) Mix  Index (% standard products)/FIA (103 D ) Additional
investment (103 D )

Maximum value
(103 D )

Equipment type Flexibility factor (set-ups) 95% 80% 50% 25%

Additional investment Costs optimisation

Flexible
M1  1.0 1.0 28.5 30.9 36.0 40.6 1200.0 1800.0
M2 1.1  0.9 31.7 37.6 51.0 63.7 1320.0 1800.0

 

 

n
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t

M3 1.6  0.6 39.8
M4  2.2 0.5 43.6

Where, IA0(T) represents the additional value of inflexible tech-
ology, D · (pvx − cv − ki0 − ks0/ϕ)  represents the profit function

or standard products within a certain level of demand D, I0
ccounts for the investment in inflexible equipment and S repre-
ents the salvage value.

. Model application

To generate some insights to the model we will present an exam-
le based on real data. Some of the numbers presented in Table 2
re adapted for confidentiality reasons. The most important indi-
ators are computed in Table A.4. We  assume that a company has
he opportunity to invest in new equipment, in a dynamic market,
here customised products are available.

.1. Brief description of the market and the company

To enhance the understanding of the example, we will make a
Please cite this article in press as: Fernandes R, et al. Product m
doi:10.1016/j.jmsy.2012.02.001

rief description of the market and the products within the firm’s
cope.

For the production of innovative products, surface decora-
ion players want faster turnaround time, shorter runs and more

Fig. 3. Flexible investment acquisition value 
55.3 94.0 132.9 1920.0 1800.0
64.2 116.5 169.6 2604.0 1800.0

flexibility in the surface finishing process. Considering ultimate sur-
face finishing technology, endless products with different patterns
and colours can be created, using multiple designs simultaneously.
This situation allows the development of new products and the
offer of customized solutions. New trends in design are requiring
more realistic patterns. The trend is random printing for unlimited
number of items from existing and conceptualised surface pat-
terns. Specifically, it is in the contract market where customers are
demanding more customized products.

The company divided its customers into three different seg-
ments: specialty, mass chains and contracts. The specialty segment
refers to dedicated stores and the contract market refers to con-
struction segment. The market can also be divided into a consumer
market and a contract market, where consumer market encom-
passes sales through retail shops, like specialty shops and home
centres. On the other hand, the contract market comprises pub-
lic environments. The market is highly fragmented with a large
number of players and the company offers products to the large-
ix strategy and manufacturing flexibility. J Manuf Syst (2012),

scale home centres as well as to the small-scale specialty retailers.
The company tries to offer a broader scope of products for spe-
cialty retailers that can get exclusive products. The problem with
this strategy is that the company has to extend its product

(FIA), mix  index and demand volatility.

dx.doi.org/10.1016/j.jmsy.2012.02.001
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Fig. 4. Flexible investment acquisition va

ortfolio further, which leads to greater complexity in the inno-
ation process, as well as in the production facilities.

The product offering consists of standard and customized prod-
cts. The undertaking of the customer is either a mandatory
oncept, where the customer agrees to contract a certain volume
uch as a complete chain of stores, or a prescribed concept. Con-
equently the risk for the company is much higher in the latter
ase. When it comes to custom orders, the company’s concerns are
Please cite this article in press as: Fernandes R, et al. Product m
doi:10.1016/j.jmsy.2012.02.001

elated with volumes, with prices and technical properties, as well
s how the company should deal with the customisation process,
eading to internal adjustments in the manufacturing department.

Fig. 5. Flexible investment acquisition value (FIA), d
A), mix  index and selling price premium.

The production equipment under analysis uses a layer prepa-
ration, a design printing process and a wear layer finishing.
The final step is a quality check for mechanical defects. The
equipment type is based on high productivity, design flexibility,
set-up time and costs, economical printing of short runs, lower
production costs and reduced inventory and storage space. Com-
pared with the limitations of conventional techniques of surface
finishing, this new technology offers a wide variety of image vari-
ix strategy and manufacturing flexibility. J Manuf Syst (2012),

ations, reduced set-up costs (reducing the need to manufacture
minimum quantities), superior quality and a dynamic range of
items.

emand volatility and selling price premium.

dx.doi.org/10.1016/j.jmsy.2012.02.001
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.2. Numerical illustration

We will evaluate five hypotheses. Mix  definition impacts on
nvestments evaluation and on the model dynamics: H1 – special-
zation in standard products and H2 – mixed offer. H3 – flexibility
echnology, measured as a reduction on set-up costs, has a rele-
ant influence on investment evaluation. H4 – demand uncertainty
mpacts the investment value and H5 – selling price premium can
lso support a mix  strategy aligned with more flexible equipment
n uncertain environments.

We  will consider that more flexible equipment has shorter time
onsuming set-ups, as it is less sensitive to possible production
hanges (also defended by [57–60]).

. Results and discussion

Mix  definition impacts on investments evaluation and on the
odel dynamics: H1 – specialization in standard products and H2

 mixed offer.
From Fig. 1, we can say that the flexible investment acquisition

alue (FIA) increases as the index for standard products decreases.
he impact is smaller when the set-ups are more time consuming
nd expensive, which means a low level of equipment flexibil-
ty according to our assumptions. Considering that the company
ims to achieve a minimum flexible investment acquisition value
f 31 × 103 D , the optimal mix  index for standard products should
e 75%; in the case the company wants to offer 90% as standard
roducts, FIA is 29 × 103 D , which means less flexibility in the mix.
e found the level of flexibility, using the set-up costs, so that the

alue of flexible investment is higher than the inflexible one. These
esults are important for the real operational environment used to
odel the problem, as well as to support the mix  strategy, which

s influenced by the technical solution to install.
H3 – flexibility technology, measured as a reduction on set-up

osts, has a relevant influence on investment evaluation.
From Fig. 2 we can conclude that there is a relevant link between

et-up costs reduction, due to less time required for changes, and
he flexible investment acquisition value, considering the equip-

ent features. Theoretically, the equipment is designed to produce
pecific types of outputs, with the most efficient capacity. However,
hen the firm expands its product range, the efficiency is reduced,

.e. increasing the cost and time to produce the same amount of
utput, or decreasing the level of output with the same amount
f cost and time. Therefore, the changeover cost due to product
ange variety can decrease the flexibility. In practice, if equipment
dditional features can reduce the cost and time of the changeover,
he product offer management will be more flexible; so, the range
f customized products can be expanded. On the other hand, if
Please cite this article in press as: Fernandes R, et al. Product m
doi:10.1016/j.jmsy.2012.02.001

he product range can be expanded by reducing disabilities when
witching from one item to another, the equipment is more flexible.

Complementing the analysis of Fig. 2 with Table 3, we can make
 real calculation approach: if the value of the inflexible investment
 PRESS
uring Systems xxx (2012) xxx– xxx

is 1200 × 103 euros and if 80% of the mix  are related with standard
products, the buyer is not willing to pay more that 1357.6 × 103

euros (1320 × 103 euros, with a premium of 37.6 × 103 euros) to
acquire equipment technology “M3”, considering a budget limita-
tion of 1200 × 103 euros × 1.5.

H4 – demand uncertainty impacts the investment value.
The Fig. 3 shows that the flexible investment value is higher

for markets facing increasing uncertainty levels. These results are
in line with the literature on the evaluation of investments using
real options (e.g. [9,61,62]), where is stated that, for environments
with higher uncertainty, there are more opportunities to be valued
along the project life time. The difference in the mix, between stan-
dard and customized products, is more significant for environments
under high uncertainty levels. This confirms that the high flexible
investment value is not driven only by the general and often used
argument to “invest later” but strengthened by the high percentage
of products’ customisation.

H5 – selling price premium can also support a mix  strategy
aligned with more flexible equipment in uncertain environments.

The existence of a selling price premium can support the mix
strategy between standard and customized products. A company
that wants to endow the mix  with more customized products
should request a selling price premium, able to compensate the
factory complexity. We  investigated different profit function sce-
narios: the supplier does not expose to risk (charging the customers
with additional costs, using a selling price premium), supplier
exposes partially to risk (charging the customers only with the
initial costs related with equipment adaptation, assumed as sunk
costs). The results from Figs. 4 and 5 show that a higher selling
price premium has more impact as the standard products percent-
age decreases (more customized products). In the presence of a
lower selling price premium, the additional value is related only
with set-up costs reduction (flexibility).

8. Conclusions

The aim of this work was  to be an investigation of the decisions
and evaluations about the equipment to be chosen, considering
the mix  index impact. In general terms, our conclusions are in line
with past studies in terms of what affects the use of real options in
investments evaluations, considering the impact of demand volatil-
ity. The novelty refers to additional equipment flexibility that is
dependent on the technology flexibility factor and on the impact
of mix  index and demand volatility, which is in line with actual
concerns as markets become more competitive and unpredictable.
We  also simulate the results for both situations, considering and
not considering the existence of a selling price premium applied to
customised products.
ix strategy and manufacturing flexibility. J Manuf Syst (2012),

The numerical example shows that the opportunity for addi-
tional equipment flexibility can be quantified, and that there is a
relevant link between investment choice, product mix strategy, and
selling price positioning.

dx.doi.org/10.1016/j.jmsy.2012.02.001
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Appendix A.

Table A.1
Model reasoning.

Management issue Issue interpretation Issue measurement Model

Investments evaluation Based on cash flows (profit
functions)

We used a marginal approach: difference between
selling price and variable production costs. We
compare additional revenues with net investment (we
considered a salvage value)

Q · (pvx − cv) − Ii−1 + S

Market  uncertainty Uncertainty source related
with demand

Traditional known variable sales quantity Q
transformed in unknown quantity D

Q → D

Mix  versatility The ability to changeover to
produce a new (set of)
product(s) very economically
and quickly

We used product range relation: between standard
and customised products

x ; (1 − x)

Equipment flexibility Ability to changeover and
adapt equipment to produce
different parts (products)

We use the concept of set-ups to translate a relevant
cost, in the profit function, affecting the decision
process

(ksi−1 · �si)/ϕ ; (ksi−1 · �si)/� ; �si

Equipment integration Routing or process design and
flexibility

We  translated the impact of process configuration in
the  balance between linked equipment outputs

kii−1 · �ii ; � ii

Selling price policy Based on price positioning Selling price premium (1 − y) · �cf

Table A.2
Surface finishing equipment specification regarding set-ups time.

Equipment specification (set-ups)

Equipment
type

Surface
preparation

Textile design
ink

Ceramic design
ink

Wood design
ink

Printing
presses
cleaning

Colour and
design tuning

Surface
finishing

Worst case Flexibility
factor (set-ups)

Same
pattern

Different
pattern

Standard
format

Specific
format

Standard
format

Specific
format

Standard
format

Specific
format

Standard
finishing

Specific
finishing

Standard
finishing

Specific
finishing

Additional
investment

Costs
optimisation

Inflexible
M0 0′′ na 5′′ na 5′′ na 8′′ na 2′ 3′ 0′′ na 5′ na 1.0 1.0

Flexible
M1 0′′ 15′ 10′′ 10′ 9′′ 10′ 20′′ 15′ 8′ 5′ 0′′ 20′ 13′ 63′ 1.0 1.0
M2 0′′ 14′ 8′′ 6′ 6′′ 8′ 15′′ 14′ 6′ 5′ 0′′ 18′ 11′ 57′ 1.1 0.9
M3 0′′ 10′ 6′′ 4′ 6′′ 6′ 10′′ 8′ 4′ 5′ 0′′ 12′ 9′ 39′ 1.6 0.6
M4 0′′ 8′ 5′′ 2′ 5′′ 2′ 8′′ 6′ 2′ 3′ 0′′ 10′ 5′ 29′ 2.2 0.5

dx.doi.org/10.1016/j.jmsy.2012.02.001
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Table A.3
Internal process framework for a single shift.

Equipment type Available output Flexibility factor (integration)

Glue & pressing station Surface finishing Cutting & profiling station Additional
investment

Costs
optimisation

M0  = M1 140 pcs/min 120 pcs/min 150 pcs/min 1.00 1.00
M2 122 pcs/min 1.02 0.98
M3 128 pcs/min 1.07 0.94
M4 135 pcs/min 1.13 0.89

No buffers between stations. No buffers inside surface finishing operation.

Table A.4
Computation of some relevant parameters and indicators used in the example.

Period Dt (×103) Rt = ln(Dt/Dt−1) Rm = Rt
2 (Rt−Rm)2 % standard mix N◦ orders (standard

mix items)
N◦ orders
(customized items)

1 261.59 0.00 79 133 223
2 296.36 0.12 0.02 0.01 84 192 178
3  261.95 −0.12 0.02 0.02 89 185 120
4 372.73 0.35 0.12 0.12 93 128 150
5  305.45 −0.20 0.04 0.04 98 132 210
6  325.00 0.06 0.00 0.00 95 194 267
7  272.32 −0.18 0.03 0.03 86 165 298
8  314.18 0.14 0.02 0.02 98 209 123
9 445.45 0.35 0.12 0.12 82 187 235

10  319.18 −0.33 0.11 0.12 83 165 220
11 309.09 −0.03 0.00 0.00 89 134 256
12  317.68 0.03 0.00 0.00 94 191 150
13  449.55 0.35 0.12 0.12 92 155 265
14 316.27 −0.35 0.12 0.13 86 215 140
15  262.50 −0.19 0.03 0.04 85 138 254
16  358.64 0.31 0.10 0.09 92 165 292
17  332.23 −0.08 0.01 0.01 84 201 263
18  367.27 0.10 0.01 0.01 98 212 146
19  284.77 −0.25 0.06 0.07 88 272 300
20  301.23 0.06 0.00 0.00 87 197 165
21 352.64 0.16 0.02 0.02 94 203 180
22  362.73 0.03 0.00 0.00 98 216 204
23 356.68 −0.02 0.00 0.00 91 210 290
24  338.64 −0.05 0.00 0.00 96 437 265
25  313.18 −0.08 0.01 0.01 88 279 289

Rm 0.01

Sum 0.98 0.98
8197.32 VH 19.80% 20.19% 90 4914 5483

Average quantity by order 1500 150
Volatility 20%

 products 90%
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