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Abstract

Boundaries between products and services vanish and companies increasingly offer hybrid solutions
known as Product Service Systems (PSS). Thereby, a holistic view that includes both the product
and service parts must be taken. This paper presents a discrete-event simulation of a PSS as a
method for the specification of the product part. Besides product and service, the application
scenario and the decision-making are also modeled. Based on the results for a case study, the
customer requirements could be guaranteed as the essential product specifications were optimized
to minimize total costs.

Keywords: product-service systems (PSS), simulation-based design, product development, discrete-
event simulation

1. Introduction

Physical products can be extended by services and thus offered as a hybrid combination of products
and services to differentiate the offering of a company from the competition (Gembarski et al.,
2016). These offerings are described in the literature as Product Service Systems (PSS). Such PSS
exist, but in most cases with services as an addition to an existing product. It is not desirable for
manufacturers to add services to products, as this leads to discount demands. In order to take
advantage of PSS, an integrative relationship between product and service that offers a customer
real added value is necessary (Sturm et al., 2007).

A solution that can be precisely adapted to existing customer needs can create such real added
value. PSS is described in the scientific literature as a solution that meets individual customer needs,
regardless of whether the performance promise. Revenue is primarily achieved through the product
or service parts. (Thomas et al., 2010)

The decision as to which business model should be pursued must be made at the beginning of
development and has an influence on the requirements for the PSS and also on its development
(Schreiber et al., n.d.). While product-oriented PSS are expected to have little impact on the
development of the individual products (as parts of the PSS), other variants will have a much higher
impact as the business model changes. This is the case, for instance, when a business model changes
to a provider model and the products remain in the ownership of the operator. Therefore, not only is
a customer-specific offer necessary but also the relationships between product and service parts.
These relationships must be also taken into account during the planning of PSS to reduce
development, operating and adaptation costs (Aurich et al., 2006).
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Depending on the business model and the associated services, the requirements placed on the product parts
in a PSS also change. A smart product, which is equipped with sensors and data processing capabilities,
can adapt to such changes autonomously. Nonetheless, the pool of reactions must be defined beforehand
and consider the actual configuration of the PSS as well, since different product parts may have
interdependencies (Gembarski, 2020). Given this huge amount of parameters and internal dependencies in
PSS, there is a lack of methods in the literature for a product specification that fits this environment.

The objective of this paper is to build up a model which specify products in PSS based on a set of
inputs and constraints. The inputs come from the PSS, which models the service, product and the
decision making. The constraints results from the considered scenarios in which the PSS is
implemented. Thereby, a discrete-event (DE) simulation is proposed as a method to investigate the
influence of different PSS setups on the product design. Finally, service, product and customer's
behavior were implemented in the example of coffee supply for a hotel.

The paper is structured as follows, in the state-of-the-art product service systems and event-discrete
simulation are introduced. Subsequently, the modeling approach is presented and the case study is
modelled. Then the simulation and the results are described and the paper is closed with a discussion
and conclusion.

2. State-of-the-art

In this section, it is clarified how PSS are described in the existing literature and which PSS
understanding forms the basis of the examinations described in this paper. Subsequently, the state-of-
the-art of discrete-event modeling, which was used to simulate the system, is described.

2.1. Product Service Systems

PSS are systems consisting of products and services as well as supporting networks and infrastructures.
They result in a lower environmental impact than traditional business models, for example by
extending the product life cycle and optimizing consumption (as this results in savings for suppliers).
They are competitive and meet individual customer needs. An added value for the customer results
from the possibility of upgrading and modernizing the system or adapting it to changing requirements
(Mont, 2002). They can be, therefore, described as a solution-oriented partnership with tangible and
intangible components that does satisfy all stakeholders. Some authors see the use of PSS primarily in
business-to-business relationships, but not in business to consumer relationships (Morelli, 2006). PSS
can be described, for example, as a business-to-business application in the industrial sector. They are
knowledge-intensive socio-technical systems that are characterized by the combined development,
supply and use of product, and service parts. The solutions can adapt to changing customer requirements
during the product life cycle (Meier et al., 2010).

A widespread and accepted classification of PSS was established by Tukker in 2004. New definitions
are still being established, but they do not differ significantly from the existing ones (Tukker, 2015). In
its classification, Tukker categorizes eight different types of PSS into three main categories (product-
oriented, use-oriented and result-oriented) to which different business models can be assigned
(Tukker, 2004). The success of the development and implementation of PSS depends, on the one hand,
on the ability to adapt quickly to changing customer requirements and, on the other hand, on the
anticipation of these changes in the early phase of PSS development (Miiller, 2014).

The value offered by the PSS to the user can be represented by properties that are linked to
characteristics by relations. The characteristics describe product and service parts of the PSS and can
be directly influenced by the developer. In addition, product and service parts of the system influence
each other and can be represented as internal dependencies (Steinbach, 2005). Influences and
framework conditions for a separately considered product part of the PSS are thus determined by
internal dependencies to other product and service parts, the relationship to the properties, and external
conditions. All these identify and define the requirements and inputs for the respective product parts.
In many documented approaches of PSS development, the planning and design of the configurability
and reconfigurability of PSS over the product life cycle are neglected, although the literature agrees
that reconfiguring PSS during the life cycle reflects a significant advantage of it. This requires a
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combined development and thus a combined modeling of product and service parts by a common
parametric data model (Schreiber et al., 2018).

As mentioned, for a coequal design of product and service parts, a model must be created in the early
stages of the development process. This model must take into account external constraints and internal
dependencies of the PSS, as well as changes on parts and their impact on other parts, in order to fully
exploit its potential (Kloock-Schreiber et al., 2019).

2.2. Discrete-event simulation

Discrete-event (DE) is a traditional event-based simulation method that can describe the behavior of
processes and services (Kreutzer, 1979). It has the capacity of including the dynamic of discrete
systems with low to middle abstraction level. The model consists basically of entities, attributes,
queues and resources that are submitted to distinct activities. These activities can be, e.g., generation,
deletion, delay and joining of entities, or also mathematical calculations, that happen in discrete points
in time (Banks, 2000). Furthermore, such simulations allow the implementation of probability
distributions to control the sampling or other parameters, which is an advantageous stochastic
approach (Borshchev and Filippov, 2004). Figure 1 depicts a simplistic model of a DE simulation
using the open-source software JaamSim (Harrison et al., 2016). This model consists of the generation
of entities with a normally distributed interval; queueing; seizing one resource to process the entity for
an amount of time; release the resource; and, finally, deletion of the entity.
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Figure 1. Basic DS model created in JaamSim

Despite very intuitive, these simulations allow a detailed analysis of costs, capacity, quality and time
management. Therefore, DE models can be constructed to cover a large range of applications, such as
gueueing, computer, communication, manufacturing or traffic systems (Cassandras and Lafortune,
2009). One recent example that proves this flexibility was the application of DE for the simulation and
optimization of a hospital service (Dosi et al., 2019). Moreover, an increasing interest is observed in
the last years for simulation of PSS, as seen in the analysis performed in (Weidemann et al., 2015). As
pointed out in their work, the use of DE for PSS has a high application potential, making possible
three types of analysis:

¢ Result-oriented — used to model the entire process, including customer’s and provider’s side.

o Use-oriented — used to simulate the use of the product by the customer, in order to find the
right amount of resources to deliver a quality service given certain uncertainties.

e Product-oriented — used to predict the behavior of the product in use and, thereby, adjust its
specifications.

Besides the possibilities commented above, the simulation may also contain decision-making algorithms,
which is a crucial part of holistic PSS modeling. This can be executed through the connection of data
provided by the product use with the management of the service that these products deliver (Pidd, 2012).
As a drawback, the DE models have a dependency with human behavior, which must be approximated
through distribution models and may cause a level of uncertainty. The modeling of such parameters
requires a detailed field research that in many cases may be impractical, but can deliver good
approximations if cyclic or seasonal behavior is present in the data.

3. Modeling approach

In order to design the specifications for products in PSS, in this work, four main areas are modelled
from which the DE simulation is built. First, the scenario is modeled, which defines the restrictions
and constraints of the model. The parameters here are defined by the scenario under consideration.
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The PSS is modeled from the parts product, service and decision making. These have different input
parameters that are changed for parameter studies and the resulting effects are examined in the DES model.
By comparing the input parameter sets, an optimum is derived for the respective scenario and the product
specifications are defined. The underlying modeling approach is shown schematically in Figure 2.
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Figure 2. Structure of the modeling approach

In this paper, the simulations are executed with different products (coffee machines) to achieve
minimal customer requirements. Finally, service and product costs for the different PSS setups are
summed up in order to find the best specifications of product parameters.

4. Case study modeling

The PSS considered in the context of this paper is simplified and defined by a limited number of
parameters and parts. It shows a business-to-business relationship in the gastronomy/hotel sector. The
structure of this PSS example is shown in Figure 3. It can be classified as a result-oriented PSS which
offers the customer a result regardless of how it is achieved. The supplier provides coffee cups for the
hotel guests, delivering the necessary machines and exchanging them according to an increase or
decrease in demand. In addition to the machines, the supplier also delivers the coffee beans (supplies
the consumables) and maintains the machines. In this case, the customer is the hotel that pays the
supplier to provide its guests with coffee cups.

Figure 3. Result-oriented PSS for coffee supply to a hotel

Therefore, the PSS consists of two service parts and one product part. It should be noted here that
if a PSS is to be developed holistically and coequal, this determination should only be made as
late as possible in the development process and, in some cases, later modification is still possible.
An example of this would be the cleaning of the machine, which could be carried out both by a
service or by a machine equipped accordingly.

The modeling of this case study is divided into four sub-systems. The first one is the hotel
scenario, where the size of the hotel, the seasonal occupancy, and the daily distribution of coffee
cups consumption are considered. Next, the coffee machines are modelled as the product part of
the system. The service parts are the supply of coffee beans and the necessary delivery or return
of the coffee machines. Finally, the decision-making process for the management of the machines
is also modeled and integrated into the system.

4.1. Scenario modeling

The application scenario is a hypothetical hotel, derived from an existing reference. In this case study,
a hotel with a capacity of 300 beds and an average occupancy rate of approx. 70% was used. The
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consumption of coffee is 190,000 cups per year, which corresponds to an average consumption of 2.5
cups per person per day. In order to achieve a realistic simulation, the coffee cups consumption is
distributed over the day, depending on the breakfast time, the coffee break and the intermediate times
(shown in the diagram in Figure 4).
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Time of day [h]
Figure 4. Distribution of coffee cups consumption in 24 hours

From this distribution, a related mean interval between coffee cups servings is derived for each daily
hour. However, this serving mean interval is not constant and contains naturally deviations that will
influence the creation of queues. To achieve a more realistic behaviour, a normal distribution was
additionally used for this mean interval with a standard deviation of one-sixth of the mean value,
represented as the dotted lines in Figure 4 (68.2% interval).

In addition to the fluctuations spread over the day, the occupancy rate of the hotel is also taken into
account. The hotel was simulated with a minimum basic occupancy rate of 40% and a distribution of
occupancy rates based on holiday periods, which can be seen in Figure 5.
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Figure 5. Distribution of hotel occupancy over one year

4.2. Product modeling

For the modeling of the machine, nine different variants were considered. The relevant parameters are
the storage capacity, the output time and the cost of the machine. Naturally, the first two parameters,
which are technical specifications, influence the third one, the machine cost. The storage capacity is
here measured as how many coffee cups the machine can deliver with one single refill. An increase in
storage capacity means that coffee beans have to be refilled less frequently. At the same time, the
development effort and also the costs for a machine increase as less installation space is available for
the other parts of the machine. The output time is related to how fast the machine can deliver one
coffee cup. If the output time is increased, a higher number of coffee cups can be served in a certain
amount of time. Equally, the costs increase with faster machines, since it has to be developed and
equipped with more powerful mechanical components.
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Therefore, for the simulation, three storage capacity variants (200, 100 and 50 coffee cups) and three
output times (90, 60 and 30 s) were considered, resulting in the nine models listed in Table 1. The
costs were estimated according to the technical specifications of the model.

Table 1. Machine model parameters

Machine model Model | Model | Model | Model | Model | Model | Model | Model | Model
1 2 3 4 5 6 7 8 9

Storage Capacity [coffee 200 100 50 200 100 50 200 100 50

cups]

Output time [s] 90s 90s 90s 60 s 60 s 60 s 30s 30s 30s

Machine cost per unit [u.] 800 600 400 | 1,000 | 800 600 | 1,200 | 1,000 | 800

Each parameter combination results in different requirements for the development of the machine. In
addition to these parameters, it should be also mentioned that the simulated coffee machines are designed
as smart products, since they independently check their utilization rate and the current storage.

4.3. Service modeling

For the service modeling the two service parts and the simulation relevant parameters, as well as
necessary boundary conditions, are defined as follows.

Delivery and return of the machines: This service part of the PSS represents the exchange of
machines at the customer's site. The necessary number of machines is adjusted by making further
machines available with 20 minutes of delivery/installation time. The decision of when to deliver or
return a machine is made by the supplier through a management system to be seen in the next section.
The main expenses and costs that arise here are the costs for the transport (driver and vehicle) and the
preparation of the machine. The reprocessing means the cleaning, but also the maintenance and
servicing of the machines (which requires employees with an appropriate qualification). In the
simulation, the exchange costs are defined with the value of 50 u. per delivery/return.

Supply of consumables: The second service part of this PSS includes the supply of coffee beans. This
involves costs for transport (driver and vehicle), which is included in the simulation with a value of 5
u. per each executed refills.

In Table 2 the parameters for the simulation of the service modeling are summarized. The decision-
making process can be seen as a part of the service modeling, but it was here separated due to its
particularities, as will be seen in the next section.

Table 2. Service parameters

Boundary condition Value Unit
Delivery time 20 min
Machine exchange costs 50 u
Coffee loading costs 5 u

4.4. Decision-making modeling

When simulating a holistic model of a PSS, an important point is decision-making modeling. In the present
application example, they are related to how the machines will be managed in the system, regarding the
delivery to the hotel and the return to the supplier's site. For that, control parameters must be defined to
command when these two events take place. In this work, they are defined through thresholds.

By using the usage statistics of the machines that are already in place for a given period, one may
define the thresholds through a limit where a machine is needed or unnecessary. For example, if the
machines are active for the last 15 min more than 90% of the time, the supplier can interpret this data
as an imminent need for a new machine. Therefore, the concept of mean active time per machine (&) is
used as parameter for this threshold. This is data that can be assessed by the supplier through a
network connection with the machine and is defined in Equation (1).

i wi(p)

n

ey

u=

260 DESIGN SUPPORT TOOLS

https://doi.org/10.1017/dsd.2020.295 Published online by Cambridge University Press


https://doi.org/10.1017/dsd.2020.295

where n is the number of machines at the customer's site; u; is the moving average of the percentage
of time in which the machine was active serving coffee (function of p); and p is the sampling period
used to calculate the moving average. The delivery or return of machines happens, respectively, when
the conditions seen in Equation (2) are met.

Dy, <1 < Rep 2)

where Dy, is the delivery threshold; and Ry, is the return threshold. In this work, however, the value
of & was calculated with different sampling periods (p) for each of the thresholds. The idea behind this
is that the delivery must be fast enough to perceive a short-term increase in the mean active time and
avoid the creation of queues and longer waiting times. Therefore, a delivery sampling period
pp With shorter value must be defined. The return, however, must not be so sensible and can account
for information from a longer period of time, so that unnecessary return is not executed. Therefore, the
return sampling period py is defined with a higher value. Within these concepts, the control parameters
from Table 3 were applied.

Table 3. Control parameters

Dip 65%
P 5 min
R 13%
Pr 24 h

That means that if the machines are working more than 65% of the time for the last 5 min, a new
machine will be delivered, and vice-versa. These values were calibrated to achieve the necessary
customer requirements for every machine model, as will be seen in the next section.

The supply of coffee beans refills was simulated with the assumption that the delivery is fast enough
to avoid a lack of coffee beans in any of the machines in place. Thereby, a minimum of 10 coffee cups
storage was set as the threshold when a new refill is needed. On every refill, all the machines are filled
up to the maximum.

5. Simulation and results

Based on the classification provided in section 2.2, the model to be constructed is originally a result-
oriented model. Therefore, the whole system was included in the model, from customer’s and
supplier’s side, which involves the items shown in Table 4.

Table 4. Items present in the result-oriented model

Entity / Resource Related activities

Coffee machine Generation, delivery, use, return, deletion

Coffee beans refill Generation, delivery, use, deletion

Coffee cup Generation, queuing, seize of coffee machine and coffee powder unit,
release of coffee machine, deletion

The coffee machine and coffee beans units are modeled both as entity and resource, since they must be
generated and consumed by every order. As mentioned earlier, in this work, however, a holistic
approach is constructed, where the aspects of service and product are modeled. Therefore, three main
points must be essentially observed:

e The service must be efficient enough to achieve the desired quality, which is here the
maximum waiting time of 2 min for a hotel guest to get a coffee cup.

e The product must be designed to offer the desired service and to minimize the costs related to
the whole process.

e The scenario is kept constant for all simulations and, therefore, the revenue generated is
equally kept constant.
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With th3 given machine parameters, control parameters and boundary conditions, the model was
submitted for the simulation of a whole year. The following results shown in Table 5 were achieved
regarding the models with different output times.

Table 5. Simulation results, part 1

Model 1-3 Model 4-6 Model 7-9
Max queueing time 1,1 min 1,8 min 0,1 min
Average machine time in use 11,9% 11,5% 9,4%
Average number of machines 4,52 3,13 1,92
Maximum number of machines 6 4 3
Number of machine delivered/returned | 34 22 36

As seen, all the simulations provided the necessary service quality parameter of a maximum queueing
time of less than 2 min. Despite model 7-9 have presented a superior service performance, this result is
here not further analyzed, since this is not a service-oriented simulation. Furthermore, it can be seen
that the number of machines required to decrease with the models that have a shorter output time. In
regard to the different storage capacities of each machine, different results were achieved for the
number of executed refills, as seen in Table 6.

Table 6. Simulation results, part 2

Machine model Model Model | Model | Model | Model | Model | Model | Model | Model
1 2 3 4 5 6 7 8 9
Number of refills 210 425 870 306 624 1285 501 1027 2178

The different results achieved are caused not only by the different machine storage capacities but also
by the number of machines present in place. As seen in Table 5, the models that have shorter output
time require fewer machines in place and, because of that, a higher number of coffee beans refills is
necessary. When taking the total costs into consideration (machine, delivery/return, and refill costs),
an overview of the final results can be presented, as depicted in Figure 6.
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Model Model Model Model Model Model Model Model Model
1 2 3 4 5 6 7 8 9

Coffee beans refill costs
Delivery/return costs

Total cost [

Figure 6. Costs results overview

6. Discussion and conclusion

Differently from conventional PSS models, where the customer would pay for a machine rental or supply
separately, the proposed model in this work is the sale of a pure service with the management of the
product by the supplier only. The objective was, therefore, to optimally use the products and to decrease
total costs. Despite the hypothetical scenario, the results were able to show that not always the best
product is the most suitable for a PSS. In the example presented, the fastest machines (model 7-9)
required a less number of machines in place, but even the one with the highest storage capacity (model 7)
was not able to reduce the total cost at a minimum level. The most suitable machine model for this PSS
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was model 4, which could diminish the number of refills and the total costs, despite the higher machine
costs. This is an innovative use of a result-oriented simulation, where the use requirements were
constantly observed and the product specifications were optimized. Therefore, the given holistic approach
proves to be advantageous for the design of products for PSS and answers the research question.

The customer's environment modeling can be challenging in new system development. In the example,
the coffee consumption in the hotel presents essential uncertainties that are difficult to quantify
without previous examination. However, the seasonal effect, in this case, can be simulated with a
satisfactory confidence level. Furthermore, with the smart products already in place, the consumption
data can be continuously saved, increasing the quality of the predictions as the product is used.
Therefore, the use of smart products in PSS stands out as an essential advantage. The information
about the product's use is not only important to deliver a quality service but also for better
management of the products. Thereby, the right machine will be sent to the place where it is most
needed, increasing the efficiency of the PSS.

For the service side, the events can be very precisely simulated. In the presented model, this was
implemented through a few parameters, but a greater number of components can be equally inserted
for real cases. Thereby, a fully extended environment can be modeled, where many customers from
different types, different machines, and more uncertainty are present. For this end, an automatic
variation of the simulation parameters and following submission would be essential. The use of open-
source software makes such an approach possible in future works.

The automation of the simulations is especially important when dealing with the decision-making
parameters. Decision-making is an essential part of PSS and, as seen, it can have a strong influence on
the final result. Many different mathematical models or artificial intelligence systems can be used to
deal with this problem and, for each of them, an optimal use of control parameters can be found to
optimize the costs. Each machine model might need its own decision-making parameters to increase
the PSS efficiency.

In addition, the DES is dependent on the concrete definition of parameters and rules. This can be
particularly problematic in the course of a development if not all areas of the system have been
designed and defined. Further research will therefore also investigate whether other simulation
methods, such as System Dynamics, can be integrated into the development process to replace or
supplement the DES.
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