Quantified economic and environmental values through Functional
Productization - A simulation approach

Sean Reed, Magnus Karlberg, Petter Kyosti, Daria Sas

Abstract

Industrial companies rely on hardware and services from external providers to deliver functions
that are critical to their operations, increasingly demanding solutions that not only meet
technical and availability requirements but are sustainable too. Traditionally, industrial
companies choose and purchase hardware and maintenance support to fulfil their functional
requirements. An alternative arrangement, known as Functional Product (FP), involves
external providers supplying customers with the functionality they require through contracts
that specify guaranteed functional availability whilst giving providers freedom to choose and
retain ownership of the supplied hardware and services. This paper describes an innovative
simulation modelling and optimization approach to quantitatively compare economic and
environmental values resulting from transition from traditional to FP arrangements. The
approach is demonstrated through the analysis of a scenario involving a hydraulic drive system
provider and set of customers in Sweden, with the results exhibiting simultaneous improvement
in economic and environmental values at each stage of the transition.

1 Introduction

The earth is facing an increasing population (United Nations 2013) who, by following the same
consumption pattern as historically, will require increased resource extraction (Wiedmann et
al. 2015). In addition, it is expected that growth will be sustainable such that the global mean
welfare will continue to increase and that the global environment will not be deteriorated to a
hazardous level. Since natural resources are limited, these conditions cannot be simultaneously
fulfilled meaning that actions need to be taken to change the resource extraction and the
environmental impact. A substantial amount of research has been conducted to address
sustainability challenges from different perspectives (Arena et al. 2009; Delai and Takahashi
2011; Morlet et al. 2016; Bratt et al. 2011). In particular Bond et al. (2012) conducted a state-
of-art analysis regarding sustainability assessment. They found that since the early 1990s the
amount of research has increased rapidly and claim that sustainability assessment is one of the
most important factors to actually increase sustainability.

Many of the current mega trends of globalization, informatization, move toward a network
economy, lean and “just in time” production, concentration of core business, shift to two
income families, more single-person households, more time pressure on citizens and
individualization inherently lead to a greater demand on product-service solutions rather than
products. A customer often does not have the time, knowledge or resources necessary to
evaluate all available solutions from all vendors. Therefore if the customer chooses the product
constituents to purchase (as a solution to their functional requirements) the risk is high that the
sustainability of the solution will be suboptimal (Tukker and Tischner 2006).

Research has further indicated that transformations into Performance Based Contracts (from
resource based contracts) has the potential to improve sustainability through increased resource
efficiency (Bakshi et al. 2015) and lead to improved hardware availability (Guajardo et al.
2012; Kim et al. 2017). On the other hand, by comparing leasing and servicizing contracts with
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pure sales, research has shown that environmental impact depends on different assumptions
and context and can even be an environmentally inferior alternative (Agrawal et al. 2012;
Agrawal and Bellos 2017).

It has been shown that industry is one important stakeholder affecting the sustainability
development (Lindahl et al. 2014). Therefore, different aspects of how industries can contribute
to sustainability have been studied (Joung et al. 2012; Lindahl et al. 2014). One such aspect
regards transformation from traditional product provision to performance based innovations
such as Product Service Systems (PSS) (Mont 2002), Through-life Engineering Services (TES)
(Roy et al. 2013) and Functional Products (FP) (Alonso-Rasgado et al. 2004) — the latter of
which is targeted in the research presented in this paper. Among these business concepts, a
defining feature of FP is its total care guarantee, incentivizing and empowering the provider to
consider the whole value-chain in a life cycle perspective when developing solutions. Within
the area of life cycle simulation, there exist some pioneering work regarding evaluation of
environmental and economic impact e.g. Johansen et al. (1997) and Umeda et al. (2000).
However, in these examples the flexibility and level of detail of the support system is limited.
In addition, Fujimoto et al. (2003) illustrated, through simulations, the potential of service
oriented products in terms of both environmental load and business opportunities. Simulation
has been widely used to model the environmental performance of product lifecycles, for
example in cement manufacturing (Gébel et al. 2004), due to its flexibility and ability to
perform detailed analysis. Garetti et al. (2012) proposed a reference architecture for life cycle
simulation for PSS which included both a product model and a service model instance. They
concluded “the use of simulation for the virtual emulation of a service network could offer
strong support to engineers to develop a comprehensive PSS.” Tukker (2004) performed a
qualitative evaluation of the economic and environmental sustainability characteristics of eight
types of PSS. The conclusion was that most PSS types will likely result in marginal
environmental improvements at best and that the idea that PSS development will automatically
result in an environmental-economic win-win situation seems to be a myth. The exception was
the PSS type known as functional results, where the result rather than product is sold by the
provider, which Tukker deemed most promising in environmental terms primarily due to the
greater freedom for the provider to design a low-impact system. FP is most closely related to
functional results PSS (also known as result-oriented PSS), however FP is constituted by a
specifically developed integration of hardware, software, service support system and
management of operation (Lindstrom et al. 2012) and places greater focus on the delivered
function rather than enabling constituents (Lindstrém et al., 2014). Under FP, customers enter
a contract that gives the provider freedom to choose the appropriate solution to achieve the
agreed upon functionality for the customer industrial applications. The provider retains
ownership of all constituents and the contracts stipulate performance-based guarantees (e.g.
functional availability) to incentivize the provider to meet the functional performance levels
required by the customer. On the other hand, under traditional product provision, customers
themselves choose and take ownership of the product constituents, by purchasing them from
the third-party providers, to provide the required functionality for their industrial applications.

Retention of ownership of all product constituents by the provider under FP, and hence the
responsibility for them throughout the product lifecycle, also generates new incentives and
possibilities, which has also been shown in servicizing contracts (Reiskin et al. 1999). In
contrast to traditional business models, income in FP businesses is generated only through the
provision of functionality leading to incentives for the provider to be as resource efficient as
possible (Alonso-Rasgado et al. 2004), for example by sharing resources across multiple
customers. Further, by retaining ownership the provider has the possibility to upgrade, reuse,
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remanufacture, down cycle and recycle the constituents to remain resource efficient over the
life cycle (Mont 2001). These efficiency improvements can then be shared within the FP value
chain. In addition, other tangible and in-tangible values are typically generated through FP
innovations (risk sharing, partnerships, even cash flows etc.) which hence promotes sustainable
value chain win-win over the life cycle (Lindstrom et al. 2014).

Although qualitative research exists indicating sustainability advantages by transformations
into FP businesses (Functional Productization) there is still a lack of quantified results
(Markeset and Kumar 2005; Bréannstrom et al. 2001). One reason for this is that very few FP
businesses exist (i.e. where the constituents have been specifically developed for FP provision)
that could generate real data as evidence. In addition, many contributions utilize quite general
sustainability impact assumptions (e.g. assumed differences in durability between products
when leased or sold (Agrawal et al. 2012)), hence the relationships to the physical events
vanish, resulting in limited validity. However, a possible strategy to quantify sustainability
gains is to explicitly model the functional provision events that occur when FP and alternatives
are implemented and then measure the resultant differences in economic and environmental
impact. To make a fair comparison, the different scenarios should all be optimized and
evaluated at the same level of production and with equal boundary conditions. Such a fair
comparison is lacking in existing literature. Research has previously been published on
modelling and simulation FP constituents to predict measures other than sustainability e.g.
hardware availability (Lofstrand et al. 2014) and service support system costs (Kydsti and Reed
2015), and also on how to integrate constituents in simulation models to assess and optimize
these metrics (Lofstrand et al. 2011). However, despite the existence of these prediction
strategies, there still exist no results quantifying the sustainability improvements, if any, that
result from Functional Productization. Therefore, the hypothesis for this research is that:

Transformation from traditional product trade to FP can simultaneously improve economic
and environmental sustainability.

Thus, the objective for this paper is to provide evidence to justify this hypothesis. The study is
limited to one scenario based on a real industrial situation and excludes the social sustainability
dimension.

2 Research Approach

To provide quantitative evidence of sustainability improvement through Functional
Productization a hypothesis testing approach was applied (Spector 1981). To test the
hypothesis, the characteristics of business cases representing the transition from traditional to
FP must be identified and indicators of economic and environmental sustainability performance
must be measured for each. These measures can then be compared between the cases to detect
whether Functional Productization leads to economic and environmental sustainability
improvements. Industrial situations that would enable direct and fair comparison between
functional provision and traditional product trade do not currently exist. This could possibly be
solved by developing FP at some existing industry, which could then be studied when provided
to customers to obtain empirical evidence. This strategy was considered as infeasible due to
time limitations, complexity of establishing comparable situations and lack of possibilities to
control the study. Therefore, a model approach based on an existing industry situation was
selected for the research presented in this paper.

Aligned with previous research presented (Kyosti and Reed 2015), a hydraulic drive business-
to-business (B2B) value chain including a fleet of process industry customers and applications
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were selected for the common scenario. The data needed to set up the scenario was collected
by a systematic analysis of existing information regarding value chains in manufacturing and
process industry from previous research projects carried out within VINNOVA Excellence
Centre the Faste Laboratory since 2007. In particular, material from interviews and workshops
with personnel at a hydraulic drive manufacturer in Sweden as well as with personnel at some
of their customers was considered. To further ensure scenario relevance, the current hydraulic
value chain was thoroughly analyzed. For confidentiality reasons, a tentative value chain was
developed based on current hydraulic drive value chains.

Several intermediate business models exist between the extreme traditional and FP cases
outlined in the introduction, representing the transition in responsibility, choice and ownership
of the functional provision constituents from the customer to the provider. It was decided that
four cases representing different progression steps towards provision of FP should be modelled.
Three existing business cases, which will be referred to as the traditional cases, that represent
the transition toward FP were found when analyzing the existing value chain. Since
implementation for the FP case does not currently exist, a fourth case was developed to
represent this based on existing knowledge on FP (Lindstrom et al. 2015). The characteristics
of these four cases were identified and are discussed in Section 3.

The hypothesis testing requires simultaneous evaluation of economic and environmental
sustainability. For a fair comparison, it is necessary to compare optimal outcomes between the
four cases. Due to the large solution space and dual dimensions of economic and environmental
sustainability performance, the use of a multi-objective heuristic search technique was deemed
necessary to find high quality solutions in reasonable time frames. With multi-objective
optimization, the aim was to find Pareto optimal solutions, thus giving an output representing
solutions with the best available trade-offs between economic and sustainability performance.
Various optimization methodologies and implementations were considered and tested,
including a simulated annealing heuristic algorithm (Kirkpatrick et al. 1983) and the multi-
objective genetic algorithm from the Global Optimization Toolbox within the MATLAB
software (MathWorks 2017). The NSGA-II genetic algorithm (Deb et al. 2002) was eventually
chosen as it performed best in terms of the fitness and spread across the Pareto front of the
solutions found. It is important to note that the method does not guarantee that the absolute
optimal solutions will be found, however the NSGA-II algorithm has been shown to
consistently find solutions that are close to the true Pareto curve in numerous benchmark test
problems (Deb et al. 2002).

A literature review was conducted to support the choice of economic and environmental
sustainability performance indicators. It found that common environmental sustainability
indicators were: materials, energy, water, emissions, waste, and biodiversity while common
economic sustainability indicators included economic performance, investors, profit and value
(Arena et al. 2009; Delai and Takahashi 2011). However, to facilitate clear comparison
between the cases, single indicators for each of environmental and economic sustainability
must be chosen. For quantitative measurement of the indicators in each case, the events that
contribute toward them in the scenario over the life cycle of functional provision such as
vehicle travel, component manufacture, spares inventory storage, equipment energy
consumption must be modelled.

The development of a discrete event simulation model (Leemis and Park 2005) was chosen for

this purpose since it ideally suited to modelling complex value chains involving random
processes where changes in state occur at discrete points in time (e.g. component failure, arrival
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of a spare part and repair completion). The choice of economic and environmental
sustainability indicators, development of the discrete event simulation model and
implementation of the optimization heuristic for quantitative comparison of Pareto optimal
solutions between the four cases is described in Section 4.

3 Scenario and cases

As shown in Figure 1, the analysis of environmental and economic impact was conducted
through a comparison between four cases in the same business-to-business (B2B) scenario. The
B2B scenario consisted of a provider of hydraulic drive systems and set of process industry
customers based in a region of Sweden with industrial applications that require the provision
of rotational power, within a limited speed and torque range. The B2B scenario was constrained
to a single provider since, in general, the functional provision from different providers are
isolated and therefore can be considered separately without altering sustainability impact. In
contrast, the scenario set up was extended to cover multiple customers since it was considered
important to capture the influence on sustainability impact from the interactions due to the
sharing of resources between customers.
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Figure 1 — Scenario and cases.

The sustainability impact analysis was based on considering certain consumption of external
resources within the B2B Scenario and certain process core product under four different cases.
Therefore, the internal negotiations, i.e. payments and penalties fee, provision of hardware,
service etc. between the provider and customers are not of interest for this study. Thus, by
altering constraints (e.g. available choices for locations of spare parts, locations of service
support site and hardware system specifications) and knowledge available for use during
optimization (e.g. reliability performance of particular hardware systems under the demands of
particular functional applications), the following four cases were generated: Traditional case 1,
2, 3 and Functional product.

The sustainability impact analysis included all the hardware events from manufacture to
disposal (but excluded earlier events such as development and manufacturing setup) and all the
provision events except support site setup and closure. The four cases represent the transition
from traditional to FP and the positioning of each in terms of ownership and knowledge of the
solution is illustrated in Figure 2.

In traditional case 1, it was assumed the customers have only limited knowledge of the
performance in their applications of the available solutions and thus made their decisions based



on lowest purchase cost. Whilst customers will often understand their industrial applications
very well, due to it being a fundamental part of their business, their knowledge of the available
solution constituents is often outside the core competencies of their business and, additionally,
certain knowledge may be proprietary or kept secret by the provider for commercial reasons.
For example, providers may present customers with general information on product reliability
such as mean time to failure (MTTF) under a standardized usage demand but would not usually
give detailed information that enables a customer to determine failure rates under the stresses
of operational profiles belonging to specific applications. Since in traditional case 1 the
customer owns the hardware and support services they purchase, it was also assumed they were
unable to take advantage of any optimizations that might be gained from coordinated choices
across different industrial applications and customers. For the same reasons, it was also
assumed each customer kept spares locally for their own exclusive use. Traditional case 1 is
representative of a very common procurement arrangement within industry at the present time.

Functional provision solutions chosen with full
knowledge of performance in specific applications

their applications

Traditional Case 1

Each customer owns functional provision solutions for
suoneodijdde ||e 4o} suonn|os
uolsinoad [euoi3duny Jo diysJaumo suleldl JapInoid

Functional provision solutions chosen with limited
knowledge of performance in specific applications

Figure 2 — Positioning of the four cases in terms of knowledge and ownership of the chosen functional provision
solutions for customer applications.

Traditional case 2 is the same as traditional case 1 except that the provider retains ownership
of the solutions purchased by the customers thus allowing the provider to share spares across
customers. This is therefore similar to a leasing arrangement, where customers choose the
solution specification they desire but never own them.

Traditional case 3 was the same as traditional case 1 with the difference that customers are
assumed to have full knowledge of the performance of the available solutions in their
applications. This is therefore a best-case scenario for customers procuring functionality
through purchase and ownership, representative of cases where the available solution
technologies are well-known (i.e. not innovative or state-of-the-art) to the customer and
customers have comprehensive knowledge and experience in operating them within their
applications.

Finally, the functional product case represented the FP arrangement where the provider is
assumed to have freedom to choose the solution constituents for each customer and retain
ownership of the solutions. These freedoms allow a provider to utilize their comprehensive and
intimate knowledge of the solution, together with information on the functional applications

6



that are shared by the customers, to deliver highly optimized solution constituents for the
functional provision. For the functional product case it is also assumed that retention of
ownership of the solution allows the provider to rationalize, pool and share the solution
constituents, such as spares, across the customer base.

4 Calculation

To quantify sustainability differences between the four cases, a model for quantifying the
predicted sustainability of solutions in an example scenario was constructed and is described
in this section.

4.1  Scenario Conceptual Model Development

A scenario was developed consisting of a set of customers from the process industry, located
across the north of Sweden, with industrial applications that require rotational power
(comprising torque and speed) and a provider of hydraulic drive systems. For the example
scenario, 20 customer functional applications requiring rotational power at distinct locations
distributed across the north of Sweden were defined. For each customer, unique functional
requirements in terms of rotational torque, speed and operating durations were defined. The
types of industrial applications represented by these requirements include conveyors, crushers,
mills and rotary kilns. Data on the customer locations (and driving times and distances between
them) and the functional requirements of the industrial applications can be found in A.1 and
Table B.1 of the supporting information. A conceptual model of the provider product elements
(comprising hardware, software, services and management of operation) used to provision
functionality to the customer applications was also constructed. For the example scenario, the
provider delivers solutions for rotational power by provisioning hydraulic drive systems,
comprising hardware and software, and support services.

Hydraulic drive systems are suited to provide rotational power to industrial applications that
require high torque and low speed with several advantages over the main alternative, electric
motors coupled with a gearbox, including: near constant torque throughout speed range, low
inertia and ability to cope with shock loads as well as frequent stops and starts. The three major
component types in the considered hydraulic drive systems are electric motors, hydraulic
pumps and hydraulic motors. Real world hydraulic drive systems include several other
auxiliary components, however to simplify the analysis in the modelled scenario, the reliability,
efficiency and sustainability impact from all other components and software were not
considered. This include those components within the power supply, control, piping, filtration,
cooling, charge pump and condition monitoring systems.

Three specifications of electric motors of differing maximum power output were defined as
being offered by the provider (data on these specifications is provided in Table B.2 of the
supporting information). The efficiency (i.e. ratio of the mechanical power at the driveshaft to
the input electrical power) and failure rate of these motors varies according to the power output
operating point (these variations are described by plot in Figure B.1 of the supporting
information). For the hydraulic pumps, five different specifications were defined as being
offered by the provider with differing maximum output flow rates (data on these specifications
is given in Table B.3 of the supporting information). The efficiency of these pumps (i.e. ratio
of the output fluid power to the input mechanical rotational power from the electric motor) and
failure rate varies according to the output flow rate and pressure at which they operate (these
variations are described by the plots in Figures B.2 and B.3 of the supporting information).
Eight different hydraulic motor specifications with differing displacements, maximum speeds
and maximum pressures were defined as being offered by the provider (data on these



specifications is given in Table B.4 of the supporting information). The efficiency of a
hydraulic motor is comprised from the volumetric loss, pressure loss and mechanical
efficiency. These efficiencies, as well as the failure rate vary according to the operating point
in terms of flow rate and pressure (these variations are described by the plots in Figures B.4
and B.5 of the supporting information). From these component specifications, eight different
hydraulic drive system configurations were defined (data on these specifications is provided in
Table B.5 of the supporting information). Furthermore, the modelling assumption was made
that the drive system includes a condition monitoring system, comprising of sensors and data
stream analysis software amongst other components, that detects when any of the major
components has failed and responds by shutting the system down and notifying the
maintenance service provider. The number of these drive system specifications that can provide
a given speed and torque output from the hydraulic motor are shown in Figure 3.

A mathematical model of the operation of a drive system was developed from fundamental
hydraulic relations (see e.g. Yeaple (1995)) to calculate the operating point of each component
in a system (and hence determine the corresponding efficiencies and failure rates) based on a
specified speed and torque output along with the system configuration and the data defining
the specifications of the constituent components. This shows that there are multiple choices of
system specification that can perform in certain speed and torque operating regions, with the
number of choices increasing as the required torque and speed decreases as would be expected.

Since components within the installed systems can fail during operation, maintenance service
support is necessary to ensure long-term functional availability over the 10-year period studied
in the example scenario. In the example scenario, the customer or provider operate support
sites where spare components for replacing those that fail are held in inventory. These support
sites are located adjacent to customer sites and may supply spares to one or more customer
applications, with each customer application obtaining spares exclusively from a single site.
The provider manufactures all components for the installed systems and spares inventory, then
delivers the systems and spares to the customer and support sites at the start of the operational
period. Upon receipt of notification of a component failure from the condition monitoring
system of an installed system, the earliest available component of matching specification is
removed from the assigned spares inventory once available in inventory and delivered by motor
vehicle to the site at which the failed component is installed.
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Figure 3 - Hydraulic drive system selection diagram showing the number of system specifications that can operate at
different speed and torque outputs.

The customer technicians then replace the failed component with the spare, restoring
functionality to the hydraulic drive system. The provider then delivers the failed component
back to the support site by motor vehicle, from where it is returned to the provider for
remanufacture. Once remanufactured, the provider is delivered back to the customer and added
to the available spares inventory. Figure 4 shows the timeline of events involved in the
replacement and remanufacture of a failed component from the point of failure. The mean times
for replacement of a failed component with a working spare for the different component types
are given in Table B.6 of the supporting information.

Waiting spare Replace failed Deliver failed

Deliver spare Remanufacture

availability component component

>

System downtime

Replacement of spare in inventory

Figure 4 - Timeline for maintenance service provision after component failure.

The mean waiting time for a spare to be available in inventory when a demand occurs was
calculated using the Erlang C queueing model (Gautam 2012) as a function of the mean demand
rate, the mean time for replacement of a spare in inventory and the number of spares. Ten
different service levels were defined as available from the provider for the operation of each



support site, where each level specifies the maximum allowable mean waiting time for spares
ranging, from 10 available options ranging from 3 minutes to 5 hours mean waiting time (see
the plot given in Figure B.6 of the supporting information).

The key events involved in the functional provision that may have a sustainability impact were
identified as follows:
e Manufacture of electric motor, hydraulic pump or hydraulic motor components for an
installed system or spare.
e Operation of an installed system to provide functionality for a customer functional
application.
e Storage of a component in spare inventory at a support site.
e Delivery by motor vehicle of a component (either spare or failed) between a support
site and a system installation site.
e Failure of a component during operation of an installed system.
e Replacement of failed component with a spare of the same specification.
e Remanufacture of a component.

4.2  Sustainability Impact Measurement

In line with Abramovici et al. (2014) the single indicator “CO. emissions” was chosen to
quantify the environmental sustainability impact. CO2 emissions can be related to many other
sustainability indicators (CO2 equivalents), making this a fair choice. To quantify the CO>
equivalent, numerous and disparate sources must be combined. In this model, the sources
related to CO2 emissions are: travelled distance, production-related energy consumption,
hardware manufacturing and hardware remanufacturing. Hence,

Coztotal = COZenergy + COZtravel + COZmanufacture + COZremanufacture

Economic sustainability impact was assessed by the expected value for the overall financial
cost of the combined solution across all customer applications. The impact equivalent 1000
Swedish Krona was used as single indicator influenced by costs related to energy, downtime,
travel, spares inventory, component replacement, hardware manufacturing and hardware
remanufacturing. Hence,

COSttotal = COStenergy + COStdowntime + COSttravel +

COStspares inventory"'COStcomponent replacement + COStmanufacture + COStremanufacture

To derive quantitative sustainability impact predictions from the model, input data for the
sustainability impact of individual events involved in the functional provision had to be
derived. Whilst the exact sustainability impact of events was not critical provided that identical
data was used for all compared cases, relevant data sourced from the public domain was used
to increase realism. Data on the derived sustainability impact values are given in the supporting
information, see Table B.7 for those corresponding to the event of system downtime and Table
B.8 for those corresponding to the events of component manufacture, remanufacture, annual
storage in spares inventory and replacement with a spare after failure.

4.3  Model Implementation
In this section the implementation of the model and optimization strategy as a software code
are briefly described.
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4.3.1 Implementation of the functional provision model
A discrete event simulation (Leemis and Park 2005) implementation of the conceptual model
was developed in the C# programming language (Hejlsberg et al. 2010).
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Figure 5 - Overview of the discrete event simulation process.

The simulation model consists of integrated models for hydraulic drive operation and service
support provision. The simulation model for hydraulic drive system operation is based on the
model from Reed et al (Reed and Léfstrand 2015). This model, used to determine failure rates
and energy consumption for a given combination of specification for the installed drive system
and demand profile for torque and speed from the functional application, simulates the
integrated operation of components according to governing hydraulic equations and component
size and efficiency specifications (Hilloom 1997). The service support provision model
simulates the sequence of events shown in Figure 4 that occur within the support network after
a simulated failure of a component in an installed drive system to recover system availability.
The events for the manufacture and installation at customer sites of the drive systems at the
start of the simulation period and the spares inventory logistics, to determine spares availability
and delays, are also modelled within the service support element of the simulation model. Each
simulation trial simulates a possible outcome, in terms of the events that occur, for the
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functional provision over a 10-year period. During each trial, the sustainability impact in the
economic and environmental dimensions from those events is recorded and total values for the
10-year period are then calculated. Expected values for the economic and environmental
sustainability impact are then estimated as the average impact over repeated simulation trials.
An overview of the discrete event simulation process is shown in Figure 5.

A difference from existing lifecycle simulation models, such as those from Fujimoto et al
(Fujimoto et al. 2003) and Géabel et al (Gabel et al. 2004), lies in the explicit modelling of the
distributed support network (as suggested by Garetti et al. (2012)) and of the interaction
between each customer’s unique functional requirement and the performance of the installed
hardware system. This facilitates analysis of the impact on sustainability from differences in
the extent of rationalisation of chosen hardware and support sites that occur in the transition
from traditional to FP arrangements.

4.3.2 Implementation of the optimization model

To conduct a fair comparison between the cases, the Pareto optimal solutions in terms of
economic and environmental sustainability impact must be found. An implementation of the
NSGA-II (Deb et al. 2002) multi-objective genetic algorithm was used for this purpose.

Solutions were encoded as genomes (see Figure 6) comprising of a sequence of integers
representing the choices of hardware system, support site and minimum service level for each
customer functional application (with actual service level at each support site then defined as
the maximum service level across all functional applications supported by that site).

| H: | ... |Hx < | ... [Cxn |s: | ... [ Sw |
Figure 6- Genome representing a solution to the customer functional requirements, where Hnis an integer representing the
choice from the feasible set of hardware for functional application n, Cnis an integer representing the choice of customer
support site for functional application n and Snis the minimum service level for support of functional application n.

The variables that were set as free for optimization and those that were fixed were set
differently for each case so that the resultant optimal solutions corresponded to those that would
occur with the constraints of that B2B scenario (see Section 3). In traditional cases 1 and 2, the
hardware system with the lowest manufacturing cost from the feasible set for each application
was set as a fixed choice. In contrast, for traditional case 3 and the FP case, the choice within
the feasible set was set as a free variable for optimization. For traditional cases 1 and 3, the
local support site was set as a fixed choice for each customer functional application. In
traditional case 2 and the FP case however, the choice of support site for each customer
functional application was set as a free variable for optimization. The minimum service level
for each support site was set as a free variable for all of the cases.

To begin the optimisation process for a case, an initial population of random solutions is
generated. The economic and environmental sustainability impact are then evaluated for each
solution using the simulation model. Following the NGSA-II protocol, the solutions are then
sorted into domination fronts, where the first front consists of completely non-dominated
solutions (i.e. they are Pareto optimal such that no solution is better in terms of all performance
objectives), the solutions in the second front are dominated only by those in the first front and
so on for subsequent fronts. A crowding distance score is also calculated for each solution
based on its proximity to neighbouring solutions in the same front in terms of objective function
values. Parent solutions are chosen using Binary tournament selection (Miller and Goldberg
1995), where pairs of solutions from the current population are selected at random and the
solution from the lower domination front chosen as the parent solution or, if the compared
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solutions both from the same front, then the solution that had the largest crowding distance.
The crowding distance metric therefore helped to ensure a wider spread of solutions across the
Pareto front. Single-point crossover and random bit flip mutation were then used to generate
offspring solutions from the selected parent solutions, following the standard genetic algorithm
process (Srinivas and Patnaik 1994). Solutions from the current generation and offspring were
then combined and the next generation is formed by filling each domination front until the
population size reaches the desired size. This process is then repeated for the desired number
of generations at which point the Pareto optimal solutions are output as the result of the
automated design synthesis process.

The settings for the NSGA-I1 algorithm were chosen as follows based on recommended settings
for genetic algorithms (De Jong and Spears 1991) and trial and error: population size of 120,
cross-over probability of 0.6, mutation probability 0.02 and number of generations of 100,000.

4.4  Solution Generation

For each case, generating the Pareto optimal solutions took approximately 5 minutes using a
standard desktop computer. The economic and environmental sustainability impact for the
Pareto optimal solutions were plotted for each of the four cases. A representative solution was
also chosen for each case to enable comparison of the contributors to sustainability impact and
identification of any differences in the solution properties.

5 Results

The predicted economic and environmental sustainability impacts for the Pareto optimal
solutions corresponding to the four cases are plotted in Figure 7. It shows that there is a clear
hierarchy between the cases in terms of sustainability impact: traditional case 1 is the least
sustainable, traditional case 2 is more sustainable particularly in the environmental dimension,
whilst traditional case 3 is the most sustainable amongst the traditional cases. However, the FP
case shows the best results in terms of sustainability, featuring solutions within its Pareto set
that have significantly lower environmental and economic impact than any of those from the
traditional cases. Comparing the best solutions of all cases for the two sustainability dimensions
individually the FP case shows between 5-10% better economic sustainability and between 4-
14% better environmental sustainability than the traditional cases. This is to be expected, due
to the greater freedom for optimization under FP from the transfer of responsibilities to the
provider who can utilize intimate knowledge of the hardware systems and share service support
resources across customers to achieve better performance across the set of functional
applications. However, whilst the advantages of these freedoms have been anticipated in the
literature, this is the first quantitative demonstration.
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Figure 7 - Plots of the economic and environmental impact for the solutions from the Pareto optimal set for each case.

A single solution from the Pareto set of each case was selected, as shown in Figure 7, for further
analysis of the areas from which economic and environmental impact was incurred. Figure 8
and Figure 9 show the contributors to economic and environmental impact respectively for the
selected solutions from each of the cases. They show that for all cases in the example scenario,
energy and downtime are the highest contributors to economic impact, whilst energy and
hardware manufacture are the highest contributors to environmental impact. Manufacture also
contributes significantly to both economic and environmental sustainability due to the high
cost and amount of materials and processing involved in the production of the drive systems.
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Hardware remanufacture and storage of spares in inventory each give a small contribution to
economic impact, whilst travel and component replacement have negligible impact for
sustainability in the example scenario. Energy has a considerable impact on sustainability in
the example scenario, since although the impact per kilowatt hour consumed is very low and
drive systems are efficient, the functional applications in the example scenario require
sustained high power outputs. Downtime is also a major contributor to economic impact in the
scenario, despite the high reliability of the drive systems, since the functional applications are
critical to the operation of the customers’ businesses. The contributions to sustainability from
component replacement, remanufacture, travel and inventory storage are small primarily due
to the hydraulic drive systems having high reliability thus meaning that service support
involving component replacement and remanufacture occur only infrequently and small
component inventories at each support site are sufficient for maintaining high availability.

Comparing the selected solutions from the four cases, traditional cases 1 and 2 have higher
economic and environmental sustainability impact from energy consumption than the other
cases due to the use of the hardware systems with the lowest manufacture cost amongst the
feasible set which may not be the most energy efficient in the applications. In terms of the
economic impact from downtime, traditional case 2 is the worst and significantly higher than
traditional case 1 which in turn is higher than in traditional case 3. The higher economic impact
from downtime in traditional case 2 can therefore be attributed to the combination of (1)
hardware systems that are lowest cost rather than optimized for reliability and (2) extended
restoration times when failure occurs due to the use of non-local shared support sites causing
delays obtaining spares and longer spare inventory replacement times.

Whilst the FP case also uses non-local shared support sites, the economic impact from
downtime is only slightly worse than in traditional case 3 with local spares. This is due to the
ability of the provider in the FP case to optimize hardware system choice for reliability and
rationalize the choices across customer functional applications such that they share common
specification spares, thus offsetting the impact from increased downtime caused by waiting for
spares in inventory. For hardware manufacture, traditional cases 1 and 3 have notably higher
economic and environmental sustainability impact than the other cases. Figure 10 compares
the total number of hardware components manufactured for spares inventory across all support
sites for the selected solutions from each of the cases. It shows that traditional cases 1 and 3
results in a larger number of spare parts due to the use of local support sites with isolated spares
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inventories, explaining the higher sustainability impact from hardware manufacture in these
cases. Another finding was that the hardware system specification for every customer
application varied between the selected Pareto optimal solutions in each case, for example the
chosen hardware was different for 65% of the customer applications when comparing the
selected solutions in traditional case 1 and the FP case.

Traditional Case 1

Traditional Case 2

0 20 40 60 80 100 120

Total Number of Spare Parts

Figure 10 - Comparison of total number of spares from selected solutions for each case.

6 Conclusions

Based on existing research, the hypothesis that Functional Productization could simultaneously
improve economic and environmental sustainability was formulated, in part due to the freedom
of choice for the provider and retained ownership of solutions. To fairly test this, a simulation
modelling approach was developed to compare Pareto optimal solutions at different stages of
the transition to Functional Products. This was applied to analyze four different cases in one
example scenario (i.e. same for all cases) within northern Sweden involving a hydraulic drive
provider and set of customers with rotational power applications. The four cases represented
the transition from traditional products to FP, with the results showing a substantial advantage
in both economic and environmental sustainability for the FP case in the scenario.

These results provide quantified evidence that when a provider is given the freedom to choose
the product constituents and will be responsible for the costs of functional provision through
an FP arrangement, sustainability benefits can be obtained compared to the traditional
arrangement — thus indicating that the hypothesis is justified. In scenarios where the same dual
advantages exist of increased scope for optimization through use of the provider’s superior
knowledge of solution performance and freedom of the provider to rationalize the service
support system across customers, it is expected this result will also hold. The variation in
hardware system from the Pareto optimal solutions between traditional and FP cases found in
the example scenario indicates that FP businesses might also benefit from developing specific
hardware, an interesting area for future research.
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9 Supporting Information

9.1 AppendixA

mapData.kml — A supplementary data file in kml format (e.g. viewable in GoogleEarth) is
available online, showing the coordinates of the industrial customer locations along
with the travel times and distances between them.
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9.2 Appendix B

Table B.1 - Customer functional applications.

Customer Location Functional operating profile — (percent time / speed in

Application RPM / torque in KNm)
Name

1 Kiruna Central (30/55/45); (20/ 70/ 40); (30/45/30); (20/ 20/ 25).
2 Kiruna East (15/07/0); (30/30/35); (55/35/28).
3 Rautas (10/07/0); (30/95/20); (30/95/30); (30/95/40).
4 Pajala (20/0/0); (80/25/130).

5 Géllivare (50/07/0); (10/20/30); (10/25/30); (30/35/30).

6 Koskullskulle (45/100/10); (15/90/10); (30/80/10); (10/70/ 10).
7 Jokkmokk (10/0/0); (50/150/10); (40/150/5).

8 Porjus (15/07/0); (85/100/ 20).

9 Nattavarra (20/07/0); (70/20/60); (10/15/ 40).

10 Granan (10/07/0); (90/ 40/ 25).

11 Kalix (5/01/0); (55/20/95); (10/25/40); (30/ 15/ 40).

12 Boden (20 /451 25); (35/20/45); (15/ 40/ 20).

13 Lulea (20/07/0); (80/160/ 8).

14 Kallax (30/0/0); (15/30/40); (55/35/30).

15 Pited (30/25/35); (30/60/45); (10/45/30); (30/45/ 25).
16 Rosvik (10/0/0); (25/45/ 25); (35/20/40); (30/ 35/ 25).

17 Storsund (5/0/0); (60/90/30); (15/75/40); (20/ 15/ 25).

18 Overkalix (70/5/115); (30/10/80).

19 Alvsbyn (45/100/10); (15/90/10); (30/80/10); (10/70/ 10).
20 Skaulo (15/07/0); (55/10/100); (5/25/120); (25/51 4).

Table B.2 - Electric motor component specifications.

Electric motor component specification

Maximum power output (kW) when
operating at a speed of 1500 RPM

EM-A 140
EM-B 280
EM-C 550

Table B.3 - Hydraulic pump module specifications.

Hydraulic pump component specification Maximum flow rate (litres per minute)
HP-A 250
HP-B 300
HP-C 500
HP-D 750
HP-E 1000
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Table B.4 - Hydraulic motor module specifications.

Hydraulic motor Displacement Maximum speed | Maximum pressure
module (litres) (RPM) (bar)
HM-A 3 200 300
HM-B 7 170 300
HM-C 12 120 300
HM-D 18 100 250
HM-E 21 80 250
HM-F 25 55 250
HM-G 38 35 250
HM-H 45 35 250

Table B.5 - Hydraulic Drive System specifications.
System Electric motor Hydraulic Number of Hydraulic
specification specification pump electric motor motor
specification and pump specification
pairs

A C E 1 A

B A A 5 B

C B B 5 C

D B C 4 D

E B C 4 E

F C D 2 F

G C D 2 G

H B C 3 H

Table B.6 - Component replacement and remanufacture times.
Component Type Time to replace failed | Time to remanufacture
component with spare component

Electric Motor 5 hours 21 days
Hydraulic Pump 4 hours 14 days
Hydraulic Motor 8 hours 42 days
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Table B.7 — Sustainability impact per hour downtime in each customer functional application.

Customer Economic impact per hour | Customer Economic impact
functional downtime (e.g. lost functional per hour downtime
application | production) application name (e.g. lost
name production)
1 120 11 125
2 50 12 60
3 220 13 120
4 50 14 80
5 200 15 200
6 90 16 25
7 400 17 5
8 75 18 90
9 40 19 40
10 15 20 20
Table B.8 - Sustainability impact from events for components of each specification.
Component | Manufacture | Remanufacture | Annual storage Replacement of
Specification | (economic / (economic / in inventory failed component
environmental) | environmental) (economic / (economic /
environmental) environmental)
EM-A 40/ 3.50 20/0.18 4.4/0.00 5.2/0.00
EM-B 80/7.50 24/0.38 6.2/0.00 5.2/0.00
EM-C 160 / 15.00 26.0.75 8.5/0.00 5.2/0.00
HP-A 50/0.25 20/0.01 4.1/0.00 4.4 /0.00
HP-B 60/0.50 24/0.03 3.3/0.00 4.4/0.00
HP-C 90/1.00 26 /0.05 3.4/0.00 4.4 /0.00
HP-D 120/1.30 28/0.06 3.6/0.00 4.4/0.00
HP-E 200/ 2.50 30/0.13 3.7/0.00 4.4 /0.00
HM-A 400/ 2.50 30/0.13 9.2/0.00 7.6/0.00
HM-B 425/ 2.50 30/0.13 9.2/0.00 7.6/0.00
HM-C 450/ 2.50 30/0.13 9.2/0.00 7.6/0.00
HM-D 500/ 3.80 32/0.19 11.2/0.00 7.6/0.00
HM-E 550/ 3.80 32/0.19 11.2/0.00 7.6/0.00
HM-F 650 / 7.50 34/0.38 13.3/0.00 7.6/0.00
HM-G 700/ 7.50 34/0.38 13.3/0.00 7.6/0.00
HM-H 800/ 7.50 34/0.38 13.3/0.00 7.6/0.00
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Figure B.1 - Plot showing efficiency and failure rate acceleration factor of electric motors against proportion of maximum
output power when operating at a speed of 1500 RPM.
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80

80

90

90

100

100

100

20

18

16

14

12

10

25

Pressure loss (bar)

Figure B.4 — Plot for hydraulic motors showing variation in volumetric loss against pressure differential and variation in

pressure loss against speed.

24



Maximum average wait for spare

Failure rate acceleration factor

Pressure differential (% maximum)

350

300

[ ]
[7)]
o

(minutes)
[
(o]
o

'—l
[7)]
o

100

50

Flow rate (% maximum)

Figure B.5 — Failure rate acceleration factor plot for hydraulic motor.

[ |
4

lllll‘
5 & 7 8 9 10

Service Level

Figure B.6 — Support site service levels and corresponding maximum average waiting time for spare.

25



