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Abstract 

Due to ever increasing challenges faced by our global society, circular design and the idea of product-service systems (PSS) is 
gaining traction within businesses. However, ‘predicting’ the value of a future PSS solution in the early design phases is difficult, 
since it requires the ability to balance long term potential with short term decisions. Modelling and simulation is believed to be 
able to support this challenging task. A simulation framework for circular design of PSS is presented. The simulation process 
enables the comparison between functional and non-functional performances and their life cycle contributions depending on a 
defined PSS-like business model strategy. Such integrated simulation framework is intended to exploit engineering models 
outside their specific discipline, enabling cross-functional collaboration and help decision makers understand how a design can 
contribute in satisfying customer and stakeholders needs during the lifecycle of a PSS. 
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1. Introduction 

Product-Service Systems (PSS) have in the past two 
decades contributed to enhance environmental performance 
and industrial competitiveness. PSS business approaches focus 
on co-developing product and service bundles based on 
product life extension (often through sharing), and therefore 
dematerialization of the physical artifacts [1]. In a recent 
literature review, Tukker [2] recognizes that current PSS-like 
business models, despite their potential, do not yet provide a 
significant change in our economic system, respecting 
planetary boundaries. In other words, they do not fully 
contribute to create a circular economy (CE). CE can be 
defined as “an economy that provides multiple value creation 
mechanisms, which are decoupled from the consumption of 
finite resources” [3]. According to Tukker [2], a wider 

diffusion of sustainable PSS would be supported by designs 
that enhance rather than limit customer experience. 

Taking a fully CE approach to PSS development means for 
a manufacturer working more intensively on a strategic level 
experimenting with innovative business models [4, 5, 6]. This 
scenario adds complexity in the decision–making process, as 
changes made at a strategic level must be integrated into the 
everyday design activity [7]. This means that the designer who 
has previously mainly focused on - e.g geometrical design – 
has now to consider high-level strategic aspects (such as 
upgradability, or commercialization of secondary raw 
materials). In this context, computer aided modelling and 
simulation becomes important as it allows for knowledge 
generation through extensive experimentation [8]. However, 
recent studies [9, 10] observed a gap in which simulations 
from a strategic [10] to an operational level [8] are closely 
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coupled to the knowledge for solving problems related to a 
specific discipline (e.g. geometrical design). From a 
collaboration point of view, engineers struggle to exploit the 
results of their models outside their specific discipline, this 
translates in decision makers often being unable to get the 
bigger picture of how a design can contribute in satisfying 
customer and stakeholders needs. For these reasons, research 
[e.g., 7] foresees that the very intensive period of tool building 
manifested in the past two decades will slow in the next 10 
years, to place more emphasis on consolidated integration of 
models and simulation tools. This study elaborates on this 
challenge and investigates the following research question: 

 
• How can a simulation support be derived that helps bridge 

the gap between strategic and operational level decisions in 
the early design of CE-inspired PSS offerings? 

2. Research method 

The research results come from a combination of literature 
review and empirical study findings. The field study was done 
by conducting research within a Swedish research project in 
close collaboration with a road compaction equipment 
manufacturer. The PSS context is relevant as the company is 
exploring new PSS-like business models in conjunction with a 
new concept for an asphalt compactor which preliminary 
shows the potential to promote a fully circular business 
scenario. Empirical data has been collected during meetings 
(held by-weekly). Participants were industrial experts who are 
working in roles that relate both to the conceptualization of 
new business models (located in the marketing department) as 
well as managers responsible to make decisions on the 
technical aspects of product concepts (e.g. engineering 
project-leaders). In these interactions, visual demonstrators of 
emerging concepts for modelling and simulation were 
presented. The data has been collected using field notes and 
reflections, which was then distributed to the participants for 
verification and their opportunity to change statements. The 
main aspect of interest during the meetings was on how to 
improve decisions on the early stages of PSS development. 
Problems in the current situations as well as wishes for the 
future was discussed. The findings from the empirical study 
were summarized in preferred concepts for simulation 
supports [11, p.162], further developed in a demonstrator 
presented to the partners for preliminary validation. Data for 
verification has been collected using field notes. 

3. Simulation for circular PSS design: from business 
models to hardware characteristics 

Simulating a circular PSS requires modelling the 
dependencies between business model strategy and 
product/service characteristics [12]. 

3.1. Simulation for circular business model strategies 

Literature [12,13,14] points to key circular PSS business 
model strategies. An ‘access and performance’ strategy [12], 
often referred as a ‘result-oriented PSS’ [14], is concerned 

with providing the capability or services to satisfy users’ 
needs without needing to own physical products. Other 
strategies concern ‘extending product value’ [12] by 
refurbishing or upgrading. The difference between the two 
concepts is that refurbishment returns the product to its 
original manufactured condition, while upgrading improves 
functionality, taking advantage of technological developments 
[15]. The last strategy for a manufacturer is to ‘extend 
resource value’ by the collection/sourcing of otherwise 
‘wasted’ materials and resources to turn these into new forms 
of value. 

The challenge of ‘predicting’ the value and profitability of 
circular business models is related to the complexity in 
managing material and information flows (e.g. 
remanufacturing), and it is much more unstable in terms of 
quality, timing and quantity [16] than traditional ‘linear’ 
business models. Several approaches for simulation of PSS 
business models implement a System Dynamics (SD) logic 
[e.g. 10, 17, 18]. This is because SD is typically used in long-
term, strategic models where capturing information flow and 
feedback are important considerations. SD models are well 
suited to incorporate qualitative aspects of behaviour that, 
while difficult to quantify, might significantly affect the 
performance of a system [19]. As part of this approach, the 
methodology attempts to make explicit important links 
between variables that affect the behaviour of the system. 
These links are modelled by feedback loops, where a change 
in one variable affects other variables in the system. This flow 
of information produces changes in the way the system 
performs over time. Once the appropriate business model 
strategy is chosen, the detailed simulation of PSS is often 
performed using a Discrete-Event Simulation (DES) approach 
[19] to determine the appropriate product/service components 
that maximized the stakeholders’ needs. DES models typically 
have a narrower (operational) focus, when the system under 
analysis can naturally be described as a sequence of operations 
[20]. DES models are often built from a process map, or flow 
chart. 

3.2. Simulation of hardware characteristics for circular PSS 

The actual lifespan of a product is determined by its 
physical life time or by its value life time [21], definition 
similar to [22]. Physical life time refers to its durability (life 
until failed functionality). Value life time refers to the time 
whilst a product is disposed due to by the customer perceived 
inferior performance, functionality or appearance compared to 
alternative products available on the market (discarded 
although the product still works as intended). Design for life 
extension implies a design that integrates features that prolong 
the expected life of the product. Life extension of a product is 
achieved through design for maintenance and repair, 
upgradability, standardisation and compatibility, assembly, 
dis- and re-assembly. While simulations support for durability 
might be deemed mature, for example finite element 
simulation of fatigue life, simulation supports for the other 
mentioned aspects show a less degree of maturity, although 
attempts has been made. For example, [23] uses modelling 
and optimization for a systematic design of product 
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upgradability. [24] outlines a proposal for a computer-aided 
design method that helps designers to reconstruct geometric 
product models for adaptation to an upgrade plan by satisfying 
geometric constraints. 

Carbon footprinting [25] attempts to capture the full 
amount of greenhouse gas emissions that are directly and 
indirectly caused by an activity or are accumulated over the 
life stages of a product. Including carbon (CO2) footprint in 
simulation models for product development requires 
consideration of material, manufacturing, use, logistic and 
disposal stages. Input to such simulations are greenhouse gas 
data normally estimated based on emission factors and models 
[26]. 

4. The simulation process for circular PSS design 

Respondents in the case study pointed to the increased 
complexity when considering the impact that design choices 
have on the whole PSS business model. The current model 
implemented at the company is based on a ‘product oriented’ 
PSS [14]. In such a context, two major issues are concerned:  
• How to experiment with PSS-like business models on a 

strategic level in the early stages without the need of 
making detailed blueprints and decisions on the 
surrounding system (e.g. take-back systems), which are 
developed at a later stage. 

• How the hardware design should change (operational 
level) to accommodate a shift in PSS business model that 
favors a circular economy thinking. This is crucial since 
the new business model may be introduced at a different 
point in time than the machine release on the market, 
which could be initially released still with the old business 
model. 
 
The following scenario, related to the redesign of a 1.7 ton 

asphalt compaction machine (figure 1), highlights the 
complexity of such decisions. Two major alternatives for 
maintaining (or improving) the value of an asphalt compaction 
machine in the economy for as long as possible are related to 
durability and upgradability. Improving durability can be 
exemplified with the drum design. One approach could be to 
change material from regular steel to stainless steel. Another 

way to go might be to stick to regular steel but to increase 
material thickness in the drum. These ‘long life’ choices could 
be costlier compared to a traditional design. At the same time, 
such ‘long life’ design increases environmental footprint in the 
form of CO2 equivalent. However, such increase could be 
balanced by a reduced need of manufacturing new machines, 
since a durable design remain in the economy for a longer 
period. Which way to go? Furthermore, the value life of an 
asphalt compaction machine could also be extended by 
upgrading the design over time with new technologies, for 
example engines, sensors and other systems which enable a 
more efficient use of the machine. However, this requires to 
‘prepare’ the machines for such future changes, preferably 
already in early design phases. For example, increasing the 
drum diameter provides unused ‘internal volume’ and will 
enable future component upgrade. This results in a design that 
is costlier, heavier, bulkier, with the risk of degrading 
performance in operation [27]. However, such degradation 
could be balanced by improved functionality offered by new 
technology when implemented as machine upgrades. 

Given this context, respondents pointed to the strength of 
simulation models to enable thoughtful trade-offs between 
‘traditional’ product performances and PSS elements. 
However, they highlighted the lack of multi-domain 
integration between strategic and operational models, 
envisioning the scenario in which current engineering models 
could be exploited outside their specific discipline, by 
coupling with other ‘ad hoc’ models that simulate new 
business models. The study highlighted two major 
requirements for integration of simulation supports: 
• Aggregate short- and long-term measures of costs and 

benefits: the benefits of a CE-inspired PSS could manifest 
even years ahead compared to ‘traditional’ technical 
improvements. A successful simulation support should be 
able to ‘sum together’ the short- and long-term benefits 
provided by a circular PSS. 

• Different level of detail: engineering models are in general 
more mature and could be populated with a finer degree of 
detail. Long-term, ‘strategic’ models are more difficult to 
develop in detail, and shall be developed with a focus on 
highlighting links and feedback loops. 

 

 

Fig. 1. The simulation process for circular product design.
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To bridge the identified gap between strategic and 
operational models, the authors have proposed a simulation 
process (figure 1). Functional/engineering models are used to 
quantify functional and non-functional performances, which 
become input to lifecycle models which aim at calculating 
lifecycle cost items for the design under consideration. The 
results of these models become input to a model in which the 
effects on new PSS business models are simulated evaluating 
longer-term benefits of the designs under analysis.  

Short- and long-term benefits of the designs under 
consideration are aggregated in a Net Present Value (NPV) 
score, a surrogate object for profit that represents an unbiased 
metric of the ‘goodness’ of the final product. The NPV 
equation used in the case study builds on revenue and cost 
drivers derived from EU directives for cost-benefit analysis 
for investment projects [28]. 

4.1. Define design options and run functional/engineering 
models for circular product alternatives 

The simulation process (figure 1) is anticipated by a 
qualitative assessment aiming at identifying 
performances/value drivers suitable/necessary to consider as 
upgradable during design. Figure 2 present a simplified 
representation of the functional model considered in the case 
study, exemplified by a few of the studied components, their 
interaction and relation to studied performances. Influence of 
component design on performances is in figure 2 denoted as 
green and red arrows indicating positive and negative impact 
respectively. 

 

 

Fig. 2. Functional model of the asphalt compactor. 

This functional model is populated by engineering models 
(for example in the form of differential equations, algebraic 
equations and mathematical logic) in order to estimate the 
functional performances (listed on the right side of figure 2) 
as well as the non-functional performances of the system such 
as CO2 footprint, upgradability and recyclability. For the 
population of such models, geometric and technical 
descriptions of the major sub-systems and components under 
analysis is required. This information is supplied through a 
parametric CAD model (implemented in Autodesk 
Inventor©). 

Using a data base available in Autodesk Inventor (Eco 
Materials Advisor) rough estimates of the CO2 footprint 
caused by manufacturing the proposed design are provided 
based on material selections and assumed generic 

manufacturing flows for the components and sub-systems. 
Assuming a basic design intent accommodating assembly 

and dis-assembly (standardized component interfaces, 
removable joints etcetera) recyclability is here assessed based 
on material selection. A measure on an overall level could 
then for example be the fraction of recycled material used in 
the proposed design. The data base provided by Inventors Eco 
Materials Advisor is used also for this purpose. 

4.2. Calculate cost for parts and revenues/operating costs 
along the lifecycle  

The cost for the sub-systems of the design under analysis 
are estimated using a factory model. Literature suggest 
developing such models using a dynamic technique, as this 
allows the improvement of cost estimation by analysing 
queues, utilization and idle capacity costs. The proposed 
simulation environment implements a flexible discrete-event 
simulation (DES) model [29] developed in the Anylogic® 
software. Conversely, revenues and cost generated by the 
product along its lifecycle are simulated by means of 
‘lifecycle performance’ models. Such models take as input the 
system performances calculated through the 
functional/engineering models and calculate their impacts on 
NPV. This requires the definition of a customer operational 
scenario, since compaction performances can differ between 
type of application (parking lots, large arterial roads, 
roundabouts and residential areas) and differ between 
countries (due to climate, asphalt type, support infrastructure 
etc.). The case study implemented DES models. These models 
calculate the operational costs as well as maintenance costs 
due to the introduction of a new design in comparison with a 
selected baseline. 

4.3. Run business model simulation and calculate NPV of 
different business scenarios 

The costs and benefits of a circular product are not only 
determined by its technical and operational performances, but 
also on how the business model is designed. The performances 
of a business model need to consider feedback loops of 
materials and information (e.g. metal recovery, upgrades) on 
the overall NPV function. For this reason, a SD approach is 
preferred [20], taking as input the results from the factory and 
lifecycle models. The SD model is governed by six main 
parameters. The first parameter, collection rate, intends to 
model the likeliness that the company will undertake a 
strategy of collecting machines for metal recovery or 
upgrading. This parameter will affect investment costs, as it 
requires setting up an infrastructure for collection 
(implemented in the model with fixed and variable costs). 
However, it can reduce the need for materials (and hence their 
costs) if the machines present a higher metal recovery fraction. 
In this context, a machine collection strategy in combination 
with ‘low footprint’ designs become very beneficial in the 
case of more stringent ‘polluter pays’ [28] laws and 
regulations. The modeller can assess the uptake of such 
scenario by modifying the disposal cost and cost of CO2 
equivalent parameters. Furthermore, a collection strategy 
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results very beneficial if the business model allows for 
continuous product upgrading over time to enhance the 
customer experience [2]. However, the overall customers’ 
attitude towards buying upgradable products with improved 
functionality depends on how technology improves to offer 
higher value. If upgrades are offered too early, their benefit 
will not exceed the costs and the upgrade will not be appealing 
for potential customers. The user can simulate such market-
dependent conditions by setting two parameters: technology 
improvement rate and cost impact of upgrades. Depending on 
these parameters, the model recursively improves the product 
performances on the engineering models (listed on the right 
side of figure 2) and runs the lifecycle performance models. If 
their benefits on lifecycle costs are higher than the cost for the 
upgrade, then demand for refurbished/upgraded machines 
increases. In this case, the model checks if the upgrade is 
geometrically feasible. This is done by comparing unused 
‘internal’ volumes with the parameter geometrical impact of 
upgrade. If the upgrade is possible, then the machine is 
refurbished and the cost impact of the upgrade is accounted 
for. If the upgrade is not geometrically possible, the demand 
for upgraded functionality is fulfilled by the design of a new, 
integral upgraded machine, with a cost penalty for the 
redesign activity. 

4.4. Present the simulation results and make decisions 

When professionals on a strategic as well as operational 
level are collaboratively working through simulation, not all 
the team members are able to fully understand the details and 
the output from a specific domain model. The framework 
hence proposes an approach to visualize the simulation results 
on a strategic/business model level (using NPV curves) and 
using colour-coded CAD models [30] on an 
operational/hardware level (figure 3). The following example 
describes how a design team can use the simulation process 
and navigate through the results to make a selection between 
two design alternatives. 

A proposal for a ‘long life’ design featuring increased 
durability, upgradeability, and increased recycling rate of used 
materials is compared to a ‘baseline’ design aimed for a 
traditional product oriented business model. To enable 
possible future functionality improvement by upgraded drum 
sub-components (for example, compaction capacity can be 
increased by new designs/technologies for the eccentric), the 
diameter of the drum is made larger than what is needed to fit 
the current components and sub-systems mounted inside the 
drum. Furthermore, the material thickness of the drum in the 
‘long life’ option is increased to improve the durability of the 
design. Negative consequences of such a design choice are: 
higher manufacturing costs, larger CO2 footprint during 
manufacturing as well as higher costs in operation, since the 
design becomes heavier and bigger. The resolution of such 
trade-off is not very intuitive, certainly not for non- technical 
experts within the group of stakeholders. After running the 
functional and lifecycle models (evaluating performances in 
operation), the design team needs to assess which design is 
ultimately better by looking at long-term business strategies 
from a circular economy standpoint. 

 

Fig. 3. Visualization through NPV curves and colour coded CAD models. 

The design team experiments with business scenarios by 
controlling six parameters of the business model simulation. 
In the example, the team assumes a low future impact of CO2 
costs and medium impact for disposal cost. At the same time, 
they set a high impact of technology improvement and a low 
cost for upgrades (meaning a high demand for upgraded 
products as technology improves) together with a high 
geometrical impact of such upgrades. The team firstly look at 
the NPV curves for the two alternatives (values are scaled 
down). A lower (and thus worse) NPV in the first years can be 
observed for the ‘long life’ alternative (green curve in figure 
3). This is because this alternative is heavier, bigger and has 
hence higher costs in operation. However, this difference is 
modest, since these higher costs are mitigated by improved 
durability (less cost of maintenance, disposal and less 
machines manufactured) and the higher metal recovery 
fraction for this design, which reduces material costs. As years 
advance (and upgrades become available), the NPV of the 
‘long life’ alternative starts to exceed the baseline and shows a 
shorter payback period (figure 3). This is because, as upgrades 
are introduced and implemented, operation cost is reduced by 
improved functionality. With the ‘baseline’ design (being less 
upgradable) the manufacturer cannot reuse existing machines, 
and the demand for upgraded functionality needs to be 
fulfilled by the development of new integral machines. 

The team then explores these results by analysing which 
parts of the machine have higher or lower impact on NPV and 
make proper selections based on goals. NPV contributions on 
a component level are mapped with a colour scale to highlight 
components that have a negative or positive affect. A colour 
scale ranging from green through yellow to red is used. This 
colour scheme, where green is good and red is bad for the 
studied objective, is believed to be intuitive to the end-user 
making it approachable and understandable also for non-
experts.  
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5. Discussion and conclusions 

Successful consideration of circular economy aspects in 
PSS design requires the ability to make thoughtful trade-offs 
between technical aspects (costs, performances), PSS business 
strategy and the benefits of a circular design, which may 
manifest years ahead. The present paper elaborates on this 
challenge, proposing to bridge the identified gap between 
strategic and operational levels by a simulation framework. 
The results of current engineering models are exploited 
outside their specific discipline, integrating them with other 
‘ad-hoc’ models that capture longer-term benefits of a circular 
PSS business strategy. 

Preliminary verification activities with industrial 
practitioners point towards potential benefits of the proposed 
simulation framework in providing support for 
multidisciplinary decisions in early design. Integration of 
multi-domain simulations (functional models coupled with 
business strategy) and the presented visualization tools have 
the potential to create objects that ‘sit in the middle’ between 
the group of stakeholders, acting as boundary objects [31]. 
Thereby providing decision support accessible and 
understandable also to non-experts within the group of 
stakeholders. 

Future work will concern further implementation and 
verification of the simulation framework. This phase will 
feature the development of an experimental approach 
(experimental setup, metrics for assessment and related coding 
scheme for evaluation) for assessing the effects of using the 
proposed simulation support in the conceptual phase of 
circular PSS design. 
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