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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Traditionally, environmental impact of products is considered as a function of the product itself. However, products can only function not only 
within their own system, but by dynamically interacting with other systems, hence all together they form a network of System of Systems 
(SoSs). In this context, not only the individual product system itself but also the dynamic interactions between the systems might have an 
impact on the environment which could also be described as rebound effect of the SoS emerging behavior. Therefore, it is crucial to study these 
systems within their SoSs in order to understand their environmental impacts more accurately. This paper first provides a perspective about 
these systems from the general system theory perspective to understand their characteristics and then introduces a conceptual framework to 
study their environmental impact. The framework is tested by using fore- and background transportation systems to demonstrate the 
applicability of the framework. 
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1. Introduction 

Sustainable development is a worldwide concern; hence it 
is needed to devise solutions to reduce the environmental 
impact of different activities including product development. 
Life Cycle Assessment (LCA) is an established method to 
quantify the environmental impact of a Product Systems (PSs) 
(tangible or intangible) in  its life cycle stages, from material 
to the End of Life (EoL). Some PSs are active in their usage 
stage and consume energy or material. Generally, such PSs 
interact with other PSs during their usage stage (e.g. an active 
product), for instance an aircraft as a system needs to interact 
with navigation systems. For passive products, the 
interactions still exist but in other life cycle stages. For 
instance, a facility that produces a pen interacts with log istic 
systems. Generally, the interacting PSs form a network of 
PSs. In nature, all living organisms as systems interact with 

their surroundings that lead to forming of complex systems 
(Gaia Theory [1]). From an engineering perspective, such 
networks or systems are called System of Systems (SoS). 
Dynamic interactions between PSs may lead to an unexpected 
behavior and to unforeseen consequences (Law of Unintended 
Consequences [2]). As a result, the total environment impact  
of the SoS can be different (higher) than the sum of the 
individual environmental impact of individual PSs, mainly  
because of such interactions  that lead to an emergent 
behavior. Hence, studying the environmental impact of PSs 
by means of LCA requires studying them within the SoS by 
taking into account the interactions with surrounding systems. 
Consequential LCA (cLCA) [3] also addresses the 
consequences of different decisions including the technology 
choices on other systems, yet the interactions between 
systems may lead to new effects that are needed to be studied 
in a fu ll context. In this paper, City Car (CC) is selected as a 
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their surroundings that lead to forming of complex systems 
(Gaia Theory [1]). From an engineering perspective, such 
networks or systems are called System of Systems (SoS). 
Dynamic interactions between PSs may lead to an unexpected 
behavior and to unforeseen consequences (Law of Unintended 
Consequences [2]). As a result, the total environment impact  
of the SoS can be different (higher) than the sum of the 
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because of such interactions  that lead to an emergent 
behavior. Hence, studying the environmental impact of PSs 
by means of LCA requires studying them within the SoS by 
taking into account the interactions with surrounding systems. 
Consequential LCA (cLCA) [3] also addresses the 
consequences of different decisions including the technology 
choices on other systems, yet the interactions between 
systems may lead to new effects that are needed to be studied 
in a fu ll context. In this paper, City Car (CC) is selected as a 
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PS with in the transportation system as the SoS to explain the 
introduced approach and as a demonstration case. 

2. Research Scope  

Studying a PS in its SoS requires a conceptual model that 
demonstrates their characteristics. Different challenges are 
presented in the literature regarding modelling of SoSs. Large 
scale and complexity of SoSs are the most agreed challenges 
due to existence of several PSs that each has its own 
stakeholders and functions while they interact dynamically. 
Different literature used different approaches to model the 
SoS, such as agent-based [4] set theory [5], and game theory 
[6]. Such references mostly developed a model to demonstrate 
the structural aspects of SoSs, yet the interactions or 
behavioral aspects were not properly  addressed or were 
addressed in separate models due to modelling complexit ies  
[7]. Modelling the SoSs in a holistic manner, such that the 
model captures both structural aspects and dynamic 
interactions of SoS in a fu ll context, allows a proper analysis 
regarding whether related infrastructure, policy, and 
technology choices together can lead to a good performance 
from LCA perspective [8]. It is also needed to identify  the 
boundary of a SoS that a subjected PS is part of. The 
boundary helps to have a better insight into the influencing 
factors on the behavior of a PS from the LCA perspective. 
However, there is a lack of a conceptual modelling approach 
that allows identifying the SoS boundary and also embodying 
its characteristics in a holistic manner in the LCA context [9]. 

LCA is carried out in four steps: goal-scope definition, 
inventory analysis, impact assessment, and interpretation. 
Firstly, the goal of the assessment is defined, and the 
functional unit is determined with a definit ion of what is 
going to be studied and the service delivered by a PS. The 
system boundary is also defined in terms of including 
processes and activities in the PS. Inventory analysis step 
involves creating an inventory of flows from and to nature for 
a PS. Th ird ly, significance of potential impacts is calculated. 
Lastly, the generated information are interpreted in relation  to 
the question that was posed in the goal definit ion. This paper 
focuses on the definition of the functional unit, which  
determines how a PS is studied; as an individual or as part of 
a SoS, which the latter is this paper’s viewpoint. 

With the paper, it is aimed to introduce a modelling 
approach for conceptual modelling of the SoSs that helps to; 
identify the SoS boundary of a PS and also allow modelling of 
structural and behavioral aspects of the SoS from the LCA 
perspective. This model provides the foundation for 
quantifying the environmental impacts of the PS and its SoS 
by taking into account the influence of interactions in the SoS. 
Such a model also helps to mitigate the risk of shifting the 
environmental impact from one PS to another or overlooking 
important and unintentional consequences that the changes in 
the PS have on the SoS that it is part of.  

3. Methodology  

General system theory defines a system as a set of 
interacting elements that make a unified whole  that may serve 

a common purpose [10]. A system is called open system, if it  
interacts with its environment and is called closed system if 
nothing gets in or goes out from the system. From the Gaia 
theory perspective, the targeted PSs use resources from 
environment and may have impacts on it; hence, the targeted 
PSs are open systems. There are many domain  specific 
definit ions of SoS, yet this reference [11] provided a more 
general definit ion: ‘System of Systems is an integration of a 
fin ite number of constituent systems which are independent 
and operable, and which are networked together for a period 
of time to achieve a certain higher goal’. International Council 
of Systems Engineering defines an SoS as a system whose 
elements are managerially and/or operationally independent 
systems, and together usually produce results that cannot be 
achieved by the indiv idual systems alone [12]. However there 
is no widely  accepted defin ition of SoS, to which all SoSs 
conform [9]. Hence, some literature tried to define the 
characteristics of SoSs [13]. It is argued that a common 
characteristic between most SoSs is that they achieve a unique 
capability that cannot be achieved from any Constituent 
System (CS) alone. Th is achievement is the emerg ing 
behavior of the SoS as a result of the CSs interactions. From 
LCA perspective, this emerging behavior may influence 
environmental impacts of each PS. Another common 
characteristic of SoSs is that the CSs can act  autonomously or 
independently. Yet, the independency level can vary between 
different CSs in different SoSs [14]. In a transportation 
system, CC and fuel-stations can function independently. 
Another characteristic is that the CSs are heterogeneous and 
distributed over different geographical locations [8]. It is often 
that an existing SoS includes new CSs to achieve a new 
capability, so the CSs make connections with the new CSs. 
This shows that the SoS and CSs can evolve over the time. 
Gaia theory also proposes that the existing organisms interact 
in such a way that they lead to a synergetic behavior and 
forming a self-regulating complex system. 

3.1. SoS and Systems Engineering   

Systems Engineering (SE) as a multi-disciplinary approach 
can be useful in analyzing the SoSs, since PSs are mostly 
heterogeneous. Although, the explained characteristics of 
SoSs may challenge application of SE for SoSs analysis [15], 
SE still can provide a foundation for SoSs conceptualizat ion 
[16], especially when the principles of systems of systems 
engineering as a discipline have not been well developed yet 
[13]. In system development by using SE approach, after 
requirement analysis, the logical arch itecture is developed by 
decomposing a system to logical subsystems and developing 
their interaction interface. Subsystems can perform certain  
functions and interact with each other to  satisfy the system 
requirements. Different alternatives can be configured and 
their goodness is compared against the performance indicators 
or from SE perspective; Measures of Effectiveness (MoE). 
According to this paper scope, it focuses on developing the 
logical architecture of SoSs. The logical architecture consists 
of a set of stable concepts and semantic relations among them 
[17]. The arch itecture should allow integrating the PSs and 
embody their interactions in a cross -cutting manner such that  
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helps to understand the SoS emerging behavior, where the 
environmental impact  of a  PS and SoS can  be studied as the 
MoEs. Th is gives an insight regarding how the environmental 
impact of PSs is affected by different factors, or provides a 
foundation for later analysis regarding how the impact of a PS 
can be improved either by improving itself or other PSs 
without worsening the environmental impacts of the SoS. In 
this paper, the OO modelling approach is  used to achieve 
proper architecting approach for holistic modelling of the SoS 
logical architecture as explained in the next section. 

3.2. Object Oriented approach application 

It is accepted that the Object Oriented (OO) approach can 
facilitate the design of complex systems by modelling a 
system with certain  objects that have behavior and identity. 
The objects define a boundary for the system [18]. A class 
describes a set of objects that share specific characteristics, 
which an object is an instance of a class. OO modelling seeks 
to decompose a system to its classes such that the system 
complexity is decomposed over the classes. OO modelling 
tries to hide the internal details of an object, which is called  
encapsulation and known as an OO principle . Thus, although 
objects interact with each other, they do not need to know 
how other objects perform their internal procedures. 
Encapsulation helps to manage the complexity as the system 
scale increases. OO modelling  has mostly been used to model 
a system solution [19], while it is needed to model the SoS 
with its properties in an abstract level [20, 21] in order to 
compare different system configurations from LCA 
perspective. The class diagram is widely used in OO 
modelling applications, Class diagram models a systems with 
respect to the decomposition hierarchy of classes and their 
relationships [18]. Hence, this paper models the logical 
architecture of a SoS including a subjected PS by developing 
the SoS class diagram. 

 

3.3. Architecting guidelines 

The OO modelling of a system includes two main tasks; 
system abstraction and specific system development [18]. 
Hence, the proposed architecting guidelines are explained by 
using the aforementioned tasks. Abstraction aims to manage 
the system complexity by demonstrating its essential 
elements, which can be a defined as an abstraction of 
something in a system. With regards to this paper’s scope, 
abstraction can help to define the SoS boundary in terms of 
the PSs that are included in the LCA of a subjected PS. Fig. 1 
gives a perspective of a generic logical architecture according 
to the proposed modeling approach. As explained, the 
independency level of PSs  may vary in SoSs. From the OO 
perspective, this paper defines three abstract classes for PSs to 
define the boundary of the SoS that a subjected PS is part of. 
These abstract classes are; entity-system, enabling-system, and 
forming-system. The first class addresses the subjected PS for 
the LCA application (e.g. CC). The second class abstracts 
those PSs that the subjected PS needs to interact with in  order 
to fulfill its function (considering the available technologies). 
For instance, a CC can function itself (autonomous) but needs 
a fuel station as an infrastructure. The third class shows those 
PSs that the entity-system does not need to interact with, but 
they exist in  surroundings of the entity-system and may  affect  
it, such as regulations. Hence, a SoS is defined as a class that 
is a composition of the aforementioned classes, as shown in 
Fig.2 for the transportation system as an SoS.   

In reality, an entity-system may interact with several 
enabling-systems and forming-systems, which d iffer from 
several aspects. Roads and fuel-station systems are two 
enabling-systems that a CC interacts with, but they function 
differently. The exp lained abstraction allows embodying 
different types of PSs in the logical architecture. Hence, this 
paper suggests deriving subclasses equivalent to each PS type 
from related abstract classes. As shown in Fig. 2, road-

Fig.1. Generic representation of a product system in a multi-SoS perspective 
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subclass and fuel-station-system-subclass are derived from the 
enabling-system abstract class. One subclass should be 
derived for the entity-system, which shows the subjected PS. 
At this point, the SoS boundary is defined because different 
types of participating PSs in the SoS are defined.  

Generally, the CSs (enabling and forming  systems) have 
their own structures. This paper suggests embodying such 
independent properties by defining related attributes for each 
subclass. For instance, the engine capacity is an independent 
property of the CC-subclass, so the parameters related to 
engine are defined as the attributes of CC-subclass. Such 
attributes are called Internal Development (ID) attributes. 

This paper suggests embodying the interactions of CSs as 
the functions (methods) of the related subclasses as  shown in 
Fig. 2. The functions can formulate different aspects of each 
type of a PS (subclass), such as their dynamic states and 
environmental impacts. For instance, a function can formulate 
the road congestion for road-subclass. The defined functions 
take into account different inputs, including their own IDs and 
functions or take inputs from other subclasses. This makes a 
network of functions that can manifest the interconnections -
interactions between the PSs and accordingly visualize the 
emerging behavior of the SoS (dashed lines in Fig. 1). 

Each subclass defines a conceptual module for the related 
PS in  the SoS. A subclass shows a special type of a PS that 
participates in the SoS and not a specific PS. For instance, the 
IDs in CC-subclass show that the engine capacity should be 
clarified to perform the LCA. When the IDs are valued, it 
shows a specific object (materialized subclass), which in this 
example shows a specific CC. A ll subclasses should be 
materialized to perform the LCA, as a result they show a 
specific PS (a specific CC) that interacts in a specific 
environment (regulations and fuel-stations are specified).  

3.4. Multi-SoS 

An entity-system functions in its use stage with its 
surroundings. Hence, the defined classes show the SoS 
boundary that the subjected PS involves in its use stage. Yet  
in the production stage, the production facilities that produce 
the PS are in their own use stage, and they form another SoS. 
Likewise in the EoL stage, the EoL facilities and other 
required activ ities (e.g., logistics) are in their use stage and 
form another SoS in  the EoL stage. Hence, as shown in Fig. 1, 
a PS moves through mult i-SoSs in its life cycle. Therefore , a  
proper LCA of a PS needs to be carried out in a multi-SoS 
perspective. However, this paper magnifies the use stage since 
the PS (e.g., CC) delivers its function during the use stage. 
Yet all the shown SoSs, go through their own life cycle 
stages, use resources and have impacts on the environment. 
This also applies to the enabling systems (forming systems) 
that go through multi-SoS in their lifecycle. 

The independent properties of a PS (IDs) are a result of the 
previous stages of that PS, for instance, the engine capacity. 
In fact, these stable properties are inherited from the previous 
stages. This applies to the enabling systems (fo rming) as well, 
so the stable properties of an enabling  system are the result of 
the SoSs that existed in its previous  stages.  
 

 
 
 
 
 

 
 
 
 
 
 
 
 

 
 

 
Fig. 2. Abstraction Hierarchy of the PSs in an SoS  

 
This means that although the CSs are interacting in one 

SoS (the zoomed center circle in Fig. 1) with their stable 
properties, they inherit such properties from the SoSs that are 
involved in previous stages. This means that all the shown 
multi-SoSs are interconnected and have a common SoS 
(zoomed center circle). This applies to all life cycle stages of 
a PS, such that each SoS in each life cycle stage is a common 
SoS between several interconnected mult i-SoSs. This 
perspective aligns with the Gaia Theory that argues 
everything is connected. The introduced abstraction hierarchy 
helps to cut-off the common SoSs (define a boundary) that a 
PS goes through them from the several interconnected mult i-
SoSs. Such cut-off still embodies the influence of mult i-SoSs 
by taking into account the stable properties of the CSs. 

4.  Results  

Table 1 shows how the developed architecture embodies 
the characteristics of the targeted SoSs. As mentioned, 
generally an SoS is an existing system and it  may include new 
CSs to enhance its capacities . The developed architecture can 
address such evolution without changing the model structure. 
In some cases, the new PS is a new development of an  
existing PS, for instance when a new engine technology is 
introduced. Hence, an object can be derived from the CC-
subclass with  new values for the IDs. Accordingly, the LCA 
practitioners can compare the impact of different available 
options in a SoS perspective. In some cases, a new PS may be 
added to the SoS, so a new subclass can be derived from a 
related abstract class with its own IDs and functions. In both 
cases, the influence of new interactions between PSs is 
addressed in the subclasses functions.  

 

Table 1. Embodiment of SoS characteristics in the logical architecture  
Characteristics Embidment in the architecture  
Independency  ID attributes  

Emergent 
behavior Relation between the functions (network of functions)  

Heterogeneity  The defined systems can belong to different discipline 
and have different ID attributes and their own functions 

Transportation-system 
Enabling-system Forming-system Entity-system 

Infrastructure-Road 
system 

Topography (ID1I) 
Road type (ID2I) 
Traffic lights (ID3I) 
Intersections (ID4I) 
Congestion =f1I 
f (ID1I,., ID4I,  
ID1V,ID1R,ID1P,.,ID
3P) 
EI=f(ID1I,.,ID4I, f1I) 

Physical 
environment 

Temperature (ID1P) 
Humidity (ID2P) 
Light (ID3P) 

Regulations 
Speed limit(ID1R) 
Insurance (ID2R) 
Fuel efficiency rules 
(ID3R) 
EI= 
f(ID1R ID2R, ID3R,..) 

CC 
Engine capacity (ID1V) 
Consumption rate=f1V 
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The complexity of SoS is managed in two ways; first a 
proper decomposition of the SoS into abstract classes and 
subclasses in a hierarchical manner, second developing a 
network of functions that embodies the interactions while 
functions are encapsulated in the subclasses. In fact, although 
the logical architecture of the SoS is decomposed to classes, 
they are later hinged together with the functions. This allows 
tracing the aggregated impacts of such interactions in the 
environmental impacts of a subjected PS and SoS. It is argued 
that the SoS evolution also adds some complexity from 
modelling perspective [14]. As exp lained, the presented 
modelling approach can capture such evolution. 

The presented approach allows modelling of a PS with a 
bottom-up approach (foreground); yet provides a top down 
overview about the SoS of the PS (background). Such 
structure allows independent development of the participating 
PS, while concurrently assessing their environmental impacts 
in the SoS level by taking into account the emerging behavior. 
Hence, the developed architecture can stand as a knowledge 
repository for information sharing between different 
stakeholders. The architecture expresses what information and 
parameters are needed to be collected for the LCA 
application. This allows a systematic analysis for further 
engineering activities on PSs or on specific parts of the SoS. 

The developed architecture allows generating a set of 
different PSs and accordingly configuring different SoSs. 
Hence, the architecture represents the Meta-architecture of a 
SoS, which different materialized configurations of SoSs are 
instances of the Meta-architecture. The introduced modelling 
approach helps to define the SoS boundary with the exp lained 
abstraction hierarchy, which is a crit ical aspect in modelling 
the SoSs due to their large scale and complexity  in  the 
interactions. Finally, the LCA practitioners can study a 
subjected PS by taking into account its own parameters and its 
interactions with its surroundings. This helps to have a better 
insight regarding the possible trade-offs involved and the 
aggregate impacts of the CSs in the SoS level. 

Rebound effect is a subset of the emerging behavior. In 
resource and energy efficiency context, rebound effect is 
explained as if some changes have been applied in one PS to 
improve its energy efficiency, however due to the interactions 
between the PSs, the emerging behavior of the SoS leads to a 
situation (might be unseen from the law of unintended 
consequences) where the actual energy efficiency is different 
from the pro jected efficiency improvement [22]. The resulting 
situation may well be worse than anticipated. Such rebound 
effect cannot be well understood if the PSs are studied 
individually and the interactions or the overall emerg ing 
behavior have not got their deserved attention. The cLCA also 
tries to capture such consequences in the LCA application, but 
not necessarily with the broad perspective that this paper 
does. In fact, the cLCA seeks to trace the impacts of the 
technology changes on other systems. Yet, one change might 
have impacts on more than one CSs, which again might 
impact each other and new CSs, leading to a chain of 
interconnected impacts. While the cLCA in principle has a 
similar perspective, the novelty of the introduced approach is 
that it defines the analysis boundary in such a way  that the PS 
is studied in a multi-SoS perspective.   

 
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig.3. SoS of a City Car in the use stage 

 

5. Demonstration case  

The case used here is  the energy efficiency of 
transportation sector, where [22] argued that it is not possible 
to analyze the rebound effects of transportation systems with 
traditional assessment methods and there is a need for a 
modelling approach that allows defining a proper analysis 
boundary for environmental impact assessment by different 
methods, such as LCA as it was mentioned in  the research 
scope section. Transportation systems are often composed of 
independent PSs that are geographically d istributed. The 
environmental impact  of the CC that occurs in the use stage is 
directly linked to the energy consumption in combination with 
the other needed material. According to the introduced 
modelling approach (architecting guidelines) the logical 
architecture of the SoS of CC in the use stage was developed 
as the class diagram of the SoS (see Fig. 2). In  order to 
embody the interactions between the defined involved 
systems (enabling system, forming systems , and entity 
system), certain functions were defined for each subclass. The 
functions in each subclass get the IDs of the subclass and also 
certain extra inputs from the other subclasses. The relation 
between functions embodies the emerging behavior in the 
SoS.  

Fig. 3 visualizes a rebound effect of a specific legislation, 
which happens because of the interactions between the 
defined CSs. For example, the regulations might affect the CC 
manufacturers to produce more fuel efficient cars, lead ing to 
more economical ownership of the cars (at least) in the use 
stage due to less fuel consumption. This impacts the usage 
patterns of the users and leading to  buying more cars and/or 
using the cars more often. This indirectly leads to more t ire 
replacement, which increases the environmental impacts of 
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the CCs and also the tires industry as another SoS. On  the 
other hand, more cars on the roads (or more often usage) 
increase the roads congestions , which not only increase the 
fuel consumption rate of the cars but increase the 
environmental impacts of the roads as well, because they need 
more maintenance. As a result, the roads congestion 
potentially may lead to a social decision to expand the roads, 
which the expanded roads not only have their own 
environmental impacts (e.g., resource depletion), but can also 
lead to more cars driving that increases the cars environmental 
impacts as well. This may lead to a h igher order of 
environmental impacts, which the cLCA cannot easily capture 
without having a SoS perspective as introduced in this paper. 
In this example, although the car itself was more efficient (in  
terms of fuel consumption), this h igher efficiency may  lead  to 
increased environmental impacts  (in different forms) on other 
systems.  

This shows that one specific CC can have different 
environmental impacts in different locations due to the 
differences in other PSs that exist in the transportation system 
as an SoS. 

6. Discussion and outlook 

It was discussed that changing a PS to improve its 
environmental impacts may lead to a series of impacts on 
other systems that can potentially increase the environmental 
impacts of the SoS as a result of the emerging behavior or the 
rebound effect, due to the interactions -interconnections 
between the different systems of the SoS. The presented 
approach allows capturing the larger scale and complexity of 
multi-SoSs in one model and also embodying the parameters  
that are needed to be addressed. The main  contribution of this 
paper is the holistic conceptual modelling of SoSs that 
combines the behavioral and the structural aspects of the SoSs 
showing their dynamic interactions. This helps to understand 
the magnitude of d ifferent decisions in different life cycle 
stages of a PS not only on its own environmental impacts but 
also future interacting PSs.  

Calculation of the environmental impact  can be the next  
step after proper conceptualization of a PS from a SoS 
perspective. However, the impact assessment can be fairly  
challenging due to the large scale of the SoSs and existing 
interactions-interconnections. In this context, developing a 
simulation model, that embodies the SoS architecture, can 
facilitate addressing such interaction-interconnections in the 
impact assessment. Therefore, the simulation model returns 
the LCA result as a function of interactions between PSs and 
interconnection between multi-SoSs. However, it is worth 
mentioning  the technological improvement in future might 
considerably affect the environmental impact o f a PS, whether 
it be changes in the PS itself or in  the other involved CSs in  
the mult i-SoS of a PS. Hence, it is needed to address the 
future technology projection in the presented approach  as 
well. Moreover, applicat ion of fuzzy  logic can be useful to 
embody the existing uncertainties due to lack of data, 
complicated formulation or the impact of cut-off in the SoSs 
boundary. 
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