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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

Increased digitalization leads to an overlap of technical systems, their surrounding environment and their embedded systems. The concept 
System of Systems (SoS) progressively emerges, offering the potential to contribute to sustainable development. A SoS bundles the capabilities 
and resources of its subsystems and, through intelligent collaboration, offers more functionality than the sum of its sub-systems. The current 
research on SoS is rather fragmented and there is still an open discussion on basic taxonomic and ontological issues. One important topic being 
discussed is the applicability of SoS Engineering (SoSE) to other related research disciplines. In this paper, we examine the interrelations of 
sustainable manufacturing, Life Cycle Engineering (LCE) and SoSE. Therefore, we provide a typology and a process-oriented framework for 
the integration of SoSE as a complementary discipline within the context of sustainable manufacturing and LCE.

© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the scientific committee of the 26th CIRP Life Cycle Engineering (LCE) Conference.

Keywords: System of Systems Engineering, Life Cycle Engineering, Sustainable Manufacturing, Framework

1. Introduction

Within the last twenty years, research on the engineering of 
complex system architectures has gained significant im-
portance [1]. Especially the trend towards digitalization in-
creasingly connects different systems (e.g. products, machines 
or factories) to their environment, creating systems in which 
the interactions of different system entities can be considered 
as being part of a larger complex system. In general, a system 
is defined as “a composition of entities, which may be physi-
cal, behavioral, or symbolic in nature, that are interrelated, 
interdependent, and mutually interacting” [2]. If these entities 
are themselves regarded as systems, a system of systems is 
created (SoS). A SoS bundles the capabilities and resources of 
different systems and, because of intelligent collaboration, 
offers more functionality than the sum of the individual sys-
tems it consists of (emergent behavior). In Fig. 1, a generic 
representation of a SoS is illustrated. Here, central systems of 

interest (SoI, A and B) are differentiated from wider systems 
of interest (WSoI, C to E). SoI are in the focus of considera-
tion to achieve a desired emergent behavior. WSoI are within 
the SoS environment and can enhance the existing emergent 
properties or provide additional emergent properties, when 
they are combined to the SoI. Thus, WSoI may get involved in 
a SoS and extend the boundaries of the original SoS.

Fig. 1. Generic SoS architecture

From an engineering perspective, an essential question is 
how SoS can be designed in such a way that desired emergent 
properties are achieved and that chaotic behavior and unde-
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Within the last twenty years, research on the engineering of 
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creasingly connects different systems (e.g. products, machines 
or factories) to their environment, creating systems in which 
the interactions of different system entities can be considered 
as being part of a larger complex system. In general, a system 
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offers more functionality than the sum of the individual sys-
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representation of a SoS is illustrated. Here, central systems of 
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of interest (WSoI, C to E). SoI are in the focus of considera-
tion to achieve a desired emergent behavior. WSoI are within 
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a SoS and extend the boundaries of the original SoS.
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sired emergent properties are avoided [3]. Here, suitable 
methods and tools are required and can be found in the evolv-
ing research discipline System of Systems Engineering 
(SoSE). It stands for the “design, deployment, operation, and 
transformation of higher level [SoS] that must function as an 
integrated complex system to produce desirable results. These 
[SoS] are themselves comprised of multiple autonomous em-
bedded complex systems that can be diverse in technology, 
context, operation, geography, and conceptual frame.” [4].

Being first adopted in military applications [1, 5], SoSE 
has become vital in numerous application areas within the last 
twenty years. Examples can be found in the energy sector 
(e.g. power management) [6], transportation sector (e.g. air 
transportation) [7], industry sector (e.g. modern manufac-
turing systems) [8], disaster management (e.g. emergency 
information systems) [9], and further areas such as defense 
[10], health care, media [11], or communication [1]. As a 
result, the existing literature on this topic is rather fragmented 
and no acknowledged definitions for SoS and SoSE exist. In 
particular, there is an open discussion on what constitutes a 
SoS, what underlying paradigms or methodological approach-
es are and what the relationships of SoSE to other related 
research disciplines are, such as for example systems engi-
neering [4], sustainable manufacturing [12] or LCE [13]. 

In this paper, we examine SoSE in order to understand how 
it can complement sustainable manufacturing and LCE, and 
whether and how it contributes to a sustainable development.
Therefore, characteristics and types of SoS and methodolo-
gical approaches to support their analysis, evaluation and 
engineering are given. We then discuss the relations of SoSE 
to sustainable manufacturing and LCE and provide a typology 
and framework to support the engineering of sustainable SoS.

2. Foundations of System of Systems Engineering

In order to provide guidance for SoSE, a common under-
standing of SoS is required. Although no acknowledged defi-
nition for SoS exist, there is agreement that all SoS have con-
stituent characteristics. Fereidunian and colleagues provide a 
review of different characteristics mentioned in literature [14].
To evaluate whether or not a considered system is a SoS, a
widely used set of characteristics is [15]: i) operational inde-
pendence, ii) managerial independence, iii) geographical 
distribution of the involved sub-systems, iv) evolutionary 
development and v) emergent behavior of the SoS. 

Besides the description of SoS by constituent characteris-
tics, classification schemes exist (see Table 1). Seven SoS 
type dimensions can be differentiated, namely the objective, 
management, acquisition, operation, domain, durability and 
focus type. Table 1 provides a short description for each of 
them. Gideon and colleagues point out that one SoS can be-
long to more than one of the given categories [16].

In order to support the engineering of SoS, there are vari-
ous activities which can be taken. Chen and Unewisse provide 
an overview on this variety, dividing SoS activities into SoS
management, SoS design, SoS analysis and SoS integration 
[3]. For these activities a variety of approaches covering dif-
ferent methods and tools are discussed in literature.

Table 1. Taxonomy of SoS, based on [16, 17, 18, 19, 20].  

SoS type 
dimension

Criteria Description

objective individual sub-systems follow individual objectives

shared sub-systems follow shared objectives

global sub-systems follow a global objective

manage-
ment

centralized central management

collaborative collaborative management 

local local management of sub-systems

acquisition dedicated consciously designed and engineered to 
be an SoS and fulfill a certain goal

virtual systems are generally unplanned

operation directed controlled by a central authority 

chaotic not controlled by a central authority 

collaborative sub-systems can interact voluntarily

acknowledged similar to directed SoS, but they do not 
have the authority over the sub-systems

domain physical operate in the physical world

conceptual abstract and not tangible

social the main form of interaction is between 
people or organizations

durability permanent not expected to end

episodic deployed on demand

prepared prepared with a certain configuration 
before operation

phased prepared with several valid configu-
rations being instantiated when required

focus capability–based collaboration interest based on capabilities

function–based collaboration interest based on functions

service–based collaboration interest based on services

resource–based collaboration interest based on resources

Existing approaches include e.g. design approaches [21], 
multi-level modeling [22], simulation approaches, e.g. agent-
based [7, 8, 23] and discrete event simulation [23], petri-nets 
[14], optimization approaches [24, 25], analytical approaches
[26], game theoretic approaches [27] as well as data analytics 
approaches [11]. Furthermore, architectural frameworks, such 
as the Department of Defense Architecture Framework
(DoDAF), are used as pictoral representations using Unified 
Modeling Language (UML) or Systems Modeling Language
(SysML) [28]. However, the approaches used in the context of 
SoSE have not been developed specifically for the use in this 
domain. They have been rather extrapolated or adapted from 
other engineering fields. Thus, so far no accepted methodo-
logical framework exists [1].

3. Opportunities of SoSE to complement Sustainable 
Manufacturing and LCE

Due to the ongoing discussion on the understanding of 
SoSE, exploring its connection to complementary and more 
established engineering disciplines can contribute to a more 
concrete picture of the advantages of a SoS perspective. Fig. 2
attempts to visualize the relations of SoSE to sustainable 
manufacturing and LCE.
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Fig. 2. Complementation of Sustainable Manufacturing and LCE by SoSE.

Sustainable manufacturing and LCE both strive for achiev-
ing sustainability, each having a different focus. Sustainable 
manufacturing focuses on a gate-to-gate perspective, taking a
look on manufacturing systems. The focus is on methods, 
tools and technologies for the sustainability-oriented analysis,
evaluation, planning and control of production systems and 
factories. Thereby, all subsystems of the factory (production 
machines and process chains, technical building equipment 
and building shell), all flows (material, energy, information) 
as well as their embedding in the (non-)urban context are 
considered [29]. Within LCE the sustainability implications of 
products and processes are evaluated on a life cycle perspec-
tive. The aim is to support engineering activities and related 
decision-making with respect to the design of products and 
the design of related material, energy and information flows.
LCE involves life cycle assessment (LCA) which quantifies
potential environmental impacts. The reduction of the envi-
ronmental impact is a primary goal of LCE. [30] The focus of 
SoSE is broadened to not only consider the life cycle of a 
product or a product family as a foreground system (or SoI),
but also on the simultaneous analysis, evaluation and design 
of systems in the background. This leads to the consideration 
of SoS. As a vision, this broader perspective could allow 
interdependent systems to simultaneously align towards a 
common goal: sustainability.

An important question is how SoSE can help to exploit the 
potential benefits that might result from a SoS perspective. 
Fig. 3 represents a generic relation of the environmental im-
pact of different systems. On the left side, the environmental 
impact of the systems A to C is illustrated as the sum of their 
individual environmental impacts. On the right side, the envi-
ronmental impact of the potential SoS is shown. Fig. 3 
demonstrates that the building of a SoS is only viable from an 
environmental perspective if the environmental impact of the 
SoS is lower than the sum of the impacts of its constituent 
systems (A to C). Therefore, SoSE should focus on how SoS 
can be engineered in such a way that: (i) the building of a SoS 
has sustainability related emergent properties, e.g. by provid-
ing higher value from an environmental perspective whilst 
chaotic and unsustainable behavior is avoided, (ii) the integra-
tion of systems into a SoS affects the sustainability of other 
integrated systems positively. Hence, it is important to inte-
grate the right systems to the right SoS so that a positive ef-
fect is achieved. At the same time the additional effort, for 
example for controlling the SoS, should not counteract poten-
tial advantages.

Fig. 3. Environmental Impact of SoS.

Whether or not SoS contribute to sustainability is of criti-
cal concern and has initially been discussed in literature. Kat-
ina and colleagues [31] propose a metasystem that governs a
SoS while providing coordination, integration and viability of 
and for its constituent systems. However, they agree that 
methods and tools to support and guarantee the sustainability 
of SoS are still under development. 

Having the relations of sustainable manufacturing, LCE 
and SoSE in mind, it is possible to derive a generic SoS ty-
pology, which can be used to propose environmentally viable 
SoS. As a first step, we suggest to consider four types of sys-
tems: product systems (e.g. vehicles, machines, etc.), infra-
structure systems (e.g. road infrastructure, energy infrastruc-
ture, etc.), life cycle phase related systems (e.g. raw material 
production, manufacturing, etc.) and information systems (e.g. 
digital platforms, Enterprise Resource Planning (ERP) sys-
tems, etc.). A SoS can be built out of at least two of these 
system types, whereas each of the four types may count from 
0 (or 1 for life cycle phase related systems) to N entities. Ta-
ble 2 shows the resulting options.

Table 2. Typology of SoS.  

No. of entities
System type Min max

Product system 0 N

Infrastructure system 0 N

Information system 0 N

Life cycle phase related system 1 N

In order to achieve a sustainable SoS, the system types 
must be integrated in such a way that the environmental im-
pact of the resulting SoS is lower than the sum of the envi-
ronmental impacts of the constituent sub-systems. Based on 
the typology, new SoS may be built or existing SoS may be 
analyzed in order to reduce the overall environmental impact. 
Three examples are shown exemplarily in Fig. 4. The types 
are related to the SoS architecture and the systems A to E in 
Fig. 1 and differ in their integration approaches to reduce the 
environmental impact of the resulting SoS. The three types 
are described below, referring to the approach to reduce the 
environmental impact, examples as well as opportunities for 
SoSE to support the reduction of the environmental impact.

Type I: Multiple life cycle related systems of one product 
system are integrated to reduce the environmental impact over 
the life cycle of a considered product system. Examples are 
closed-loop supply chain management [32] and approaches of
circular economy using industry 4.0 technologies to make
better choices with regard to recycling options (recycling 4.0)
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sired emergent properties are avoided [3]. Here, suitable 
methods and tools are required and can be found in the evolv-
ing research discipline System of Systems Engineering 
(SoSE). It stands for the “design, deployment, operation, and 
transformation of higher level [SoS] that must function as an 
integrated complex system to produce desirable results. These 
[SoS] are themselves comprised of multiple autonomous em-
bedded complex systems that can be diverse in technology, 
context, operation, geography, and conceptual frame.” [4].

Being first adopted in military applications [1, 5], SoSE 
has become vital in numerous application areas within the last 
twenty years. Examples can be found in the energy sector 
(e.g. power management) [6], transportation sector (e.g. air 
transportation) [7], industry sector (e.g. modern manufac-
turing systems) [8], disaster management (e.g. emergency 
information systems) [9], and further areas such as defense 
[10], health care, media [11], or communication [1]. As a 
result, the existing literature on this topic is rather fragmented 
and no acknowledged definitions for SoS and SoSE exist. In 
particular, there is an open discussion on what constitutes a 
SoS, what underlying paradigms or methodological approach-
es are and what the relationships of SoSE to other related 
research disciplines are, such as for example systems engi-
neering [4], sustainable manufacturing [12] or LCE [13]. 

In this paper, we examine SoSE in order to understand how 
it can complement sustainable manufacturing and LCE, and 
whether and how it contributes to a sustainable development.
Therefore, characteristics and types of SoS and methodolo-
gical approaches to support their analysis, evaluation and 
engineering are given. We then discuss the relations of SoSE 
to sustainable manufacturing and LCE and provide a typology 
and framework to support the engineering of sustainable SoS.

2. Foundations of System of Systems Engineering

In order to provide guidance for SoSE, a common under-
standing of SoS is required. Although no acknowledged defi-
nition for SoS exist, there is agreement that all SoS have con-
stituent characteristics. Fereidunian and colleagues provide a 
review of different characteristics mentioned in literature [14].
To evaluate whether or not a considered system is a SoS, a
widely used set of characteristics is [15]: i) operational inde-
pendence, ii) managerial independence, iii) geographical 
distribution of the involved sub-systems, iv) evolutionary 
development and v) emergent behavior of the SoS. 

Besides the description of SoS by constituent characteris-
tics, classification schemes exist (see Table 1). Seven SoS 
type dimensions can be differentiated, namely the objective, 
management, acquisition, operation, domain, durability and 
focus type. Table 1 provides a short description for each of 
them. Gideon and colleagues point out that one SoS can be-
long to more than one of the given categories [16].

In order to support the engineering of SoS, there are vari-
ous activities which can be taken. Chen and Unewisse provide 
an overview on this variety, dividing SoS activities into SoS
management, SoS design, SoS analysis and SoS integration 
[3]. For these activities a variety of approaches covering dif-
ferent methods and tools are discussed in literature.

Table 1. Taxonomy of SoS, based on [16, 17, 18, 19, 20].  

SoS type 
dimension

Criteria Description

objective individual sub-systems follow individual objectives

shared sub-systems follow shared objectives

global sub-systems follow a global objective

manage-
ment

centralized central management

collaborative collaborative management 

local local management of sub-systems

acquisition dedicated consciously designed and engineered to 
be an SoS and fulfill a certain goal

virtual systems are generally unplanned

operation directed controlled by a central authority 

chaotic not controlled by a central authority 

collaborative sub-systems can interact voluntarily

acknowledged similar to directed SoS, but they do not 
have the authority over the sub-systems

domain physical operate in the physical world

conceptual abstract and not tangible

social the main form of interaction is between 
people or organizations

durability permanent not expected to end

episodic deployed on demand

prepared prepared with a certain configuration 
before operation

phased prepared with several valid configu-
rations being instantiated when required

focus capability–based collaboration interest based on capabilities

function–based collaboration interest based on functions

service–based collaboration interest based on services

resource–based collaboration interest based on resources

Existing approaches include e.g. design approaches [21], 
multi-level modeling [22], simulation approaches, e.g. agent-
based [7, 8, 23] and discrete event simulation [23], petri-nets 
[14], optimization approaches [24, 25], analytical approaches
[26], game theoretic approaches [27] as well as data analytics 
approaches [11]. Furthermore, architectural frameworks, such 
as the Department of Defense Architecture Framework
(DoDAF), are used as pictoral representations using Unified 
Modeling Language (UML) or Systems Modeling Language
(SysML) [28]. However, the approaches used in the context of 
SoSE have not been developed specifically for the use in this 
domain. They have been rather extrapolated or adapted from 
other engineering fields. Thus, so far no accepted methodo-
logical framework exists [1].

3. Opportunities of SoSE to complement Sustainable 
Manufacturing and LCE

Due to the ongoing discussion on the understanding of 
SoSE, exploring its connection to complementary and more 
established engineering disciplines can contribute to a more 
concrete picture of the advantages of a SoS perspective. Fig. 2
attempts to visualize the relations of SoSE to sustainable 
manufacturing and LCE.
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can be engineered in such a way that: (i) the building of a SoS 
has sustainability related emergent properties, e.g. by provid-
ing higher value from an environmental perspective whilst 
chaotic and unsustainable behavior is avoided, (ii) the integra-
tion of systems into a SoS affects the sustainability of other 
integrated systems positively. Hence, it is important to inte-
grate the right systems to the right SoS so that a positive ef-
fect is achieved. At the same time the additional effort, for 
example for controlling the SoS, should not counteract poten-
tial advantages.

Fig. 3. Environmental Impact of SoS.

Whether or not SoS contribute to sustainability is of criti-
cal concern and has initially been discussed in literature. Kat-
ina and colleagues [31] propose a metasystem that governs a
SoS while providing coordination, integration and viability of 
and for its constituent systems. However, they agree that 
methods and tools to support and guarantee the sustainability 
of SoS are still under development. 

Having the relations of sustainable manufacturing, LCE 
and SoSE in mind, it is possible to derive a generic SoS ty-
pology, which can be used to propose environmentally viable 
SoS. As a first step, we suggest to consider four types of sys-
tems: product systems (e.g. vehicles, machines, etc.), infra-
structure systems (e.g. road infrastructure, energy infrastruc-
ture, etc.), life cycle phase related systems (e.g. raw material 
production, manufacturing, etc.) and information systems (e.g. 
digital platforms, Enterprise Resource Planning (ERP) sys-
tems, etc.). A SoS can be built out of at least two of these 
system types, whereas each of the four types may count from 
0 (or 1 for life cycle phase related systems) to N entities. Ta-
ble 2 shows the resulting options.

Table 2. Typology of SoS.  

No. of entities
System type Min max

Product system 0 N

Infrastructure system 0 N

Information system 0 N

Life cycle phase related system 1 N

In order to achieve a sustainable SoS, the system types 
must be integrated in such a way that the environmental im-
pact of the resulting SoS is lower than the sum of the envi-
ronmental impacts of the constituent sub-systems. Based on 
the typology, new SoS may be built or existing SoS may be 
analyzed in order to reduce the overall environmental impact. 
Three examples are shown exemplarily in Fig. 4. The types 
are related to the SoS architecture and the systems A to E in 
Fig. 1 and differ in their integration approaches to reduce the 
environmental impact of the resulting SoS. The three types 
are described below, referring to the approach to reduce the 
environmental impact, examples as well as opportunities for 
SoSE to support the reduction of the environmental impact.

Type I: Multiple life cycle related systems of one product 
system are integrated to reduce the environmental impact over 
the life cycle of a considered product system. Examples are 
closed-loop supply chain management [32] and approaches of
circular economy using industry 4.0 technologies to make
better choices with regard to recycling options (recycling 4.0)
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Fig. 4. Generic SoS types (exemplary)

[33]. An independent information system C (e.g. an ERP 
system) provides coordination and interrelates life cycle phase 
related systems. Through the knowledge gain of system C
with regard to life cycle interactions of the product system, 
system C might provide further value adding services to other 
systems in the SoS environment. SoSE may support the inte-
grated engineering of the life cycle related systems through 
targeted information exchange and the determination of in-
formation interfaces between the systems. 
Type II: A reduced environmental impact is achieved through 
the coordinated collaboration of parallel life cycle phase relat-
ed systems of multiple product systems. Examples are a syn-
ergetic product development [34], as well as collaborative 
purchasing or production networks [35]. Again, an inde-
pendent information system C might be used to coordinate the 
activities of the life cycle related systems. Consequently, 
SoSE may help to extend the capabilities of single enterprises 
through shared knowledge and infrastructure and providing 
valuable data and services beyond enterprise boarders.
Type III: The integration of different product systems and 
one infrastructure system in one life cycle phase related sys-
tem helps to reduce the environmental impact of one product 
system. Two examples are electric mobility [36] and energy 
flexible manufacturing [37]. In both cases the use of renewa-
ble energy might contribute towards lower environmental 
impacts, e.g. via the charging of electric vehicles with renew-
able energy, or helping to match the dynamic energy demand 
with the volatile on-site generation of renewable energy 
sources. SoSE may help to identify innovative technology
options for the use in SoI to reduce the environmental impact.

The presented SoS typology does not claim completeness 
as further system types may be considered. Also, the potential 
contribution to achieve a sustainable SoS have to be verified 
using established methodologies, such as LCA. However, the 
given types may help SoS engineers in pre-structuring SoS 
problems and guide them for further system analysis in the 
context of sustainable manufacturing and LCE. Still, the set-
ting of system boundaries for SoS clearly depends on the goal 
and scope of an engineering process, thus showing a need for 
further research on generic system typologies. 

4. Towards a framework for the planning of SoS to 
complement sustainable manufacturing and LCE

Building on the knowledge of the interrelations of sustain-
able manufacturing, LCE and SoSE we propose a process-
oriented approach to support SoSE (see Fig. 5). It provides 
guidance and support to conceptualize new SoS as well as 
categorize and improve existing SoS. Therefore, it integrates 
information on the characteristics and types of SoS, methodo-
logical approaches (see section 2) as well as the interrelations 
of SoSE, sustainable manufacturing and LCE. Starting point 
is a SoSE process with six steps, which are related to the lay-
ers of the framework and described below.
I) Definition of SoS goal and SoS characteristics: Once an 
engineer plans to conceptualize a new or improve an existing 
SoS, the first step is to define the goal of the SoS. The overall 
aim is to develop a SoS with sustainable properties which 
reduces the environmental impact of the constituent systems. 
In this regard, potential unsustainable behavior must be con-
sidered as well. Besides conceptualizing a new SoS, the con-
sideration of existing systems can be of interest as well.
Therefore, the constituent characteristics (section 2) can be 
used to qualify whether or not a considered system is a SoS. 
II) Definition of SoS type: The SoS types refer to the classi-
fication schemes of SoS (see section 2). The SoS is described 
by the seven SoS type dimensions, namely: objective, man-
agement, acquisition, operation, domain, durability and focus. 
III) Identification of the SoI: Based on the goal definition 
and the definition of the SoS characteristics, the systems that 
are needed to fulfill the goal(s) can be identified. Therefore, 
the SoI that complements sustainable manufacturing and LCE 
can be differentiated from WSoI outside these domains. As a
first step, systems from the four categories product systems, 
infrastructure systems, information systems and life cycle 
related systems may be considered.
IV) Definition of SoS architecture & interactions: Based 
on the identified SoI and WSoI the SoS architecture & inter-
actions are described. The system architecture helps to under-
stand the life cycle interactions of the involved systems and to 
designate the interactions in terms of the types of relationship 
(e.g. information flows, material flows, etc.).
V) Description, analysis and evaluation of the SoS: Based 
on the system architecture, distinct methodologies are applied 
to further develop, evaluate and engineer the SoS. For a first 
description of SoS, architectural frameworks are useful. Mod-
eling and simulation approaches help to describe and analyze
the system behavior in more detail. Game-theoretic approach-
es help to understand the value systems of the involved actors
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Fig. 5. Process-oriented framework for the planning of SoS.

and anticipate their behavior. The sustainability impact of the 
SoS can be evaluated using LCA and LCC approaches.
VI) Improvement of SoS: Based on the analysis and evalua-
tion of the SoS, potential areas for improvement can be identi-
fied and integrated into the adaptation of the existing or the 
conceptualization of a new SoS. For example, it is possible to 
suggest the integration of further WSoI and/or change the 
interactions between involved systems. This could enhance 
the performance of the SoS with regard to sustainability and 
leads to the evolution of the SOS and step I) of the proposed 
process-oriented framework.

5. Case Study on Production Service Systems (PrSS)

The aim of the case study is to show how the typology and 
framework can be used to conceptualize a SoS in the context 
of sustainable manufacturing and LCE. To this end, the six 
steps of the framework are described for the development of a
life cycle oriented Production Service System (PrSS). 
I) Definition of SoS goal and SoS characteristics: The over-
all aim is to develop a SoS which contributes to sustainability.
Therefore, a PrSS should be developed, which brings together 
manufacturing companies and service providers by means of a 
cloud and service platform for the exchange of data and ser-
vices related to energy efficiency – an efficiency service cloud 
conceptualized as SoS. Data on the energy consumption of 
different machine systems is collected by sensor systems and 
provided to service providers. They offer value adding ser-
vices based on available data (e.g. predictive maintenance). 
II) Definition of SoS type: The SoS types are as follows: It is 
assumed that the involved systems have the global objective 
to contribute to sustainability in manufacturing. The manage-
ment of the SoS is collaborative. It is dedicated and collabora-

tive, as it is constructed to reduce the energy consumption in 
manufacturing, and the sub-systems can interact voluntarily. 
Furthermore, it is designed as a conceptual and permanent 
SoS and has a service-based focus using a cloud system as 
central data communication and service platform. 
III) Identification of the SoI: The SoI are the manufacturing 
and operation/service systems of different product systems
(systems A and B). For example, the product systems may 
refer to different vehicles, the manufacturing systems A may 
refer to their production systems, and the operation/service 
system B relates to the sensor systems. System C, the cloud 
system, provides the connection between the systems A and 
B. As data and services could support the engineering over the 
whole life cycle, e.g. by providing recommendations for the 
change in product design, the material processing system and 
the end-of-life system are categorized as WSoI. For simplici-
ty, they are not considered in more detail.
IV) Definition of SoS architecture & interactions: In Fig. 6
the SoS architecture is displayed. This includes the exemplary 
product systems, their manufacturing systems, the operation / 
service systems of different sensor systems and the connect-
ing cloud system. Several combinations of machine and sen-
sor systems provide data on energy consumption for the cloud 
system. Based on this data, actors from the operation / service 
system may provide value-adding services to improve energy 
efficiency within the manufacturing systems. Furthermore, 
they may define requirements for data quality or new data-
based life cycle services which are provided to the cloud and 
further to the manufacturing systems to evolutionary develop 
the system architecture (e.g. by providing new sensor sys-
tems). For simplicity, the interactions with WSoI are not con-
sidered in more detail.

Fig. 6. Exemplary SoS architecture for PrSS.

V) Description, analysis and evaluation of the SoS: Next, 
the PrSS can be described by a more detailed architectural 
framework model. Modeling and simulation approaches could 
help to analyze efficiency potentials. Game-theoretic and 
business modeling approaches can be used in order to provide 
an understanding of the interactions of the involved
actors and to gain insights for the development of business
models for the PrSS. Using LCA and LCC, the sustainability 
impact of the SoS can be evaluated. In this regard, Thiede 
[38] analyzes the sustainability of cyber physical production 
systems in detail, having a close relation to the conceptualized 
efficiency service cloud. 
VI) Improvement of SoS: Based on the analysis and evalua-
tion of the PrSS, improvement measures can be derived. For 
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[33]. An independent information system C (e.g. an ERP 
system) provides coordination and interrelates life cycle phase 
related systems. Through the knowledge gain of system C
with regard to life cycle interactions of the product system, 
system C might provide further value adding services to other 
systems in the SoS environment. SoSE may support the inte-
grated engineering of the life cycle related systems through 
targeted information exchange and the determination of in-
formation interfaces between the systems. 
Type II: A reduced environmental impact is achieved through 
the coordinated collaboration of parallel life cycle phase relat-
ed systems of multiple product systems. Examples are a syn-
ergetic product development [34], as well as collaborative 
purchasing or production networks [35]. Again, an inde-
pendent information system C might be used to coordinate the 
activities of the life cycle related systems. Consequently, 
SoSE may help to extend the capabilities of single enterprises 
through shared knowledge and infrastructure and providing 
valuable data and services beyond enterprise boarders.
Type III: The integration of different product systems and 
one infrastructure system in one life cycle phase related sys-
tem helps to reduce the environmental impact of one product 
system. Two examples are electric mobility [36] and energy 
flexible manufacturing [37]. In both cases the use of renewa-
ble energy might contribute towards lower environmental 
impacts, e.g. via the charging of electric vehicles with renew-
able energy, or helping to match the dynamic energy demand 
with the volatile on-site generation of renewable energy 
sources. SoSE may help to identify innovative technology
options for the use in SoI to reduce the environmental impact.

The presented SoS typology does not claim completeness 
as further system types may be considered. Also, the potential 
contribution to achieve a sustainable SoS have to be verified 
using established methodologies, such as LCA. However, the 
given types may help SoS engineers in pre-structuring SoS 
problems and guide them for further system analysis in the 
context of sustainable manufacturing and LCE. Still, the set-
ting of system boundaries for SoS clearly depends on the goal 
and scope of an engineering process, thus showing a need for 
further research on generic system typologies. 

4. Towards a framework for the planning of SoS to 
complement sustainable manufacturing and LCE

Building on the knowledge of the interrelations of sustain-
able manufacturing, LCE and SoSE we propose a process-
oriented approach to support SoSE (see Fig. 5). It provides 
guidance and support to conceptualize new SoS as well as 
categorize and improve existing SoS. Therefore, it integrates 
information on the characteristics and types of SoS, methodo-
logical approaches (see section 2) as well as the interrelations 
of SoSE, sustainable manufacturing and LCE. Starting point 
is a SoSE process with six steps, which are related to the lay-
ers of the framework and described below.
I) Definition of SoS goal and SoS characteristics: Once an 
engineer plans to conceptualize a new or improve an existing 
SoS, the first step is to define the goal of the SoS. The overall 
aim is to develop a SoS with sustainable properties which 
reduces the environmental impact of the constituent systems. 
In this regard, potential unsustainable behavior must be con-
sidered as well. Besides conceptualizing a new SoS, the con-
sideration of existing systems can be of interest as well.
Therefore, the constituent characteristics (section 2) can be 
used to qualify whether or not a considered system is a SoS. 
II) Definition of SoS type: The SoS types refer to the classi-
fication schemes of SoS (see section 2). The SoS is described 
by the seven SoS type dimensions, namely: objective, man-
agement, acquisition, operation, domain, durability and focus. 
III) Identification of the SoI: Based on the goal definition 
and the definition of the SoS characteristics, the systems that 
are needed to fulfill the goal(s) can be identified. Therefore, 
the SoI that complements sustainable manufacturing and LCE 
can be differentiated from WSoI outside these domains. As a
first step, systems from the four categories product systems, 
infrastructure systems, information systems and life cycle 
related systems may be considered.
IV) Definition of SoS architecture & interactions: Based 
on the identified SoI and WSoI the SoS architecture & inter-
actions are described. The system architecture helps to under-
stand the life cycle interactions of the involved systems and to 
designate the interactions in terms of the types of relationship 
(e.g. information flows, material flows, etc.).
V) Description, analysis and evaluation of the SoS: Based 
on the system architecture, distinct methodologies are applied 
to further develop, evaluate and engineer the SoS. For a first 
description of SoS, architectural frameworks are useful. Mod-
eling and simulation approaches help to describe and analyze
the system behavior in more detail. Game-theoretic approach-
es help to understand the value systems of the involved actors
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and anticipate their behavior. The sustainability impact of the 
SoS can be evaluated using LCA and LCC approaches.
VI) Improvement of SoS: Based on the analysis and evalua-
tion of the SoS, potential areas for improvement can be identi-
fied and integrated into the adaptation of the existing or the 
conceptualization of a new SoS. For example, it is possible to 
suggest the integration of further WSoI and/or change the 
interactions between involved systems. This could enhance 
the performance of the SoS with regard to sustainability and 
leads to the evolution of the SOS and step I) of the proposed 
process-oriented framework.

5. Case Study on Production Service Systems (PrSS)

The aim of the case study is to show how the typology and 
framework can be used to conceptualize a SoS in the context 
of sustainable manufacturing and LCE. To this end, the six 
steps of the framework are described for the development of a
life cycle oriented Production Service System (PrSS). 
I) Definition of SoS goal and SoS characteristics: The over-
all aim is to develop a SoS which contributes to sustainability.
Therefore, a PrSS should be developed, which brings together 
manufacturing companies and service providers by means of a 
cloud and service platform for the exchange of data and ser-
vices related to energy efficiency – an efficiency service cloud 
conceptualized as SoS. Data on the energy consumption of 
different machine systems is collected by sensor systems and 
provided to service providers. They offer value adding ser-
vices based on available data (e.g. predictive maintenance). 
II) Definition of SoS type: The SoS types are as follows: It is 
assumed that the involved systems have the global objective 
to contribute to sustainability in manufacturing. The manage-
ment of the SoS is collaborative. It is dedicated and collabora-

tive, as it is constructed to reduce the energy consumption in 
manufacturing, and the sub-systems can interact voluntarily. 
Furthermore, it is designed as a conceptual and permanent 
SoS and has a service-based focus using a cloud system as 
central data communication and service platform. 
III) Identification of the SoI: The SoI are the manufacturing 
and operation/service systems of different product systems
(systems A and B). For example, the product systems may 
refer to different vehicles, the manufacturing systems A may 
refer to their production systems, and the operation/service 
system B relates to the sensor systems. System C, the cloud 
system, provides the connection between the systems A and 
B. As data and services could support the engineering over the 
whole life cycle, e.g. by providing recommendations for the 
change in product design, the material processing system and 
the end-of-life system are categorized as WSoI. For simplici-
ty, they are not considered in more detail.
IV) Definition of SoS architecture & interactions: In Fig. 6
the SoS architecture is displayed. This includes the exemplary 
product systems, their manufacturing systems, the operation / 
service systems of different sensor systems and the connect-
ing cloud system. Several combinations of machine and sen-
sor systems provide data on energy consumption for the cloud 
system. Based on this data, actors from the operation / service 
system may provide value-adding services to improve energy 
efficiency within the manufacturing systems. Furthermore, 
they may define requirements for data quality or new data-
based life cycle services which are provided to the cloud and 
further to the manufacturing systems to evolutionary develop 
the system architecture (e.g. by providing new sensor sys-
tems). For simplicity, the interactions with WSoI are not con-
sidered in more detail.

Fig. 6. Exemplary SoS architecture for PrSS.

V) Description, analysis and evaluation of the SoS: Next, 
the PrSS can be described by a more detailed architectural 
framework model. Modeling and simulation approaches could 
help to analyze efficiency potentials. Game-theoretic and 
business modeling approaches can be used in order to provide 
an understanding of the interactions of the involved
actors and to gain insights for the development of business
models for the PrSS. Using LCA and LCC, the sustainability 
impact of the SoS can be evaluated. In this regard, Thiede 
[38] analyzes the sustainability of cyber physical production 
systems in detail, having a close relation to the conceptualized 
efficiency service cloud. 
VI) Improvement of SoS: Based on the analysis and evalua-
tion of the PrSS, improvement measures can be derived. For 
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example, the material processing system or end-of-life system 
can be involved in order not only to improve energy efficien-
cy in manufacturing, but also in other life cycle stages. 

6. Discussion and Outlook

In this paper, we discussed the interrelations of sustainable 
manufacturing, LCE and SoSE. Based on the foundations of 
SoS we developed a typology and a process-oriented frame-
work to support the planning of SoS in the context of LCE 
and sustainable manufacturing. The paper contributes to the 
ongoing discussions on SoS by giving a more concrete picture 
of the potential advantages of a SOS perspective in respect to 
LCE and sustainable manufacturing. Still, the benefits of a 
SoS perspective with regard to sustainability have to be veri-
fied. Further research needs comply, inter alia: (1) the verifi-
cation of systems to be SoS, (2) the development of generic 
system architectures and typologies for SoS, (3) the provision 
of more distinct criteria to characterize SoS, (4) the develop-
ment of methods and tools to support SoSE, (5) the setting of 
system boundaries for SoS, and (6) the question on how to 
evaluate and guarantee the sustainability of SoS. 
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