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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. 

Keywords: Assembly; Design method; Family identification

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 

In order to respond to environmental requirements, a growing number of manufacturing companies operate on-site renewable energy generation 
as part of their own energy supply. As a vision, plants could be fully energy self-sufficient and independent from electricity suppliers. From 
perspective of manufacturing systems, this requires the ability to flexibly adapt the energy demand of production machines and processes to 
current electricity generation and availability from grid. Such energy flexible manufacturing systems can achieve different development levels of 
energy flexibility: energy demand flexibility, balanced energy self-sufficiency and real energy self-sufficiency. Within this work, scenario-based 
simulations are used to assess strategies towards energy self-sufficiency for the case of a manufacturing system in a learning factory environment. 
Several aspects regarding dimensioning of on-site renewable energy generation and resulting oversupply, productivity and demand side 
management are addressed to show occurring tradeoffs related with energy self-sufficiency. The study shows, that a coupling of demand side 
management and storage technologies is the most promising combination to achieve a high degree of energy self-sufficiency (88%) for  the 
regarded manufacturing system.  
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1. Introduction 

Electricity generation from variable renewable energy 
(VRE) sources, such as solar and wind power, has been growing 
rapidly in many countries for recent years, driven by 
technological progress, economies of scale, and deployment 
subsidies. One main objective is to achieve a reduction of 80 % 
greenhouse gas emissions in the EU by rising renewable energy 
sources substantially from today’s level at around 15 % to  
55 % of gross final energy demand [1], [2]. Because of the 
decentralized and weather-dependent nature of VRE, their 
integration into the electricity market constitutes a major 
challenge [3]. One strategy to respond to the rather volatile 
electricity generation and supply is the flexible adaption of 
energy demand to current generation and availability in the 
electricity grid. Manufacturing industries are assumed to play a 

key role in this flexibilized future energy market, as they entail 
significant energy flexibilization potentials. In addition, future 
manufacturing systems will increasingly use on-site generated 
renewable energies in combination with smart grids as part of 
their energy supply [4]. Particularly, combinations of energy 
supply from various sources (grid, on-site) with storage 
technologies offer novel opportunities to improve sustainability 
in manufacturing systems [5], [6]. The direct self-consumption 
of on-site generated energy can reduce or fully avoid the import 
of energy from grid. This can be economically beneficial, in 
particular for energy intensive processes, as well as technically 
preferred in order to ensure security of energy supply. 
Furthermore, it enhances the development of manufacturing 
systems towards energy self-sufficiency. 

However, an energy flexibilization of manufacturing 
systems poses various technical and organizational 
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In order to respond to environmental requirements, a growing number of manufacturing companies operate on-site renewable energy generation 
as part of their own energy supply. As a vision, plants could be fully energy self-sufficient and independent from electricity suppliers. From 
perspective of manufacturing systems, this requires the ability to flexibly adapt the energy demand of production machines and processes to 
current electricity generation and availability from grid. Such energy flexible manufacturing systems can achieve different development levels of 
energy flexibility: energy demand flexibility, balanced energy self-sufficiency and real energy self-sufficiency. Within this work, scenario-based 
simulations are used to assess strategies towards energy self-sufficiency for the case of a manufacturing system in a learning factory environment. 
Several aspects regarding dimensioning of on-site renewable energy generation and resulting oversupply, productivity and demand side 
management are addressed to show occurring tradeoffs related with energy self-sufficiency. The study shows, that a coupling of demand side 
management and storage technologies is the most promising combination to achieve a high degree of energy self-sufficiency (88%) for  the 
regarded manufacturing system.  
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1. Introduction 

Electricity generation from variable renewable energy 
(VRE) sources, such as solar and wind power, has been growing 
rapidly in many countries for recent years, driven by 
technological progress, economies of scale, and deployment 
subsidies. One main objective is to achieve a reduction of 80 % 
greenhouse gas emissions in the EU by rising renewable energy 
sources substantially from today’s level at around 15 % to  
55 % of gross final energy demand [1], [2]. Because of the 
decentralized and weather-dependent nature of VRE, their 
integration into the electricity market constitutes a major 
challenge [3]. One strategy to respond to the rather volatile 
electricity generation and supply is the flexible adaption of 
energy demand to current generation and availability in the 
electricity grid. Manufacturing industries are assumed to play a 

key role in this flexibilized future energy market, as they entail 
significant energy flexibilization potentials. In addition, future 
manufacturing systems will increasingly use on-site generated 
renewable energies in combination with smart grids as part of 
their energy supply [4]. Particularly, combinations of energy 
supply from various sources (grid, on-site) with storage 
technologies offer novel opportunities to improve sustainability 
in manufacturing systems [5], [6]. The direct self-consumption 
of on-site generated energy can reduce or fully avoid the import 
of energy from grid. This can be economically beneficial, in 
particular for energy intensive processes, as well as technically 
preferred in order to ensure security of energy supply. 
Furthermore, it enhances the development of manufacturing 
systems towards energy self-sufficiency. 

However, an energy flexibilization of manufacturing 
systems poses various technical and organizational 
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In order to respond to environmental requirements, a growing number of manufacturing companies operate on-site renewable energy generation 
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Several aspects regarding dimensioning of on-site renewable energy generation and resulting over supply, productivity and demand side 
management are addressed to show occurring tradeoffs related with energy self-sufficiency. The study shows, that a coupling of demand side 
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1. Introduction 

Electricity generation from variable renewable energy 
(VRE) sources, such as solar and wind power, has been growing 
rapidly in many countries for recent years, driven by 
technological progress, economies of scale, and deployment 
subsidies. One main objective is to achieve a reduction of 80 % 
greenhouse gas emissions in the EU by rising renewable energy 
sources substantially from today’s level at around 15 % to 55 
% of gross final energy demand [1], [2]. Because of the 
decentralized and weather-dependent nature of VRE, their 
integration into the electricity market constitutes a major 
challenge [3]. One strategy to respond to the rather volatile 
electricity generation and supply is the flexible adaption of 
energy demand to current generation and availability in the 
electricity grid. Manufacturing industries are assumed to play a 

key role in this flexibilized future energy market, as they entail 
significant energy flexibilization potentials. In addition, future 
manufacturing systems will increasingly use on-site generated 
renewable energies in combination with smart grids as part of 
their energy supply [4]. Particularly, combinations of energy 
supply from various sources (grid, on-site) with storage 
technologies offer novel opportunities to improve sustainability 
in manufacturing systems [5], [6]. The direct self-consumption 
of on-site generated energy can reduce or fully avoid the import 
of energy from grid. This can be economically beneficial, in 
particular for energy intensive processes, as well as technically 
preferred in order to ensure security of energy supply. 
Furthermore, it enhances the development of manufacturing 
systems towards energy self-sufficiency. 

However, an energy flexibilization of manufacturing 
systems poses various technical and organizational 
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requirements to companies, e.g. to operate VRE generation, to 
enable processes for flexible operation, to restructure 
production plans or to install energy storage systems [7], [8]. In 
order to examine suitable strategies to cope with these 
challenges, this study deploys a scenario-based simulation 
towards energy flexible and energy self-sufficient 
manufacturing systems featuring: 
 active demand side management for manufacturing 

equipment 
 integration and adequate dimensioning of on-site VRE 

generation 
 integration of energy storage technologies to store on-site 

generated energy 
Benefits and drawbacks for each strategy are stated and 

discussed based on a case study from the IWF learning factory 
as a small-scale yet realistic manufacturing environment. 

2. Background 

2.1. Development path from energy flexibility to energy self-
sufficiency in manufacturing systems 

Energy flexibility requires the ability of a manufacturing 
system to adapt energy demands fast and without great 
expenses to changes in the energy market [9]. The potential to 
flexibilize the energy demand of a manufacturing system 
depends both on technical aspects (e.g. efficiency of used 
equipment) and organizational aspects (e.g. working times, 
production schedule) [10], [11]. Energy load profiles of 
manufacturing systems show typical patterns for productive 
and non-productive times (e.g. base loads, load peaks) based 
on used machinery, infrastructure and their operation [12], 
[13]. High flexibility potentials could be identified on several 
factory levels such as machine tools, process chains as well as 
technical building services [14]–[16]. However, the overall 
potential for energy flexibilization is highly individual in terms 
of machinery, addressed factory level and branches [17], [18]. 

The ability to adapt energy demands to the currently 
available energy generation allows different concepts for 
energy flexible manufacturing systems. Amongst the energy 
supply by the electricity grid, on-site generated energy from 
installed VRE technologies can be directly consumed, paving 
the way towards (partial) energy self-sufficiency. According to 
[17], [19], the usage of on-site VRE generation can be 
classified by the temporal synchronization of generation and 

consumption (balanced/real simultaneous) and the degree of 
coverage by generation and consumption (self-consumed/self-
sufficient). 

According to the state of research, three main development 
levels for energy flexible manufacturing systems (see Figure 1) 
are proposed: 
 level 1 – energy demand flexibility: flexibilized energy 

demand, no on-site generation 
 level 2 – balanced energy self-sufficiency: flexibilized 

energy demand, on-site generation of (at least) same 
energy amount 

 level 3 – real energy self-sufficiency: flexibilized energy 
demand, fully synchronized with and covered by on-site 
energy generation 

For companies, various challenges but also business 
opportunities are related to all three flexibility levels. Level 1 
– energy demand flexibility describes companies with energy 
flexible production machinery that can adapt its energy 
consumption to the actual energy availability in the grid, i.e. by 
either instantly reducing or increasing its energy demand 
according to market needs [20]. Responding to volatile 
electricity prices, many companies have already discovered 
lucrative new business models by providing ancillary services 
for the electricity market [21]. At level 2 – balanced energy 
self-sufficiency the energy supply of the demand flexible 
manufacturing system is extended by on-site energy generation 
from VRE. It aims to (partly) cover present energy demands by 
consuming the self-generated electricity. In contrast to level 1, 
several additional aspects concerning the generation and usage 
of on-site energy have to be taken into account, e.g. the size and 
type of VRE as well as the installation of energy storages [17]. 
Balanced energy self-sufficiency is achieved, if the total on-site 
generated energy is equal or greater than the total energy 
demand during a certain time period, e.g. one year [22]: 

 ∫ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑 ≥𝑔𝑔
0 ∫ 𝐸𝐸𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔

0                          (1) 

Accordingly, a degree of balanced energy self-sufficiency 
can be calculated as well [23]: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑 𝑠𝑠𝑑𝑑𝑏𝑏𝑜𝑜 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑏𝑏𝑠𝑠𝑑𝑑𝑏𝑏𝑏𝑏𝑠𝑠 = ∫ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔
0
∫ 𝐸𝐸𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔

0
∗ 100        (2) 

However, this metric does not relate to the temporal 
distribution of generation and demand. Due to intermittent 
nature of VRE, an on-site generation from e.g. photovoltaics 

Figure 1: Development path from energy flexibility to energy self-sufficiency in manufacturing systems 
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(PV) and wind power (WP) strongly depends on environmental 
conditions like local solar radiation or wind intensity. 
Typically, the highest PV generation is achieved at noontime, 
whereas WP is also generated at nighttime. Therefore, the 
combination of two or more VRE types with comprehensive 
character to a hybrid renewable energy system is recommended 
[24], [25]. In order to achieve level 3 - real energy self-
sufficiency, the on-site generated energy covers completely the 
energy demand from a related manufacturing system [22]. A 
real self-sufficient manufacturing system is fully autarkic from 
external supply at every time and only relies on internal 
resources [26]. Due to uncertainties in predictions of demand 
and supply, the over-dimensioning of on-site VRE is common. 
Thus, temporally more energy is generated than demanded by 
the manufacturing system. Typically, this surplus energy is fed 
into grid [19]:  

 

 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) = 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔(𝑡𝑡) − 𝐸𝐸𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑(𝑡𝑡) (3) 

 

The achieved degree of real self-sufficiency for a certain 
period of time T can be calculated with:  

 

𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑟𝑟 𝑠𝑠𝑔𝑔𝑟𝑟𝑜𝑜 − 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑔𝑔𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠 = 

                            ∀𝑡𝑡∈𝑇𝑇: 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑡𝑡)≥𝐸𝐸𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑(𝑡𝑡)
𝑇𝑇 ∗ 100                  (4) 

In contrast to balanced self-sufficiency, this level of 
flexibility is commonly not feasible for economic reasons [22]. 
Real self-sufficiency is rather realized at locations, where grid 
connection is not available or very unstable, e.g. on isolated 
islands or regions of developing countries. Those “off-grid” 
energy supply systems aim to cover their own electricity 
demand with on-site generated energy, while their own 
consumption is limited to the maximum energy they generate 
themselves. Thus, the achievement of real energy self-
sufficiency may result in a forced limitation of productivity. 
Consequently, machinery and processes with lower energy 
demand could be favorable while high energy demand 
processes might need to be outsourced [26], [27]. 

2.2. Strategies to foster energy flexibility and energy self-
sufficiency 

Main strategies to foster energy flexibility in manufacturing 
systems are demand side management (DSM) and energy 
storage technologies [28]. DSM strategies include but are not 
limited to peak load shifting and energy valley filling [29]. This 
can be achieved by an agile production scheduling and control 
[7], [30]. As an example, an increased production in times of 
high energy availability allows to buffer energy in products as 
embodied energy [31]. This applies for the operation of 
machines in times of high energy availability by installation of 
product buffers. Buffered products between processes can 
bridge times with low energy availability [13]. However, such 
DSM strategies may sometimes contradict well-established 
production paradigms like lean manufacturing. 

If DSM does not allow to fully utilize generated VRE during 
certain periods, surplus energy can be either supplied to grid or 
energy storage systems. The storage of electricity in electric 
storage technologies like batteries is one of the most obvious 
options. Due to costs of electrical storages, also storage 
technologies for useful energy forms like compressed air tanks, 
heat and cold storages can be favorable. 

Against this background, the deployment of simulation 
techniques is proposed in order to assess the effects of different 
strategies on productivity and achievable degrees of self-
sufficiency. 

3. Concept and implementation 

This work aims to show potentials of energy flexibility 
strategies for manufacturing systems towards energy self-
sufficiency. A simulation model is developed, which is tailored 
for a small-scale manufacturing system and on-site VRE 
generation embedded in the learning factory environment at 
IWF. Figure 2 illustrates the main system elements and their 
implementation in the frame of the case study. Regarding 
energy generation and supply (I), on-site VRE is used as main 
source for electric energy, whereas an electric grid connection 
exists as backup. The interlinked manufacturing system (II) is 
now virtually flexibilized by suitable strategies. The degree of 
balanced and real energy self-sufficiency according to the 
proposed development path (compare Figure 2) is calculated to 
assess the degree of energy flexibility (III). 

 

 
 

Figure 2: Concept for the simulation study of energy flexible and energy self-
sufficient manufacturing systems 

For VRE generation, the existing on-site PV (2.94 kWp) and 
WP (2.7 kWp) are used for modelling. The generated energy is 
consumed according to the following priority [32]: 

 
 1st: energy demand of manufacturing system 
 2nd: charge of battery storage system 
 3rd: grid supply 
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requirements to companies, e.g. to operate VRE generation, to 
enable processes for flexible operation, to restructure 
production plans or to install energy storage systems [7], [8]. In 
order to examine suitable strategies to cope with these 
challenges, this study deploys a scenario-based simulation 
towards energy flexible and energy self-sufficient 
manufacturing systems featuring: 
 active demand side management for manufacturing 

equipment 
 integration and adequate dimensioning of on-site VRE 

generation 
 integration of energy storage technologies to store on-site 

generated energy 
Benefits and drawbacks for each strategy are stated and 

discussed based on a case study from the IWF learning factory 
as a small-scale yet realistic manufacturing environment. 

2. Background 

2.1. Development path from energy flexibility to energy self-
sufficiency in manufacturing systems 

Energy flexibility requires the ability of a manufacturing 
system to adapt energy demands fast and without great 
expenses to changes in the energy market [9]. The potential to 
flexibilize the energy demand of a manufacturing system 
depends both on technical aspects (e.g. efficiency of used 
equipment) and organizational aspects (e.g. working times, 
production schedule) [10], [11]. Energy load profiles of 
manufacturing systems show typical patterns for productive 
and non-productive times (e.g. base loads, load peaks) based 
on used machinery, infrastructure and their operation [12], 
[13]. High flexibility potentials could be identified on several 
factory levels such as machine tools, process chains as well as 
technical building services [14]–[16]. However, the overall 
potential for energy flexibilization is highly individual in terms 
of machinery, addressed factory level and branches [17], [18]. 

The ability to adapt energy demands to the currently 
available energy generation allows different concepts for 
energy flexible manufacturing systems. Amongst the energy 
supply by the electricity grid, on-site generated energy from 
installed VRE technologies can be directly consumed, paving 
the way towards (partial) energy self-sufficiency. According to 
[17], [19], the usage of on-site VRE generation can be 
classified by the temporal synchronization of generation and 

consumption (balanced/real simultaneous) and the degree of 
coverage by generation and consumption (self-consumed/self-
sufficient). 

According to the state of research, three main development 
levels for energy flexible manufacturing systems (see Figure 1) 
are proposed: 
 level 1 – energy demand flexibility: flexibilized energy 

demand, no on-site generation 
 level 2 – balanced energy self-sufficiency: flexibilized 

energy demand, on-site generation of (at least) same 
energy amount 

 level 3 – real energy self-sufficiency: flexibilized energy 
demand, fully synchronized with and covered by on-site 
energy generation 

For companies, various challenges but also business 
opportunities are related to all three flexibility levels. Level 1 
– energy demand flexibility describes companies with energy 
flexible production machinery that can adapt its energy 
consumption to the actual energy availability in the grid, i.e. by 
either instantly reducing or increasing its energy demand 
according to market needs [20]. Responding to volatile 
electricity prices, many companies have already discovered 
lucrative new business models by providing ancillary services 
for the electricity market [21]. At level 2 – balanced energy 
self-sufficiency the energy supply of the demand flexible 
manufacturing system is extended by on-site energy generation 
from VRE. It aims to (partly) cover present energy demands by 
consuming the self-generated electricity. In contrast to level 1, 
several additional aspects concerning the generation and usage 
of on-site energy have to be taken into account, e.g. the size and 
type of VRE as well as the installation of energy storages [17]. 
Balanced energy self-sufficiency is achieved, if the total on-site 
generated energy is equal or greater than the total energy 
demand during a certain time period, e.g. one year [22]: 

 ∫ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑 ≥𝑔𝑔
0 ∫ 𝐸𝐸𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑𝑔𝑔

0                          (1) 

Accordingly, a degree of balanced energy self-sufficiency 
can be calculated as well [23]: 

𝑑𝑑𝑑𝑑𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑 𝑠𝑠𝑑𝑑𝑏𝑏𝑜𝑜 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑠𝑠𝑏𝑏𝑠𝑠𝑑𝑑𝑏𝑏𝑏𝑏𝑠𝑠 = ∫ 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔
0
∫ 𝐸𝐸𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑𝑑𝑑𝑔𝑔𝑔𝑔

0
∗ 100        (2) 

However, this metric does not relate to the temporal 
distribution of generation and demand. Due to intermittent 
nature of VRE, an on-site generation from e.g. photovoltaics 

Figure 1: Development path from energy flexibility to energy self-sufficiency in manufacturing systems 
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(PV) and wind power (WP) strongly depends on environmental 
conditions like local solar radiation or wind intensity. 
Typically, the highest PV generation is achieved at noontime, 
whereas WP is also generated at nighttime. Therefore, the 
combination of two or more VRE types with comprehensive 
character to a hybrid renewable energy system is recommended 
[24], [25]. In order to achieve level 3 - real energy self-
sufficiency, the on-site generated energy covers completely the 
energy demand from a related manufacturing system [22]. A 
real self-sufficient manufacturing system is fully autarkic from 
external supply at every time and only relies on internal 
resources [26]. Due to uncertainties in predictions of demand 
and supply, the over-dimensioning of on-site VRE is common. 
Thus, temporally more energy is generated than demanded by 
the manufacturing system. Typically, this surplus energy is fed 
into grid [19]:  

 

 𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡) = 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑡𝑡𝑔𝑔𝑔𝑔𝑔𝑔(𝑡𝑡) − 𝐸𝐸𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑(𝑡𝑡) (3) 

 

The achieved degree of real self-sufficiency for a certain 
period of time T can be calculated with:  

 

𝑑𝑑𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 𝑔𝑔𝑜𝑜 𝑔𝑔𝑔𝑔𝑔𝑔𝑟𝑟 𝑠𝑠𝑔𝑔𝑟𝑟𝑜𝑜 − 𝑠𝑠𝑠𝑠𝑜𝑜𝑜𝑜𝑔𝑔𝑠𝑠𝑔𝑔𝑔𝑔𝑔𝑔𝑠𝑠𝑠𝑠 = 

                            ∀𝑡𝑡∈𝑇𝑇: 𝐸𝐸𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔(𝑡𝑡)≥𝐸𝐸𝑑𝑑𝑔𝑔𝑑𝑑𝑔𝑔𝑔𝑔𝑑𝑑(𝑡𝑡)
𝑇𝑇 ∗ 100                  (4) 

In contrast to balanced self-sufficiency, this level of 
flexibility is commonly not feasible for economic reasons [22]. 
Real self-sufficiency is rather realized at locations, where grid 
connection is not available or very unstable, e.g. on isolated 
islands or regions of developing countries. Those “off-grid” 
energy supply systems aim to cover their own electricity 
demand with on-site generated energy, while their own 
consumption is limited to the maximum energy they generate 
themselves. Thus, the achievement of real energy self-
sufficiency may result in a forced limitation of productivity. 
Consequently, machinery and processes with lower energy 
demand could be favorable while high energy demand 
processes might need to be outsourced [26], [27]. 

2.2. Strategies to foster energy flexibility and energy self-
sufficiency 

Main strategies to foster energy flexibility in manufacturing 
systems are demand side management (DSM) and energy 
storage technologies [28]. DSM strategies include but are not 
limited to peak load shifting and energy valley filling [29]. This 
can be achieved by an agile production scheduling and control 
[7], [30]. As an example, an increased production in times of 
high energy availability allows to buffer energy in products as 
embodied energy [31]. This applies for the operation of 
machines in times of high energy availability by installation of 
product buffers. Buffered products between processes can 
bridge times with low energy availability [13]. However, such 
DSM strategies may sometimes contradict well-established 
production paradigms like lean manufacturing. 

If DSM does not allow to fully utilize generated VRE during 
certain periods, surplus energy can be either supplied to grid or 
energy storage systems. The storage of electricity in electric 
storage technologies like batteries is one of the most obvious 
options. Due to costs of electrical storages, also storage 
technologies for useful energy forms like compressed air tanks, 
heat and cold storages can be favorable. 

Against this background, the deployment of simulation 
techniques is proposed in order to assess the effects of different 
strategies on productivity and achievable degrees of self-
sufficiency. 

3. Concept and implementation 

This work aims to show potentials of energy flexibility 
strategies for manufacturing systems towards energy self-
sufficiency. A simulation model is developed, which is tailored 
for a small-scale manufacturing system and on-site VRE 
generation embedded in the learning factory environment at 
IWF. Figure 2 illustrates the main system elements and their 
implementation in the frame of the case study. Regarding 
energy generation and supply (I), on-site VRE is used as main 
source for electric energy, whereas an electric grid connection 
exists as backup. The interlinked manufacturing system (II) is 
now virtually flexibilized by suitable strategies. The degree of 
balanced and real energy self-sufficiency according to the 
proposed development path (compare Figure 2) is calculated to 
assess the degree of energy flexibility (III). 

 

 
 

Figure 2: Concept for the simulation study of energy flexible and energy self-
sufficient manufacturing systems 

For VRE generation, the existing on-site PV (2.94 kWp) and 
WP (2.7 kWp) are used for modelling. The generated energy is 
consumed according to the following priority [32]: 

 
 1st: energy demand of manufacturing system 
 2nd: charge of battery storage system 
 3rd: grid supply 
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Within the simulation study, VRE data of one day in April 
2018 during daily manufacturing operation time (6-18 h) is 
considered. The manufacturing system modelled in (II) 
manufactures products from two input parts (top and body) 
within seven process steps. Required process steps and their 
interrelations included in the simulation model are depicted in 
Figure 3.  

 

 
Figure 3: Physical infrastructure of manufacturing system including product 
buffers (diagonal patterned), on-site volatile renewable energy generation and 
battery storage system 

Detailed operational parameters for every process step are 
listed in Table 1. For each process, the average electrical energy 
demand in standby and production state is given. Further, the 
cycle time is provided. Apparently, the last process step milling 
features the highest cycle time (72 s) and can be regarded as 
bottleneck of the manufacturing system. 

Table 1: Operational and flexibilization parameters of manufacturing system 

 
Different energy flexibilization strategies responding to 

rather volatile supplies of VRE are virtually applied to this 
manufacturing system: 

 
S1 - A DSM to achieve a load shifting by either switching 

to “standby” or “production” state of single processes is 
simulated. This measure goes along with the installation of 
product buffers after every single process step. They 
temporarily store products that cannot be processed 
immediately. A full buffer entails a stop of previous process 
steps. In this case study a default buffer size of 50 products is 
assumed, which equals the total production capacity of one 
hour. 

S2 - A virtual VRE re-dimensioning is conducted, i.e. a 
scaling of existing VRE up to twice the size. A linear scaling 
of the resulting generated electricity is assumed. 

S3 - A utilization of battery storage technologies to store 
surplus generated VRE that cannot be directly consumed by the 
manufacturing system is simulated. 

Consequently, the most promising strategies are combined 
to evaluate the achievable energy self-sufficiency level for the 
manufacturing system. 

4. Application and results 

4.1. Demand side management and product buffer 

The purpose of DSM is the flexibilization of energy 
demands, e.g. to achieve load reduction in times of energy 
shortages. DSM can also be used to temporarily increase the 
energy demand to exploit an energy surplus, e.g. by rising the 
production rate of single processes and fill buffer capacities. As 
a hypothesis, applying DSM by switching off processes in the 
absence of energy may increase the degree of real energy self-
sufficiency, but could reduce the productivity of the 
manufacturing system.  

A hierarchical logic for DSM is developed and implemented 
in the manufacturing control. Therefore, processes are ordered 
according to their position in the manufacturing system. 
Processes are switched off according to this order as soon as 
VRE generation is insufficient to fully supply the 
manufacturing system. The identified bottleneck process 
milling is only switched off, if the VRE supply cannot even 
cover the sole demand of milling (65 W). Figure 4 4 shows the 
resulting degree of real energy self-sufficiency for a full 
working day depending on the number of processes that are 
included in the DSM logics. For the initial system without 
DSM, a degree of real energy self-sufficiency of 53 % is 
achieved (green line). As assumed, the value increases as soon 
as more processes are flexibilized. For a full flexibilization, a 
degree of ~88 % can be observed. As a drawback, this goes 
along with a decreased production rate (red line). The main 
collapse of production rate is induced by activating DSM for 
transport, which feeds the bottleneck process milling. 

 

 
Figure 4: Degree of real energy self-sufficiency and resulting production rate 
with active demand side management 

From the conducted simulation runs, a DSM application for 
the first four processes is derived as meaningful, as this allows 
to achieve a significantly higher real energy self-sufficiency 
while conserving the full production rate. Figure 5 shows the 
development of energy generation and demand for this 
configuration, highlighting periods with energy surplus and 
energy shortage. At this stage, emerging surplus energy is fed 
into grid and energy shortages need to be covered from grid. 
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Figure 5: Energy load curve of on-site VRE generation (dimensioning = 1) 
and energy demand from manufacturing system with active demand side 
management 

4.2. Re-dimensioning of on-site renewable energy generation 

An increase of installed capacity for on-site VRE generation 
is an obvious option towards both higher balanced and real 
energy self-sufficiency. Thus, for the given manufacturing 
system, the installed VRE capacity is virtually increased 
stepwise until a doubled VRE capacity is reached. Figure 6 
illustrates the development of the real energy self-sufficiency 
(green curve) for four representative  working hours depending 
on varied VRE dimensioning. With original VRE setup (VRE 
dimensioning = 1), a real energy self-sufficiency degree of  
53 % is achieved. An increase of VRE generation does not 
increase the degree of real energy self-sufficiency linearly. 
Accordingly, a significant energy oversupply is reached (red 
line) in the final state with a degree of real self-sufficiency of 
73.4 % as depicted in Figure 6. By an over-dimensioning of 
VRE generation, large amounts of over-supplied energy 
emerge, that should either be stored or supplied to the grid.  

 
Figure 6: Real energy self-sufficiency and resulting oversupply of VRE 
depending on VRE dimensioning 

4.3. Implementation of energy storage technologies 

In the third scenario, a battery storage system with a capacity 
of 1.5 kWh is virtually integrated into the manufacturing 
system. In this scenario, DSM is applied as well, while the 
dimensioning of VRE remains at the initial level. Figure 7 
illustrates the resulting energy surplus and shortages (in 
analogy to Figure 5), as well as the battery state-of-charge 
(SOC) over the assessed period. Here, a pre-charge of ~45 % is 
assumed. A start of production at 6:00 a.m. in combination with 
a low VRE generation in the morning leads to a low battery 
(SOC of 0 %) at around 8:30 a.m. As a result, additional 
electricity has to be used from grid. Subsequently, a VRE 
shortage no longer occurs to the same extent. By charging the 

battery during energy surplus periods, a supply of the 
manufacturing system can be continuously ensured in the 
following. Moreover, a nearly continuous VRE surplus results 
in a final SOC of ~ 69%. Hence, the charging status of the 
battery at the end of the simulation is higher than the assumed 
pre-charge.  

 
Figure 7: Energy load curve of on-site VRE generation and energy demand 
from manufacturing system with active demand side management and battery 
storage (top) and battery state of charge (SOC) during simulation time 
(bottom) 

Consequently, a highly beneficial application of DSM 
particularly comes to bear in combination with a battery 
storage. The applied DSM logic is adaptable for a prevailing 
energy generation situation and thus helps to bridge energy 
shortages by decreased energy demand or to cover generation 
peaks by increased demands. In combination with a battery 
system, this ability can also be used to temporarily reduce or 
increase battery discharge. This leads to an optimal support for 
battery charging and discharging. 

In the initial set-up, a degree of real energy self-sufficiency 
of 53 % was achieved. In scenario 1, the application of DSM at 
four processes increases this degree to ~68 %. By additionally 
integrating a battery in scenario 3, the manufacturing system 
can be operated with a degree of real energy self-sufficiency of 
~88 %. As the final battery SOC at the end of the day was 
significantly higher than the assumed pre-charge, a 100 % real 
energy self-sufficient operation can be expected for the 
following day(s) under similar weather conditions. 

5. Conclusion and Outlook 

Within this work, a development path for energy flexible 
manufacturing systems towards energy self-sufficiency is 
presented. Strategies to achieve real energy self-sufficiency are 
examined within scenario-based simulations. It can be 
concluded, that a combination of DSM and energy storage 
systems is most favorable in order to achieve a high degree of 
real energy self-sufficiency while maintaining a high 
productivity. Still, the specific findings in this case study are 
only valid for the analyzed system and time period. As a next 
step, rather general recommendations for suitable strategies 
depending on manufacturing system characteristics and 
influencing parameters should be conducted. As VRE 
generation varies due to local weather and seasonal influences, 
future work should consider variations of locations and 
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Within the simulation study, VRE data of one day in April 
2018 during daily manufacturing operation time (6-18 h) is 
considered. The manufacturing system modelled in (II) 
manufactures products from two input parts (top and body) 
within seven process steps. Required process steps and their 
interrelations included in the simulation model are depicted in 
Figure 3.  

 

 
Figure 3: Physical infrastructure of manufacturing system including product 
buffers (diagonal patterned), on-site volatile renewable energy generation and 
battery storage system 

Detailed operational parameters for every process step are 
listed in Table 1. For each process, the average electrical energy 
demand in standby and production state is given. Further, the 
cycle time is provided. Apparently, the last process step milling 
features the highest cycle time (72 s) and can be regarded as 
bottleneck of the manufacturing system. 

Table 1: Operational and flexibilization parameters of manufacturing system 

 
Different energy flexibilization strategies responding to 

rather volatile supplies of VRE are virtually applied to this 
manufacturing system: 

 
S1 - A DSM to achieve a load shifting by either switching 

to “standby” or “production” state of single processes is 
simulated. This measure goes along with the installation of 
product buffers after every single process step. They 
temporarily store products that cannot be processed 
immediately. A full buffer entails a stop of previous process 
steps. In this case study a default buffer size of 50 products is 
assumed, which equals the total production capacity of one 
hour. 

S2 - A virtual VRE re-dimensioning is conducted, i.e. a 
scaling of existing VRE up to twice the size. A linear scaling 
of the resulting generated electricity is assumed. 

S3 - A utilization of battery storage technologies to store 
surplus generated VRE that cannot be directly consumed by the 
manufacturing system is simulated. 

Consequently, the most promising strategies are combined 
to evaluate the achievable energy self-sufficiency level for the 
manufacturing system. 

4. Application and results 

4.1. Demand side management and product buffer 

The purpose of DSM is the flexibilization of energy 
demands, e.g. to achieve load reduction in times of energy 
shortages. DSM can also be used to temporarily increase the 
energy demand to exploit an energy surplus, e.g. by rising the 
production rate of single processes and fill buffer capacities. As 
a hypothesis, applying DSM by switching off processes in the 
absence of energy may increase the degree of real energy self-
sufficiency, but could reduce the productivity of the 
manufacturing system.  

A hierarchical logic for DSM is developed and implemented 
in the manufacturing control. Therefore, processes are ordered 
according to their position in the manufacturing system. 
Processes are switched off according to this order as soon as 
VRE generation is insufficient to fully supply the 
manufacturing system. The identified bottleneck process 
milling is only switched off, if the VRE supply cannot even 
cover the sole demand of milling (65 W). Figure 4 4 shows the 
resulting degree of real energy self-sufficiency for a full 
working day depending on the number of processes that are 
included in the DSM logics. For the initial system without 
DSM, a degree of real energy self-sufficiency of 53 % is 
achieved (green line). As assumed, the value increases as soon 
as more processes are flexibilized. For a full flexibilization, a 
degree of ~88 % can be observed. As a drawback, this goes 
along with a decreased production rate (red line). The main 
collapse of production rate is induced by activating DSM for 
transport, which feeds the bottleneck process milling. 

 

 
Figure 4: Degree of real energy self-sufficiency and resulting production rate 
with active demand side management 

From the conducted simulation runs, a DSM application for 
the first four processes is derived as meaningful, as this allows 
to achieve a significantly higher real energy self-sufficiency 
while conserving the full production rate. Figure 5 shows the 
development of energy generation and demand for this 
configuration, highlighting periods with energy surplus and 
energy shortage. At this stage, emerging surplus energy is fed 
into grid and energy shortages need to be covered from grid. 
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Figure 5: Energy load curve of on-site VRE generation (dimensioning = 1) 
and energy demand from manufacturing system with active demand side 
management 

4.2. Re-dimensioning of on-site renewable energy generation 

An increase of installed capacity for on-site VRE generation 
is an obvious option towards both higher balanced and real 
energy self-sufficiency. Thus, for the given manufacturing 
system, the installed VRE capacity is virtually increased 
stepwise until a doubled VRE capacity is reached. Figure 6 
illustrates the development of the real energy self-sufficiency 
(green curve) for four representative  working hours depending 
on varied VRE dimensioning. With original VRE setup (VRE 
dimensioning = 1), a real energy self-sufficiency degree of  
53 % is achieved. An increase of VRE generation does not 
increase the degree of real energy self-sufficiency linearly. 
Accordingly, a significant energy oversupply is reached (red 
line) in the final state with a degree of real self-sufficiency of 
73.4 % as depicted in Figure 6. By an over-dimensioning of 
VRE generation, large amounts of over-supplied energy 
emerge, that should either be stored or supplied to the grid.  

 
Figure 6: Real energy self-sufficiency and resulting oversupply of VRE 
depending on VRE dimensioning 
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In the third scenario, a battery storage system with a capacity 
of 1.5 kWh is virtually integrated into the manufacturing 
system. In this scenario, DSM is applied as well, while the 
dimensioning of VRE remains at the initial level. Figure 7 
illustrates the resulting energy surplus and shortages (in 
analogy to Figure 5), as well as the battery state-of-charge 
(SOC) over the assessed period. Here, a pre-charge of ~45 % is 
assumed. A start of production at 6:00 a.m. in combination with 
a low VRE generation in the morning leads to a low battery 
(SOC of 0 %) at around 8:30 a.m. As a result, additional 
electricity has to be used from grid. Subsequently, a VRE 
shortage no longer occurs to the same extent. By charging the 

battery during energy surplus periods, a supply of the 
manufacturing system can be continuously ensured in the 
following. Moreover, a nearly continuous VRE surplus results 
in a final SOC of ~ 69%. Hence, the charging status of the 
battery at the end of the simulation is higher than the assumed 
pre-charge.  

 
Figure 7: Energy load curve of on-site VRE generation and energy demand 
from manufacturing system with active demand side management and battery 
storage (top) and battery state of charge (SOC) during simulation time 
(bottom) 

Consequently, a highly beneficial application of DSM 
particularly comes to bear in combination with a battery 
storage. The applied DSM logic is adaptable for a prevailing 
energy generation situation and thus helps to bridge energy 
shortages by decreased energy demand or to cover generation 
peaks by increased demands. In combination with a battery 
system, this ability can also be used to temporarily reduce or 
increase battery discharge. This leads to an optimal support for 
battery charging and discharging. 

In the initial set-up, a degree of real energy self-sufficiency 
of 53 % was achieved. In scenario 1, the application of DSM at 
four processes increases this degree to ~68 %. By additionally 
integrating a battery in scenario 3, the manufacturing system 
can be operated with a degree of real energy self-sufficiency of 
~88 %. As the final battery SOC at the end of the day was 
significantly higher than the assumed pre-charge, a 100 % real 
energy self-sufficient operation can be expected for the 
following day(s) under similar weather conditions. 

5. Conclusion and Outlook 

Within this work, a development path for energy flexible 
manufacturing systems towards energy self-sufficiency is 
presented. Strategies to achieve real energy self-sufficiency are 
examined within scenario-based simulations. It can be 
concluded, that a combination of DSM and energy storage 
systems is most favorable in order to achieve a high degree of 
real energy self-sufficiency while maintaining a high 
productivity. Still, the specific findings in this case study are 
only valid for the analyzed system and time period. As a next 
step, rather general recommendations for suitable strategies 
depending on manufacturing system characteristics and 
influencing parameters should be conducted. As VRE 
generation varies due to local weather and seasonal influences, 
future work should consider variations of locations and 
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observation times. As the proposed strategies embody various 
technologies for energy flexible manufacturing systems, future 
work should also examine the economic and environmental 
consequences of presented energy flexibility strategies.  
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