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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 

Energy flexible manufacturing systems offer new opportunities to deal with upcoming challenges of volatile energy supply. In this context, 
flexibilization of energy intensive system elements is regarded as promising approach. In particular, technical building services (TBS) such as 
cooling towers exhibit crucial potentials due to their cross-linking within the manufacturing system. Against this background, technical 
capabilities and operational strategies for energy flexible management of industrial cooling towers are analyzed, basing upon empiric data from 
a plant located in Germany. A synergetic approach of data-driven analysis and scenario-based simulation is applied to demonstrate benefits of 
energy flexible TBS management. Further, an approach for practical implementation is proposed within the concept. 
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1. Introduction 

In order to achieve a reduction of 80 % greenhouse gas 
emissions by 2050, the European Commission suggest to rise 
renewable energy sources substantially from today’s level at 
around 15 % to 55% in gross final energy consumption [1]. 
The increasing share of volatile renewable energy (VRE) 
generation, mainly based on decentralized solar and wind 
power stations, impacts energy supply systems and markets, 
resulting in temporarily fluctuating energy prices. 

For energy intensive manufacturing systems, the 
approach of energy flexibility offers new opportunities to 
deal with these upcoming challenges of volatile energy 
prices and enable new operational strategies. Moreover, it 
allows to develop novel business models, such as ancillary 
services for energy markets [2]. 

While production processes take over specific tasks 
depending on the product portfolio of the company, 
production infrastructures usually perform comparable tasks 

across companies. From an energy perspective, production 
infrastructures have the technical ability to generate and 
(partially) store various forms of useful energy 
(heating/cooling, compressed air etc.). Particularly, in non-
energy intensive industries, technical building services 
(TBS) cause considerable energy demand shares with respect 
to total energy demands of a factory [3], [4]. In total, 
approximately 50% of the total energy flexibility potential 
by demand side management (DSM) in manufacturing 
systems comes from production infrastructures [5]. 
Particularly, TBS related with water often induce significant 
energy demands as well as related costs and environmental 
impacts in manufacturing systems [6], [7]. In this context, 
cooling towers (CT) are a main technology to supply cooling 
water to interlinked production processes. Due to their high 
degree of flexibility potential, hybrid cooling towers (HCT) 
are focused in this study. 

In order to unlock energy flexibility potentials of HCT in 
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In order to achieve a reduction of 80 % greenhouse gas 
emissions by 2050, the European Commission suggest to rise 
renewable energy sources substantially from today’s level at 
around 15 % to 55% in gross final energy consumption [1]. 
The increasing share of volatile renewable energy (VRE) 
generation, mainly based on decentralized solar and wind 
power stations, impacts energy supply systems and markets, 
resulting in temporarily fluctuating energy prices. 

For energy intensive manufacturing systems, the 
approach of energy flexibility offers new opportunities to 
deal with these upcoming challenges of volatile energy 
prices and enable new operational strategies. Moreover, it 
allows to develop novel business models, such as ancillary 
services for energy markets [2]. 

While production processes take over specific tasks 
depending on the product portfolio of the company, 
production infrastructures usually perform comparable tasks 

across companies. From an energy perspective, production 
infrastructures have the technical ability to generate and 
(partially) store various forms of useful energy 
(heating/cooling, compressed air etc.). Particularly, in non-
energy intensive industries, technical building services 
(TBS) cause considerable energy demand shares with respect 
to total energy demands of a factory [3], [4]. In total, 
approximately 50% of the total energy flexibility potential 
by demand side management (DSM) in manufacturing 
systems comes from production infrastructures [5]. 
Particularly, TBS related with water often induce significant 
energy demands as well as related costs and environmental 
impacts in manufacturing systems [6], [7]. In this context, 
cooling towers (CT) are a main technology to supply cooling 
water to interlinked production processes. Due to their high 
degree of flexibility potential, hybrid cooling towers (HCT) 
are focused in this study. 

In order to unlock energy flexibility potentials of HCT in 
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management bear high potentials to support energy flexible 
management. In production systems, data-driven approaches 
are available as Internet of Things (IOT) concepts [19], as 
well as architectures to integrate energy flexibility as target 
within production planning and control [20]. For CT 
management, data-driven approaches are available with 
focus on energy and resource efficiency [21]. However, they 
do not consider energy flexibility. 

2.3. Integrated control systems for energy flexible 
management 

To achieve energy flexibility in HCT operational 
management, their internal control systems need to be 
adapted. Control systems are a vital part of the building 
automation used in factories. According to Aschendorf, key 
objectives of these systems include timing and state control, 
supervision of environmental data (temperature, wind, rain, 
etc.), distribution of setting points and logical 
interconnections between the elements mentioned before 
[22]. The logical interconnections are embedded in 
programs, which can be executed on a central server or a 
distributed network of controllers. However, these systems 
lack possibilities to integrate data- or simulation-driven 
models with low effort for optimizing control strategies. This 
follows from a wide spread between used programming 
languages, libraries and frameworks in data science and 
building automation domain. Against this background, there 
is a need for integrating approaches that exploit the 
advantages of data- or simulation-driven models for building 
automation. 

3. Concept 

The concept of this work encompasses three main aspects 
as depicted in Fig. 3. First, relevant data of an examined 
industrial HCT system are acquired (I). Static design 
parameters as well as continuously measured time series 
from operation control are merged to a consistent database. 
It comprises several data processing-levels to develop 
methods for energy flexible management of HCTs. Within 
step (II), two comprehensive methods are developed to 
assess suitable energy flexibility strategies and further 
support them with predictive operation management. On the 
one hand, the DA method (a) comprises data-based 
procedures for thorough system analysis and performance 
prediction. Future operational KPI such as outlet water 
temperature and energy demand are predicted, enabling a 
proactive operational management. On the other hand, a 
data-driven simulation model of the HCT system is build up 
(b) to depict system behaviors and integrate energy 
flexibility strategies. Conclusively, an operation and control 
architecture (c) is presented to exemplary deploy energy 
flexible management in HCT systems. 

 

 
Fig. 3. Concept to foster energy flexibility in HCT systems featuring data-
driven and simulation approach. 

3.1. Data analytics method for proactive hybrid cooling 
tower management 

DA methods can help to predict upcoming energy 
demands and thus reveal opportunities for future energy 
flexibility potentials. A DA procedure based on [21] has been 
developed which aims to predict operational KPI, e.g. cooled 
water temperature, operation mode and energy demand. The 
DA method, implemented in the software KNIME®, 
comprises several elements such as automated feature 
selection and DA algorithms (see Fig. 4). The selection of 
relevant parameters from the database is a crucial step in DA. 
Therefore, an automated procedure is proposed to select and 
rank preselected parameters in order to gain a high prediction 
accuracy for the target values (bold text in Fig. 4). The most 
important parameters are included in the subsequent 
prediction procedures, which achieved appropriate 
prediction results for cooled water temperature (artificial 
neural network, coefficient of determination R² = 0.78) and 
energy demand (multivariate regression, coefficient of 
determination R² = 0.8).  

The prediction of operational KPI allows to prevent 
failures and critical system states which would negatively 
affect the production system. Thus, proactive management 
strategies such as predictive maintenance and parameter 
adjustments could be facilitated. Further, future energy and 
resource usage can be planned, enabling ancillary services 
for HCT systems. Consequently, DA can provide decision 
support to apply suitable energy flexibility strategies. 
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manufacturing systems, technological influences and 
suitable measures need to be identified and evaluated 
systematically. A data analytics (DA) method is applied to 
predict operational key performance indicators (KPI) and to 
propose support for proactive operational management 
strategies. Furthermore, a data-driven simulation model of 
HCT systems is proposed to examine DSM and energy 
storages such as insulated water tanks. Finally, the practical 
implementation of energy flexible HCT management within 
a manufacturing system is exemplified with a case study. 

2. Background 

2.1. Energy flexibility potentials of hybrid cooling towers 

The purpose of HCT in manufacturing systems is the 
transport of waste heat from production to the environment. 
A HCT system comprises fans and cooling water pumps 
(CWP), which are the main energy consumers, as well as 
pump and pipe systems for heat media transport from 
production in closed-circuits (see Fig. 1). The cooling effect 
is realized by energy and mass transfer from heat media to 
ambient air, supported by evaporation of optional cooling 
water. Due to this optional usage of cooling water to enhance 
cooling effects, HCT are widely used in warm climate 
conditions to reduce water losses from evaporation.  

  
Fig. 1. Scheme of hybrid cooling tower in manufacturing system. 

HCT are characterized by a high operational flexibility. 
Depending on outer climate temperature, a flexible switching 
between three operation modes is typically conducted: free 
cooling (FC), dry cooling (DC) and wet cooling (WC) (see 
Fig. 2). FC makes use of cooling effects by natural air draft 
and without electrical power consumption (red line). It is 
applied during periods with very low ambient temperatures, 
e.g. at nighttime. At daytime, while ambient temperature and 
warm water temperature typically rise due to the conduction 
of production processes, the operation mode typically 
switches to DC. As Fig. 2 illustrates, the switching point at  
6 °C goes along an energy peak load. The reason for this is 
the maximum required air output which requires the fans to 
operate at full load [8].  By activating (speed controlled) fans, 
electrical power consumption increases exponentially until 
reaching a maximum. If a sufficient water outlet temperature 
(e.g. below 30°C) cannot be reached anymore, additional 

cooling water pumps are activated by switching into WC 
mode. Within this operation mode, cooling effect and energy 
demand are maximized. The occurring fluctuations in 
temperature and energy consumption above 26 °C are a 
consequence of control processes of the fan speed and the 
pumps. 

Because of these flexible operation modes with different 
power consumption levels, HCTs can be assumed as one CT 
technology for industrial purpose with a very high energy 
flexibility potential. 

 
Fig. 2. Operation modes of a hybrid cooling tower with cooling capacity 
and energy demand [8]. 

2.2. Energy flexibility strategies for technical building 
services in manufacturing systems 

As mentioned before, main strategies for energy flexible 
management in manufacturing systems are DSM and energy 
storage systems. With regard to DSM, periodically load 
shiftings (increase/decrease load) in continuous TBS 
processes bear promising opportunities to avoid load peaks 
[9], [10]. Furthermore, energy storage technologies are a 
widely used option (standalone or combined with DSM) for 
several TBS technologies (e.g. compressed air storages, heat 
storages, water tanks etc.). Due to high invests for electrical 
storages such as batteries, storage technologies for useful 
energy like insulated water tanks for cooled water are more 
favorable. 

In order to quantify technical and economic energy 
flexibility potentials, technical systems can be abstracted 
using physical models. They can be used to assess levels of 
flexible power consumption and periods of flexibilization, 
but also times of reaction, activation, deactivation etc. [11]–
[13]. Physical models can also help to develop planning tools 
featuring static models as well as dynamic simulation [3], 
[14]–[18] which allow to identify the most suitable flexibility 
strategy for an individual case. However, several fluctuating 
external and internal parameters (e.g. production schedule 
changes, weather conditions, maintenance routines) need to 
be considered for HCT energy flexible management. Thus, 
data-driven approaches to foster proactive operational 
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management bear high potentials to support energy flexible 
management. In production systems, data-driven approaches 
are available as Internet of Things (IOT) concepts [19], as 
well as architectures to integrate energy flexibility as target 
within production planning and control [20]. For CT 
management, data-driven approaches are available with 
focus on energy and resource efficiency [21]. However, they 
do not consider energy flexibility. 

2.3. Integrated control systems for energy flexible 
management 

To achieve energy flexibility in HCT operational 
management, their internal control systems need to be 
adapted. Control systems are a vital part of the building 
automation used in factories. According to Aschendorf, key 
objectives of these systems include timing and state control, 
supervision of environmental data (temperature, wind, rain, 
etc.), distribution of setting points and logical 
interconnections between the elements mentioned before 
[22]. The logical interconnections are embedded in 
programs, which can be executed on a central server or a 
distributed network of controllers. However, these systems 
lack possibilities to integrate data- or simulation-driven 
models with low effort for optimizing control strategies. This 
follows from a wide spread between used programming 
languages, libraries and frameworks in data science and 
building automation domain. Against this background, there 
is a need for integrating approaches that exploit the 
advantages of data- or simulation-driven models for building 
automation. 

3. Concept 

The concept of this work encompasses three main aspects 
as depicted in Fig. 3. First, relevant data of an examined 
industrial HCT system are acquired (I). Static design 
parameters as well as continuously measured time series 
from operation control are merged to a consistent database. 
It comprises several data processing-levels to develop 
methods for energy flexible management of HCTs. Within 
step (II), two comprehensive methods are developed to 
assess suitable energy flexibility strategies and further 
support them with predictive operation management. On the 
one hand, the DA method (a) comprises data-based 
procedures for thorough system analysis and performance 
prediction. Future operational KPI such as outlet water 
temperature and energy demand are predicted, enabling a 
proactive operational management. On the other hand, a 
data-driven simulation model of the HCT system is build up 
(b) to depict system behaviors and integrate energy 
flexibility strategies. Conclusively, an operation and control 
architecture (c) is presented to exemplary deploy energy 
flexible management in HCT systems. 

 

 
Fig. 3. Concept to foster energy flexibility in HCT systems featuring data-
driven and simulation approach. 
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DA method, implemented in the software KNIME®, 
comprises several elements such as automated feature 
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important parameters are included in the subsequent 
prediction procedures, which achieved appropriate 
prediction results for cooled water temperature (artificial 
neural network, coefficient of determination R² = 0.78) and 
energy demand (multivariate regression, coefficient of 
determination R² = 0.8).  

The prediction of operational KPI allows to prevent 
failures and critical system states which would negatively 
affect the production system. Thus, proactive management 
strategies such as predictive maintenance and parameter 
adjustments could be facilitated. Further, future energy and 
resource usage can be planned, enabling ancillary services 
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manufacturing systems, technological influences and 
suitable measures need to be identified and evaluated 
systematically. A data analytics (DA) method is applied to 
predict operational key performance indicators (KPI) and to 
propose support for proactive operational management 
strategies. Furthermore, a data-driven simulation model of 
HCT systems is proposed to examine DSM and energy 
storages such as insulated water tanks. Finally, the practical 
implementation of energy flexible HCT management within 
a manufacturing system is exemplified with a case study. 
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(CWP), which are the main energy consumers, as well as 
pump and pipe systems for heat media transport from 
production in closed-circuits (see Fig. 1). The cooling effect 
is realized by energy and mass transfer from heat media to 
ambient air, supported by evaporation of optional cooling 
water. Due to this optional usage of cooling water to enhance 
cooling effects, HCT are widely used in warm climate 
conditions to reduce water losses from evaporation.  
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switches to DC. As Fig. 2 illustrates, the switching point at  
6 °C goes along an energy peak load. The reason for this is 
the maximum required air output which requires the fans to 
operate at full load [8].  By activating (speed controlled) fans, 
electrical power consumption increases exponentially until 
reaching a maximum. If a sufficient water outlet temperature 
(e.g. below 30°C) cannot be reached anymore, additional 

cooling water pumps are activated by switching into WC 
mode. Within this operation mode, cooling effect and energy 
demand are maximized. The occurring fluctuations in 
temperature and energy consumption above 26 °C are a 
consequence of control processes of the fan speed and the 
pumps. 

Because of these flexible operation modes with different 
power consumption levels, HCTs can be assumed as one CT 
technology for industrial purpose with a very high energy 
flexibility potential. 

 
Fig. 2. Operation modes of a hybrid cooling tower with cooling capacity 
and energy demand [8]. 

2.2. Energy flexibility strategies for technical building 
services in manufacturing systems 

As mentioned before, main strategies for energy flexible 
management in manufacturing systems are DSM and energy 
storage systems. With regard to DSM, periodically load 
shiftings (increase/decrease load) in continuous TBS 
processes bear promising opportunities to avoid load peaks 
[9], [10]. Furthermore, energy storage technologies are a 
widely used option (standalone or combined with DSM) for 
several TBS technologies (e.g. compressed air storages, heat 
storages, water tanks etc.). Due to high invests for electrical 
storages such as batteries, storage technologies for useful 
energy like insulated water tanks for cooled water are more 
favorable. 

In order to quantify technical and economic energy 
flexibility potentials, technical systems can be abstracted 
using physical models. They can be used to assess levels of 
flexible power consumption and periods of flexibilization, 
but also times of reaction, activation, deactivation etc. [11]–
[13]. Physical models can also help to develop planning tools 
featuring static models as well as dynamic simulation [3], 
[14]–[18] which allow to identify the most suitable flexibility 
strategy for an individual case. However, several fluctuating 
external and internal parameters (e.g. production schedule 
changes, weather conditions, maintenance routines) need to 
be considered for HCT energy flexible management. Thus, 
data-driven approaches to foster proactive operational 
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management system or the controllers and the respective 
model must be given. This can be realized by using mostly 
available network infrastructure in combination with a 
shared programming interface and protocol that can be used 
within the building management system and the model. The 
models can be heterogeneous due to different purposes as 
well as different tools and programming technologies used 
for implementation. As result, requirements regarding the 
model execution platform vary. To overcome this, an 
abstraction layer that decouples the models from the 
proposed platform is introduced. This can be achieved by 
using virtualization technologies like containerization, which 
commonly has integrated management and monitoring 
functionality and improves the flexibility of the system. 

4. Exemplarily application  

4.1. As-is scenario 

Based on the data-driven simulation, strategies for energy 
flexible management of HCT are derived and presented in 
the following. The framework of simulation scenarios is 
created according to real operation. A simulation time of 2 
month during summer is considered, using data from June 
and July 2018. The cooling demand from production is rather 
constant during observation times with breaks of approx. 10 
hours at Sundays. Within the as-is scenario, the HCT system 
comprises four equally operating HCTs without water tank, 
aiming to meet the cooling demand from production. This 
results into significant electrical load peaks during daytime 
(red graph in Fig. 7). For summer days with high ambient 
temperatures, those load peaks are inevitable. 

 

4.2. Improved scenario: integration of water tank 

Significant energy savings can typically be achieved by 
shifting of HCT operation to thermodynamically optimal 
conditions, i.e. to periods with low ambient temperatures. In 
order to show the great theoretical flexibilization potential, a 
simple calculation is shown in Table 1. A complete shifting 
from HCT operation at daytime to nighttime. Due to higher 
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management system or the controllers and the respective 
model must be given. This can be realized by using mostly 
available network infrastructure in combination with a 
shared programming interface and protocol that can be used 
within the building management system and the model. The 
models can be heterogeneous due to different purposes as 
well as different tools and programming technologies used 
for implementation. As result, requirements regarding the 
model execution platform vary. To overcome this, an 
abstraction layer that decouples the models from the 
proposed platform is introduced. This can be achieved by 
using virtualization technologies like containerization, which 
commonly has integrated management and monitoring 
functionality and improves the flexibility of the system. 

4. Exemplarily application  

4.1. As-is scenario 

Based on the data-driven simulation, strategies for energy 
flexible management of HCT are derived and presented in 
the following. The framework of simulation scenarios is 
created according to real operation. A simulation time of 2 
month during summer is considered, using data from June 
and July 2018. The cooling demand from production is rather 
constant during observation times with breaks of approx. 10 
hours at Sundays. Within the as-is scenario, the HCT system 
comprises four equally operating HCTs without water tank, 
aiming to meet the cooling demand from production. This 
results into significant electrical load peaks during daytime 
(red graph in Fig. 7). For summer days with high ambient 
temperatures, those load peaks are inevitable. 
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Simulation results reveal benefits of energy flexible 
operation in terms of both absolute energy demand and even 
more for energy expenses. Future work will focus on 
improved energy flexibility scenarios e.g. with respect to 
water storage sizes or adjustments in HCT operation mode. 
Furthermore, an enlargement of the database is planned to 
consider longer observation periods as well as more input 
parameter like demand behavior of the production, which is 
supposed to improve the validity of data-driven methods. 
This data is a possible output of further models within the 
production domain. Moreover, different plant locations 
should be considered with respect to a dependence on climate 
conditions to evaluate global energy flexibility potentials 
[25].  
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