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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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Due to the fluctuating energy supply of renewable energy systems, electricity prices on the markets are becoming increasingly volatile. This 
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thus a decisive competitive factor and at the same time a solution component for a successful energy turnaround. The implementation of energy 
flexible factories requires energy-oriented production planning that makes appropriate use of flexibility measures. Energy storage systems 
supplement companies’ flexibility options. In order to be able to use them cost-optimally, interactions with flexible production processes must 
be taken into account and planned. This paper introduces an optimization-based approach for the integrated planning of flexible production 
processes and battery storage scheduling. 
 
© 2019 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 13th CIRP Conference on Intelligent Computation in Manufacturing 
Engineering. 

 Keywords: energy flexibility; production planning; cost-efficient scheduling; battery storage; sustainable manufacturing 

 
1. Motivation 

In order to achieve the climate goals of the Paris Agreement 
from 2015 [1], the Federal Government of Germany submitted 
a climate protection plan in 2016. It describes targets for 
various sectors in order to be largely greenhouse gas-neutral in 
Germany by the year 2050. Of central importance is the energy 
sector, with a planned reduction of 358 tons of CO2 equivalents 
in 2014 to a maximum of 183 tons of CO2 equivalents by 2030. 
[2]. To achieve that, the so-called brown coal commission has 
recently issued a recommendation for phasing out lignite-fired 
power generation by 2038 [3]. These power plants are mainly 
replaced by wind turbines and photovoltaic systems, which use 
sustainable primary energy, but lead to weather-dependent 
feed-in fluctuations [4]. Demand side management (DSM) 
offers a high potential for balancing the electricity consumption 
with the volatile electricity generation by renewable energy 
sources. DSM originally consists of several activities to 

influence customers’ use of electricity [5]. With 47 percent of 
Germany's annual energy demand, industry presents a relevant 
element to equalize energy production and energy consumption 
[6]. Various current studies investigate how the energy 
consumption of production processes and production 
infrastructure can be adapted to a fluctuating energy supply [7–
10]. Essential measures can be subdivided into categories, such 
as the shift of process starts, changes in machine occupancy and 
the use of battery storage [11]. Energy-oriented production 
planning is necessary to implement these measures. Here it is 
important to consider relocatable orders and the use of 
available storage capacity in order to achieve the cost-optimal 
plan. This contribution presents an approach to schedule both 
flexible loads and energy storage. Section 2 will introduce 
energy-oriented production planning and applicable battery 
storage systems. Section 3 presents the state of research. The 
approach is introduced and applied in section 4, followed by a 
summary and an outlook in Section 5. 
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2. Energy storages in energy-oriented production planning 

2.1. Energy-oriented production planning 

Production planning can be described as the coordination of 
production orders within certain planning horizons. It performs 
lot size planning, capacity planning and scheduling tasks. The 
result is released to the production control, which executes the 
production processes according to the plan [12]. 

On the one hand, the target parameters of production 
planning include high delivery reliability and short delivery 
time. On the other hand, there is the financial aim to lower 
production costs and capital commitment costs [13]. According 
to costs, energy efficiency has been the subject of production 
research for several years [14]. Energy flexibility is gaining in 
importance as part of the energy transition and as a possibility 
for energy cost reduction for companies by taking advantage of 
fluctuating electricity prices [15]. 

Due to the high complexity of planning problems and the 
new cost aspects caused by the importance of the resource 
energy, simulations or mathematical optimizations should be 
used to support the production planning tasks [16]. 
Optimizations based on the classic cost, time and quality 
objective of production are common. Short, medium and long-
term planning can be distinguished [17]. The adjustment of 
consumption to price signals of the day-ahead market requires 
planning within the day before, as the electricity products are 
traded one day before delivery [18]. With this timeframe, the 
planning tasks with day-ahead market prices as the input size 
belong to operational production planning [17, 19]. 

2.2. Energy storage use in manufacturing companies 

Energy storage technologies can be classified by the 
physical form of stored energy. Electrical storages are suitable 
for storing energy on short notice by means of coils or 
capacitors. Mechanical systems store energy in the form of 
potential or kinetic energy. Electrochemical storage, as a 
subgroup of chemical storage, holds the energy in the form of 
chemical compounds. This includes the widely used lithium-
ion batteries [20]. Energy storage systems offer solutions to the 
problem of the integration of fluctuating energy sources. For 
example, they can be used to stabilize energy grids in peak 
hours or to store the surplus production of photovoltaic systems 
in households [21]. 

Energy storages are also applied in the industrial sector. A 
study by the German Chamber of Commerce and Industry [22] 
determined that in 2018 nearly 20 percent of German industrial 
companies used energy storage or planned to purchase it. The 
study also notes that 43 percent of companies have planned or 
already implemented measures in the field of electromobility. 
The use of electric vehicle storage within a company’s charging 
infrastructure has been tested in several case studies as an 
alternative or supplement to stationary battery storage [23, 24]. 
According to simulation-based studies, this so-called vehicle-
to-factory approach has the potential to support the energy 
procurement of manufacturing companies [25, 26]. 

Different fields of storage application exist in the industry. 
In addition to the technical applications like emergency power 
supply and uninterruptible power supply, batteries are applied 
in the field of energy procurement [27]. Industrial companies 
are able to lower production costs through a reaction to the 
price signals of the European energy exchanges and the 
integration of companies’ own generation facilities, such as 
photovoltaic and combined heat and power plants [28]. In 
addition, the use of electrical energy must consider contractual 
conditions in order to reduce energy costs. Examples are the 
reduction in absolute power consumption, the shift of 
electricity demand from high-tariff to low-tariff periods as well 
as the increase in the reliability of the electrical load profile to 
avoid penalties. In addition, revenues can be generated if 
switchable services are agreed on with suitable contractual 
partners. On the reserve power markets, targeted load 
adjustments or even the provision of this potential change in 
performance can be placed as a product [15]. 

Due to the required storage time of a few hours, lithium-ion 
batteries are currently being used in particular. Especially if 
multiple benefits can be realized, the operation of the storage 
systems is economical. A typical use case is minimizing peak 
loads combined with optimizing self-consumption [27]. 

2.3. Interactions of flexible loads and battery scheduling 

The use of energy storage makes it possible to adjust the 
load profile of a company, without directly affecting 
production processes. Since certain processes can be 
influenced with regard to consumption, the planning of these 
processes should be carried out together with the scheduling of 
the energy storage in order to achieve a cost-optimal overall. 
Figure 1 shows an exemplary production plan and battery 
scheduling. While production processes must include not only 
energy prices but also logistical target figures, the loading and 
unloading processes can be used to tailor the total load to 
specific volatile prices.  
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Figure 1: Scheduling of production processes and energy storage according 
to the day-ahead prices 
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Hereinafter, relocatable processes refer to energy-flexibility 
measures. [11] distinguishes energy flexibility measures in the 
industrial sector in line with the classic flexibility of production 
according to [29]. In the present approach, the measures 
"adjustment of process starts" and "interruption of processes" 
are taken into account. These take place in the context of the 
scheduling prior to the release to the production control and 
thus form classic measures of operational production planning. 

3. State of research 

In the following, the state of research with a focus on the 
industrial environment will be explained. As flexible loads and 
energy storage systems are established in grids and households, 
relevant approaches in these areas are also presented. 

3.1. Load shifting and battery scheduling in grids 

With the target of minimizing energy costs in micro grids 
[30, 31] apply mixed-integer linear optimization (MILP) based 
on predicted loads and decentralized generation. Balancing 
energy demand and the generation of renewable energy in the 
local distribution network can reduce the need for grid 
expansion. For that, energy flexibility options play a decisive 
role; using DSM especially provides significant cost saving 
potential. 
[32] consider a collective of consumers with a shared 
renewable energy generation system and an energy storage 
system. By alternately solving two sub-problems, both the total 
cost and peak load minimization as well as the consumer 
decisions of the individuals are met. 

A game theory approach is applied by [33], regarding an 
energy supplier and several households, each with its own 
photovoltaic (PV) system in combination with battery storage. 
A Nash Equilibrium provides the optimal energy consumption 
and storage capacity for every consumer. 
[34] describe a quadratic optimization to minimize the energy 
costs of all participants of a smart grid while avoiding rebound 
peaks: the emergence of new peaks caused by multiple 
consumers responding to price signals and thus shifting their 
schedulable devices to low price periods. 
Implementing two metaheuristics within a comparable 
problem, [35] achieve a reduced peak average ratio (PAR): 
peak load divided by mean load. Electric appliances are 
categorized according to their flexibility in use: power-
shiftable, time-shiftable or non-shiftable. 

3.2. Load shifting and battery scheduling in households 

In the field of households, the combination of a photovoltaic 
system with battery storage to increase self-consumption is 
often investigated. [36] test mathematically optimized 
controllers compared to standard controllers. [37] optimize 
battery control by applying a genetic algorithm. The exemplary 
simulation of the months January, April, July and October 
shows savings potential in April and July. 

This topic is also discussed by [38], who additionally integrate 
an electric vehicle into consideration. According to simulation 
results, a significantly higher energy demand can be covered 
by the PV system with storage compared to without. 

A detailed use analysis of energy storage in households is 
designed by [39]. Interactions of PV self-generation with 
stationary and vehicle battery storage are shown, whereas 
shifting flexible loads is not. The capital value method 
implemented in MILP allows for implicit battery sizing. 

Minimizing electricity procurement costs in residential 
buildings is also performed by [40]. Flexibilities through 
energy storage as well as flexible loads are used to avoid 
buying electricity in periods of high electricity prices. 
Volatile self-generation in building energy management is also 
considered by [41]. A two-stage optimization (medium and 
short term) is applied. The simulation results for use in a hotel 
with a PV system and battery storage show cost savings. 
[42] present a method for predicting the energy demand for a 
building planned for construction. Based on this, energy 
management with battery storage usage and variable electricity 
prices is simulated. By evaluating the respective profitability, 
the generated buffer for emergency power supply and space 
limitations, a suitable storage capacity can be determined. 

3.3. Load shifting and battery scheduling in factories 

In [27] the use of stationary energy storage as a flexibility 
option in companies is investigated. Among other things, 
lithium iron phosphate batteries are evaluated to reduce peak 
loads in small and medium-sized enterprises. Isolated and 
considered only for this single application, the investment 
shows no profitability. 

Some approaches utilize simulation algorithms to reduce 
dependence on the power grid through the energetic 
flexibilization of production systems. For this purpose, [43] 
mainly uses indirect energy stores in the form of buffers or 
warehouses for (intermediate) products, while [44] examines 
battery storage. 

[45] uses sequential planning in the form of MILP to 
improve productivity and synchronize self-generation and 
loads of order processing. [46, 47] develop an evolutionary 
algorithm to lower peak loads as well as the amount of required 
final energy through the appropriate machine layout planning. 
These studies also achieve a decrease in emissions by saving 
on the primary energy demand. Battery storage is not 
considered. 

A concept for short-term, energy-oriented production 
control with situational load adaptation is designed by [48, 49]. 
With the aim of synchronizing the production load with volatile 
self-generation, electrical energy is treated as a limited 
production capacity. A key part of the program is demand 
monitoring based on information management. 
[18, 50] develop a holistic methodology for energy supply-
oriented order planning. MILP generates an exact solution in 
quantity planning, while after that, heuristic methods are used 
for order planning and tested in a case study. Energy storage as 
a flexibility option is not regarded. 
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To solve a flexible job-shop scheduling problem (FJSP), 
[51] utilize a non-linear mixed-integer optimization. The sum 
of energy costs under variable prices is minimized plus the sum 
of the individual orders’ completion time weighted with 
penalty costs. Controllable generators, PV systems and a 
stationary energy storage are added in a model extension. The 
accuracy of the model is limited to an hourly observation; a 
peak load limitation is not depicted. 

 
In summary, in the area of grids, DSM is discussed in almost 

all cases, including a time-of-use concept. The interactions 
between variable electricity prices and the load-shifting 
potential of consumers are examined with the goal of cost and 
peak demand minimization. Battery storage is mainly used in 
households, mostly in combination with a PV system to 
increase self-consumption. The adequate dimensioning of 
energy storage systems is rarely determined methodically. 

In the area of factories, a main focus is on flexible loads due 
to the high energy consumption of industrial production 
processes. Battery storage, however, is rarely considered. The 
greatest research potential is the combination of both flexible 
loads as well as energy storage. 

4. Approach 

4.1. Overview and assumptions 

The market prices for the energy supply of manufacturing 
companies are usually known one day in advance in 15-minute 
periods (day-ahead market). Likewise, the consumption 
quantity of the considered company is transmitted to the 
respective energy producer every 15 minutes. From this, it can 
be derived that there is a partially discrete problem in 
determining the energy costs for the optimal use of battery 
storage in a production system. In order to solve this problem, 
a “Mixed-Integer Linear Programming”-approach (MILP) is 
chosen in this contribution that was solved with the Branch-
and-Bound function in Matlab. This method is a flexible 
technique that provides an accurate solution to many problems 
in the field of production engineering. 

The simulation shall be used as an evaluation of the 
optimization as shown in [52]. For this purpose, the simulation 
model from [26] is modified in such a way that instead of the 
stochastic storage capacity by electric vehicles, a stationary 
battery is depicted. This should validate the limitations of 
modeling the battery within the optimization model and other 
assumptions made. 
According to [53], three types of battery models exist: 
multidimensional physical-chemical, electrical spare circuit 
and mathematical black box models. Accuracy and complexity 
decrease in the order given. For operational planning, technical 
details can be neglected, and a black box model is sufficient. 
Thus, in the optimization, charging and discharging are 
supposed to be linear processes. Furthermore, the amount of 
stored energy at the start and at the end shall be the same. 
Inspired by the categorization in [35], a power-shiftable and a 
time-shiftable production process are considered.  

With regard to the power-shiftable process, it is assumed that 
there is a sufficiently large stock so that its daily energy 
consumption can be planned freely within 24 hours. In the 
time-shiftable process, there are several jobs to be scheduled 
on a machine. These jobs have to be processed in the planning 
horizon: a 24-hour day. 

4.2. Optimization model 

The nomenclature used in the optimization model is shown 
in Table 1. For the sake of clarity, parameters begin with capital 
letters whereas decision variables start with lowercase letters. 

Table 1. Overview of sets, parameters and variables used in the model. 

Sets Description  

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 Quarter hours of the planning horizon defined as {1,2, … , 𝑃𝑃} 
𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽 Jobs to be processed on a machine defined as {1,2,… , 𝐽𝐽} 
Parameters Description Unit 

𝐶𝐶𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 Total usable capacity of li-ion battery kWh 

𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 Maximum amount of energy to charge per period (pp.) kWh 

𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 Maximum amount of energy to discharge pp. kWh 

𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 Charge efficiency of li-ion battery  

𝜂𝜂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 Discharge efficiency of li-ion battery  

𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 State of charge of the battery in the first period kWh 

𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 Daily energy demand of power-shiftable process kWh 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 Consumable energy by power-shiftable process pp. kWh 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑗𝑗 Processing time of job j in periods  

𝐷𝐷𝐷𝐷𝐷𝐷𝑗𝑗,𝑞𝑞 Energy demand of job j in period q since started kWh 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝 Electricity price (day-ahead market) in period p €/kWh 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 Feed-in tariff for feed-in electricity into the grid €/kWh 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 Limit for the annual peak load kW 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝 PV generated electricity in period p kWh 

𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑝𝑝 Unalterable load in period p kWh 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ Duration of one period (quarter of an hour) h 

𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚/𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 Coefficients for less amount of energy to charge pp. 
depending on the current state of charge (SOC) 

 

Variables Description Unit 

𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 Amount of energy to charge the battery in period p kWh 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 Discharged energy from the battery in period p kWh 

𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 1, if charging battery in period p; 0, otherwise  

𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝 State of charge (SOC) of the battery in period p kWh 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝 Load of the power-shiftable process in period p kWh 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝 Load of the time-shiftable process in period p kWh 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗,𝑝𝑝 1, if processing job j starts in period p; 0, otherwise  

𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝 Electricity bought from day-ahead market in period p kWh 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝 Grid feed-in in period kWh 

 
The objective function is to minimize the costs for purchasing 

energy from the grid minus remuneration for fed energy: 
 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 ∑ (𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑝𝑝 ∙ 𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝 − 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝)
𝑝𝑝∈𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
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Constraints (1) to (6) describe the lithium-ion battery module. 

(1) and (2) set a maximum for the charged or discharged 
amount of energy per period based on the charging or 
discharging power. The variable 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 implicitly ensures 
that each period the battery can be either charged or discharged: 

 
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝  ≤  𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 p=1,…,P (1) 

𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝  ≤  𝑀𝑀𝑀𝑀𝑀𝑀𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ (1 − 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝) p=1,…,P (2) 
 
In (3), the SOC of the battery is determined based on the 

previous period depending on the energy quantity charged or 
discharged. (4) gives the SOC a defined initial value, while (5) 
guarantees that at least the initial SOC is reached after the last 
period. (6) sets the battery capacity as the SOC’s maximum: 

 
𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝−1−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝−1+𝜂𝜂𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝−1 p=2,…,P (3) 

𝑠𝑠𝑠𝑠𝑠𝑠1  =  𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (4) 

𝑠𝑠𝑠𝑠𝑠𝑠𝑃𝑃 −  𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑃𝑃  ≥  𝑆𝑆𝑆𝑆𝑆𝑆𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  (5) 

𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝  ≤  𝐶𝐶𝐶𝐶𝐶𝐶𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 p=1,…,P (6) 
 
The following constraints define the degrees of freedom of 

movable production loads. The sum of the consumed energy of 
the power-shiftable process must reach the daily demand in (7), 
with the amount of intake per period being limited in (8): 

 
∑ 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝

𝑝𝑝∈𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃
 ≥  𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷  

(7) 
 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝  ≤  𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 p=1,…,P (8) 
 
The time-shiftable load per period equals the energy demand 

of the job currently being processed depending on when the job 
started. For this, in (9) the previous periods are considered 
within the processing time of each job. If the job has been 
started during these periods, its energy consumption is counted: 

 

𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝  = ∑ ∑ 𝐷𝐷𝐷𝐷𝐷𝐷𝑗𝑗,𝑞𝑞 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗,𝑝𝑝+1−𝑞𝑞

min (𝑝𝑝,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑗𝑗)

𝑞𝑞=1𝑗𝑗∈𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽
 p=1,…,P (9) 

 
(10) ensures that each job is started exactly once by the latest 

time from which it can be fully processed: 
 

∑ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗,𝑝𝑝

𝑃𝑃+1−𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑗𝑗

𝑝𝑝=1
 =  1 j=1,…,J (10) 

 
Only one job can be processed in the same period on the 

machine. So, in the sum in (11), all previous periods are taken 
into account in which a job could have been started and still 
would be processed in the current period:  

 

∑ ∑ 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗,𝑝𝑝+1−𝑞𝑞

min (𝑝𝑝,𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑗𝑗)

𝑞𝑞=1𝑗𝑗∈𝐽𝐽𝐽𝐽𝐽𝐽𝐽𝐽
 ≤ 1 p=1,…,P (11) 

Electricity supply via the grid must not exceed the peak load 
limit in any period. The limitation of the peak load is usually 
specified in kW. This is why it has to be multiplied by the 
period length for comparison with the variable 𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝 in (12): 

 
𝑏𝑏𝑏𝑏𝑦𝑦𝑝𝑝  ≤  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 ∙ 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃ℎ p=1,…,P (12) 

 
(13) establishes an energy balance: input must equal the 

output of energy in each period: 
 

𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝑝𝑝 + 𝜂𝜂𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 ∙ 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 + 𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝 
= 𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝+𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝+𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝+𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑝𝑝+𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝 

p=1,…,P (13) 

 
Finally, non-negativity conditions (14) and value ranges for 

binary variables (15) are listed below: 
 

𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 ,   𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 ,   𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝 , 
𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝 , 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑝𝑝 , 𝑏𝑏𝑏𝑏𝑏𝑏𝑝𝑝 , 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝  ≥  0  

p=1,…,P (14) 

𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝 ,   𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑗𝑗,𝑝𝑝  ∈  {0,1} j=1,…,J 
p=1,…,P 

(15) 

 
To model the battery closer to reality charging in the area of 

a high state of charge can be limited more by an additional 
constraint (16). Through the used simulation the coefficients 
could be determined suitably as 𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 = 2 and 𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 = 0.25: 

 
𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑝𝑝  ≤  𝐶𝐶𝑚𝑚𝑚𝑚𝑚𝑚 ∙ 𝑀𝑀𝑀𝑀𝑀𝑀𝑐𝑐ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎  −  𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠 ∙ 𝑠𝑠𝑠𝑠𝑠𝑠𝑝𝑝 p=1,…,P (16) 

4.3. Application 

The model is exemplary applied with data from a medium-
sized company that uses a plant for nitrogen production. Since 
nitrogen can be stored well, this system meets the 
specifications of the power-shiftable process. Furthermore, a 
laser cutting machine is in use. This represents a time-shiftable 
process with a load profile subdivided into different jobs of 
various lengths. The company has self-generation through 
photovoltaics of around 290 MWh per year. The use case data 
is based on power measurements of various consumers and 
order data to illustrate the production restrictions. 

A li-ion battery with a capacity of 75 kWh and a maximum 
charging power of 49 kW is in use, which means the amount of 
energy to be charged in one period is limited to 12.25 kWh. 
This scale seems adequate due to the energy consumption of 
the company. To reduce deviations from reality by assuming 
linear charging in the model, usable capacity is lowered to 70 
kWh and the limit for charged energy is set to 10 kWh. Charge 
and discharge efficiency are set to 0.95, as in [27]. For the 
energy purchase, the day-ahead prices of a Wednesday in 
October 2018 were used. In each case, taxes according to [54] 
and the network charge from [55] are added. Without battery 
use and flexible loads, the energy costs amount to 125 €.  
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The optimization of load and battery storage scheduling 
results in energy costs of 105 €. This represents a cost reduction 
of around 15 percent compared to the original electricity 
procurement costs of the company on the exemplary day. 
Furthermore, the limit for peak load could be cut in half from 
the initial 140 kW to 70 kW in the specific use case. With a 
permanent lowering of the annual peak load, additional cost 
savings through lowered network charges could be achieved. 

5. Conclusion and outlook 

The presented approach is suitable for the operative 
production planning of manufacturing companies that have 
identified flexibility measures and want to use them cost-
effectively in combination with an energy storage system. By 
adding further functionalities, it can be extended to feasible 
methods for different applications.  

An example of this are additional constraints regarding the 
dependencies and restrictions of different orders. This enables 
the modeling of even complex production processes. In 
addition to the described order-related measures, flexible loads 
can be supplemented at the machine level. The inclusion of 
potential production risks makes it possible to schedule battery 
capacity as a buffer for unexpected deviations in ongoing 
operation. The planning of controllable generation, for 
example, by a combined heat and power plant, can also be 
added in the form of generation-side flexibility. The further 
development of electromobility can prove to be interesting if 
the aforementioned vehicle-to-factory approach finds practical 
application. The available storage potential can then be 
differentiated between stationary and mobile storage and, for 
example, coordinated by a supplementary simulation. 

Acknowledgements 

The authors gratefully acknowledge the financial support of 
the Kopernikus-project “SynErgie“ by the Federal Ministry of 
Education and Research (BMBF) and the project supervision 
by the project management organization Projektträger Jülich.  

References 

[1] United Nations, 2015. Adoption of the Paris agreement. 
[2] Deutscher Bundestag, 2016. Klimaschutzplan 2050: 

Klimaschutzpolitische Grundsätze und Ziele der Bundesregierung, 
Unterrichtung durch die Bundesregierung 

[3] Bundesministerium für Wirtschaft und Energie, 2019. Kommission 
„Wachstum, Strukturwandel und Beschäftigung“: Abschlussbericht. 

[4] Deutsche Energie-Agentur, 2014. dena-Studie Systemdienstleistungen 
2030. Sicherheit und Zuverlässigkeit einer Stromversorgung mit 
hohem Anteil erneuerbarer Energien 

[5] Palensky, P., Dietrich, D. Demand Side Management: Demand 
Response, Intelligent Energy Systems, and Smart Loads, in IEEE 
Trans. Ind. Inf. 7 (3), 381-338. 

[6] Arbeitsgemeinschaft Energiebilanzen e.V., 2017. Energieverbrauch in 
Deutschland im Jahr 2016. 

[7] Rösch, M., Brugger, M., Braunreuther, S., Reinhart, G. Klassifizierung 
von Energieflexibilitätsmaßnahmen, in Zeitschrift für wirtschaftlichen 
Fabrikbetrieb ZWF, p. 567. 

[8] Gebbe, C., Hilmer, S., Götz, G., Lutter-Günther, M. et al., 2015. 
Concept of the Green Factory Bavaria in Augsburg, in The 5th 
Conference on Learning Factories. 

[9] Simon, P., Roltsch, F., Glasschröder, J., Reinhart, G., 2017. Approach 
for a Potential Analysis of Energy Flexible Production Systems, in The 
50th CIRP Conference on Manufacturing Systems, p. 580. 

[10] Roth, S., Thimmel, M., Fischer, J., Schöpf, M. et al., 2018. 
Simulation-based analysis of energy flexible factories in a regional 
energy supply system, in Procedia Manufacturing 33 2019  

[11] Graßl, M., 2015. Bewertung der Energieflexibilität in der Produktion. 
[12] Schuh, G., Stich, V., 2012. Produktionsplanung und -steuerung 1: 

Grundlagen der PPS, 4th edn. Springer-Verlag Berlin Heidelberg. 
[13] Wiendahl, H.-P., 2010. Betriebsorganisation für Ingenieure, 7th edn. 

Hanser, München. 
[14] Duflou, J.R., Sutherland, J.W., Dornfled, D., Herrmann, C. et al. 

Towards energy and resource efficient manufacturing: A processes 
and systems approach, in CIRP Annals - Manufacturing Technology, 
p. 587. 

[15] Müller, E., Engelmann, J., Löffler, T., Strauch, J., 2013. 
Energieeffiziente Fabriken planen und betreiben. 

[16] Bank, L., Rösch, M., Unterberger, E., Roth, S. et al., 2019. 
Comparison of Simulation-based and Optimization-based Energy 
Flexible Production Planning, in Procedia CIRP 81 2019  

[17] Schuh, G., Stich, V., 2012. Produktionsplanung und -steuerung 2: 
Evolution der PPS, 4th edn. Springer-Verlag Berlin Heidelberg. 

[18] Keller, F., Schultz, C., Braunreuther, S., Reinhart, G. Enabling 
Energy-Flexibility of Manufacturing Systems through New 
Approaches within Production Planning and Control, in 49th CIRP 
Conference on Manufacturing Systems 2016. 

[19] Günther, H.-O., Tempelmeier, H., 2012. Produktion und Logistik. 
Springer-Verlag Berlin Heidelberg, Berlin, Heidelberg. 

[20] Sterner, M., Stadler, I., 2017. Energiespeicher: Bedarf, Technologien, 
Integration. 

[21] Mohammadi-Ivatloo, B., Jabari, F., 2018. Operation, Planning, and 
Analysis of Energy Storage Systems in Smart Energy Hubs. Springer 
International Publishing AG. 

[22] Deutscher Industrie- und Handelskammertag, 2018. Akzeptanz in der 
Wirtschaft schwindet: IHK-Energiewende-Barometer 2018, Berlin. 

[23] Betz, J., Walther, L., Lienkamp, M. Analysis of the Charging 
Infrastructure for Battery Electric Vehicles in Commercial Companies, 
in IEEE Intelligent Vehicles Symposium (IV), Redondo Beach, CA, 
USA. 

[24] M. Aziz, T. Oda, A. Morihara, T. Murakami, N. Momose, Editors, 
2014. Utilization of EVs and their used batteries in factory load 
leveling. ISGT 2014 

[25] Roth, S., Klement, T., Braunreuther, S., Reinhart, G. 2018. Vehicle-to-
Factory: Eine Potenzialanalyse zur Nutzung der Speicher von 
Elektromobilen im industriellen Umfeld, in ZWF Zeitschrift für 
wirtschaftlichen Fabrikbetrieb 113 (9), p. 565-570. 

[26] Roth, S., Spitzer, S., Braunreuther, S., Reinhart, G., 2019. Modeling 
and simulation of electric vehicles as battery storage in an energy 
flexible factory, in 11. Internationale Energiewirtschaftstagung IEWT, 
Wien. 

[27] VDI Zentrum Ressourceneffizienz GmbH (VDI ZRE), 2018. 
Ökologische und ökonomische Bewertung des Ressourcenaufwands: 
Stationäre Energiespeichersysteme in der industriellen Produktion. 

[28] Matzen, F., Tesch, R., 2017. Industrielle Energiestrategie: 
Praxishandbuch für Entscheider des produzierenden Gewerbes. 

[29] Sethi, A.K., Sethi, S.P., 1990. Flexibility in manufacturing: A survey, 
in The International Journal of Flexible Manufacturing Systems, p. 
289. 

[30] Hartmann, N., Thomsen, J., Wanapinit, N., 2018. Using demand side 
management and CHP in renewable dominated decentral energy 
systems: a case study 33, p. 193. 

[31] Mahmoud, M.S., AL-Sunni, F.M., 2015. Optimal Energy 
Management, in Control and Optimization of Distributed Generation 
Systems, Springer International Publishing, Cham, p. 159. 

[32] Zheng, R., Xu, Y., Chakraborty, N., Lewis, M. et al., 2015. Demand 
Management with Energy Generation and Storage in Collectives, in 
Outlooks and Insights on Group Decision and Negotiation, Springer 
International Publishing, Cham, p. 369. 

[33] Gao, B., Liu, X., Wu, C., Tang, Y., 2018. Game-theoretic energy 
management with storage capacity optimization in the smart grids 6, 
p. 656. 

[34] Ahmad, J., Abrar, M., 2017. Demand Side Management Based 
Optimal Energy Management Technique for Smart Grid 41, p. 81. 

[35] Aimal, S., Parveez, K., Saba, A., Batool, S. et al., 2018. Energy 
Optimization Techniques for Demand-Side Management in Smart 



264	 Stefan Roth  et al. / Procedia CIRP 88 (2020) 258–264
 Author name / Procedia CIRP 00 (2019) 000–000  7 

 

Homes, in Advances in Intelligent Networking and Collaborative 
Systems, Springer International Publishing, Cham, p. 515. 

[36] Kirchsteiger, H., Rechberger, P., Steinmaurer, G., 2016. Cost-optimal 
Control of Photovoltaic Systems with Battery Storage under Variable 
Electricity Tariffs 133, p. 371. 

[37] Müller, J., März, M., Mauser, I., Schmeck, H., 2016. Optimization of 
Operation and Control Strategies for Battery Energy Storage Systems 
by Evolutionary Algorithms, in Applications of evolutionary 
computation: 19th European conference, EvoApplications 2016. 
Porto, Portugal, Springer, Cham, Heidelberg, p. 507. 

[38] Giordano, F., Ciocia, A., Di Leo, P., Spertino, F. et al. Self-
Consumption Improvement for a Nanogrid with Photovoltaic and 
Vehicle-to-Home Technologies, in IEEE International Conference on 
Environment and Electrical Engineering. 

[39] Kaschub, T., 2017. Batteriespeicher in Haushalten unter 
Berücksichtigung von Photovoltaik, Elektrofahrzeugen und 
Nachfragesteuerung. Karlsruhe. 

[40] Arun, S.L., Selvan, M.P., 2018. Smart residential energy management 
system for demand response in buildings with energy storage devices 
14, p. 944. 

[41] Gruber, J.K., Prodanovic, M., 2014. Two-stage Optimization for 
Building Energy Management 62, p. 346. 

[42] Kaji, K., Zhang, J., Tanaka, K., 2013. Energy Management Using 
Storage Batteries in Large Commercial Facilities Based on Projection 
of Power Demand, in Proceedings of the Institute of Industrial 
Engineers Asian Conference 2013, Springer Singapore, Singapore, p. 
1165. 

[43] Beier, J., 2017. Simulation Approach Towards Energy Flexible 
Manufacturing Systems. Springer International Publishing, Cham. 

[44] Zafirakis, D., Elmasides, C., Sauer, D.U., Leuthold, M. et al. The 
multiple role of energy storage in the industrial sector: Evidence from 

a Greek industrial facility, in 8th International Renewable Energy 
Storage Conference and Exhibition, IRES 2013. 

[45] Agha, M.H., 2009. Integrated Management of Energy and Production: 
Scheduling of Batch Process and Combined Heat & Power (CHP) 
Plant. 

[46] Rager, M., 2008. Energieorientierte Produktionsplanung: Analyse, 
Konzeption und Umsetzung. Betriebswirtschaftlicher Verlag Dr. Th. 
Gabler / GWV Fachverlage GmbH Weisbaden, Wiesbaden. 

[47] Rager, M., Gahm, C., Denz, F., 2015. Energy-oriented scheduling 
based on Evolutionary Algorithms 54, p. 218. 

[48] Schultz, C., Sellmaier, P., Reinhart, G., 2015. An Approach for 
Energy-oriented Production Control Using Energy Flexibility 29, 
p. 197. 

[49] Schultz, C., 2018. System zur energieorientierten 
Produktionssteuerung in der auftragsbezogenen Fertigung. 

[50] Keller, F., 2018. Methodik zur energiebezugsorientierten 
Auftragsplanung. 

[51] Moon, J.-Y., Park, J., 2014. Smart production scheduling with time-
dependent and machine-dependent electricity cost by considering 
distributed energy resources and energy storage. 

[52] März, L., Krug, W., Rose, O., Weigert, G., 2011. Simulation und 
Optimierung in Produktion und Logistik: Praxisorientierter Leitfaden 
mit Fallbeispielen. Springer Berlin Heidelberg, Berlin, Heidelberg. 

[53] Keil, P., Jossen, A., 2012. Aufbau und Parametrierung von 
Batteriemodellen, in 19. DESIGN & ELEKTRONIK-Entwicklerforum 
Batterien & Ladekonzepte. 

[54] BDEW Bundesverband der Energie- und Wasserwirtschaft e.V. 
BDEW-Strompreisanalyse Januar 2019: Haushalte und Industrie. 

[55] Agora Energiewende, 2016. Entwicklung der Strom-Netzentgelte 
2017: Die regionalen Unterschiede nehmen zu.

 


