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1 Management Summary 
 

Industrial value creation is an important driver of prosperity in Ger-

many. At the same time, the production of goods has a significant 

environmental impact, particularly due to high energy consumption 

and the greenhouse gas emissions associated with production. 

Caught between the conflicting priorities of global competitiveness 

and the requirements of a climate-neutral future, the challenge is to 

make industrial value creation sustainable and future-proof. The po-

litical framework conditions – from the national energy transition to 

the European Union's net-zero targets – call for far-reaching struc-

tural changes in industrial energy supply and use. This requires not 

only new technologies, but above all new systemic approaches: en-

ergy efficiency, energy flexibility, and decarbonization must be con-

ceived and designed together. This presents companies with a wide 

range of opportunities to increase their competitiveness in conjunc-

tion with product and process innovations as well as new service 

and business models. This is precisely where the WGP's point of view 

comes in, showing ways in which the transformation of industry can 

succeed. 

 

What is new? 

It is not individual efficiency measures or the mere substitution of 

fossil fuels that are the real lever, but rather the systemic optimiza-

tion of entire production systems – from the machine to the process 

chain to the networked factory in its industrial environment. Another 

new development is the extension of flexibility considerations to pre-

viously neglected areas, in particular heat-based processes. While 

many previous approaches have focused on load shifting on the 

electricity side, the flexibilisation of thermal processes – for exam-

ple, through thermal storage, hybrid generators, or hydrogen inte-

gration – offers great, as yet untapped potential. 

 

What are the benefits? 

The combined increase in energy efficiency and flexibility at the sys-

tem level boosts energy productivity, reduces greenhouse gas emis-

sions, and creates economic benefits, for instance through improved 

grid utilization and the adjustment of energy consumption to the 

pricing conditions in the energy market. In energy-intensive produc-

tion processes in particular, differentiated process control can 

achieve significant savings while maintaining consistent quality and 

delivery reliability. At the same time, a systemic view of efficiency, 

flexibility, and decarbonization can create new opportunities for in-

novation for companies, cross-sector energy flows, and grid-friendly 

factories. The WGP's research institutions can make an essential 

contribution to the transfer of knowledge across the industry – 

especially to small and medium-sized enterprises—through model 

infrastructures such as the ETA-Factory and learning factories of the 

WGP initiative. 

 

 

What does this mean for research, industry, 

and politics? 

The WGP (German Academic Association for Production Technology) 

advocates for the consistent integration of systemic approaches into 

funding programs, regulatory frameworks, and industrial practice. 

Furthermore, efficiency and flexibility are not inherently conflict-free 

– political instruments must therefore address conflicting goals and 

evaluate both the impact on individual actors and the overall impact 

on the energy system. What is needed is an innovation-oriented in-

dustrial policy that remains open to technology, utilizes existing re-

search infrastructure, and provides targeted support to small and 

medium-sized industrial enterprises during the transformation. 

 

How is this paper structured? 

An introductory presentation of the relevance of the WGP point of 

view is followed by the classification and definition of the most im-

portant terms. Examples of significant research contributions that 

have been made within the framework of funded projects and are 

relevant to the topic under discussion are then being highlighted. In 

addition, it discusses the research infrastructure that already exists 

in this area. This paper then concludes with concrete recommenda-

tions for policy makers. The focus is on the topics of systemic effi-

ciency strategies, grid-connected factories, flexibility in heating pro-

cesses, digitalization, standardization, and competence building.  
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2 Why this WGP-Point of View?  

 

Germany is a leading production location for industrial goods and, 

at the same time, a relevant supplier for the global industry in the 

field of machinery and plant engineering. Machinery stands for ad-

vanced and robust manufacturing technologies, precision and inno-

vative strength in equal measure. This status was achieved in the 

past despite comparatively high labour costs at the location and is 

based not only on innovative strength but also on a high level of 

qualification and previous productivity increases. 

The location is currently facing the challenge of maintaining its com-

petitiveness despite rising energy costs and the necessary decar-

bonisation. However, this challenge also presents an opportunity to 

further increase productivity in order to achieve a competitive posi-

tion through high productivity, as before. Potential exists in the ef-

ficient use of energy and materials and in the utilisation of flexibility 

in energy demand. Exploiting this potential promises cost ad-

vantages for industrial production in Germany. At the same time, 

energy efficiency, energy flexibility and decarbonisation are becom-

ing increasingly important in many export markets for the local me-

chanical and plant engineering industry. Innovations in energy 

productivity and material efficiency not only offer cost advantages, 

but also increasingly sought-after characteristics for export. The ex-

pansion of renewable energy producers is an essential component 

of decarbonisation. At the same time, many renewable energy gen-

eration technologies are characterised by low costs compared to fos-

sil fuels. The growing prevalence of photovoltaic systems on the 

roofs of industrial properties is just one example that underlines the 

economic potential of renewable solutions. Nevertheless, it is evi-

dent that complete decarbonisation of industry cannot be achieved 

solely by purchasing electricity from renewable sources. On the one 

hand, renewable electricity sources – despite their clear advantages 

over fossil fuels – are not completely greenhouse gas-neutral. On 

the other hand, the availability of renewable energy sources is lim-

ited by generation and grid capacities. This becomes even more sig-

nificant when the demand for process heat, which is still widely sup-

plied by fossil fuels today, is replaced by electrical energy. The scale 

of this transformation becomes clear when looking at the energy mix 

for industry and other sectors in Germany (see adjacent chart). 

Measured in terms of final energy demand in Germany, industry cur-

rently accounts for over a quarter. At the same time, fossil fuels such 

as natural gas and coal are still widely used as energy sources. This 

must be comprehensively replaced in the coming years. Efficient and 

thoughtful use of energy sources is therefore an urgent necessity 

for sustainable industrial production. By increasing energy efficiency 

and energy flexibility, companies can become more resilient to fluc-

tuating and rising energy prices and at the same time contribute to 

the decarbonisation of the energy supply. 

 
 
 

 

Figure 1: Final energy consumption by sector and energy source in 
Germany in 2023 (data source: AGEB [1]) 

The institutes of the German Academic Association for Production 

Technology (WGP) have been conducting research into energy- 

related issues in production technology for more than 20 years. The 

institutes' expertise ranges from the fundamental processes itself, 

to the necessary plant technology and entire process chains, to sys-

tematic analysis at factory level and interaction and integration be-

yond factory boundaries. The research activities cover established 

fields, such as the further development of electric drives for produc-

tion machines, as well as paving the way for new technologies, such 

as applications of artificial intelligence in energy management. This 

article provides an insight into the progress made in production en-

gineering research during this period. In addition to research work 

from a wide range of production technology, examples are pre-

sented that show the potential of transferring research results to 

industry. The examples presented highlight the expertise that has 

been built up at the institutes and the research infrastructure that 

has been created as a basis for future innovations. Building on the 

comprehensive experience, expertise and research infrastructure 

developed at public institutions, this position paper identifies areas 

of action that are promising for future innovations.  
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3 Definitions 

 

Climate Neutrality 

The manufacturing of products has various environmental impacts, 

including those that affect the global climate. In order to character-

ise their efforts to reduce their climate impact, companies often for-

mulate their goals in the form of neutrality claims that are to be 

achieved by a specific target date [2]. A distinction must be made 

between various terms: Climate neutrality refers to a state in which 

anthropogenic influences on the climate balance each other out, so 

that global warming no longer progresses [3]. This state is virtually 

impossible to achieve in practice [3]. At the company level, climate 

neutrality claims are often achieved by offsetting emissions through 

the purchase of emission certificates, which may also relate to re-

ductions outside the value chain [4], [5]. Greenhouse gas neutrality 

restricts the concept of climate neutrality in that it only refers to 

greenhouse gas emissions and does not take into account other ef-

fects such as changes in albedo [3]. Net-zero approaches differ from 

climate neutrality in that they involve the actual removal of green-

house gases from the atmosphere [4], [6]. They also generally re-

quire a reduction in emissions [6]. 

 

Decarbonization  

With decarbonization, companies are pursuing the goal of decou-

pling their business activities from the use of fossil carbon (e.g., in 

the form of natural gas, oil, etc.) and thus reducing carbon-based 

greenhouse gas emissions [2], [7]. Companies have various combi-

nations of measures at their disposal to achieve this. Pathways to 

achieving the defined target state for each company under consid-

eration are derived from the various possible combinations of 

measures. Many companies now follow the guidelines of the Science 

Based Target Initiative, which can be used to define scientifically 

based climate targets in the context of the globally necessary reduc-

tion in emissions [8]. 

 

Energy efficiency 

Energy efficiency refers to the ratio between the benefit achieved – 

such as mechanical work to tighten a screw or process heat required 

– and the amount of energy used to achieve it. It is a measure of 

how sparingly energy is used. The less energy required to achieve 

the same benefit, the higher the energy efficiency. In production, 

this means that machines, processes, areas, etc. are more energy-

efficient the less energy they require to manufacture the planned 

products [9]. The term energy productivity is also often used for this 

performance variable. In this context, the term energy efficiency fo-

cuses on the energy productivity of a technology under investigation 

in relation to the energy productivity of the best available technology 

of this type or the thermodynamic optimum of this technology [10]. 

Both definitions are closely linked by the underlying measures to 

increase efficiency and are therefore used in parallel in research, 

development, and industry. 

 

Electrification 

The term electrification describes the conversion of processes, ma-

chines, and systems from fossil fuels (e.g., natural gas, coal, oil) to 

operation with electrical power. Electrification can be direct (imme-

diate conversion of electricity into the desired form of useful energy) 

or indirect (indirect conversion of electricity into another final energy 

source with subsequent conversion into the desired form of useful 

energy). The aim in each case is to make energy supply as environ-

mentally friendly as possible by using electricity from renewable 

sources and to contribute to decarbonization. There is great poten-

tial in this regard, particularly in the electrification of the process 

heat supply for production systems, as this is currently based pre-

dominantly on fossil fuels such as natural gas [11]. 

 

Sector coupling  

Sector coupling refers to the interaction of systems from the per-

spective of sectors. A distinction can be made between the energy 

sectors of electricity, heating/cooling, fuels and combustibles, and 

the consumption sectors of industry, commerce, trade, services, 

transportation and households. The term sector coupling can be 

used in the context of both the energy sectors and the consumption 

sectors. Sector coupling is realized by so-called sector coupling tech-

nologies, which are capable of converting energy from one form to 

another or making it available from one consumption sector to an-

other. The most widespread application is the transformation of 

electricity into heat or energy carriers, such as solids, liquids or 

gases (cf. electrification). The term “power-to-X” summarizes these 

technologies, whereby X is replaced by the desired final form of en-

ergy. Power-to-gas, power-to-heat and power-to-liquid are promi-

nent examples of sector coupling. The scheme is also known in the 

context of the consumption sectors, for example as power-to-mobil-

ity. Due to the inherent conversion losses, the principle applies to all 

indirect Power-to-X technologies so that they should primarily be 

used where direct electrification is not possible. The corresponding 

industries are also referred to as hard-to-abate sectors [12]. 

 

Industrial symbiosis 

Industrial symbiosis refers to the deliberate connection of otherwise 

separate sectors or industrial systems in a collaborative approach to 

create competitive advantages through the physical exchange of 

materials, energy, water, and/or by-products. [13]. The concept of 

industrial symbiosis is closely linked to the concept of sector cou-

pling. Industrial symbiosis can be understood as the coupling of sev-

eral industrial systems from different or the same industrial sectors. 

Prominent examples can be found in the joint provision and/or use 

of heat or energy sources. For example, the waste heat from one 

company can be used to supply heat to another company. Similarly, 

waste streams can be used to generate energy. Industrial symbiosis 

can also be found in non-industrial systems, for example in the con-

text of urban-industrial symbiosis. The use of process waste heat to 

supply nearby industrial systems via local and district heating pipes 

has been an established example for decades. 
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Energy flexibility 

Energy flexibility refers to the ability to adjust energy feed-in or 

withdrawal in response to external signals. Such a signal could be, 

for example, a change in market price or a request for power ad-

justment from the grid operator. The aim is to provide a service (e.g. 

frequency stability) in the energy system [14].  

 

 
Figure 1: Electrical power generation and day-ahead electricity 
prices in Germany in calender week 25 of 2025 (Data source: 
ENTSO-E) 

A key aspect of energy flexibility is the concept of demand response. 

According to the U.S. Department of Energy, this refers to changes 

in end users' electricity consumption relative to their normal usage 

patterns in response to time-varying electricity prices or incentives 

aimed at reducing electricity consumption during periods of high 

wholesale prices or when system reliability is at risk [15]. 

Demand response can thus be understood as an operational mani-

festation of energy flexibility that focuses on the consumption side 

of the electricity system. Energy flexibility in the broader sense is 

more comprehensive: it includes not only flexible consumption, but 

also the adjustment of generation, the use of storage facilities, 

cross-sector coupling (e.g. electricity-heat) and overarching 

measures for system optimisation. In concrete terms, flexible be-

haviour in the electricity system means that energy is either fed into 

the grid or withdrawn from it, depending on the system situation. 

The objectives are to provide system services such as ensuring grid 

stability, congestion management, the provision of balancing energy 

or improved load management [16].  

 

 

 

 

 

4 A glimpse into production technology 

research 
 

With its public institutions, Germany has an established re-search 

infrastructure that has already made a significant con-tribution in 

the past to developing the first elements of new innovations for en-

ergy efficiency, energy flexibility, and de-carbonization. These insti-

tutions have the potential to play a leading role in the future in de-

veloping forward-looking solutions and enabling further develop-

ment and application, particularly in medium-sized industrial com-

panies. 

Production technology research addresses a wide range of energy-

related issues at various levels and can resort to a broad foundation 

of existing knowledge. A central component of this research work is 

the integrated consideration of ener-gy efficiency and energy flexi-

bility strategies, which contrib-ute significantly to the sustainable 

transformation of industri-al value-added processes. 

The focus is on the increasing interactions between the levels of 

analysis: process, process chain, production system, fac-tory, and 

surrounding system. It has already been shown that the knowledge 

gained, particularly in the area of developing methods and tools, is 

largely transferable across different industrial sectors. 

The following section discusses selected examples of the WGP effi-

ciency initiative and highlights the interrelationships between the re-

search areas and methods. Figure 3 classifies the exemplary contri-

butions of the WGP efficiency initiative according to their thematic 

research focus across the area of consideration. 

 

Figure 3: Overview and classification of the examples from the 
WGP efficiency initiative 
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4.1 Adjustment of process parameters in the 

cleaning of metallic components in the LoTuS 

project  

In the field of component cleaning, a fundamental part of numerous 

process chains in the metalworking industry, significant progress has 

been made in energy efficiency research in recent years. As part of 

joint research projects such as ETA-Fabrik (grant number 

03ET1145), LoTuS (grant number 03EN2026) and ETA im Bestand 

(grant number 03EN2048) [17], [18], [19], the cleaning and drying 

processes were investigated in collaboration with manufacturers and 

users of component cleaning systems. Practical measures to im-

prove energy efficiency were developed and successfully validated. 

Based on Sinner's circle of cleaning [20], interactions between the 

four factors of time, mechanics, temperature and chemistry were 

used to design an energy-efficient process. With the help of me-

chanical optimisation of the spray nozzles in aqueous cleaning, the 

energy-intensive factor of temperature was reduced by lowering the 

temperature [17]. In addition, digitalisation measures have helped 

to provide insights into the drying process, which usually has to be 

adjusted iteratively due to its complexity. This transparency provides 

the basis for demand-oriented process design. Using artificial intel-

ligence methods and imaging techniques such as thermogra-

phy [21], solutions have been developed to automatically assess the 

dryness of components. This is an essential step towards adjusting 

the process to specific components, avoiding over- or under-dry-

ing [18] or even enabling a closed control loop. A proven fuzzy logic 

approach to control, for example, shows over 60% savings in power 

consumption in the drying system with the same drying result and 

the same process duration [22].  

 

 
Figure 2: Detection of water residues on components using ther-
mography (Image source: PTW, TU Darmstadt) 

In addition, further measures were developed for the technology of 

continuous and chamber cleaning systems in the LoTuS and ETA im 

Bestand projects in order to leverage further energy efficiency and 

energy flexibility potential – for instance, by utilizing internal and 

external waste heat sources [18], [19], [23]. By utilising waste heat, 

the total power demand in the case under consideration can be re-

duced by 20%. The use of alternative drying technologies enables 

savings of 10–20% of the total power demand of a cleaning system 

[24]. 

 

4.2 Energy analysis and potential of machine 

tools 

Machine tools, such as milling, turning and grinding machines, are 

used in a wide variety of designs in the manufacture of industrial 

intermediate and end products. Accordingly, machine tools are very 

widespread and have long been the subject of extensive research in 

production engineering. Research into machine tools with regard to 

energy-related aspects has yielded significant findings in recent 

years compared to the existing state of the art. Studies conducted 

by several institutes on various machines show that a large propor-

tion of the energy required by these machines is attributable to ma-

chine conditioning – for example, for cooling, hydraulic systems or 

compressed air supply [25]. Furthermore, production engineering 

research has investigated measures to increase the energy effi-

ciency of machine tools. For example, it has been shown that light-

weight construction approaches in the design of the machine struc-

ture can reduce the energy required for acceleration without com-

promising the necessary functionality [26]. 

Further measures examined show that machine cooling, which ac-

counts for a significant proportion of the energy demand of ma-

chines, can be improved in various ways compared to conventional 

cooling technologies. In the past, different strategies for controlling 

cooling units and various compressors in the cooling circuit have 

been investigated [25]. A practical test conducted as part of the 

ETA-Transfer research project showed that modern units can reduce 

the electrical power required for machine cooling by over 50%. A 

saving of 85% was achieved for the cooling of control cabinets [27]. 

Studies have also shown efficiency potential for other machine func-

tions, such as the provision of the cooling lubricant required for the 

process. Previous studies show that simulation-based, demand-

driven adjustment of the cooling lubricant supply can reduce the 

electrical energy consumption of the cooling lubricant pump by 81%, 

resulting in a total saving of 37% for the machine tool under con-

sideration [28]. Studies on various machine tools show that up to 

10% of the electrical energy required by machine tools is accounted 

for by hydraulic units [9]. The MAXIEM research project investigated 

how machine hydraulics can be operated more efficiently. To this 

end, the buffer storage tank, which was already necessary, was en-

larged and the system parameters adjusted. In a test setup, the 

pump's rated power was reduced from 4.1 kW to 2.8 kW and oper-

ated less frequently. By using different valves in the hydraulic sys-

tem in combination with the adjusted storage tank, the power con-

sumption of a hydraulic system was reduced from an average of 826 

W to 5 W in standby mode [29]. 

In addition to efficiency gains, production technology research has 

also identified potential for flexibility in production facilities such as 

machine tools. For example, the SynErgie project (grant number: 

03SFK3A0-2) demonstrated that the energy costs of an entire grind-

ing machine can be reduced by 6.6% or 1.9% per workpiece if order 

planning is optimized [30]. In this project, an energy flexibility data 

model was created for a grinding center. This enables cost-opti-

mized control of production orders adapted to actual prices on the 

electricity market. 
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4.3 Direct use of wind power to decarbonize 

energy-intensive melting processes in the 

foundry industry in the WindMelt project 

The foundry industry causes annual greenhouse gas emissions of 

appro imately 1.9 million tons of  O₂ equivalents in Germany [31]. 

A significant proportion of energy consumption is accounted for by 

smelting operations, which make up around 40 to 45 percent of the 

total energy demand of a typical foundry site. Energy costs account 

for around 25 percent of the gross value added by foundries [32]. 

As part of the WindMelt research project (running from July 1, 2021, 

to December 31, 2021), the direct use of wind power for aluminum 

liquefaction was investigated with the aim of significantly reducing 

the industry's ecological footprint while at the same time tapping 

into new economic potential [33]. The core idea of the approach 

was to relocate the energy-intensive process step of melting alumi-

num to renewable energy production sites. By using electrically pow-

ered induction melting furnaces in the immediate vicinity of wind 

turbines, electricity that would otherwise be curtailed as part of 

feed-in management can be used directly. In 2020, grid bottlenecks 

resulted in compensation payments of over €760 million, of which 

around 67.4% was attributable to onshore wind farms [34].  

To assess the ecological impact, a simulation-based model was de-

veloped that maps the operating conditions of melting furnaces on 

an hourly basis. In addition to wind power availability, the model 

also takes into account heating and holding phases as well as 

transport processes. External life cycle assessment software was 

used for the ecological evaluation. As a reference, weekly melting 

quantities of 120 tons of aluminum were simulated using three melt-

ing furnaces, each with a connected electrical load of 3 megawatts. 

To determine the gross energy consumption per ton, an assessment 

was made between melting cycles as to whether energy-intensive 

heating with 600 kW over four hours or continuous heat retention 

with 100 kW was more economically advantageous. The associated 

logistics are handled by liquid metal containers with adapted capac-

ity and fixed circulation times.  

The project results show that the targeted use of wind power can 

achieve specific melting costs of between 42.20 € and 74.30 € per 

ton, provided that a reduced Renewable Energy Sources Act sur-

charge is considered. By way of comparison, when using only grid 

electricity in decentralized smelting operations, the costs range be-

tween 86.20 € and 171.80 € per ton [35], [36]. The approach is also 

advantageous from an ecological point of view. When using only 

renewable energy, the greenhouse potential can be reduced by up 

to 97 percent compared to conventional natural gas-based pro-

cesses [36]. At the same time, the analysis highlights technical and 

organizational challenges. These include the limited availability of 

transport tanks, fluctuating wind power generation, and infrastruc-

tural restrictions. The project results also show that transporting the 

melt by truck to foundries over distances of up to 200 kilometers 

can be economically viable. Making foundry processes more flexible 

and specifically expanding the decentralized infrastructure are key 

levers for further increasing the efficiency of direct use of renewable 

energy [36]. 

 

4.4 Energy efficiency through optimised  

cooling lubricant supply –  

Project: E-KISS 

In the context of modern machine tools, and especially in machining 

and forming processes, cooling lubricants are still considered indis-

pensable. They perform key functions such as cooling, lubrication 

and chip removal, thereby enabling technically and economically 

successful manufacturing processes. In addition, they have an often 

underestimated potential for increasing resource and energy effi-

ciency, both within the machine and at the level of the entire cooling 

lubricant periphery. In the area of resource efficiency, bio-based flu-

ids are increasingly being used in this context. In the context of 

energy efficiency, there are various approaches: from optimizing the 

cooling lubricant supply in the process to intelligent control of pe-

ripheral systems to switching to alternative strategies such as mini-

mum quantity lubrication (MQL). 

Even simple design measures can lead to significant savings in cool-

ing lubricant supply. For example, intelligent configuration of the 

nozzles and targeted control of the volume flow can significantly 

improve energy efficiency. The targeted supply of cooling lubricant, 

tailored to the process, reduces friction and improves heat dissipa-

tion. 

A case study shows an example of potential energy savings of up to 

23.5% through a suitable nozzle configuration while maintaining the 

same technical performance [37]. An often overlooked but particu-

larly effective approach to increasing energy efficiency can also be 

found in the area of cooling lubricant peripherals. Treatment and 

recirculation systems, such as high-pressure pumps, filter systems, 

and extraction systems, often run continuously in practice, regard-

less of their actual utilization. Frequency-controlled pumps and reg-

ulated extraction systems enable a significant reduction in energy 

consumption without compromising technical performance by con-

tinuing to provide a sufficient supply of cooling lubricants. The In-

stitute of Machine Tools and Production Technology (IWF) at the 

Technische Universität Braunschweig pursued a systematic ap-

proach to realizing such saving potentials with the E-KISS research 

project. The aim of the project was to develop intelligent control 

concepts and an adaptive design for cooling lubricant peripherals in 

order to measurably increase energy efficiency in machine tools. 

Savings of up to 25% were achieved by the use of a cyber-physical 

production system for customized control [38], [39]. 

Another significant efficiency potential lies in reducing the volume 

flow of cooling lubricant supply. The use of MQL represents a par-

ticularly effective approach in this context. Instead of large quanti-

ties of circulating cooling lubricant, MQL applies just a few milliliters 

of lubricant per hour directly to the point of action. There is no need 

to recirculate the medium. This principle not only leads to a signifi-

cant reduction in resource consumption, but also eliminates the 

need for large parts of the conventional cooling lubricant periph-

erals. In particular, consumers with high energy requirements, such 

as high-pressure pumps and filtration systems, can be eliminated. 

In a direct comparison, the conventional cooling lubricant system 

has 27 times higher energy requirements than MQL [40]. 
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4.5 Plastic injection moulding 

Plastic injection molding is one of the most important processes in 

plastic forming [41]. In 2017, injection molding machines accounted 

for 21% of the production value of rubber and plastics machinery. 

The process enables the repeatable production of large-volume 

components with complex geometries in short cycle times and is 

used particularly in the medical sector, the toy industry and the au-

tomotive industry [42].  

Injection molding machines are predominantly powered electrically. 

Fully electric drives for pumps and dryers offer considerable ad-

vantages in terms of energy efficiency compared to hydraulic vari-

ants [43]. 

A key indicator for assessing energy efficiency is the specific energy 

requirement, measured in kilojoules of energy input per kilogram of 

product. Depending on the machine used, process parameters, and 

operational capacity, this varies between three and 30 kilojoules per 

kilogram of product [41]. According to this definition, mass-specific 

energy requirements can be achieved by a higher operational ca-

pacity. Projects of the IWF to develop suitable energy performance 

indicators in plastic injection molding (EU FP7, Grant Agreement No. 

247831) have led to a more differentiated assessment of the pro-

cess. In addition to material output rate, product mass and pro-

cessing time are also taken into account. This means that different 

material groups, such as PLLA, CA, PLA, PP, and Bio-PE, are also 

taken into account. The energy requirements of planned processes 

can be predicted by regression, which is a basic prerequisite for en-

ergy-flexible process operations [44].  

Operational capacity and thus specific energy requirements depend 

largely on the weight of the molded parts, the injection time and the 

cooling time. The scope for optimizing these three variables is al-

ready limited by the choice of material, as this determines specific 

characteristics such as density, melting temperature, and possible 

flow rates. In the product design phase, energy-optimized produc-

tion can be achieved by minimizing the product volume and compo-

nent thickness. Energy optimization in process control is also possi-

ble, taking into account the resulting product quality.  

Furthermore, the design of the injection molds opens up scope for 

optimizing energy efficiency. The injection cycle can be shortened 

by using a cooling system adapted to the product shape [41]. The 

number of product cavities per injection mold is also proportional to 

the operational capacity and must therefore be taken into account 

during the design of the injection molds. 

Given shorter product life cycles, growing variety, and the increasing 

use of recycled materials, the injection molding process must be 

made more flexible in the future. This applies to both material han-

dling and the integration of renewable energies into process control. 

At the factory level, making plastic injection molding more flexible 

in the context of fluctuating power availability should be understood 

and promoted as the key to sustainable production.  

The joint research project DIAZI is currently conducting research at 

the IWF on predictive digital production systems with a focus on 

plastic injection molding. The focus here is on the energy require-

ments of the systems at the interface with flexible production plan-

ning strategies. Real-time capable and AI-based surrogate models 

are currently under development and are to be transferred to indus-

try in order to support relevant stakeholders in production. 

 

4.6 Energy-efficient battery production –  

Project: InZePro Cluster InMiTro 

As part of the InMiTro research project, the Institute for Machine 

Tools and Industrial Management (iwb) at the Technical University 

of Munich investigated the relationship between the storage condi-

tions of cathode active materials (CAM) and their electrochemical 

properties. The focus was on the materials NMC622, NCA, and 

NMC811, as these are considered industrially relevant, while NCA 

and NMC811 are known to be moisture-sensitive due to their high 

nickel content. In this regard, the current industry practice was crit-

ically questioned: Since moisture sensitivity is known, CAMs are typ-

ically stored in a dry environment with a dew point between -40 and 

-60 °C, which requires large amounts of energy. The drying rooms 

account for between 30 and 50% of the total energy consumption 

of battery production [45], [46].  

A special glove box-based powder handling system was developed 

to carry out the experiments. This enabled storage, processing, and 

cell production under defined atmospheric conditions. The KAM was 

stored for varying periods of time (10 minutes to 30 days) in ambient 

air, controlled drying air (e.g., dew point of -40 °C), and inert gas 

(argon, < 1 ppm H₂O). After storage, the powders were processed 

into electrodes under protective gas conditions and assembled into 

button cells (CR2032 format). This ruled out the possibility of addi-

tional moisture ingress during cell production. The electrochemical 

properties – in particular the specific discharge capacity – were then 

analyzed during formation and over several charge/discharge cycles.  

 

Figure 3: Experimental coating and drying system for electrodes in 
an argon atmosphere (Image source: TUM / Andreas Heddergott) 

The results show clear differences between the materials. While 

NMC622 remained largely stable, NMC811 and NCA reacted sensi-

tively to storage in a humid environment. After two weeks of storage 

in ambient air, NCA showed a reduction in specific discharge capac-

ity of up to 10%, while NMC811 showed a loss of around 5%. Stor-

age in dry conditions (dew point of -40°C), on the other hand, led 

to no significant deterioration in performance. Further analysis 

showed that short-term exposure (e.g., less than 5 hours) does not 

cause any negative effects, even in ambient air. This differentiation 
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made it possible to define material-specific thresholds for storage 

duration and humidity.  

Based on these findings, a three-stage storage concept was devel-

oped that reconciles technical requirements with economic and en-

ergy aspects. Scenario 1 describes short-term exposures such as 

sampling or internal transport (< 10 minutes), for which storage in 

ambient air in a clean room (ISO 7–8) is considered uncritical. Sce-

nario 2 covers typical process times (< 5 hours), for which a very 

dry environment is also not necessary. Only in scenario 3 – storage 

over several days or weeks – is an atmosphere with a dew point ≤ 

-40 °C required to maintain the electrochemical properties. This dif-

ferentiated concept enables targeted, demand-oriented control of 

energy use.  

The energy-related benefit of these findings lies in the avoidance of 

oversized drying rooms, which have been in widespread use to date. 

The differentiation between short-, medium-, and long-term storage 

allows energy-intensive drying conditions to be used only where 

they are necessary. The results obtained in the project thus contrib-

ute significantly to the development of energy-efficient and quality-

assured cell production.  

 

4.7 Waste heat utilisation at factory level 

In addition to energy-saving measures at the machine level, consid-

ering the interaction between machines and systems offers signifi-

cant potential. 

In most applications, waste heat occurs as a result of the conversion 

of other energy sources such as electricity or as excess process heat 

at the end of a production run. This heat is often dissipated into the 

machine environment or vented outside the factory building into the 

ambient air, which requires additional energy to operate the cooling 

systems. At the same time, machines require thermal energy for 

process control, for example for component cleaning. The PTW at 

TU Darmstadt demonstrated in the ETA-Factory and ETA-Transfer 

projects that the use of electricity or natural gas as an energy source 

for heating cleaning baths can be almost completely replaced by 

unused waste heat from other processes. In an initial project, an 

exhaust gas heat exchanger was installed on a hardening furnace at 

the ETA-Factory research facility at TU Darmstadt. The thermal en-

ergy recovered from the hot exhaust gas stream was used to heat 

the cleaning bath of a component cleaning system, so that the actual 

heating by electricity could be reduced [17]. In a subsequent pro-

ject, the industrial suitability of the solution was demonstrated. In 

collaboration with Bosch Rexroth AG, three heat treatment furnaces 

at one of the company's sites were retrofitted with appropriate heat 

exchangers in the exhaust gas stream, and the waste heat was fed 

into the cleaning baths of several cleaning machines via heat ex-

changers. The previously installed electric heaters in the cleaning 

systems were not dismantled, so that the availability of the cleaning 

systems was maintained independently of the operation of the fur-

naces. This setup made it possible to replace 95% of the electrical 

heating of the baths with previously unused waste heat. This results 

in annual savings of 420,000 kWh of electricity [47]. The approach 

can also be extended to other heat treatment furnaces. 

4.8 Energy flexibility potentials in food and 

beverage industry 

In addition to applications in the metal and plastics processing in-

dustries, production technology research has also considered solu-

tions for other sectors. For example, promising approaches to in-

creasing energy efficiency have been developed in the food industry 

as part of the SynErgie project (grant number: 03SFK3A0-2). In the 

processing and production of dairy products, a significant portion of 

operating costs is attributable to energy requirements – in particular 

for the provision of heat, process cooling and the maintenance of 

the cold chain [48]. 

At a dairy site, the operation of the refrigeration systems was exam-

ined for energy flexibility potential and a corresponding strategy was 

designed. The refrigeration systems in the case study have a con-

nected load of 600 kW and an average of 5000 operating hours per 

year. Through the targeted use of inherent storage capacities – for 

example, in cheese storage rooms or saltwater basins – it is possible 

to provide cooling capacity at times when renewable electricity is 

being generated and electricity prices are lower. In the case studied, 

this enabled gross energy costs to be reduced by around 10% [49].  

In another example from the food and beverage industry within the 

SynErgie research project, the provision of process cooling required 

in the brewing process was made more flexible and energy costs 

were reduced through optimised plant operation. In the process un-

der consideration, approximately 45% of the cooling requirements 

for production are accounted for by the cooling of storage tanks for 

beer. Investigations of the process show that these tanks have an 

inherent storage capacity that allows the cooling line to be shifted 

by up to 96 hours. This flexibility potential makes it possible to op-

erate the cooling units specifically at times when electricity prices 

are low or renewable energies are highly available – resulting in cost 

savings of around 9% [50]. 

 

4.9 Energy-flexible plastic injection molding –  

Project: SynErgie III 

As part of the SynErgie III research project, the iwb at the Technical 

University of Munich has been looking at the implementation of en-

ergy flexibility measures at the factory level, among other things. 

For an exemplary application case of an SME in the field of diverse 

plastics processing, methods and approaches were developed to 

control the existing machinery in an energy-flexible manner and to 

integrate energy consumption as an essential decision-making fac-

tor in production planning.  

Energy-oriented production planning represents a major economic 

lever, especially for companies with high energy consumption, as 

energy costs represent a significant portion of their expenses that 

needs to be reduced [29]. Nevertheless, companies with lower en-

ergy consumption can also benefit from such planning, e.g., by 

smoothing out their peak loads, thereby reducing power costs [51].  

To enable corresponding savings, the first step was to examine the 

relationship between production orders and the energy consumption 

of the existing injection molding machines. The company has an ex-

tensive digital database for this purpose, which was used for the 

analysis. The regression-based evaluation confirmed the results of 
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the aforementioned project in the field of plastic injection molding, 

namely that the mass throughput and the total energy consumption 

of an injection molding machine are correlated. Since the mass 

throughput can be calculated before production starts, it is possible 

to forecast the machine- and order-specific energy consumption.  

Based on these findings, an energy-oriented planning algorithm was 

developed that can reschedule an existing order sequence in such a 

way that the load peaks that occur are minimized. A prototype im-

plementation for selected machines and a subsequent comparison 

with the production plan that maps the fastest order processing 

have shown that the maximum load peaks can be reduced from ap-

proximately 300 kW to 200 kW. However, this smoothing comes at 

the expense of production time, which was approximately 1.5 days 

longer in the case of lower load peaks than in the reference case. 

Nevertheless, extending energy-oriented planning to the entire ma-

chine park can contribute to a reduction in energy costs and thus to 

an increase in the company's competitiveness [9]. 

 

4.10 Cross-sector potential using the example 

of factories and vehicle fleets 

Factory buildings and industrial parks often consist of a large num-

ber of units that operate separately in organisational or technical 

terms, each with its own objectives. At the same time, they are con-

nected to each other via central hybrid energy networks, for exam-

ple for electricity or heat. This structural separation combined with 

simultaneous energy networking often leads to inefficiencies in the 

operation and control of energy systems. The KI4ETA project (grant 

number: 03EN2053 A–L) therefore investigated approaches for in-

tegrating the factory system with external energy systems such as 

the electricity grid and electromobility. One focus was the integra-

tion of electric vehicles into the electrical supply system of the ETA 

research factory at TU Darmstadt. As part of this sector coupling of 

industry, the electricity grid and transport, a bidirectional charging 

infrastructure was set up that enables electric vehicles to be inte-

grated into the factory network as mobile storage devices. In addi-

tion to the existing unidirectional AC charging station (type 2, 

22 kW), a DC-based charging facility was installed, which is supplied 

via the DC link of the existing hybrid energy storage system. 

 

 
Figure 6: Test vehicle and charging station next to the  
ETA research factory (Image source: PTW, TU Darmstadt) 

Bidirectional charging allows excess energy from the factory system 

to be temporarily stored in the vehicle and fed back into the grid 

when needed. This improves energy flow, increases flexibility and 

supports more efficient use of renewable energies. The project 

demonstrated the technical benefits and feasibility of the vehicle-to-

grid concept. The overall concept developed, consisting of bidirec-

tional charging infrastructure and a hybrid energy storage system, 

was published in a scientific publication [52]. 

At the interface between industry, commerce, mobility and house-

holds, the IWF and elenia Institute for High Voltage Technology and 

Energy Systems at Technische Universität Braunschweig have dedi-

cated themselves to the intelligent aggregation of consumption-side 

energy flexibility potentials as part of the flexess research project 

(grant number: 03EI4005 - 03EI4005G). Using flexibility schedules, 

the joint project used simulations to forecast flexibility potential for 

the current day (intra-day) and the following day (day ahead) and 

synchronised this with grid congestion forecasts via a central au-

thority. Individual grid-friendly schedules were then fed back to the 

supplying parties. On the industrial side, the drying room at Bat-

teryLab Factory Braunschweig and the coating, drying and calender-

ing processes were used to demonstrate how flexibility schedules 

could be generated, communicated and implemented. Beyond the 

industrial sector, the IWF has also been involved in the analysis, 

simulation and evaluation of flexibility strategies for refrigeration 

systems in the commercial sector. The project results show that 

thinking across sector boundaries is also necessary for successful 

consumer-side flexibilisation and thus the realisation of higher 

shares of fluctuating, renewable energies in the energy system [53].  
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5 Learning and research factories in 

energy-related production research 
 

Over the past decade, institutes in Germany have developed a 

strong research infrastructure to complement technical expertise in 

energy-related aspects of production technology. A key element of 

this infrastructure is the establishment of learning and research fac-

tories, which replicate the equipment and systems of entire produc-

tion facilities. These factories provide realistic experimental environ-

ments where new approaches can be tested, systemic interdepend-

encies explored, and holistic relationships simulated and experimen-

tally validated. Learning factories expand these structures with di-

dactic concepts alongside real equipment and processes, thus cre-

ating a realistic and problem-oriented environment for knowledge 

transfer [54].  

Examples of this type of research infrastructure include the ETA-

Factory in Darmstadt, the learning factory at the Technical Univer-

sity of Braunschweig and the Green Factory in Augsburg.  

 

 
Figure 7: ETA-Factory in Darmstadt 
(Image source: PTW, TU Darmstadt / Eibe Sönnecken) 

The ETA-Factory (Energy Technologies and Applications in Produc-

tion) has two production lines for research and teaching that involve 

typical processes in the metalworking industry. These include ma-

chining, component cleaning, heat treatment, robot handling and 

assembly. For teaching purposes, one of the lines can be used to 

simulate common types of energy waste and to train students in 

identifying and evaluating them. In addition, a wide range of energy 

efficiency and energy flexibility measures have been implemented in 

a tangible way. In addition to the equipment, the ETA-Factory has 

a complex supply system that allows the heating and cooling supply 

of a metalworking production facility and systems in the process in-

dustry to be mapped and experimentally investigated. A systemic 

approach is pursued, which aims to use energy efficiently within the 

factory or holistically and, for example, to use waste heat from a 

machine for other processes at a later time. In addition, measures 

are being implemented to adapt the factory to a more volatile en-

ergy supply and fluctuating energy markets. The production line is 

already regularly operated by a team of students and research as-

sistants, with daily energy market data being taken into account in 

production planning. 

 

 
Figure 8: Production lines in the ETA-Factory  
(Image source: PTW / Eibe Sönnecken) 

The learning factory at the Technische Universität Braunschweig 

supports companies from all industry branches, with a focus on 

manufacturing companies, and addresses the key areas of energy 

and resource efficiency, digitalization and urban production. Follow-

ing extensive modernization, the newly created learning factory for 

“circular  attery cell production” will feature small-scale, modular 

learning stations, each representing individual process steps in bat-

tery cell production and designed to be flexibly combined into pro-

cess chains. These will be supplemented by peripheral systems and 

systems for representing technical building equipment (TBE). As 

shown in Figure 9, this also includes the integration of renewable 

energy generation using wind power and photovoltaic systems, 

which, in combination with a battery storage system, will enable 

teaching and research activities on the topic of optimized self-con-

sumption of electricity through energy flexibility.  

The physical learning stations and facilities are embedded in a virtual 

environment (cyber-physical system), which allows individual sta-

tions to be emulated by virtual learning stations. This means that 

the teaching and learning environment can be quickly adapted to 

different issues and future trends. The integration of forward and 

backward process chains into a circular battery cell production pro-

cess enables the teaching of technical and methodological skills in 

the following areas: 

Figure 9: Infrastructure for self-sufficient electricity supply using 
wind turbines and photovoltaic systems for the learning factory at 
the IWF of the Technische Universität Braunschweig (Image 
source: IWF TU Braunschweig) 
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• Energy- and resource-efficient process and manufacturing 

technologies for the production and recycling of traction bat-

teries as the basis for closed material cycles 

• Implementation of Industry 4.0 technologies for the intelligent 

design of processes and material and substance cycles 

• Circular product design and material selection as well as their 

characterization as a basis for closed cycles 

• Quantitative sustainability assessment and ensuing life cycle 

engineering  

The learning factory “ ircular Battery  ell  roduction” e pands the 

equipment available at the Technische Universität Braunschweig 

and provides infrastructure specifically for the training and further 

education of young scientists. It is embedded into a comprehensive 

research network as shown in Figure 10, which consists of other 

battery cell production and battery recycling facilities at Braun-

schweig firming under the name BatteryLabFactories and More 

(BLB+) at the research airport in Braunschweig as well as the hy-

drogen campus in Salzgitter, which is operated jointly with the 

Fraunhofer Society and other industrial stakeholders. 

 

Figure 10: Research network and infrastructure at TU Braun-
schweig related to the learning factory  
(Image sources: TU Braunschweig / Braunschweig Labfactories for 
Batteries and more / Fraunhofer ZESS / HDR GmbH) 

A deep understanding of closed material cycles is a central pillar for 

training and promoting the next generation of energy storage spe-

cialists and a prerequisite for the intelligent and efficient production 

of sustainable storage technologies in Germany as a business loca-

tion. The learning factory is based on the principle of research-based 

learning. The training measures are geared toward the latest re-

search findings and the needs of industry. New technologies and 

methods for circular battery cell production can be integrated into 

the test environment at an early stage and made available for the 

training of skilled workers and, in particular, young scientists. 

Another example is the “Future Factory” of the iwb (see Figure 11) 

at the Technical University of Munich, which unlocks synergies from 

interdisciplinary collaboration across all levels of the value chain. The 

production environment is based on a modular infrastructure that 

can be flexibly assembled from different battery production steps.  

 

 
Figure 11: iwb production hall (Image source: TUM / Andreas 
Heddergott) 

It provides a real-world demonstration and research environment in 

which new technologies can be tested and further developed under 

practical conditions. The environment is accessible both physically 

and digitally, enabling hybrid experiments and analyses. This allows 

forward-looking trends to be identified at an early stage, integrated, 

and evaluated on a scientific basis. 

Since February 2020, research operations have been underway at 

the Green Factory, Fraunhofer IGCV's second location in Augsburg's 

Innovation Park (see Figure 12). There, manufacturing companies 

are supported in reducing their energy and resource consumption. 

This is reflected in both the innovative building concept and the on-

going research and demonstration activities. The Green Factory's 

energy concept incorporates photovoltaics, a heat pump, a district 

heating connection, a refrigeration machine utilising waste heat and 

concrete core activation. Digital energy monitoring provides real-

time data on energy consumption and the sustainability of the pro-

duction facilities, which is displayed on a monitor in the entrance 

area. Efficiency measures, such as reducing room air conditioning at 

night, are evaluated and implemented as part of continuous energy 

management. The building's modular design allows its technical in-

frastructure to be flexibly adapted to different research and applica-

tion requirements. Practical research focuses on additive manufac-

turing, automation, energy storage, sustainable factory planning 

and operation, and digitalisation and artificial intelligence. Produc-

tion processes are designed to be energy- and resource-efficient by 

considering and evaluating material and energy flows. The Green 

Factory is a demonstration platform for sustainable production sys-

tems. It supports the transfer of technology to small and medium-

sized enterprises and promotes the practical training of future skilled 

workers. 
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Abbildung 12: Green Factory of the Fraunhofer IGCV in Augsburg  
(Image source: Fraunhofer IGCV / Johannes Huismann) 

As facilities at the respective universities, the factories are integrated 

into the training of young engineers and help to convey current re-

search topics in a direct and practical manner. In addition to impart-

ing knowledge in academic education, workshops are regularly held 

for personnel from industry. 

 

 
Figure 13: Students operating assembly workstations on the pro-
duction line for energy-related training and upskilling at the ETA-
Factory (Image source: PTW, TU Darmstadt) 

Networks of companies have sprung up around these locations, fa-

cilitating close cooperation between industry and university re-

search. This collaboration allows research findings to be transferred 

into industrial practice while also feeding back requirements and fu-

ture research questions to the institutes. 

The examples presented are representative of structures and cen-

ters of excellence that exist at research institutions throughout Ger-

many and are working towards an energy-efficient, energy-flexible, 

and decarbonized future industry. Further examples can be found in 

Chemnitz and Stuttgart, among other places. 

 

 

 

 

 

 

6 Recommendations for action 
 

In the fields of energy efficiency, energy flexibility and decarboniza-

tion, WGP has a full range of expertise and experience in production 

technology applications. This is complemented by a well-developed 

research infrastructure, which serves as a basis for future research 

questions concerning the energy system of industrial applications. 

However, the scope for possible innovations is far from exhausted 

and offers potential for new competitiveness. The existing research 

landscape provides a good starting point for this, which should be 

taken advantage of. The fields of action listed below represent some 

of these potentials, which offer opportunities for the future develop-

ment of Germany as an industrial location. 

 

6.1 Decarbonisation and transfer of measures 

In order to achieve the goal of net-zero production in the manufac-

turing industry as a contribution to the overarching politically an-

chored goal of climate neutrality by 2045, a holistic view of the im-

plementation options is required, from the formulation of goals to 

the implementation of individual measures. While many companies 

have already formulated long-term climate targets, the path to 

achieving them in the form of a concrete roadmap of technical 

measures often remains unclear. In many cases, targets are pursued 

through mere compensation of emissions rather than actual reduc-

tion. Further research is therefore needed to identify different trans-

formation paths for achieving a company's long-term climate tar-

gets, evaluate them quantitatively and thus contribute to objective 

decision-making. Many of the technologies required for this are al-

ready available today. Nevertheless, in practice there is a gap be-

tween long-term climate targets and the implementation of con-

crete, coordinated measures in a complex system. This is where re-

search into overcoming transformation barriers comes in. It is nec-

essary to investigate how, on the one hand, technical solutions can 

be transferred from research to industrial application and, on the 

other hand, how the skills required to understand complex industrial 

energy systems can be taught. Important instruments for this are 

model and learning factories, which, as best-practice factories on an 

industrial scale, demonstrate the state of net-zero production in a 

realistic manner and impart skills to companies in practical training 

courses and to students in additional courses. 

 

6.2 AI-assisted systems as enablers of energy 

efficiency and energy flexibility 

The use of AI-based assistance systems in industry enables targeted 

energy load management and empowers companies to implement 

various measures to increase energy flexibility. In this way, energy 

losses can be effectively reduced through intelligent process optimi-

sation. In addition, energy consumption forecasts enable early de-

tection of peak loads and targeted countermeasures. At the same 

time, predictive maintenance helps to identify and remedy inefficient 

and energy-intensive machine conditions in good time. Intensive re-

search is necessary to ensure that such systems can be used effec-

tively on a broad scale, particularly with regard to resilient and cost-
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effective implementation in small and medium-sized enterprises. In 

addition, it is important to transfer already developed demonstrators 

to higher technology readiness levels (TRL) and to ensure the long-

term maintenance of such digital AI-assisted systems. 

 

6.3 Systemic consideration of energy efficiency 

Energy efficiency must be consistently understood as a systemic op-

timization goal and should be supported by politics accordingly. Iso-

lated measures at the machine level fail if potential at higher levels, 

such as intelligent process chain control, holistic energy manage-

ment in the factory or cross-sector networking, remains untapped. 

Political support instruments should therefore focus more on inte-

grative approaches that aim at increasing efficiency on several levels 

simultaneously: from components to production processes to factory 

structures and their energy-related environment. Real-world labor-

atories and learning factories can serve as catalysts in this regard, 

making complex system relationships researchable and applicable. 

 

6.4 Systemic consideration of energy flexibility 

and dealing with conflicting goals 

Energy flexibility, like energy efficiency, must be considered system-

atically across all levels of industrial value creation. Flexibility poten-

tial arises not only from technical adjustments at the machine level, 

but above all from intelligent process planning, organizational adap-

tation of operational procedures, and the coupling of production sys-

tems with energy storage facilities and higher-level energy manage-

ment systems. This systemic perspective opens up new scope for 

action, but also brings with it conflicting goals: In certain cases, 

measures to increase flexibility can conflict with the energy effi-

ciency of individual processes, for example when deliberately ineffi-

cient operating modes have to be chosen in favor of grid-friendly 

flexibility. Political framework conditions and support mechanisms 

should recognize this conflict of objectives and focus not only on 

maximum efficiency of individual subsystems, but also on resilience 

and system services. The framework conditions should therefore be 

designed in such a way that they explicitly take into account the 

trade-off between efficiency and flexibility—for example, through 

technology-neutral evaluation criteria or by giving equal considera-

tion to system-friendly flexibility alongside efficiency indicators. 

 

6.5 Consideration of energy flexibility in the 

context of heat-based production processes 

Until now, industrial energy flexibility has primarily been considered 

in the context of electrical consumers. Heat-based processes—which 

are often more difficult to render flexible but are particularly relevant 

from an economic and ecological perspective—have largely been ig-

nored. However, particularly in relation to energy-intensive and scal-

able processes such as drying and conditioning in battery cell pro-

duction, there is significant potential for flexibility that can be lever-

aged, for example, through the use of thermal storage, the switch 

to hybrid heat generators, or the targeted use of alternative energy 

sources. Over many years, excellent research infrastructures have 

been established at the WGP institutes, enabling such concepts to 

be investigated under realistic conditions and put into practice in 

collaboration with partners from industry, especially small and me-

dium-sized enterprises. This existing expertise and the established 

transfer structures need to be further developed in a targeted man-

ner. Stronger political support for demonstration projects in the field 

of heat-based energy flexibility – even beyond large industrial flag-

ship projects – is crucial in order to effectively integrate this hitherto 

underrepresented area into the transformation of the energy sys-

tem. 

 

6.6 Automated energy-aware production con-

trol 

Initial studies indicate that integrating energy indicators into pro-

duction planning can yield significant cost advantages over tradi-

tional planning methods, such as those based on manufacturing and 

throughput times. This link opens up new potential for energy-aware 

production control, which offers both economic and ecological ad-

vantages. At the same time, automated systems address the chal-

lenge for manufacturing companies of finding qualified personnel 

and scaling expertise. Innovations that contribute to a higher degree 

of automation in production control thus represent a significant step 

towards a sustainable industrial location. 

Increasing automation requires greater networking of production 

machines and the consistent integration of energy consumption data 

into existing IT systems. Energy-aware production planning can 

then contribute significantly to reducing energy costs. 

This progress can be fostered through political action by establishing 

appropriate framework conditions. Abolishing the usage-hour rule 

could help to remove false incentives for the introduction of demand 

response measures. At the same time, this would create economic 

incentives to take energy flexibility potential into account in planning 

and to exploit it through automated order management. 

 

6.7 Standardization, data interfaces for energy 

flexibility 

Further research is needed in the areas of standardization, interop-

erability, and open system architectures to successfully implement 

cross-sector flexibility solutions. In particular, uniform interfaces 

need to be developed to connect facilities and IT systems securely, 

easily, and efficiently across companies and sectors. Open, interop-

erable data exchange must meet both technical and regulatory re-

quirements and comply with high standards of data protection and 

IT security. Future developments should be more closely aligned 

with European guidelines such as the Network Code on Demand Re-

sponse in order to ensure long-term connectivity. This requires de-

centralized, open-source-based flexibility management platforms 

with a high degree of maturity that enable modularity and avoid 

lock-in effects. In addition, there has been considerable progress in 

recent years by private providers of energy management systems, 

which are increasingly integrating flexible consumers such as heat 

pumps, battery storage, electric cars, and smart home components. 

Another focus of future research should be the transfer and linking 

of solutions developed in the building sector to industry in order to 

achieve cross-sector flexibility management. 
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6.8 Driving energy productivity 

The examples described in this position paper show that the current 

state of the art offers considerable potential for increasing energy 

productivity, i.e., economic output per unit of energy used. Progress 

has been demonstrated for several widely used manufacturing tech-

nologies, such as machining, injection molding, and component 

cleaning. The aim here is to build on the expertise that has been 

developed and to achieve further efficiency gains. In particular, a 

holistic view of energy, material, and operating resource flows as 

well as new, efficient cross-sectional technologies, promise a leap in 

productivity. The same applies to other fields of technology, such as 

heat treatment and forming and shaping. In particular, further inno-

vations in the provision of process heat and the use of waste heat 

within processes and beyond process boundaries are of great im-

portance for decarbonization. 

 

6.9 Promoting skills, acceptance and user-

friendliness for the integration of energy flexi-

bility into business processes 

Integrating energy flexibility measures into operational processes is 

complex and presents a number of challenges. Initial approaches 

are already in place, for example for the technical and economic 

assessment of flexibility potential, system enablement and practical 

implementation. Despite existing pilot projects and technical tools, 

many companies are still somewhat reluctant to embrace such 

changes. In order to successfully anchor energy flexibility in every-

day operations, not only functioning technologies are required, but 

also clear political framework conditions and regulations. Further de-

velopment of grid fee regulation to strengthen demand flexibility is 

an essential starting point here. This would strengthen economic 

incentives and motivate companies to adapt their operational pro-

cesses. 

On the corporate side, this requires the promotion of skills, ac-

ceptance and user-friendly processes – for example, through prac-

tice-oriented training programmes, transparent communication of 

scientific findings and economic benefits, and employee-friendly im-

plementation. The complementary promotion of basic research to-

gether with transfer efforts is an essential lever in this regard. 

 

 

 

 

  



 

16 

 

References 

 

[1] Arbeitsgemeinschaft Energiebilanzen e.V. „Auswertungsta-

bellen zur Energiebilanz Deutschland: Daten für die Jahre 

von 1990 bis 2023.“ Accessed: 20. August 2025. [Online.] 

https://ag-energiebilanzen.de/wp-content/uploads/2023/11/

awt_2023_d.pdf 

[2] S. Seyfried, Reifegradorientierte Gestaltung von Klimastrate-

gien für kleine und mittlere Unternehmen der Fertigungsin-

dustrie (Dissertation) (Innovation Fertigungstechnik). Darm-

stadt: Shaker, 2025. 

[3] M. Honegger, S. Schäfer, P. Poralla und Michaelowa, „dena-

Analyse: Klimaneutralität – ein Konzept mit weitreichenden 

Implikationen,“ Perspectives Climate Research gGmbH,  

 Freiburg i. B, 2020. 

[4] J. Christensen, J. Kessler, M. Krey und M. A. Marr, „Kli-

maneutralität von Unternehmen: Bestehende Standards, Ini-

tiativen und Label sowie Einordnung der Rolle von Treib-

hausgas-Kompensation,“ Berlin, 2022. Accessed: 7. Juni 

2023. [Online] https://www.dena.de/newsroom/publikati-

onsdetailansicht/pub/analyse-klimaneutralitaet-von-unter-

nehmen/ 

[5] Management des Klimawandels - Übergang zu Netto-Null - 

Teil 1: Treibhausgasneutralität, ISO 14068-1:2023-11, Inter-

national Organization for Standardization. 

[6] Science Based Targets Initiative, “SBTi Corporate Net-Zero 

Standard,” 2023. Accessed: 05. September 2025. [Online] 

https://sciencebasedtargets.org/resources/files/Net-Zero-

Standard.pdf 

[7] IPCC, Hg. Global Warming of 1.5°C. Cambridge University 

Press, 2022. 

[8] J. Poligkeit, T. Fugger und C. Herrmann, “Decarbonization in 

the Automotive Sector: A Holistic Status Quo Analysis of 

Original Equipment Manufacturer Strategies and Carbon 

Management Activities,” Sustainability, Jg. 15, Nr. 22, S. 

15753, 2023. 

[9] J. Sossenheimer et al., „14 Energieeffizienz und Energieflexi-

bilität in der Fertigung,“ in Handbuch Nachhaltige Produk-

tion, M. F. Zäh, Hg., München: Carl Hanser Verlag GmbH & 

Co. KG, 2024, S. 369–396. 

[10] OECD Organisation for Economic Co-operation and Develop-

ment, Measuring Productivity: OECD Manual: Measurement 

of Aggregate and Industry-Level Productivity Growth. Paris: 

Organisation for Economic Co-operation and Development, 

2001. Accessed: 05. September 2025. [Online] https://

www.oecd.org/content/dam/oecd/en/publications/reports/

2001/07/measuring-productivity-oecd-manual_g1gh2484/

9789264194519-en.pdf 

[11] M. Wörle, J. Schulz und M. F. Zäh, „13 Regenerative Ener-

gieversorgung von Produktionssystemen,“ in Handbuch 

Nachhaltige Produktion, M. F. Zäh, Hg., München: Carl Han-

ser Verlag GmbH & Co. KG, 2024, S. 345–368. 

[12] M. Wietschel et al., „Sektorkopplung - Definition, Chancen 

und Herausforderungen: Working Papier Sustainbility and 

Innovation No. S 01/2018,“ 2018. Accessed: 05. September 

2025. [Online] https://www.isi.fraunhofer.de/content/dam/

isi/dokumente/sustainability-innovation/2018/WP01-2018_

Sektorkopplung_Wietschel.pdf 

[13] M. R. Chertow, “Industrial Symbiosis: Literature and Taxon-

omy,” Annu. Rev. Energy. Environ., Jg. 25, Nr. 1, S. 313–

337, 2000. 

[14] Bundesnetzagentur für Elektrizität, Gas, Telekommunikation, 

Post und Eisenbahnen, Hg., „Flexibilität im Stromversor-

gungssystem: Bestandsaufnahme, Hemmnisse und Ansätze 

zur verbesserten Erschließung von Flexibilität,“ Apr. 2017. 

Accessed: 05. September 2025. [Online] https://www.bun-

desnetzagentur.de/DE/Fachthemen/ElektrizitaetundGas/

VerteilerNetz/Flexibilitaet/BNetzA_Flexibilitaetspapier.pdf?

__blob=publicationFile&v=1 

[15] U.S. Department of Energy, “Benefits of Demand Response 

in Electricity Markets nd Recommentations for Achieving 

Them,” 2006. 

[16] VDI 5207 Energieflexible Fabrik. Blatt 1: Grundlagen, 5207-

1, VDI - Verein Deutscher Ingenieure, Düsseldorf, Jul. 2020. 

Accessed: 05. September 2025. [Online] https://www.vdi.de

/richtlinien/details/vdi-5207-blatt-1-energieflexible-fabrik-

grundlagen 

[17] E. Abele et al., „Gemeinsamer Schlussbericht zum Projekt 

ETA-Fabrik: Energieeffiziente Fabrik für interdisziplinäre 

Technologie- und Anwendungsforschung,“ Gemeinsamer 

Schlussbericht zum Projekt ETA-Fabrik. 

[18] M. Weigold, „LoTuS - Leistungsoptimierte Trocknung und 

Sauberkeit: gemeinsamer Schlussbericht: Fachbereich: Ener-

gieeffizienz für Industrie und Gewerbe (ESN 2) : Projektlauf-

zeit: 01.12.2019-31.05.2023. 

[19] M. Weigold et al., „Abschlussbericht ETA im Bestand: ETA im 

Bestand - Technologie- und Methodenbaukasten zur Ener-

gieeffizienzsteigerung im Bestand der metallverarbeitenden 

Industrie,“ Förderkennzeichen 03EN2048A, Verbundvorha-

ben 01213651/1, 2023. 

[20] H. Sinner, Über das Waschen mit Haushaltwaschmaschinen: 

In welchem Umfange erleichtern Haushaltswaschmaschinen 

und -geraete das Waeschehaben im Haushalt. Haus + Heim 

Verlag, 1960. 

[21] G. Elserafi, B. Ioshchikhes, J. Magin und M. Weigold, “Pro-

cess monitoring for energy assessment of parts drying pro-

cesses,” Procedia CIRP, Jg. 120, S. 392–397, 2023.  

[22] G. Elserafi, “Needs-based and energy efficient parts drying 

using process monitoring and control,” UNSPECIFIED, 2025. 

[23] G. Elserafi, F. Borst, A. von Hayn, S. Schmitt und M. 

Weigold, “Energieeffiziente Bauteiltrocknung durch 

Abwärmenutzung/Energy efficient parts drying through 

waste heat utilization – Integrated thermal planning of a 

throughput cleaning machine for internal waste heat utiliza-

tion,” wt, Jg. 111, 01-02, S. 25–30, 2021. 

[24] J. Magin, G. Elserafi, A. von Hayn, K. Stellmacher und M. 

Weigold, „Einsparpotenzial alternativer Trocknungstechnolo-

gien,“ Zeitschrift für wirtschaftlichen Fabrikbetrieb, Jg. 119, 

Nr. 3, S. 162–165, 2024. 

[25] B. Denkena, E. Abele, C. Brecher, M.-A. Dittrich, S. Kara und 

M. Mori, „Energy efficient machine tools,“ CIRP Annals, Jg. 

69, Nr. 2, S. 646–667, 2020. 

[26] H.-C. Möhring, C. Brecher, E. Abele, J. Fleischer und F. Blei-

cher, „Materials in machine tool structures,“ CIRP Annals, Jg. 

64, Nr. 2, S. 725–748, 2015. 

[27] M. Helfert, T. Kohne, L. Petruschke, M. Burkhardt und E. A-

bele, „Energieeffiziente Kühlung durch Einsatz innovativer 

Aggregate,“ WB Werkstatt+Betrieb, Nr. 9, S. 218–220, 

2018. 

[28] B. Denkena, P. Helmecke und L. Hülsemeyer, “Energy Effi-

cient Machining with Optimized Coolant Lubrication Flow 

Rates,” Procedia CIRP, Jg. 24, S. 25–31, 2014. 



 

17 

 

[29] E. Abele, T. Sielaff und M. Beck, „Schlussbericht zum Projekt 

Maxiem - Maximierung der Energieeffizienz spanender Werk-

zeugmaschinen,“ Technische Universität Darmstadt, 2013. 

Accessed: 05. September 2025. [Online] https://edocs.tib.eu

/files/e01fb14/782530303.pdf 

[30] M. Lindner, B. Grosch, G. Elserafi, B. Dietrich und M. 

Weigold, “Holistic Approach for an Energy-Flexible Operation 

of a Machine Tool with Cooling Supply,” Energies, Jg. 16, Nr. 

9, S. 3943, 2023. 

[31] Statistisches Bundesamt. „Treibhausgasemissionen der deut-

schen Gießereiindustrie in den Jahren 2000 bis 2022.“ Ac-

cessed: 21. August 2025. [Online.] https://de.statista.com/

statistik/daten/studie/476842/umfrage/treibhausgasemissio-

nen-der-deutschen-giessereiindustrie/ 

[32] R. Maresch. „Neue Technologie für Gießereien senkt Ener-

giekosten und CO2-Emissionen erheblich.“ Accessed: 20. Au-

gust 2025. [Online] https://www.fraunhofer.de/content/

dam/zv/de/presse-medien/Pressemappen/2019/hannover-

messe/hannover-messe-2019-iff-neue-technologie-fuer-gies-

sereien-senkt-energiekosten-und-co2-emissionen.pdf 

[33] Fraunhofer-Institut für Gießerei-, Composite- und Verarbei-

tungstechnik IGCV. „WindMelt | Schmelzen mit Wind: Klima-

freundliche Gießerei durch Windkraft.“ Accessed: 20. August 

2025. [Online] https://www.igcv.fraunhofer.de/de/for-

schung/referenzprojekte/windmelt_giesserei_windkraft_

schmelze.html 

[34] Bundesnetzagentur (BNetzA). „Quartalsbericht Netz- und 

Systemsicherheit - Gesamtes Jahr 2020.“ Accessed: 20. Au-

gust 2025. [Online] https://www.bundesnetzagentur.de/

SharedDocs/Mediathek/Berichte/2020/Quartalszahlen_

Gesamtjahr_2020.pdf 

[35] Bundesnetzagentur (BNetzA). „Quartalsbericht Netz- und 

Systemsicherheit - Gesamtes Jahr 2019.“ Accessed: 20. Au-

gust 2025. [Online] https://www.bundesnetzagentur.de/

SharedDocs/Mediathek/Berichte/2020/Quartalszahlen_

Gesamtjahr_2019.pdf 

[36] V. Kalchschmid et al., „WindMelt,“ Zeitschrift für wirtschaftli-

chen Fabrikbetrieb, Jg. 116, Nr. 12, S. 922–930, 2021. 

[37] N. Madanchi, M. Winter, S. Thiede und C. Herrmann, “En-

ergy Efficient Cutting Fluid Supply: The Impact of Nozzle De-

sign,” Procedia CIRP, Jg. 61, S. 564–569, 2017. 

[38] C. Rogall. „Bis zu 25% Energie sparen dank bedarfsorientier-

ter Kühlschmierstoffsysteme.“ Accessed: 05. September 

2025. [Online] https://wgp.de/de/bis-zu-25-energie-sparen-

dank-bedarfsorientierter-kuehlschmierstoffsysteme/ 

[39] C. Rogall, R. Arafat, T. Abraham und C. Herrmann, “Applica-

tion of sustainability-oriented cyber physical production sys-

tems to grinding processes,” Procedia CIRP, Jg. 120, S. 553–

558, 2023. 

[40] R. Arafat, N. Madanchi, S. Thiede, C. Herrmann und S. J. 

Skerlos, “Supercritical carbon dioxide and minimum quantity 

lubrication in pendular surface grinding – A feasibility study,” 

Journal of Cleaner Production, Jg. 296, S. 126560, 2021. 

[41] W. Li, S. Kara und F. Qureshi, “Characterising energy and 

eco-efficiency of injection moulding processes,” International 

Journal of Sustainable Engineering, Jg. 8, Nr. 1, S. 55–65, 

2015. 

[42] H.-J. Endres, M. Mudersbach, H. Behnsen und S. Spierling, 

Biokunststoffe unter dem Blickwinkel der Nachhaltigkeit und 

Kommunikation. Wiesbaden: Springer Fachmedien Wiesba-

den, 2020. 

[43] H. Sundmaeker, T. Spiering, S. Kohlitz und C. Herrmann, 

“Injection Mould Design: Impact on Energy Efficiency in 

Manufacturing,” in Re-engineering Manufacturing for Sus-

tainability, A. Y. C. Nee, B. Song und S.-K. Ong, Hg., Singa-

pore: Springer Singapore, 2013, S. 269–274. 

[44] T. Spiering, S. Kohlitz, H. Sundmaeker und C. Herrmann, 

“Energy efficiency benchmarking for injection moulding pro-

cesses,” Robotics and Computer-Integrated Manufacturing, 

Jg. 36, S. 45–59, 2015. 

[45] Y. Liu, R. Zhang, J. Wang und Y. Wang, “Current and future 

lithium-ion battery manufacturing,” iScience, Early Access. 

[46] A. Jinasena, O. S. Burheim und A. H. Strømman, “A Flexible 

Model for Benchmarking the Energy Usage of Automotive 

Lithium-Ion Battery Cell Manufacturing,” Batteries, Jg. 7,  

Nr. 1, S. 14, 2021. 

[47] M. Weigold, M. Burkhardt, L. Petruschke, T. Kohne,  

B. Grosch und A. Wächter, „Abschlussbericht des Projekts 

ETA-Transfer: Leuchtturmprojekte zur Verbreitung innovati-

ver Energiekonzepte in der Industrie,“ Technische Universi-

tät Darmstadt, 2022. 

[48] A. Bachmann et al., „Energieflexibel in die Zukunft – Wie 

Fabriken zum Gelingen der Energiewende beitragen können: 

VDI-Handlungsempfehlungen, Oktober 2021,“, 2021. Ac-

cessed: 21. August 2025. [Online] https://publica.fraunho-

fer.de/entities/publication/b5362587-fa75-451f-9cc0-

de9d2e869c9f/details 

[49] A. Sauer, H. U. Buhl, A. Mitsos und M. Weigold, Energieflexi-

bilität in der deutschen Industrie: Band 2: Markt- und 

Stromsystem, Managementsysteme und Technologien ener-

gieflexibler Fabriken. Stuttgart: Fraunhofer Verlag, 2022. Ac-

cessed: 05. September 2025. [Online] https://publica.fraun-

hofer.de/entities/publication/9b694efd-bcd2-4441-b5f6-

8c365d434493/details 

[50] A. von Hayn, J. Moske, P. Aselmann und M. Weigold, “De-

mand side management in the cooling supply of brewing 

processes,” 

[51] H. U. Buhl, G. Fridgen, E.-M. Ländner und M. Schöpf, „Ein-

schränkungen durch Regulatorik,“ in Ergebnisse aus dem 

Kopernikus-Projekt: Synchronisierte und energieadaptive 

Produktionstechnik zur flexiblen Ausrichtung von Indust-

rieprozessen auf eine fluktuierende Energieversorgung (Sy-

nErgie) (Energieflexibilität in der deutschen Industrie), A. 

Sauer, E. Abele und H. U. Buhl, Hg., Stuttgart: Fraunhofer 

Verlag, 2019, S. 167–176. 

[52] T. Franzelin, S. Schwarz und S. Rinderknecht, “Smart Charg-

ing and V2G: Enhancing a Hybrid Energy Storage System 

with Intelligent and Bidirectional EV Charging,” WEVJ, Jg. 

16, Nr. 3, S. 121, 2025. 

[53] C. Reinhold et al., „flexess - Entwicklung von Strategien und 

Lösungen zur Ausschöpfung zukünftiger Flexibilitätspotenti-

ale vollelektrischer Haushalte, Gewerbe, Industrien und 

Elektromobilität: Schlussbericht,“ 2024. 

[54] International Association of Learning Factories. “Definition of 

“learning factory”.” Accessed: 30. Juni 2025. [Online] 

https://ialf-online.net/ 

 


	Folie 1

