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1. SUBTASK 1 PROJECT CONTRIBUTIONS 
1.1. COUNTRY & INSTITUTION: AUSTRIA (AEE INTEC) 

Project Name: DigitalEnergyTwin – Optimised operation and design of industrial energy 
systems 

Summary  
The project DigitalEnergyTwin supports the industry with the development of a 
methodology and software tool to optimize the operation and design of industrial energy 
systems with a particular focus on excess heat valorisation from production processes in 
to the energy systems. By applying the methodology of the digital twin, detailed energy 
system modelling is developed for selected processes (energy relevant having excess 
heat potential) and renewable energy supply technologies, validated and simplified. The 
core of the project is the development of the optimization approach, applied for single use 
cases as well as a real implementation in a manufacturing industry (PCB Industry) in order 
to provide, for the first time, a solution for the challenge between volatile renewable 
energies and an efficient use in fluctuating process energy demand (thermal and electric) 
in industry. By this, and the modularity and standardised development, a maximum impact 
and multiplication in other industrial companies and sectors will be achieved and the 
industry gets a significant reduction of costs and risk of investment decision, which will 
lead to a substantial increase of energy efficiency and renewable energy by the 
implementation of further DigitalEnergyTwins. 

Introduction  
Industrial energy systems for manufacturing are mainly designed for single supply 
technologies, not designed for the fluctuation of energy demand and energy supply and 
thus can only react to a volatile demand and supply (thermal and electric) to a limited 
extent. From this, the need for the best possible support in optimizing the operation of the 
industrial energy system (demand and supply), the interaction of different renewable 
(volatile) and conventional energy sources and the design for industrial energy systems 
can be derived. Similarly, the forecast and use of excess heat from industrial processes in 
combination with renewable hybrid energy supply systems is desired by energy managers 
in industries.  

The demand for products from the printed circuit board industry is continuously on the 
rise. Besides the increase of production capacity, companies have to face the challenge of 
frequent change and adaptation to end-user requirements, causing significant changes in 
the energy demand and supply, excess heat from processes, and by this, energy capacity 
limits on-site. This will be further increased by digitalisation and in terms of site security 
the need to increase productivity. The flexibility of the system makes it almost impossible 
for industry to plan and assess necessary adaptations and investment in the process and 
supply system and these challenges will increase significantly in the upcoming years. 
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Aims and objectives  
The overall objective of DigitalEnergyTwin is to support the industry with the development 
of a methodology and tool to optimize the operation and design of industrial energy 
systems. By applying the methodology of the digital twin, detailed energy system 
modelling will be developed for selected processes (energy relevant) and supply 
technologies (conventional and renewable), validated and simplified. The core of the 
project is the development of an optimization approach, applied for single use cases as 
well as a real implementation in manufacturing industry (PCB industry). The use of this 
methodology will also enable the exploitation for an EnergyManager4.0, using the 
approach of augmented and virtual reality. By this, a maximum impact and multiplication 
in other industrial companies and sectors will be achieved. 

Content and methodology 
The content and methodology of the project is summarised as following: 

• Preparation and verification of DigitalEnergyTwin framework 

o Definition of workflows and technical boundary conditions 
o Categorization and evaluation of existing digital twin implementations in the 

manufacturing industry with a special focus on the printed circuit board 
industry 

o Definition of requirements for modelling, simulation, optimization the 
DigitalEnergyTwin framework, interfaces and standards 

o Analysis of industrial use case production processes and identification of 
excess heat potential and integration in hybrid energy supply systems. 

o Identification of barriers and (technical/economic potentials for multiplication 
of DigitalEnergyTwin architectures and results 

• Development, validation and simplification of component models for 
DigitalEnergyTwin 

o Development of physical and data-driven models for selected industrial 
processes and energy supply technologies/utilities (conventional and 
renewables) of the printed circuit board industry and related industrial 
sectors with a detailed modelling of the energy and exergy consumption 
resp. economic KPIs to facilitate fast and cost-efficient representation in 
DigitalEnergyTwin.  

o Implementation of models in a development and simulation framework 
compatible with FMI/FMU standard 

o Model simplification by identification of control and target parameter, 
following defined model standards 

• Data handling, management and security 

o Definition of requirements for secure digital ecosystem for data handling and 
IT architecture for DigitalEnergyTwin applications 

o Selection and adaption of methods for cost-efficient data management, 
processing and integration 

o Conceptualization and Implementation of a proof-of-concept 
DigitalEnergyTwin data handling 

• Development of generic optimisation methods in the DigitalEnergyTwin 
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o Development of generic optimization method for operation and design of 
industrial energy system, maximising energy/resource efficiency and 
renewable/efficient process and supply technologies 

o Identification/ definition of specific and global KPIs used as target value of 
optimisation method 

• Industrial implementation and practical validation of DigitalEnergyTwin 
• Implementation of Augmented and Virtual Reality in DigitalEnergyTwin 

Results  
At the end of the project, DigitalEnergyTwin will provide the following main products and 
thus ensure that the gained knowledge and results will be used beyond the project 
lifetime: 

• Holistic Optimization Algorithm and Software for industrial energy systems. This 
software allows the energy managers to design a hybrid industrial energy supply 
system by integrating renewable energy utilities and valorising the excess process 
heat.  

• DigitalEnergyTwin software - Application of digital twin methodology to industrial 
energy systems 

• Holistic and simplified energy models for: 

o energy demand form processes including excess heat potential,  
o energy supply (conventional and renewable) 

• Validation and standardized concept for data security, data management and 
handling between software and hardware components 

• Standardized and simplified model and workflow for the multiplication of 
DigitalEnergyTwin 

• Service provision and EnergyManager4.0 in combination with augmented and 
virtual reality (AR/VR) for human-to-machine interaction in the context of industry 
4.0. 

Conclusion  
DigitalEnergyTwin is an ongoing project, therefore, the following conclusions are based on 
the first 2 years of project activities. The application of digital twin concept to energy 
systems is highly appreciated by the industries and equips them to achieve their 
decarbonisation goals. Despite strong interest from industry, availability of the data 
required for preparing models for digital twins is a big challenge. The existing data from 
industry including the historic and sensor data is not lacks in quality and quantity. 
Therefore, dedicated efforts are required for setting up data acquisition and management 
infrastructure. The excess heat potential in industrial processes when integrated with 
other renewable energy utilities offers a very promising, safe, secure and flexible 
alternative to conventional energy supply systems. The tools and software developed by 
DigitalEnergyTwin project will accelerate the implementation of the technologies and 
optimisation methodologies for excess heat valorisation. 
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Project Name: CORES – Integration of combined renewable energy systems in industry 

Summary  
The innovation content of CORES lies in the identification, evaluation and design (design 
and operation) of technically, exergetically and economically optimized combinations and 
interconnections of renewable technologies (selected from waste heat utilization-solar 
heat pump-storage-photovoltaics and PVT-collectors) to cover the industrial process heat 
demand. For this purpose, an optimization algorithm is developed that combines 
technology-specific parameters into system KPIs using comprehensible evaluation criteria 
(global performance indicators) to generate a system optimum. Based on a system 
simulation and its application in 3 real industrial studies, control concepts for the operation 
of the sustainable energy supply of an industrial plant are derived. CORES is carried out 
as a D-A-CH project with German and Swiss consortia to exploit additional synergies in 
the field of optimized integration of an industrial plant into grid-connected (thermal) energy 
supply as well as innovative economic evaluation parameters (non-energy criteria, 
business models). Through a joint dissemination, target groups (industry, planners, 
technology providers) in the German-speaking and European area were addressed and 
integrated into the development in order to achieve a maximum impact in the project. 

Introduction  
Renewable and secure energy supply is of great importance for industry, which can only 
be achieved through the optimal use of all available resources, not least due to the 
international climate targets. Even in Austria, renewable electricity can only cover part of 
the energy demand because of a lack of resources. Therefore, the industrial process heat 
demand in the low and medium temperature range (<400 °C) should be covered by 
technologies that are efficient in terms of exergy: waste heat utilisation, solar process heat 
and heat pumps in combination with storage tanks, photovoltaics and PVT collectors. 
However, each of these technologies can only make a limited contribution when used on 
its own. To date, the advantages of combined technologies have only been exploited in 
the building sector. Despite positive technical and economic expectations, there are 
challenges in industry, that need to be addressed in order to use technology combinations 
to cover the industrial process heat demand:  

• lack of global concept evaluation performance indicators (KPI) and methods to 
identify and evaluate the best combination based on technical and economic criteria,  

• lack of design, operation and control strategies for the optimised integration of 
renewable technology combinations, and  

• lack of system simulations to address the issues. 

Aims and objectives  
The aims and objectives of the project CORES is the   

• identification, evaluation and design of technically, exegetically and economically 
optimised combinations of renewable technologies selected from excess heat, solar 
process heat, heat pumps, storage, PV and PVT to cover the industrial process heat 
demand  
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• develop global system KPIs of hybrid energy supply systems  
• development of an optimisation algorithm for a system simulation and  
• derived control concepts for the operation of the technology combination. 

Content and methodology 
The content and methodology of the project is summarised as following: 

• Analysis of the industrial framework 

o Qualitative and quantitative presentation of the technical and economic 
potential from the combination of the individual technologies with a particular 
focus on the excess heat potential and its forecasting. 

o Definition of technical and economic requirements of industrial companies 
for renewable technology combinations as well as technology-specific 
performance parameters for the multi-objective optimization. 

o Data collection and preparation in the industrial studies for the system 
simulation. 

o Definition and development of standardized load profiles for energy demand 
and excess heat availability for processes with the greatest technical and 
economic potential for the identified industrial sectors 

• Development of CORES system simulation from technology models 

o Development of the CORES system simulation to represent and simulate all 
possible technology combinations of a combined energy supply system to 
cover the industrial (thermal) energy demand in a suitable simulation 
environment (e.g. Dymola) 

o Definition of the interfaces within the system simulation (between technology 
models) and the input and output (I/O) parameters of the system and the 
technologies 

o Definition of existing single technology models with maximum usability 
through standardization and reusability. 

o Development and adaptation or improvement of existing simulation models 
for single technologies 

• System optimization algorithm and system simulation 

o Development of a global optimization algorithm and an objective function for 
the identification of the technically and economically most reasonable 
technology combination (design and operation) for the supply of industrial 
(thermal) energy demand (system) 

o Identification and development of weighted criteria (Key Performance 
Indicator - KPIs) to consider technical, technological, economic and 
ecological criteria in the system optimization (design and operation) 

o Summary of technology-specific KPIs to system KPIs and reduction of target 
function input/output parameters 

o Application of system simulation for all possible technology combinations for 
the standardized load profiles of the studies and evaluation of the system 
KPIs 

o Proof-of-concept implementation and derivation of valid control strategies. 

• Simulation of the industry use cases and optimization validation 

o Validation of the objective function and the generated system KPIs  
o Application of system simulation and optimization algorithm in 3 industry 

studies 
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o Examination of the achieved functionality in terms of plausibility and usability 
of the obtained results  

o Identification of an optimized (overall) integration concept (design and 
operation) for the industrial studies from possible technology combination. 

o Derivation of generally applicable control concepts for combined technology 
integration 

Results  
Following are the main results of the project CORES: 

• Definition and development of global key performance indicators for the overall 
system and optimisation algorithm according to technical, economic and exegetic 
criteria. The following KPIs under consideration in the project include the following: 

o Technological KPIs 
 Specific solar yield 
 Solar fraction 
 Coefficient of performance – COP 
 Storage cycles 
 Storage efficiency 
 Full operating hours 

o System KPIs 
 Surface needed 
 Levelized Cost of Heat 
 Payback and Return on Investments 
 Long-term economic evaluation 
 CO2 Emissions 
 Primary and final energy consumption 
 Share of renewables 
 Flexibility and stability of the supplied energy 
 Autarky degree 

• Development of system simulations to map possible combinations and 
interconnections of renewable technologies in parallel and serial configurations 
(selected from the following) to cover industrial process heat. 

o Excess heat 
o Solar thermal 
o Heat pumps 
o Storage 
o Photovoltaic 
o Photovoltaic Thermal (PVT)  

• Development of specific and general control strategies for optimised operation 
• Initiation of concrete implementations in 3 real industrial studies  

Hybrid energy supply systems for the industrial use cases involving the excess heat 
recovery is presented in the following figure: 
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Figure 1: Hybrid System consisting of excess heat recovery, photovoltaic and heat pumps 
as energy supply utilities. Heat pumps in this hybrid system can either be in series or 

parallel configuration (Source: TU Vienna, AEE INTEC, AIT) 

Conclusion  
It is almost mandatory that in order to achieve a high degree of decarbonization and 
increase the presence of renewables in the supply system of industries, hybrid concepts 
are needed. The guidelines of CORES for selecting hybrid energy supply systems can be 
summarized in the following points: 

• Combining advantages of single technologies and reduce disadvantages 
• Come up with hybridization strategies based on global system goals: including 

design and operation and include optimization. 
• Address those system goals through the evaluation of technological specific KPIs 

 

Regarding the technical strategies for planning hybrid systems, they have to be based on 
the following point and evaluated through the corresponding KPIs: 

• Matching the temperature and thermal energy demand of the industrial processes. 
• Ensuring flexibility, stability, reliability when supplying the load profiles of the 

industrial processes. 
• Assess and foresee solutions for the availability and volatility of the renewable 

resources 
• Evaluate the market availability, maturity and techno-economic performances of the 

energy supplying utilities. 

In pursuing this decarbonization and optimization of very complex systems like hybrid 
systems digitalisation is a powerful and necessary tool and more effort and research in 
this end is needed.  

↯

Heat Recovery
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Project Name: EUREMnext 

Summary  
The overarching strategic objective of the EUREMnext project is to contribute to both 
environmental protection and competitiveness in businesses by increasing the quality of 
energy audits and thereby the rate of implementation of energy efficiency measures. More 
companies shall be enabled to identify suitable sustainable energy measures (i.e., energy 
efficiency, valorising excess heat in industry, integration of renewable energy sources) in 
their operations, and to make informed decisions about their implementation. EUREMNext 
achieves this by increasing the availability of qualified and accredited experts with a 
holistic view both on the technical/engineering and economic/financial aspects of such 
measures, with business-specific practical knowledge, and with the ability to present a 
complete, but concise, and realistic picture of the benefits (and risks) of such measures to 
both company management and financiers. 

Introduction  
EUREM is a standardised European EnergyManager training program comprising face-to-
face teaching (approx. 120 hours), self-study and practical work, combined with access to 
an international Alumni network. What differentiates the EUREM training concept from 
many other energy-related trainings, is that as part of their practical work, each participant 
develops a sustainable energy measure and learns to analyse and describe the technical 
and financial aspects of this measure in a standardised and concise way, to facilitate 
decisions at management level. Experienced trainers tutor the participant in this phase. 
According to previous evaluations, participants worldwide elaborate measures with an 
average savings potential of about 600 - 750 MWh/a final energy per participant. Of these 
about 75% (in some countries up to 90%) are implemented in full or in part and further 
ones are carried out by alumni later on. These trained experts make a contribution to 
increasing energy efficiency at the company that employs them (either directly or as a 
consultant), and thus to reaching the energy efficiency targets and greenhouse gas 
emission reduction commitments at national, European and international level. At the 
same time, they contribute to maintaining the competitiveness of European businesses.  

Aims and objectives  
The project EUREMnext aims at making the EUREM training program available more 
widely, to allow more persons to become qualified/accredited experts or upgrade their 
knowledge and skills, if they already are. 

Content and methodology 
The content and methodology of the project is summarised as following: 

Develop new training contents and tools to ensure energy managers / auditors receive 
information on the full spectrum of necessary skills to develop feasible energy measures 
in businesses:  

• Module 1: Energy Audit according to Standard EN 16247/ISO 50002  
• Module 2: Sustainable energy in transport, and mobility management for businesses  
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• Module 3: Communicating sustainable energy throughout the company, building an 
energy culture 

• Module 4: Industry 4.0 and implications on energy efficiency 
• Module 5: Financial project appraisal  
• Module 6: Practical module based on calculation tool to support energy audits for 

production processes  

 

Establish training in 6 new countries: prepare, organise, and implement the EUREM pilot 
course in 6 new countries, and prepare for a continuation of this training offer after the 
project lifetime by achieving national recognition and acceptance.  

• EUREM training is prepared in the 6 new countries, one pilot course conducted and 
evaluated per country.  

• 72 new European EnergyManagers (on average 12 in each country) participate in 
the training and develop energy measures for their companies with an average 
reduction potential of 450 MWh/a per participant.  

• Achieve certification/accreditation/recognition of the course in the new countries, 
depending on the national circumstances 

 

Develop implementation support actions (ISA) and test them in all countries: develop 
concepts for additional activities that support course participants, alumni and possibly 
other aspiring or newly qualified energy auditors more in-depth with the implementation of 
the energy measures developed in the course and additional ones.  

• Energy audit coaching (supporting participants to implement full energy audit based 
on “light” audit done as part of the standard course).  

• “Pitching practice” for your energy project: Additional coaching for presentation of 
sustainable energy measures to board members and/or financiers, in order to better 
“sell” them to decision makers.  

• Implementation follow-up of the measures developed by participants: to receive 
feedback whether participants’ course projects and possibly additional ones have 
been implemented, or whether more support is needed.  

• Annual national/regional alumni networking meetings: to update knowledge and 
network among energy experts and with the financial community.  

 

Results  
EUREMnext is an ongoing project and the foreseen results of the project are summarised 
as following.  

• Enrich the training with additional elements including:  
• energy audit standards  
• energy efficient mobility and transport  
• implications of Industry 4.0 for energy efficiency  
• company energy culture  
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• financial metrics offering a perspective beyond simple payback periods  
• a tool to facilitate energy audits and evaluate more complex measures in industrial 

processes  
• The beta version of the six additional course modules are available at the project’s 

Moodle platform: https://training.eurem.net/course/view.php?id=77.  
• Trainings in this enhanced format will be held and evaluated in 6 countries, where 

the EUREM training has already been established for several years. These include: 
Austria, the Czech Republic, Finland, Germany, Greece, and Spain. For the 
trainings in these countries, the aim is to involve about 120 participants in total. 

• Transfer the training to 6 new countries, Albania, Bosnia-Herzegovina, Estonia, 
Latvia, Serbia and Turkey, where it is difficult to establish without support for the 
preparatory work; run the first pilot course (72 participants in total) and achieve 
national accreditation/recognition in order to enable a continuation of the training 
offer after the project duration.  

• Inform and engage the wider energy manager and auditor community, businesses 
in general, financial institutions and policy makers by means of targeted 
communication measures, such as:  

• Producing 6 good practice videos  
• Organising 2 conferences  
• Organising 2 EnergyManager Award competitions  

 

EUREMnext directly addresses 1056 persons to increase their skills and capacities. The 
course participants will detect and plan measures with energy savings potentials of on 
average 450 MWh/a final energy each, with a particular focus on the excess heat potential 
within the industry.  

Conclusion  
EUREMnext has developed an Energy Audit Support Tool, that supports the auditor in 
identifying and evaluating optimisation measures along a defined standard (EN16247). 
After the process optimisation and before the implementation of renewable/efficient 
energy technologies, excess heat recovery is a core of such feasible concepts. The Pinch 
methodology is implemented in the tool, automatically setting up the composite curves, 
identifying feasible heat exchanger (networks). The interest of the trainees but also the 
participating companies was huge, the feedback very positive. The potential of excess 
heat recovery is very often not recognised as a measure that achieves amortisation rates 
within some years or even months. The tool is linked to a WikiWeb hosted and operated 
by AEE INTEC and will be further extended to other industry sectors in the near future, 
allowing an easy going use in the future. 

  

https://training.eurem.net/course/view.php?id=77
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Project Name: SolarAutomotive – Solar process heat for the automotive and supplier 
industry 

Summary  
SolarAutomotive aimed to establish solar process heat in the automotive and supplier 
industry. In addition to a target group and potential analysis, planning and simulation tools 
and integration concepts were being developed and cooperation between the solar 
thermal and the automotive and supplier industries was being promoted. SolarAutomotive 
was a bilateral project between Germany and Austria. The following project goals were 
defined: 

• Removal of implementation barriers of SHIP (Solar Heat for Industrial Processes) 
• Increase the affordability and attractiveness of SHIP 
• Bundling two areas of strength of the Austrian economy 

 

In order to achieve these project goals, 8 Austrian (+12 German) companies in the 
automotive and supplier industry were examined in detail for the optimised integration of 
solar process heat (analysis of processes, efficiency measures, feasibility analysis of solar 
thermal energy). From this, generally applicable integration concepts for solar process 
heat were derived, which were made available to the solar companies and thus generate 
knowledge for intelligent process integration. In parallel, computer-assisted factory trains 
were developed, which considerably reduced the planning time and costs and increased 
the quality and efficiency of the implemented systems. The SolarSOCO tool, which was 
further developed in the course of the project, considered synergetic and holistic complete 
solutions, which will reduce the specific system costs of a SHIP plant. The project goal 
was to generate a generally applicable integration guideline for solar process heat and 
efficiency measures. 

Introduction  
Solar process heat has great potential to play an important role for the energy and climate 
objectives of the Austrian Federal Government. However, there are implementation 
barriers due to lack of knowledge regarding smart integration options at the process level 
and possible upstream optimization possibilities. In addition, there is a great potential for 
cost reduction in the planning and implementation of SHIP-systems (Solar Heat in 
Industrial Processes). Both the solar thermal as well as the automotive and supplier 
industry are Austrian technology leader in the international competition. 

Aims and objectives  
Solar Automotive was a bilateral project between Germany and Austria. With the following 
project objectives: 

• removal of implementation barriers of SHIP 
• increase the affordability and attractiveness of SHIP 
• bundling two strong areas of the Austrian economy 
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To achieve these objectives 8 Austria (+12 German) companies in the automotive and 
supplier industry were to be analyzed in detail to find available integration options at the 
process level including: 

• analysis of processes,  
• efficiency measures,  
• feasibility analysis of the solar thermal integration. 
• potential of excess heat in production processes 

Computer based planning tools were to be developed to shorten the planning time and 
costs as well as the quality and efficiency of the implemented systems. SolarSOCO tool 
was to be firther developed for mapping detailed simulations of heat recovery and solar 
integration.  

Content and methodology 
The content and methodology of the project is summarised as following: 

• Analysis of the production processes 
• Heat supply structures and production processes of the selected automotive and 

supplier companies were analyzed. This included: 
• energy balances,  
• heat load profiles,  
• excess heat profiles, 
• heat production costs 
• Analysis and estimation of process changes and efficiency measures in the next 

years.  
• Solar thermal plant concepts 
• Derivation and development of a generally valid concept for the integration of solar 

heat in the selected industrial use cases 
• Overview of corporate policy framework conditions for automotive and supplier 

industry 
• Development of computer-aided tools for integration and simulation  
• Integration tool: Development of a tool for feasibility assessment and identification 

of suitable integration points 
• Prediction tool: Development of a VBA-based quick design tool for solar process 

heat systems incl. economic feasibility analysis 
• SolarSOCO: Solution of special problems due to special framework conditions of 

solar process heat in the automotive industry by means of further development of 
the existing SOCO tool.  

• Implementations as Best-Practise-Examples  
• Selection of suitable implementations for different applications to establish solar 

process heat with intelligent process integration as best-practise-examples 
• Elaboration of a technical and economic concept which will be the basis for a public 

tender for a pilot project of solar process heat integration in the automotive industry 
and its suppliers. 
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Results  
• The investigation of the heat supply structures, excess heat potential and production 

processes of selected company locations were carried out. The process flows in the 
form of flow charts and the database linked to them were filled with information from 
literature research and the site investigations. The presentation of the generally valid 
flow diagrams was followed by a closer look at the relevant heat-intensive 
processes. With regard to the objective of planning solar thermal integration 
concepts, information on temperature ranges and heat supply were gathered. 

• Already realized solar thermal plants within the automotive and supplier industry 
were analysed and processed first. The core work was the development of 
company-specific integration concepts especially focusing on the valorisation of the 
excess heat. In the further course of the project, these were converted into generally 
applicable integration concepts. In order to closely coordinate the subsequent 
identification and evaluation of the solar thermal and excess heat integration 
concepts with the industrial partners, their expertise was integrated into the process 
at an early stage and work was brought forward accordingly. Together, a working 
document (Excel) was created that summarizes all information from reference 
projects: Procedures / processes during the development of a project, cost 
benchmarks (divided into subgroups) and general experience values on previous 
realized projects. 

• The details of integration schemes for each industrial site are presented in the final 
project report of SolarAutomotive and are out of the scope of this report. 

• An Excel-based tool was developed for the preliminary design of solar process heat 
systems, based on a method developed by Lauterbach. With the help of a few details 
on temperature level, heat demand on a working day in summer, collector type, 
number of heat exchangers, load profile and location, the potential of a heat sink in 
the temperature range below 100 °C for solar heat supply can be estimated.  

• In addition to the prediction tool, a tool – SolarSOCO – for detailed analysis of the 
interaction of time-variable process flows and their heat recovery potential, storage 
systems taking into account thermal losses and time-variable solar gains was 
developed. SolarSOCO allows linking the system design with a possible heat 
recovery and possible storage as well as their detailed simulation. Therefore, it 
enables concrete statements on the technical and economic evaluation of the 
system result. SolarSOCO was validated with two other tools and a commercially 
available tool (Polysun). 

Conclusion  
Solar heat for industrial processes offers a huge low-ex supply opportunity that has to be 
combined with excess heat recovery. This has been proven in several projects and the 
IEA SHC Tasks 33, 49 and 64. The project SolarAutomotive has worked on specific 
concepts for the automotive industry within the standards for industrial energy audits as 
the EN16247. It is essential to harvest the excess heat before CAPEX-intensive 
implementations are done. Standardised integration guidelines are accompanied by an 
easy-to-use tool. The combination of excess heat recovery and solar heat has a positive 
impact on the payback of the whole system.   
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Project Name: SolarReaktor  

Summary  
The goal of SolarReaktor project is to provide industry with an innovative technology that 
can be used for various procedures and processes thus significantly enhancing the use of 
solar energy in industry. In this solar reactor, highly innovative technologies (emerging 
technologies) thermal, thermochemical, photocatalytic and solar-electrolytic processes are 
to be fused with solar supply in such a way that they demonstrate significant advantages 
over conventional processes, reactors and energy supply and thus become state of the art 
by 2030. SolarReaktor’s concept of merging process intensification (new processes and 
reactors) with solar supply (thermal, direct radiation or solar-electrolytic) is a radical 
innovation. High system efficiencies, significant system simplifications, improved process 
management, easier controllability, system integration with industrial excess heat and, 
above all, significant cost reductions are expected. Ongoing research on solar reactors 
focus specifically on solar hydrolysis or waste water treatment shows very promising 
results. The savings and simplifications achieved, confirm the expected specific 
implementation potential, but do not allow conclusions for other processes or applications. 

Introduction  
Decarbonisation and the achievement of European climate goals will not be possible 
without the contribution of the European industry. For the efficient use of energy and the 
best possible integration of renewable energy sources, radical innovations are needed to 
reduce the costs of renewable energies to a large extent. Innovative, energy efficiency 
increasing, approaches for industrial processes which enable a change from batch to 
continuous thermal processes or the use of innovative processes (thermochemical, 
photocatalytical, electrolytical) are content of current research and development activities. 
At the same time, new reactor technologies are developed (emerging technologies) which 
show the potential of process intensification - significantly lower (exergetic) energy 
requirements and increased potential for the integration of solar energy. There is a lack of 
a comprehensive qualitative and quantitative assessment for the concept of the solar 
reactor and its application possibilities in the relevant energy-intensive industrial sectors. 
A lack of awareness of the innovative concepts of solar reactors, undefined research 
needs, and the lack of medium-term implementation and business models are hindering 
relevant stakeholders (solar industry, technology suppliers, and producing industry) from 
accepting the research and development risk and investing in innovative research 
developments. 

Aims and objectives  
The “SolarReaktor” addresses the open questions related to the qualitative and 
quantitative assessment of solar reactor technology and its integration in energy-intensive 
industry. The project develops the basic design of a radically new approach of modular 
solar reactor concept, merging (supply, reactor, storage, regulation, backup) based on a 
comprehensive analysis on the requirements and integration challenges of suitable 
processes and reactors to the solar supply. The use of the solar reactor concept for 4 
case studies (for each type of processes), the findings on the application potential, and 
the requirements for the concept modularity are the short- and medium-term research 
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questions addressed by the project. This exploration provides the basis for decision-
making for further activities and the initiation of concrete research projects with 
stakeholders of the relevant sectors for the development of an Austrian technology 
leadership. To this end following are the concrete aims and objectives of the project: 

• Overview of methods, processes and reactors suitable for the use of solar energy 
supply  

• Modular concept of a solar reactor and description of the necessary components for 
the applicability in industrial productions and waste water treatment 

• Identification of the implementation potential, definition of the necessary research 
activities and initiation of concrete research projects with industrial companies. 

Content and methodology 
Characterization of potential methods, processes and reactor technologies 

Relevant and innovative industrial methods, processes and reactor technologies were 
identified and characterized descriptively.  

• Description and classification of relevant industrial processes and procedures as 
well as relevant process parameters (state of the art, innovative approaches, 
emerging technologies, process intensification).  

• Description and classification of innovative reactor technologies 
• Creation of an evaluation matrix for the presentation of procedures, processes and 

reactor technologies for the identification of possible implementation potentials in 
solar reactors 

Concept development of solar reactors and evaluation of potential production processes 

• Development of concepts including necessary components of solar reactors 
• Identification of the resulting framework conditions for potential methods, processes 

and reactor technologies 
• Selection of promising solar reactor concepts for different processes and potential 

solar supply technologies. 
• Basic comparison and evaluation of the developed concepts with conventional 

reactor and supply concepts according to technical criteria 

Potential evaluation of solar reactors and definition of research needs. 

A workshop was conducted with stakeholders that included plant manufacturers, 
technology developers, solar companies and potential funding bodies. Additional surveys 
and presentations were also conducted. The outputs of these activities were: 

• Analysis and presentation of the qualitative and quantitative potential of solar 
reactors  

• Analysis of medium-term market penetration of solar reactors 
• Formulation of concrete research questions (short-, medium- and long-term) 
• Carrying out a strengths and weaknesses analysis for solar reactors 
• Identification of international activities as well as networking and differentiation 

potentials  
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• Awareness raising and initiation of concrete research projects for solar reactors 

Results  
Before SolarReaktor, a comprehensive qualitative and quantitative assessment of the 
technological and economic potential of solar reactors was missing. SolarReaktor filled 
this gap. The result of the project was a semi-quantitative analysis to identify industrial 
processes and reactors suitable for solar energy use with solar reactors. Processes were 
classified by a traffic light labeling system, where each color indicates the suitability of a 
process for the solar energy supply. In the semi-quantitative analysis, 30 industrial 
processes from 7 different industries were investigated based on extensive data 
collection. The analysis showed that more than half of the analyzed processes have a 
high suitability for solar energy use with solar reactors, namely (1) absorption/desorption, 
(2) adsorption, (3) blanching, (4) cooking, (5) crystallization, (6) evaporation, (7) 
extraction, (8) nitration, (9) pasteurization, (10) photocatalytic oxidation, (11) electrolysis, 
and (12) fermentation. Ten percent of the processes have a medium potential for a solar 
energy use whereas a quarter of the investigated processes are not suitable for a solar 
energy use with solar reactors. Overall, the analysis suggests that solar reactors have a 
high implementation potential throughout the industry. An analysis of potential applications 
in energy-intensive industries opened up new perspectives for relevant stakeholders. The 
solar industry, technology suppliers and the producing industry can now gain a better 
understanding of the benefits of solar reactors and favorable deployment conditions to 
embrace promising investment opportunities and support the development of innovative 
solar reactor concept. 

Conclusion  
Innovative process technologies will enable both the integration of excess heat but also 
low-ex renewables. This was shown in the project that will serve as basis for future 
developments. While all are talking about electrification and green hydrogen the exergy 
based and optimised systems are very relevant as the potential for the supply with the 
above mentioned are limited. We need the other solutions and at the same time extend 
the potential for excess heat utilisation by the integration/development of innovative 
process technologies.  
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Project Name: TrustEE – Innovative market based Trust for Energy Efficiency investments 
in industry 

Summary  
Even in situations where conventional energy prices, energy efficiency (EE) potential, 
renewable energy (RE) resources and technology costs establish the conditions for 
economically viable investments in PHES concepts, non- economical and non-technical 
obstacles exist, impeding a due exploitation of their positive impacts on the pursuit of 
Europe 2020 strategy for economic growth. Clearly, a bridge between available 
technologies supplying identified needs (offer) and a conservative attitude on the industry 
(demand) side must be drawn: the decision on the investment could be shifted to a third-
party holding control over property, technical and contractual insurance of the investment. 
As the success of any market-driven financing model lies on the balance of Risk/Premium, 
whose relation determines both the universe of possible investors and the economic 
performance required from the investment (higher risk leads to higher performance 
requirements and to a narrowed universe of possible investors), fulfilment of the main 
objective of the project implies: 

• minimizing technical and non-technical risks 
• optimizing economic viability conditions 
• assuring attractiveness and adhesion 
• gathering public support. 

Introduction  
TrustEE is an investment fund, legally established as a Limited Partnership, providing 
equity and mezzanine funding to PHES technology supplier companies on projects that 
pursue financially viable investments in industrial energy efficiency in a wide range of 
sectors. These investments will mostly take the legal form of an Energy Services 
Company (“ESCO”). TrustEE will focus on energy efficiency projects, companies and 
suppliers that due to their risk profile and/or size represent increased risk as financial 
counterpart and, as such, would not normally qualify for funding by more traditional 
sources of finance, including growth capital and renewable energy funds. TrustEE will only 
invest in projects of private sector entities and is geographically focused on EU countries. 
As an equity investor, TrustEE will take an active ownership approach focused on four 
main areas: corporate governance (including compliance with high environmental and 
social standards), financial and operational performance (as measured in generally 
accepted ratios), capital structure and growth. 

Aims and objectives  
The main objective of TrustEE is the definition and implementation of a market-based 
financing model for PHES applications, gathering financial resources among a wide base 
of investors and assuring the investment capital for SME industries. Based on an Equity 
Trust model, TrustEE embodies an innovative approach to PHES financing, gathering the 
market expertise of end-users and technology providers on identifying specific projects 
matching objective economic viability criteria and providing them a financing tool 
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embodying technical support and securitization measures ensuring: optimized investment 
conditions; reduction of risk; bypass restrictive criteria for SMEs financing conditions. 

• to develop and implement an innovative market based third-party financing scheme 
for PHES investments 

• to define and implement technical support tools supporting the technical and 
economic assessment of investment proposals (decision stage) and the 
operationalization of the energy services provided to the end-user (operation stage) 

• to adopt risk mitigation strategies promoting a “low risk” perception of such 
investments, thus lowering IRR requirements to values in the range of a 5% - 8% 
premium over inflation 

• at national level, EU wide, to provide evidence of the impact of different public 
incentive schemes promoting PHES investments, thus supporting public bodies in 
their definition and implementation 

• to promote the market penetration of energy efficiency (including excess heat 
valorisation) and renewable energy technologies in industry by providing financial 
access to loans for PHES investments for SMEs and technology providers 

Content and methodology 
As the project aims at the implementation of TrustEE, its accomplishment must rely on: 

• a clear vision of the framework for viable PHES investments (technological 
solutions, market conditions) and market potential (end-user sectors);  

• the use of the most efficient and updated technologies and investment assessment 
tools;  

• a clear vision of the risk parameters and risk mitigation strategies and on;  
• market adhesion and public acceptance of the proposed financing model. 

As the Trust acts as a hub of dedicated competencies on technic-economic investment 
analysis and technical operation of PHES assets, its implementation includes: 

• the development of technical support tools; 
• the establishment of risk mitigation procedures and; 
• the establishment the legal framework for its operationalization. 

Yet, as its implementation implies upstream (investors) and downstream (end-users) 
adhesion and public acceptance, a thorough dissemination of the financing concept, 
promoting PHES investments generating measurable impacts, is required. Based on a 
thorough potential and impacts assessment suiting the purposes of identifying market 
opportunities, critical economic viability conditions and promote public support measures, 
dissemination will include targeted actions to each group of actors: end-users, investors 
and public bodies. 

The project approach to these questions unfolds into six different specific actions whose 
outcomes enable a consistent and holistic approach to the implementation of the 
proposed financing concept and to the establishment of a start-up PHES projects 
Portfolio: 
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• core actions on the development of technical support, risk mitigation strategies and 
Trust implementation; 

• support actions on potential and impacts assessment and; 
• engagement actions on up/downstream actors adhesion and engagement of public 

support, 

Results  
Public guarantees will be in any case an indispensable requirement for decarbonisation in 
SME-owned industry. Such guarantees would also increase the attractivity of a forfaiting-
based financing scheme substantially, for suppliers, end-users and investors. We have 
therefore initiated a discussion with several Austrian Institutions (Austrian Economic 
Chambers, Federation of Austrian Industries) on the creation of a new guarantee line 
focusing on “decarbonizing solutions” in the industry, and we will present our proposals 
also on the European level. A concept paper for “Climate Guarantees” using the empirical 
evidence has been drafted and is used as the basis for this initiative.  

The definition and implementation of technical support tools was performed and finalized 
with the launch of the electronic platform on the 30th of November 2018. However, for 
continuation of the platform beyond the project lifetime, within this final reporting period a 
new commercial platform provider was found to be even better suited for the customers’ 
and TrustEE management’s needs. 

As a result of the project a total 13 projects are in the pipeline of portofolio of investment. 
They are being prioritised in 4 short- and 9 mid-term investments. Short-term projects 
stand for an investment of 13.8 Mio€, mid-term for 27.6 Mio€. 3 projects focus on EE 
measures, 10 on renewable energy. As the projects are difficult to compare (different 
technologies, different locations and framework, etc.), an average (categorised) value for 
status quo energy costs was defined depending on project size and the acquired data. 
The expected savings are split to EE and RE projects. The calculation of the savings in 
GWh/a per Mio€ project budget is done in two ways: (i) focusing on EE investments only 
(22.2 GWh/a and Mio€ budget) and (ii) including RE (101.8 GWh/a and Mio€ budget). As 
the substituted energy carrier is fossil fuel in all cases, this is the so-called Fossil primary 
energy savings. As the saved/substituted energy is in all cases fossil fuel, no conversion 
factor had to be considered.  

The dissemination amongst the relevant target group was crucial for the market 
penetration of EE and RE technologies as well as for the further development of TrustEE 
and the acquisition of investors and projects (and the linked operation of the platform and 
the financing vehicle). Therefore, the consortium identified and addressed a significant 
number of relevant events and direct contacts. 

Conclusion  
The project has been recognised as a lighthouse project on European level for the 
financing of decarbonisation projects in industry. As the technical potential of 
electrification and hydrogen is limited and not able to achieve the set targets, it was 
proved that excess heat recovery, solar heat, biomass and biogas are significantly 
relevant for the producing industry. Nevertheless, it is very often an issue, to acquire 
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financing for projects in this field although amortisation can be seen as relatively small. 
This is mainly because of the lack of expertise and understanding in the financing sector. 
Standardised project assessment, performed to a maximum automatically can solve this 
issue, creating so-called bankable project linked to innovative financing as the 
securitisation vehicle. This is addressing the demand of three stakeholders in this 
process: end-user, technology suppliers and investors. Standardised models for this 
assessment have been developed, validated and tested. TrustEE is looking for projects 
both in industry and district heating, having in mind that a bundling of projects might be 
necessary in case of too low CAPEX for investors. Trustee offers a reliable risk 
management and due diligence as long as the methodology follows defined steps.   
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Project Name: INSHIP – Integrating National Research Agendas on Solar Heat for 
Industrial Processes 

Summary  
Despite process heat is recognized as the application with highest potential among solar 
heating and cooling applications, Solar Heat for Industrial Processes (SHIP) still presents 
a modest share of about 0.3% of total installed solar thermal capacity. 

• Key words for today’s technology development stage and for the current research 
demand are: 

• Expanding economic competitiveness to middle and high-temperature applications 
• Technology implementation requiring interference with existing heat production 

systems 
• Heat distribution networks or even heat consuming processes 

 

In this context, INSHIP aims at the definition of an ECRIA (European Common Research 
and Innovation Agenda) engaging major European research institutes with recognized 
activities on SHIP, into an integrated structure that could successfully achieve the 
coordination objectives of: 

• more effective and intense cooperation between EU research institutions; 
• alignment of different SHIP related national research and funding programs, 

avoiding overlaps and duplications and identifying gaps; 
• acceleration of knowledge transfer to the European industry, to be the reference 

organization to promote and coordinate the international cooperation in SHIP 
research from and to Europe; 

• development of activities with the ambition of progressing SHIP beyond the state-
of-the-art.  

Forcing an easier integration of low and medium temperature technologies regarding 
operation, durability and reliability requirements of the industry is one of the mentioned 
activities. The agenda also focuses on the development of process embedded solar 
concentrating technologies for high-temperature applications to expand the range of SHIP 
applications to the EI (extractive industries) sector. Another measure for supporting SHIP 
is to increase synergies within industrial parks through centralized heat distribution 
networks connected to district heating and the electricity grid. 

Introduction  
Acknowledging both the potential contribution of Solar Thermal technologies towards the 
development of sustainable industrial production and the need of a coordinated effort 
tackling the technological challenges still faced by these technologies when applied in 
industry, INSHIP aims at the definition of a European Common Research and Innovation 
Agenda (ECRIA) engaging major European research institutes, with relevant and 
recognized activities on SHIP into an integrated structure. 
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Aims and objectives  
Aiming at the definition of a European Common Research and Innovation Agenda 
(ECRIA) on Solar Heat for Industrial Processes (SHIP), through engaging major European 
research institutes with relevant activities on this topic, the project concept is based on the 
establishment of a coordination and cooperation framework promoting:  

• a common vision on the identification of the most relevant research topics enabling 
the conditions for not only a larger market penetration of the existing SHIP 
technologies suiting the requirements of low and medium temperature processes, 
but also the development of technological solutions widening the scope of SHIP 
applications to higher temperature processes in the Energy Intensive Industrial 
sectors;  

• the identification of the topics addressed in later and ongoing projects and of the 
existing gaps in relation to the common vision around the most relevant research 
topics in SHIP;  

• the development of specific research activities complementing the recent and 
ongoing research activities providing a multiplier effect of national and EC funding 
towards a coordinated research effort fulfilling the ECRIA research objectives;  

• to foster a connection to national funding programs and an alignment of future 
national funded activities with the topics and objectives of the ECRIA, thus 
promoting a coordinated use of funding resources at European level;  

• the promotion of a shared research infrastructure on SHIP activities, through the 
identification of the existing infrastructures suiting the ECRIA research objectives 
and the promotion and support of joint research activities within the Consortium 
through the implementation of researchers’ mobility and infrastructure access 
schemes;  

• the adoption of an inclusive approach to the Consortium formation, holding the 
executive development of the project efficient, through the engagement of a core 
group of executive partners, but aiming at a full-fledged outreach providing access 
to the project activities and discussions to a wide range of partners already aligned 
with SHIP research activities, through the implementation of Networking activities.  

Content and methodology 
INSHIP is focused on the engagement of the most relevant European R&D institutions 
developing SHIP related activities in a coordinated framework of cooperation in the 
development of specific research activities aligned with the objectives of the proposed 
ECRIA through:  

• direct EC contribution aiming ECRIA topics not yet funded;  
• partners’ “in-kind” contributions through the inclusion of ECRIA aligned activities in 

ongoing projects;  
• promotion of the development of ECRIA aligned cooperation activities through the 

implementation of Researcher’s mobility and Research Infrastructure Access 
schemes engaging industrial partners and fostering the use of the different national 
and European funding opportunities in the development of new project proposals.  
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Fostering the coordinated implementation of the INSHIP ECRIA research objectives, 
INSHIP Work Plan comprises four Work Packages aiming the development of 
Coordinated Projects (CP) in parallel joint research activities covering the full spectrum of 
research topics identified in the INSHIP ECRIA:  

• WP2: Technology and applications to low temperature SHIP (80ºC to 150ºC), 
covering the research topics related to the development technological solutions 
aiming the integration of low temperature technologies in SHIP applications;  

• WP3: Technology and applications to medium temperature SHIP (150ºC to 400ºC), 
covering the research topics related to the development technological solutions 
aiming the integration of medium temperature technologies in SHIP applications;  

• WP4: Technology and applications to high temperature SHIP (400ºC to 1500°C), 
covering the research topics related to the development of solar thermal 
technologies fitting the requirements of specific processes in the EI industrial 
sectors;  

• WP5: Hybrid energy systems and emerging process technologies, covering the 
research topics related to the three-level energy system integration aspects,  

Results  
• Description of a methodology for the development of a process integration model 

for optimized integration of SHIP in hybrid energy system. To effectively integrate 
solar heat in a hypothetical 100% RES industrial framework, a comprehensive 
integration of Energy Efficiency measures (i.e., waste heat utilization, application of 
emerging process technologies, etc.) with optimized solar layouts is needed. To this 
end, software tools can be designed to optimize the Interaction between the energy 
optimization methods and the solar simulation tools. Especially crucial will be the 
integration of thermal storage and the design and management of a dynamic heat 
network enabling the matching of variable heat sources and variable load profiles. 

• Roadmap for industrial solar heat supply in combination with emerging technologies. 
A detailed analysis report was created for estimating the potential coming from 
emerging technologies to enhance solar thermal process heat. 

• Characterization matrix on different future energy supply technologies and storage 
technologies in the industrial context and in the context of industry parks 

• Performance analysis of 5 defined and characterized hybrid energy supply systems 
for industry. A detailed study was conducted on a series of SHIP examples where 
hybrid REs solutions have been implemented or are proposed in order to achieve a 
certain degree of decarbonization. 5 different industrial examples are shown 
belonging to very different industrial sectors: electronics, food and beverages and a 
hospital. Another such study was performed where the focus of the was on 
performance analysis of 2 hybrid energy supply systems in industrial parks. 

• A software tool for analyzing the status quo of energy audits in industries in different 
sectors: food, textile, metal, brewery, dairy, etc. The tool is based on MS Excel and 
Visual Basic. It includes the evaluation of the present state energy consumption 
(supply and demand), an energy balance, the calculation of the primary energy use 
and CO2 emission. Based on this, optimisation measures on process level and 
system level (heat integration) are identified as well as possible integration of 
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renewable energy sources as excess heat biomass, biogas, solar thermal, PV, heat 
pump, CHP and adsorption cooling. 

• A detailed report on the assessment of socio-economic impact scenarios of SHIP 
development in the EU. 

Conclusion  
INSHIP showed that excess heat recovery and solar heat for industrial processes is of 
high relevance for the decarbonisation of industry. Focussing on industry, processes 
(state of the art and innovative) were screened to identify the potential to increase the 
technical and economic feasibility by the reduction of necessary supply temperatures. 
This was done both, for stand-alone companies and industry parks. Clear guidelines are 
seen as necessary to assess the potential and combination of excess heat recovery with 
other renewable technologies. 
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Questions 

The aim of this subtask is to create a network between groups working on and/or being 
interested in developing combinations of methods. 

How can we combine i.e. Pinch Analysis/HENS (with specific data requirements) 
with more qualitative input from questionnaires and/or insights from studies 
regarding individual industrial sectors (typical temperature levels/ heat loads for 
typical processes) to calculate excess heat potentials? 

• Is a matter of the questionnaire quality 
• Previous projects are an advantage 

How could these gaps be filled without collecting new measurement data? 
• Personal contact 
• Previous projects and expertise 
• Company reports and environmental reports 

What methods did you use in previous projects (e.g. pinch analysis, 
questionnaires, broader studies on a certain branch)? 

• Questionnaires for 
o Energy audits including all information about the industrial systems 

(EN16247) 
o Excess heat evaluation (identification and assessment) 
o Bottom up and top-down 

• Pinch based on audit information 
o Quick and dirty 
o High data resolution based for internal use of partner only 

Do you already use combined approaches? 
Yes 

What auxiliary calculations did you perform in order to estimate excess heat 
potentials? 

• Consistency check 
• Mass and energy analysis 
• Pinch is only possible in 2-way-approach – internal&external 
• Top-down mainly 
• Approach of statistical data applied – mainly based on our own database 

What obstacles did you encounter that would make a combination of information 
difficult? 

• Industry sectors – energy-intensive vs energy-extensive 
• Industry-own assessment and also identification is difficult 
• Measurement necessary 
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1.2. COUNTRY & INSTITUTION: FRANCE (GREENFLEX) 

Project Name: Waste heat recovery potential study in “Ile-de-France” 
Summary  
The purpose of the study was to identify industrial excess heat recovery potential and 
suitable uses in the Ile-de-France French region. A geographical, technological, and 
economical approach was conducted to make sure to identify the potential amount that will 
meet industrial and tertiary heating needs (quantity and quality).  

 

Element Value 

Maximum waste 
heat potential 

26,000 GWh 

Recoverable 
potential 6,500 GWh 

Economically and 
geographically 
viable potential 

900 GWh 

Summary of the project 

Introduction  
 

At the French level, the Pluriannual Energy Programming (PPE) provides among its 
objectives to increase the production of renewable heat by more than 50% compared to 
2014, bringing national production to 19 million toe in 2023. Heating networks play an 
essential role in achieving these objectives for the development of renewable energies and 
heat recoveries by enabling the massive recovery of energies such as the heat recovered 
from household waste to power units or even the recovery of industrial waste heat. 

Waste heat is understood to mean the production of heat derived from a production site, 
which does not constitute its primary object, and which, therefore, is not necessarily 
recovered. 

The waste heat potential is distinguished according to two temperature classes: 

1. High-Temperature potential (> 90 ° C) = high-temperature heat, exportable to all 
types of buildings with collective heating, 

2. Low-Temperature potential (<90 ° C) = low-temperature heat, exportable to 
buildings with collective heating provided they are equipped with low-temperature 
radiators (e.g.: heated floors). 
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Aims and objectives  
 

This study looked at the potential for recovery energy in incineration plants, industries, data 
centers and wastewater treatment plants. The objective was to quantify and locate these 
sources, but above all to compare them with the heat needs of heating networks and 
residential, tertiary, or industrial buildings. 

The objectives of this study were: 

• Identification and characterization of existing operations and maximum sources of 
heat recovery on the scale of Ile-de-France (phase 1).  

• Evaluation and characterization of the recoverable potential of waste heat by 
crossing the sources of waste heat with the results of the mapping of heating 
networks and heat needs, and considering the technical, legal, and economical 
obstacles (phase 2). 

• The crossing of recoverable potentials and quantities of waste heat effectively 
recoverable both technically and economically, thus defining areas of priority interest 
(phase 3). 

The four sources of waste heat that are the subject of this study are: 

• Fatal heat from wastewater or gray water recovery. 
• Fatal heat from industrial processes.  
• Fatal heat from incineration units. 
• Fatal heat from Data Centers. 

Content and methodology 
 

The Ile-de-France Regional Department of ADEME initiated a study to assess the potential 
for waste heat: incineration units, data centers, industries, and wastewater. This study is 
being piloted in partnership with state services (DRIEE and DRIEA) and the Regional 
Council. 

The study aims to define a strategy for recovering waste heat at the scale of the Ile-de-
France region. She is therefore focusing on the eight departments of the small and large 
suburbs of Ile-de-France: Paris, Essonne, Hauts-de-Seine, Seine-Saint-Denis, Val-de-
Marne, Val d'Oise, Seine-et-Marne and Yvelines. 

Phase 1 – Identification and characterization of existing operations and heat recovery 
sources 

The purpose of phase 1 was to carry out an inventory of waste heat in Ile-de-France: 
existing operations, state of the art of recovery systems, maximum potential by resource 
and location. 

Wastewater 

For heat recovery from wastewater, four types of sources have been identified: 
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1. On direct building discharges: wastewater is then diverted from the main pipe 
network to a heat exchanger and a heat pump. In Ile-de-France, this type of recovery 
is fairly well known, with 29 operations currently listed. 

2. On the wastewater collectors installed in the streets of the municipalities: some are 
already subject to heat recovery in Ile-de-France (7 operations identified). 

3. On lifting stations: heat is recovered via a heat exchanger installed at the level of 
the station outlet pipe. This option is not widely used today. 

4. At the end of the sanitation cycle, at the Wastewater Treatment Stations (WWTPs) 
in which the wastewater is treated before being discharged into the natural 
environment. Today, the process is less well known (no operation identified in Ile-
de-France). 

This resource is of the “Low Temperature” type (<60 ° C).  

The assessment of the maximum heat recovery deposit on these types of sources is 
mainly based on knowledge of the flow of wastewater passing through them. 

Industrial Waste Heat 

The low-temperature heat potential of industrial processes concerns the waste heat 
resulting from the following industrial processes: chillers, air compressors and air-cooling 
towers.  

The high-temperature potential of industrial processes concerns the waste heat resulting 
from industrial combustion processes (furnace, oven, etc.). 

Questionnaires were sent to 300 manufacturers with a response rate of 10%. The results 
of the questionnaires were completed by the documentation to estimate the fatal heat 
potential by establishment and by industry category. 

Incineration units  

Non-Hazardous Waste Incineration Units are dedicated to incineration, one of the legal 
methods of disposing of non-hazardous waste. There are currently 18 units in operation in 
Île-de-France. 

The maximum waste heat deposit encompasses the existing waste heat recovery 
processes. Incineration units already recover most of the waste heat. The maximum waste 
heat potential, therefore, corresponds to: 

1. Low temperature (<90 ° C): To the flow of smoke from the chimney exhaust: heat at 
low temperature, fumes generally below 90 ° C in temperature. 

2. High temperature (> 90 ° C): To the flow of steam leaving the furnaces (upstream, 
therefore, of existing recovery systems): in this case, it is high-pressure steam at 
levels above 90 ° C. 

Datacenters 

Data centers are physical sites that host the systems necessary for the operation of 
computer applications. Waste heat from a Data Center is generally released by IT 
equipment and then processed by chillers. Indeed, the latter reject the calories taken from 
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the server rooms in order to maintain an ideal operating temperature. The maximum waste 
heat, therefore, corresponds to the dissipated power, which often reaches very high values. 

It is by installing a "water/water" exchanger at the outlet of these chillers that it is possible 
to recover the waste heat. The expected temperature is around 40-50 ° C, which is a so-
called "low temperature" resource (<60 ° C). 

Nationally, Ile-de-France has the largest number of Data Centers. However, only one heat 
recovery operation is underway on a heating network in Marne-la-Vallée where an aquatic 
center and a business incubator are supplied with heating and DHW. 

Phase 2 – Evolution and characterization of the waste heat recovery potential in Ile-
de-France 

The work carried out in phase 2 aimed to characterize the recoverable potentials from the 
maximum potentials estimated in phase 1. To do this, a first analysis consists of crossing 
them with the internal needs specific to each resource, to estimate what quantity of heat 
can be used locally. Then, the remaining potential is compared with the external needs, 
which are the buildings and the nearby heating networks in order to determine the 
recoverable potential. This analysis is carried out considering the obstacles linked to urban 
planning, technical, economical, and legal obstacles. 

The needs of existing and new buildings were estimated. The buildings considered in the 
study are those whose heat supply by a collective solution is possible: collective housing, 
tertiary buildings, equipment, etc. 

Heating networks are also potential outlets for waste heat. The calculated renewal energy 
(RE) rates allowed to determine the networks as outlets or not for the identified fields (RE 
rate already considered to be high or not). 

For each waste heat source, viability zones have been defined around the resource: these 
are areas in which the thermal recovery of this resource would be relevant, on the 
assumption that the external needs would be in sufficient quantity. The definition of these 
zones considers several economic and urban planning constraints. 

Phase 3 – Eligible potential 

Finally, phase 3 focuses on determining the eligible potentials based on a geographic and 
economic filter. The identification of projects was carried out employing 2 successive filters: 

• Initial filtering according to the viability zones where it is verified the existence of an 
opportunity to recover waste heat. This method allows the qualitative analysis of the 
data from phase 2 and thus associates one or more consumers with each producer, 
in order to estimate the maximum amount of waste heat to be recovered. The first 
obstacle to the recovery of waste heat at low temperature is the mismatch between 
a resource and a need. 

• Second filtering, from the selected sites, where the economic relevance of waste 
heat recovery is verified. The recovery of waste heat is only possible in cases where 
there is a convergence of interests between the producer and the potential 
consumer. This convergence of interest is essentially economic. It is, therefore, 
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necessary to determine what is the resulting cost which, producer and consumer, 
find a common interest in the recovery of waste heat. 

Results  
Phase 1 

Wastewater 

1. Direct building discharges: the quantity of recoverable heat (recoverable potential) 
represents 220 GWh / year or on average 30% of the consumption of collective 
buildings with a collective DHW production system across the Ile-de-France region. 
According to the information communicated by Biofluides, 2 GWh / year are already 
recovered in Ile-de-France. 

2. Wastewater collectors: based on 115 L / day of wastewater discharged per 
inhabitant, the flow rate of each Île-de-France municipality has been estimated, 
making it possible to calculate a maximum annual production deposit of 470 GWh. 

3. Lifting stations: No data could be recovered on the location and flow of these 
structures. 

4. WWTPs: in Île-de-France, 71 WWTPs with a nominal capacity greater than 10,000 
population equivalents (PE) have been identified. Estimated based on the annual 
inflow, their maximum annual heat production potential is 1,400 GWh. 

Industrial Waste Heat 

The low-temperature heat potential of industrial processes is estimated between 7,000 
and 15,000 GWh in total, for the whole of Ile-de-France, or 11,050 GWh on average for 
industry (excluding laundries) and 1,120 MWh for laundries. For the high-temperature 
potential of industrial processes, the value adopted is 2,600 GWh (excluding boilers). 

Incineration units 

The low-temperature potential for the waste heat from incineration fumes is estimated at 
around 880 GWh. In addition, the high-temperature deposit is estimated at around 8,350 
GWh, of which around 60% is currently recovered in the form of electricity and heat. 

Data centers 

The total maximum waste heat source in Ile-de-France amounts to 490 GWh. This estimate 
is not, however, exhaustive at the Ile-de-France scale due to the confidentiality of the data 
and the lack of responses to the questionnaires sent to the Data Centers during the data 
collection phase. 

The maximum source of waste heat in Ile de France, for the perimeters presented, is 
estimated at around 26,500 GWh, or 22% of the demand for fuels in the residential, tertiary, 
and industrial sectors in the Ile-de-France region. 

The maximum high-temperature potential is 10,900 GWh, compared to 15,600 GWh for the 
low-temperature potential. 
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Representation of the waste heat potential estimation in Île-de-France by source in 2015 
and 2030. 

Phase 2 

The work of phase 2 consisted in characterizing the heat potential recovery remaining after 
the existing recovery systems and the response to the needs identified internally. The total 
remaining potential to be developed across the region is thus 20,320 GWh, of which 2,940 
GWh at high temperature and 17,380 GWh at low temperature. 

Phase 3 

For all Producer / Consumer “pairs” resulting from the 1st geographic filtering, the cost 
resulting from the operation was calculated. At the date of the study (March 2016), the 
economic target adopted was 35€ / MWh excl. VAT. 

The synthesis of the results of the 3 phases of the study is presented in the figure below: 

 

Representation of the waste heat potential, the recoverable potential, and the eligible 
potential by temperature level 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

34 

Conclusion  
The following 3 points should be remembered from this important work: 

• Ile-de-France has a considerable potential of waste heat: on a regional scale, this 
maximum potential has been estimated at around 26,000 GWh, mostly linked to 
industries (for low-temperature heat) and incinerators. By maximum potential is 
meant the heat dissipated by the combustion, cold production, cooling, and air 
compression processes, regardless of any technical, legal, or economic brake on its 
recovery. When existing recovery operations have been identified, the heat already 
recovered is also integrated into the maximum potential. 

• If the constraints related to energy demand are considered, that is to say, the 
proximity of potential consumers to the producers of waste heat, the source is 
reduced considerably. The recoverable potential reaches 6,500 GW. Industries 
make up most of this deposit, both high and low temperature. The recovery of waste 
heat, therefore, represents a major quantitative issue for climate policies in Île-de-
France. 

• Finally, by establishing a geographic and economic filter, an eligible potential of 900 
GWh has been determined for around thirty projects, associating one or more 
consumers with each waste heat producer. 

Indeed, while heat recovery from incineration plants is already well known, projects for 
recovering heat from flue gas treatment may soon be implemented. Likewise, although 
wastewater heat recovery already has several operating facilities in Île-de-France, the 
industry and data center sectors currently have few references in this region. These sectors, 
therefore, constitute a priority area of work for the valorization of waste heat. 

The results of this study clearly show that the recovery of waste heat in the industry 
represents real energy potential to be considered, to be developed and to be used as a 
priority in Ile-de-France. 

Answers to the questions related to the subtask  
How can we combine i.e., Pinch Analysis/HENS (with specific data requirements) 
with more qualitative input from questionnaires and/or insights from studies 
regarding individual industrial sectors (typical temperature levels/ heat loads for 
typical processes) to calculate excess heat potentials? 

The methods combined in the study to determine excess heat potentials are the following: 

• Regulatory filings related to safety to identify all possible industries and evaluate the 
potential in some of them (atmospheric discharge declaration include flowrate and 
temperature). 

• A questionnaire sent to 300 industries. 
• Specific ratio (kWh excess heat/Ton of product) used for a few sectors such as 

industrial laundries 
• A few sites have been directly contacted to recover the technical information needed 

How could these gaps be filled without collecting new measurement data? 
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• Data was not available for all sites as only 10% of the industries have answered the 
questionnaire 

• Extrapolation was necessary using available documentation. Sector-specific data 
have been computed.  

• Dedicated pinch analysis on a few selected industries would have been useful to 
refine the extrapolation 

What methods did you use in previous projects (e.g., pinch analysis, 
questionnaires, broader studies on a certain branch)? 

• In the project described here (large scale with hundreds of potentials), the methods 
used were questionnaires, branch studies with excess heat ratios to production and 
regulation listing data. 

• For one industrial site, Pinch analysis is often the most appropriate approach to 
determine excess heat potentials. 

Do you already use combined approaches? 

• We have not used Pinch analysis combined with questionnaires/branch studies. It 
might be useful for studies at a territory scale to refine the excess heat evaluation, 
yet it needs more time and the sites selected for Pinch must be representatives of 
the other sites.  

What auxiliary calculations did you perform in order to estimate excess heat 
potentials? 

• Comparison to local heat need to ensure heating network profitability (identification 
of feasibility areas). Heat recoveries outside these areas are removed. 

• A first estimation of heat recovery and heating network CAPEX using sector-specific 
ratios. Heat recoveries above 35 €/MWh are removed because they would not be 
competitive to other heat production solutions, such as gas boilers.  

What obstacles did you encounter that would make a combination of information 
difficult? 

• Low response rate to the questionnaires (10%) 
• Study duration not enough to realize Pinch analysis onsite  

Is it possible to obtain sufficient data combining questionnaires and insights from 
previous studies? (e.g., combining information on equipment size, product 
throughput and information gathered from previous studies) 

• As shown in this project, it is possible to realize such study with questionnaires, 
sector specific studies, access to certain database (listing industries, product 
throughput and their atmospheric releases for example) and with many 
assumptions.  

What requirements (data bases, data maintenance, knowledge on interconnections 
within the processes, etc.) need to be fulfilled in order to facilitate cross method 
approaches? 
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• A list of all industries in the territory is needed with industrial sector, geographic 
location, production throughput, contact of the person responsible for energy onsite 

1.3. COUNTRY & INSTITUTION: SWITZERLAND (HSLU) 

Project Name: Guidelines for the usage of industrial waste heat 

Summary  
In this project, guidelines for the usage of industrial waste heat have been developed to aid 
technical engineering professionals from industrial companies and engineering offices. The 
guidelines support the analysis of suitable technical and commercial solutions and design 
based on five main steps for the practical application in industry. Pinch analysis is 
recommended within the guidelines to determine energy efficiency measures in the process 
and the potential for waste heat usage and to characterize the waste heat streams. In the 
context of the Annex 15 Task 3, a rough pinch analysis has been proposed to combine 
methods for excess heat identification and quantification as defined in Subtask 1. A rough 
pinch analysis effectively provides an estimate of the potential waste heat and its 
characteristics in a relatively short period of time. The analysis can be combined with other 
methods e.g. questionnaire approach. Experience has shown the analysis can also 
effectively determine other key process information (e.g. scheduling data, information about 
the existing energy efficiency measures, temperature levels and heat flows of the heating 
and cooling requirements). The Swiss Federal Office of Energy actively promotes rough 
pinch analyses in industry. The analysis procedure has been successfully applied in the 
praxis within Swiss industry.  

Introduction  
Industrial companies currently face a variety of challenging business requirements. The 
production processes not only have to maximize profitability, but also have to use as little 
energy and resources as possible in addition to maintaining low emissions. To remain 
competitive, large-scale industrial enterprises as well as small-medium enterprises (SME) 
must focus on increasing their energy efficiency. Although Swiss industry has made great 
efforts in this area in recent years, considerable amounts of waste heat are still being 
released into the environment. The potential for use of this waste heat can enable 
companies to better pursue their economic and ecological goals. Often, however, 
management and the individuals responsible for the energy systems in the companies are 
not aware of the possibilities and challenges for successful waste heat use.  

Within the context of this project, waste heat is understood as the "heat losses" to the 
environment that cannot be avoided after the implementation of energy efficiency measures 
(EEMs). This definition can be considered the same as the Annex 15 Task 1 definition of 
“externally usable excess heat”.  

Aims and objectives  

The aim of this project is to develop guidelines on the usage of 
industrial waste heat. The project itself provides the basis to guide 
technical experts in industrial companies and engineering offices on 
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how to utilize waste heat. Specifically, the guidelines are to 
accomplish the following: 

• To enable the systematic analysis of waste heat availability and support the 
identification and conception of appropriate solutions for waste heat usage.  

• To develop an approach for the characterization of waste heat, the identification of 
possible end usage, the technical and commercial conception of solutions as well 
as a practical method for the evaluation and selection of a relevant solution.  

• To provide concrete examples to support the practical application of the guidelines.  

Content and methodology 
In this project, guidelines for the use of industrial waste heat have been developed to aid 
technical engineering professionals from industrial companies and engineering offices. The 
guidelines support the analysis of waste heat potential as well as the conception of suitable 
solutions and designs. The central aspect of the guidelines consists of 5 steps that describe 
a systematic approach to the development and implementation of waste heat usage and 
solutions as shown in Figure 1.  

 

Figure 1: Procedure for creating energy efficiency measures (EEMs) to increase energy efficiency and for 
waste heat usage. 

Step 1 of the guidelines involves the analysis of the present state for energy usage in 
order to provide a transparent overview of the entire company's energy use. In step 2, 
energy efficiency measures are developed and evaluated. Through the implementation of 
such measures, both the energy requirement of a company and the amount of waste heat 
are reduced. Energy efficiency measures always have top priority and are preferable 
to measures for waste heat utilization. This means the waste heat usage should 
only be considered if the waste heat is unavoidable.  

4 Technical Concept for the Usage of Waste Heat

5 Commercial Concept and Evaluation

1 Present State Analysis Industrial Company

2 Energy Efficiency Measures (EEMs)

3 Waste Heat: Potential and Usage Possibilities
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Steps 3 to 5 deal specifically with the handling of unavoidable waste heat. In step 3, the 
characterization of the waste heat along with an analysis of the surroundings are conducted. 
From these two aspects, possible uses of the available waste heat are derived. In addition, 
the four possibilities for waste heat use are highlighted: (i) use by direct heat transfer, (ii) 
use with temperature lift, (iii) use for power generation and (iv) use for cold generation. The 
goal of step 4 is the development of actual technical concepts necessary for waste heat 
usage. It deals with aspects such as decoupling, transfer, storage, and 
extension/redundancy. In step 5, commercial concepts and business models for the 
developed technical solutions are presented and the overall solutions are evaluated in 
detail. Finally, risks are assessed, and any appropriate risk management measures are 
proposed.  

In summary, the guidelines describe a systematic procedure to support the objective and 
rational selection of suitable solutions for waste heat usage.  

For energetically more complex plants, the waste heat potential is ideally identified with a 
pinch analysis. In steps 2 and 3, a pinch analysis is recommended to provide the systematic 
approach to establish the energy efficiency measures for the process as well as the waste 
heat potential and usage. More specifically, in step 3 pinch analysis is used in the 
identification and characterization of the waste heat streams themselves.  

To determine this information in steps 2 and 3, the Grand Composite Curve (GCC) is used. 
This graph identifies the heat deficit (above the pinch point) and the heat excess (below the 
pinch point) as a function of temperature. In the following Figure 2, the red lines below the 
pinch point provide information about the heat flow and temperature level of the waste heat 
clearly defining the potential.  

Pinch-Temperature

Waste Heat

 
Figure 2: Company from mineral processing sector:  GCC for yearly operation for one production line. 

It must be noted that the waste heat potential identified by the GCC only applies if the 
internal heat recovery potential is fully exploited through energy efficiency measures. Based 
on the pinch analysis and the identification of the waste heat potential by means of the 
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GCC, the waste heat streams (i.e. the actual «heat carriers of the waste heat ») can be 
identified and their characteristics determined as follows:  

• Medium / heat transfer medium: liquid, gas, gas/steam mixture, etc. 
• Heat flow/amount of energy 
• Temperature level 
• Temporal occurrence (including fluctuations, power peaks, etc.) 
• Operational aspects 
• Fouling and corrosion behavior 
• etc. 

 

Rough Pinch Analysis: 

In Switzerland the Swiss Federal Office of Energy (SFOE) supports two phases of a pinch 
analysis as follows:  

1. Rough Pinch Analysis  

2. Detailed Pinch Analysis  

This approach has proved successful at promoting pinch analysis projects in industry. The 
rough pinch analysis phase involves a series of targeted meetings (typically 2-4) with 
company representatives to achieve the following goals:  

• Determine the present energetic state  
• Roughly quantify the potential for increasing energy efficiency and waste heat usage  
• Identify initial concepts for possible energy efficiency measures and waste heat 

usage  
• Recommend further course of action, in particular if a detailed pinch analysis is 

necessary  

Based on these goals of a rough pinch analysis it has been proposed in the context of the 
Annex 15 Subtask 1 to use such an analysis as a method suitable for “excess heat 
identification and quantification”. The analysis can be done in a relatively short period of 
time that requires direct access to key process information avoiding a hands-off approach, 
which is typical of a questionnaire. The analysis effectively determines the waste heat usage 
potential directly, the characteristics of the waste heat itself together with other key process 
information (e.g. scheduling data, information about the existing energy efficiency 
measures, temperature levels and heat flows of the heating and cooling requirements).  

The key distinguishing features based on the experiences of a successful rough pinch 
analysis are summarized as follows:  

• Requires a trained and experienced pinch analysis engineer  
• Requires typically 2-4 meetings at the industrial company together with the 

responsible person from the company  
• Requires communication before the first meeting and the necessary information, 

documentation, and data needed to be provided (see Appendix)  
• Requires an onsite visit and review of the production processes  
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• Requires that key technical people (e.g. engineering, production, operations, 
infrastructure, etc.) are involved in meetings to get the right data in as short time as 
possible to minimize their time involvement and ensure as high quality information 
as possible  

• Requires no detailed measurement program  
• Requires at least a management summary and/or a final presentation to document 

the findings of the rough pinch analysis  
 
A typical rough pinch analysis has shown to require between approximately 80 and 150 h 
depending on the complexity of the process. The SFOE presently covers 60% of the 
engineering effort. In Switzerland, approximately 30-40 rough pinch analysis projects per 
year are conducted.  

Results  
The results to date of the project as well as the recommended use of a rough pinch analysis 
to identify and quantify industrial waste heat are as follows: 

• The “Guidelines for the Usage of Industrial Waste Heat” have been submitted to 
SFOE. The researchers from the Lucerne University of Applied Sciences and Arts 
have been applying the guidelines in several industrial projects. For example, a 
steam reforming process was analyzed first to identify energy efficiency measures 
of the process. Next the resulting waste heat potential and characteristics were 
identified. Finally, the surroundings were investigated and possible solution 
concepts for waste heat usage by direct heat transfer, for power generation and for 
refrigeration were proposed and communicated to the industrial company. Each 
solution was assessed for technical and commercial suitability.  

• Experiences gained in conducting rough pinch analyses has shown that relatively 
good quality of data can be obtained for the identification and quantification of 
waste heat as well as for the characterization of the streams available for waste 
heat usage. Comparisons between a rough pinch analysis and a follow-up detailed 
pinch analysis showed no major heating and cooling demands were missed with 
small acceptable differences between the originally estimated data and the 
detailed (in some cases measured) process data. Experience has also shown the 
importance of properly communicating beforehand the necessary documentation 
and other key information to be provided before the first meeting. Examples of the 
information and documents requested are listed in the Appendix. Finally, the rough 
pinch analysis enables the engineer to determine details related to the existing 
heat recovery measures already implemented within the process.  

• Finally, based on the results of completed rough pinch analysis, it is planned to 
investigate their use in developing typical company profiles as well as (sub-)sector 
profiles to identify and quantify industrial waste heat potential as well as the 
characteristics of the waste heat streams.  

 

Conclusion  
The following main points can be concluded from this work: 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

41 

• A set of guidelines on the usage of industrial waste heat has been 
developed. These guidelines support the analysis of waste heat potential as 
well as the conception of suitable technical and commercial solutions and 
designs.  

• The guidelines recommend pinch analysis for determining the energy 
efficiency measures of the process and to determine the waste heat potential 
as well as to characterize the waste heat streams.  

• It has been recommended to use a rough pinch analysis as a method to 
identify and quantify industrial waste heat. The analysis effectively 
determines the excess heat potential directly together with other key process 
information (e.g. scheduling data, information about the existing energy 
efficiency measures, temperature levels and heat flows of the heating and 
cooling requirements).  

• The rough pinch analysis method requires less effort than a detailed pinch 
analysis and can be combined with a questionnaire approach as part of the 
necessary data for a rough pinch analysis communicated before the 
workshop meetings begin.  

 

Answers to the questions related to the subtask  
 

How can we combine i.e., Pinch Analysis/HENS (with specific data requirements) 
with more qualitative input from questionnaires and/or insights from studies 
regarding individual industrial sectors (typical temperature levels/ heat loads for 
typical processes) to calculate excess heat potentials? 

• The guidelines require a pinch analysis for a company to complete the evaluation of 
waste heat usage. However, rough pinch analysis has been proposed to aid in the 
decision of how applicable a process is to benefit from a detailed analysis. The rough 
pinch analysis is first conducted to:  

o Determine the present state of energy use  
o Quantify roughly the potential for increasing energy efficiency and waste 

heat usage  
o Identify first concepts for possible energy efficiency measures  
o Recommend further course of action, in particular if a detailed pinch analysis 

is necessary  
• The rough pinch analysis is based on the same systematic of a pinch analysis. At 

the start of a rough pinch analysis, a document is sent to explain the workflow of the 
analysis plus a listing and example of the required information (see Appendix). 
Additional questionnaires can be included with the information to combine such an 
approach with the rough pinch analysis.  

• The results from the rough pinch analysis are the Composite Curves and Grand 
Composite Curves for the identified relevant operating cases. Whereas the Grand 
Composite Curve is key for quantifying the amount of excess heat.  

How could these gaps be filled without collecting new measurement data? 
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• In this subtask 1 it is proposed to use the rough pinch analysis approach to fill gaps 
in the identification and quantification of excess heat. The rough pinch analysis does 
not include a measurement program and is typically takes between 80 – 150 h to 
complete. The rough pinch analysis results could be combined to improve the 
accuracy of top-down methods used to quantifying sector-specific excess heat 
identification and quantification.  

What methods did you use in previous projects (e.g., pinch analysis, 
questionnaires, broader studies on a certain branch)? 

• To assess excess heat at the company level, a detailed pinch analysis was used. 
This approach is excellent but the most time consuming given the need for a 
measurement project and the greater level of understand of the process and the 
technologies used.  

• A questionnaire approach has also been used but suffered from lack of response 
and quality of data since such work to fill out the questionnaire is not core part of the 
business.  

Do you already use combined approaches? 

• A rough pinch analysis requires sending a document to explain the workflow of the 
analysis plus a listing and examples of the required information needed for the 
following workshops (see Appendix). This information can be considered to include 
a combined questionnaire approach; however, it is done in a targeted manner with 
direct follow-up in the associated workshops with key personnel.  

What auxiliary calculations did you perform in order to estimate excess heat 
potentials? 

• Given the level of information obtained in a rough pinch analysis the Composite 
Curves and associated Grand Composite Curve can be determined. This enables 
direct determination of the excess heat potential for each operating case. As a result, 
no other auxiliary calculations are performed.  

• Central to using the Grand Composite Curve is that heat recovery is considered first 
before identifying the excess heat potential. Rough pinch analysis also allows for 
the identification of first concepts for possible energy efficiency measures and the 
effects on the amount of excess heat.  

What obstacles did you encounter that would make a combination of information 
difficult? 

• While rough pinch analysis is a key approach that identifies correctly and clearly the 
energy profile of a process it involves a commitment from companies to be involved.  

• Experience has only been obtained in Switzerland with small, medium and large 
sized industrial companies. No experience has been obtained with very large 
companies or industrial clusters as present in other countries. However, it is 
concluded a rough pinch analysis could be applied to such situations under the 
assumption of requiring more project effort.  
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Is it possible to obtain sufficient data combining questionnaires and insights from 
previous studies? (e.g., combining information on equipment size, product 
throughput and information gathered from previous studies) 

• Information from previous studies as well as equipment size, product throughput for 
similar processes is included in a rough pinch analysis, when available, to help in 
process understanding and to determine the actual process heating and cooling 
requirements.  

• Information on other processes (within the company or from others) are very helpful 
in filling in any missing data that cannot be determined during the project. This is 
also relevant in the case of extrapolating to future developments of the process.  

What requirements (data bases, data maintenance, knowledge on interconnections 
within the processes, etc.) need to be fulfilled in order to facilitate cross method 
approaches? 

• A data base to collocate excess results based on the different methods would 
facilitate cross method approaches and improve the quality of excess heat 
identification and quantification. This database would allow more people to have 
access to the data to use it in their own studies and learn how other methods have 
been done as well as promote the cross-method approach given the easier access 
to relevant information for the investigating engineer.  

• An important requirement will be the structure of the data base to handle the different 
data formats for each method used. In addition, continued data maintenance will be 
required to adapt the structure as new methods and data formats are introduced into 
the database.  

• The required format of the information for a rough pinch analysis is either a 
management summary document or final presentation.  

• Confidentiality requirements would have to be addressed in management of the 
data.  
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Appendix – General Overview of the Necessary Data for a Rough Pinch Analysis 

The following information, documentation and data is typically needed for undertaking and 
completing a rough pinch analysis: 

• Principal flowsheet diagrams, detailed process flow diagrams, P&ID diagrams 
• Process plant descriptions, technical documents/data 
• Operating mode of the systems: 

o Continuous 
o Discontinuous (batch) 
o Semi-continuous (non-continuous) 

• Typical "representative" operating cases: 
o Full production 
o Reduced production 
o Different products for the same plant 
o Seasonal variations 
o etc. 

• Operating hours: 
o Per day 
o Per week 
o Per year 
o Business interruptions (holidays, revision) 

• Main energy flows: 
o Consumption values for heating requirements (temperature levels, heat flow, 

energy demand) for relevant process and infrastructure systems 
o Consumption values for cooling requirements (temperature levels, heat flow, 

energy demand) for relevant process and infrastructure systems 
o Consumption values for electricity demand 

• Other medium consumption: 
o Water 
o Compressed air 
o etc. 

• Process plant data: 
o Online measured values: real-time, daily, weekly, monthly or annual 
o Regular manual readings 
o «History» values from process control system, etc. 

• Energy supply systems 
o Heating: gas boilers, oil boilers, wood chip boilers, CHP systems, district 

heating, etc. 
o Cooling: refrigeration system, groundwater, river water, dry cooler, air, etc. 
o Electrical power supply 
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1.4. COUNTRY & INSTITUTION: DENMARK (DTU) 

Project Name: Energy efficiency in the industry: A study of the methods, potentials and 
interactions with the energy system 

Summary  
In the presented project, the manufacturing industry was analysed to show its potential to 
improve energy use on an energy system and process level. For this purpose the 
inefficiencies of the industry sector of Denmark were taken as an example and quantified 
using energy and exergy methods. The developed models were used to quantify the amount 
of industrial excess heat. Based on these mappings, the potential for recovering and 
exploiting excess heat was analysed, which required the development of new methods to 
locate potentials. The methods included spatial, temporal and economic elements to have 
a realistic assessment of national potentials. This was complemented with multiple case 
studies, for which the model input uncertainties were taken into account. The second part 
of the project considered specific production processes and methods for assessing them. 
For the case study of a milk powder production system, different engineering and advanced 
thermodynamic methods were used for the analysis. The different methods, which include 
pinch and exergy analyses, located and quantified different optimisation potentials, which 
were compared against each other. At last, specific optimisation opportunities were 
identified and evaluated. These consisted of a retrofit heat exchanger network and the 
integration of heat pumps and solar thermal energy. 

The results show that the energy efficiency of the Danish manufacturing industry was 80 % 
and only 72 % when taking the utility system into account. The losses are often in the form 
of recoverable excess heat. It was found that 1.5 TWh of excess heat could be cost-
effectively used for district heating. The tool developed for the case studies enables to 
overcome some of the barriers for the utilisation of excess heat. It assesses heat sources 
and possible uses considering the uncertainties and determining important model 
parameters. The analysis of the dairy factory resulted in potentials for improvement and 
highlighted merits and drawbacks of the applied methods. The advanced methods allowed 
for a thorough analysis of components and interactions amongst each other, the 
engineering approach is quick to indicate possible improvement but requires experience. 
The specific improvement suggestions show that it is technically and economically possible 
to reduce energy use by means of heat integration and to partly replace the hot and cold 
utilities with more sustainable ones. 

Further information on the project and the outcomes can be found in:  

“Energy efficiency in the industry: A study of the methods, potentials and interactions with 
the energy system”, PhD thesis, Fabian Bühler, 2018”. 

Introduction  
The decline of fossil fuel resources and global environmental problems associated with their 
use make a transition to renewable energy sources necessary. A significant share of the 
energy consumption worldwide takes place in industry and it has been documented by 
numerous studies that a significant decrease of industrial demand may be obtained by 
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taking energy system optimization and process integration into account in the early stages 
of any project, greenfield or retrofit. However, experience shows that there are several 
hurdles to pass, to make energy-optimal solutions state-of-art.  These hurdles include 
acceptance, tradition, lack of knowledge about process energy requirements, lack of data, 
lack of interest, etc.  

The Project aims at assessing and optimizing the industry as an integrated part of the 
energy system and support this by analysing and optimising specific production processes 
using advanced thermodynamic methods. The work was divided into two parts: (i) the 
sectoral analysis of industrial energy use and excess heat recovery and (ii) the analysis of 
industrial sites using different thermodynamic methods. 

Aims and objectives  
The project has two focus areas, namely the industry of a country or region and the industrial 
processes themselves. From these areas the main objectives consist in assessing and 
optimising the industry as an integrated part of the energy system and support this by 
analysing and optimising specific production processes using advanced thermodynamic 
methods. 

 

In order to reach the targeted outcome, it is necessary to accomplish several objectives for 
the sector and process analysis respectively. On the sector level the following objectives 
can be defined: 

 

• evaluate the energy resource conversion efficiency in the industrial sector 
• determine the level of excess heat from industrial processes 
• develop a method to analyse the utilisation potential of excess heat for district 

heating of a region or country 
• determine possible barriers to the utilisation of excess heat in a national context 
• develop a tool to locate and assess excess heat utilisation projects 
• determine the uncertainties and important parameters in excess heat utilisation 

projects 

 

To support the sectoral findings and case studies, industrial processes need to be analysed 
in detail using different methods, which have relevance for industry practice. For the given 
processes, the following objectives can be defined: 

 

• develop models that describe the global behaviour of production systems including 
the utility supply 

• identify the possible system interactions and improvements using multiple methods 
based on the pinch, energy and exergy concepts 

• compare the applicability of these methods under different viewpoints to engineering 
approaches 

• investigate the feasibility of replacing and improving current utility systems 
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Content and methodology  
The project considered two main parts. First, an analysis of the manufacturing industry was 
performed, determining the efficiencies of the processes and utilities of different industry 
sectors. Based on this analysis the industrial excess heat and its utilisation potential with 
respect to the energy system was determined. The possible barriers to excess heat 
utilisation were shown and specific cases were analysed. For this analysis Denmark was 
used as a case study. Second, different methods for the analysis of industrial sites were 
applied to a case study to qualitatively compare the applicability and outcome of the 
methods. A focus of this analysis was on the comparison of engineering and advanced 
thermodynamic methods. The methods were applied to the case study of a milk powder 
production factory. 

 

Industry and excess heat analysis 

When analysing the industry it was found that the inclusion of the complete energy system 
and the accounting for the irreversibility of transformations, increased the significance and 
the interpretability of the results. In particular the comparison of different countries or 
industry sectors (e.g. dairy, cement or metal industries) is more meaningful, as a common 
basis with respect to the different energy carriers and their conversion is considered with 
these elements. 

In a second step the amounts of excess heat were quantified.  The process mapping used 
the energy end-use models created for the manufacturing industry, which allowed a detailed 
description of the excess heat with respect to temperature levels and processes. The 
THERM- CYC mapping relied on more aggregated assessments for processes on a sector 
level. This approach allowed the quantification of excess heat of all sectors in Denmark, but 
was limited with respect to the accuracy of the broad estimates. Though both methods are 
applicable to other countries, they were developed based on the available data for 
Denmark. 

To find the possible utilisation potential of excess heat for district heating, an approach was 
developed which applied spatial, thermodynamic, temporal and economic elements to 
excess heat and district heating data. This included the temperatures of the district heating 
supply and return for each network, the seasonal and daily profiles for heating demand and 
excess heat availability and the location of industrial sites and district heating networks. 
With this approach it was possible to establish a potential for excess heat utilisation which 
was refined through these elements. This allowed to find amongst others the requirement 
for heat pumps, thermal energy storage and unit costs of district heat. The required input to 
these models is also available or can be generated for other regions. Some parameters, 
such as the price of excess heat, have a great influence on the cost effectiveness. This 
price is only hardly assessable, as it depends on agreements and the local situation. 

Barriers to the use of energy efficiency and excess heat utilisation were established by per- 
forming a literature review of national and international studies, analysing the tax and 
subsidy system and creating a case study. Altogether, this resulted in several barriers which 
were identified to be probably relevant for Denmark as local conditions were included. To 
confirm these findings the case studies have to be extended to include more companies 
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and district heating representatives. The barriers found throughput the literature, were 
however consistent with respect to excess heat, thus a good indication for overcoming them 
could be given. The following are the most important identified barriers for excess heat 
utilisation. The lack of information about possible opportunities is a limiting factor. If 
information is available, the risks associated with the creation of dependencies between the 
industry and district heating supply were possible barriers on both sides. The district heating 
operator wants a long term investment, while the industry wants flexibility in changing their 
production. The taxes and subsidies were found to be not an actual barrier. This was also 
confirmed by the case studies for excess heat utilisation, were in most cases the taxes on 
electricity and the amount of subsidy were not the most important parameters. However, 
taxes were perceived as important by both industries and district heating companies. 

One way to overcome the barriers was to create a tool which allowed to identify and 
evaluate cases for excess heat utilisation, without the requirement of finding additional data 
other then what was previously established. This tool can be used to pre-screen possible 
projects and evaluate their economic viability. It was found that the results of such a tool 
can have a great uncertainty, of which the users have to be aware. By implementing a tool 
for the sensitivity analysis, the users could efficiently reduce this uncertainty by improving 
a few key input. 

The methods were to some extent built on data available for Denmark. The data used was 
to a large degree available from national and European public institutions, as well as utility 
companies and industry associations. Although the conclusions would be different, the 
applicability of the proposed methods to other regions and countries is discussed. 

 

Industrial site analysis 

One of the aims of the industry analysis, was to compare the suitability of different methods 
for the analysis of industrial systems, with respect to their energy use and efficiency 
improvement potential. The background was to give recommendations to industry 
professionals on the benefits of advanced methods. At first an engineering approach was 
applied, in which process data is benchmarked to other industrial sites or best practices. 
The outcome of this analysis depends thus heavily on the experience of the analyst. There 
were no clear guidelines available and the possible saving potentials were not directly 
quantified. 

Pinch analysis, as an established method for the analysis of industrial systems, allows the 
determination of the heat integration potential, thereby giving a target for minimum energy 
use. It also gives hints for the design of heat exchanger networks and the placement of 
utilities. The more systematic approach to pinch analysis was found to be an advantage to 
the engineering approach. 

For the exergy analysis, a model of the industry system was created, while the previous 
analyses only required the process stream data (flow rates, temperatures and loads). With 
the exergy analysis it was possible to determine the exergy efficiency, exergy destruction 
of each component and the losses of the system. This allows to locate the most inefficient 
components, to compare similar components and analyse the waste streams. However, the 
actual improvement potential remained unknown. To account for the real improvement 
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potential and to study the system in more detail, an advanced exergy analysis was 
performed. While the results gave useful insights, in particular the share of unavoidable 
exergy destruction, the application of the method was limited. These limitations arose from 
the production system not being flexible enough to perform such an analysis, due to product 
set-points and, in a thermodynamic sense, unnecessary components. For the analyst, the 
advanced exergy analysis requires the most work. It is necessary to take many assumptions 
and gather more data besides multiple model evaluations are required. 

The analysis of the industrial case studies is based on data which was obtained through 
data collection and measurements at the industrial sites or was provided from the industrial 
partners. The case studies are based on characteristics of one production unit, but he 
numerical models are generalized to some extent. Steady state or quasi steady-state 
conditions are assumed, and issues related to the dynamic behavior of the production 
processes are not taken into consideration. 

Results  
Denmark as a case study 

The conversion efficiency of energy within the manufacturing industry was analysed for 
Denmark. In 2012, the industrial sector was found to have had an energy efficiency of 80 
% and an exergy efficiency of 40 %. When including the conversion efficiencies of fuels to 
electricity and district heat at the utility sector, these efficiencies dropped to 70 % and 30 % 
respectively. This indicates, that high temperature processes with a high amounts of excess 
heat should be targeted, as large quantities of this heat are recoverable. The use of district 
heat and heat pumps for process heating, where the temperatures allow it, would further 
improve the site efficiencies. 

With the THERMCYC mapping it was found that the transport sector had an estimated 76 
PJ of recoverable excess heat, the utility sector 58 PJ and the industry sector 48 PJ. This 
mapping identified a low temperature excess heat potential below 60 ◦C of around 80 PJ, 
primarily from cooling and refrigeration processes, condensate and from industrial 
processes. The high temperature potential originated from combustion processes and 
exhaust gases and was found between 160 ◦C and 260 ◦C. The excess heat potential of 
thermal processes in the manufacturing industry, as found in the process mapping, was to 
a large extent located in this high temperature range. The main excess heat sources were 
in the oil refinery, building material (cement in particular) and chemical and food industry. 
In total 12.7 PJ of excess heat were found for the manufacturing industry using the process 
mapping. 

The spatial analysis of the excess heat in Denmark showed that there are some industry 
locations with large amounts of excess heat. These large sources were found at the 
locations of oil refineries and the cement production plant. It was further established that 
approximately 1.36 TWh of district heat could be supplied from excess heat created in the 
manufacturing industry, which corresponds to 5.1 % of the district heating demand in 
Denmark. Heat pumps were required to make 36 % of the excess heat usable, considering 
the current supply temperatures of the district heating networks. Though excess heat from 
the considered processes will not be a major source for district heating on a national level, 
it can have great significance for several district heating networks. 
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When considering the socio-economic costs of using excess heat, it was found that these 
costs have a weighted mean of 35.6 €. MWh-1. Large industrial sites were found to have 
generally lower costs for district heating, as the ratio of piping costs to the amount of heat 
delivered were low. In Denmark, a few large industries, dominated the results of usable 
excess heat potential. 

The evaluation of several specific case studies and the creation of a tool for locating cases 
was developed for the use in Denmark. The analysed cases show that it is often cost 
efficient, from a private economic perspective, to deliver excess heat to district heating 
networks, other factories or to produce electricity. The final feasibility depends on a lot on 
the share of profits between the district heating company and the industry and the price of 
the obtainable in the local district heating area. The taxes for the use of excess heat were 
found to of relevance for the heating price when heat pumps with low COPs were used, but 
the temperatures and heat pump efficiency still remained the more important factors. 
Milk powder production as a case study 

Based on the performed analyses it was possible to identify several inefficiencies and 
saving potentials in the milk powder production factory. With the engineering approach the 
possibility of extending the regenerative heat transfer in several pasteurising units was 
shown, as well as a possibility for heat integration. The pinch analysis showed that the 
factory is already highly integrated and no apparent measures for heat integration existed. 
The inefficiencies in the hot utility supply were however shown and several free streams 
were identified, for which heat recovery measures could be applied.  The exergy analysis 
also showed that the hot utility is inefficient. Approximately 62 % of the exergy destruction 
occur in the boiler and burner. In the heat treatment section more than 50 % of the exergy 
destruction took place in the three heaters. The advanced exergy analysis showed that less 
than 10 % of the exergy destruction in the heaters is avoidable, while this share is even less 
in the hot utility. Improvements in the production system, would however increase the 
exergy destruction in the current utility. This could be avoided by using for example a heat 
pump, as an increase in the return temperatures from the production would increase the 
heat pumps effectiveness. 

Based on a simplified milk powder production case study, the creation of a heat exchanger 
network, the use of heat pumps and solar energy was analysed. The technical and 
economic analysis showed that the cooling demand could be reduced by 58 % and the 
heating demand by 33 %. This target was also achieved by designing a retrofit heat 
exchanger network, consisting of 4 regenerative heat exchangers. For each of the 
remaining cooling demand, the use of a heat pump to supply process cooling and heating 
was evaluated. With investments of payback times below 8 years, it would be possible to 
almost cover all cooling requirements with heat pumps. The use of solar thermal energy 
was found to be profitable in two cases, namely for the heating of skim milk before entering 
the evaporator and the heating of drying air into the spray dryer. The payback times for 
these investments were 7 and 13 years, respectively.  

Conclusion  
The presented work be divided into two parts: (i) the sectoral analysis of industrial energy 
use and excess heat recovery and (ii) the analysis of industrial sites using different 
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thermodynamic methods. The first part of the work deals with the sectoral analysis of 
industrial energy use, in which Denmark is taken as a case study, considering country-
specific conditions (e.g. taxes, policies and existing energy infrastructure). The main 
findings and recommendations are therefore related to this case study.  

The results show that the energy efficiency of the Danish manufacturing industry was 80 % 
and only 72 % when taking the utility system into account. The losses are often in the form 
of recoverable excess heat. It was found that 1.5 TWh of excess heat could be cost-
effectively used for district heating. The spatial analysis of the excess heat in Denmark 
showed that there are some industry locations with large amounts of excess heat. These 
large sources were found at the locations of oil refineries and the cement production plant. 
It was further established that approximately 1.36 TWh of district heat could be supplied 
from excess heat created in the manufacturing industry, which corresponds to 5.1 % of the 
district heating demand in Denmark. 

The evaluation of several specific case studies and the creation of a tool for locating cases 
was developed for the use in Denmark. The analysed cases show that it is often cost 
efficient, from a private economic perspective, to deliver excess heat to district heating 
networks, other factories or to produce electricity. The final feasibility depends on a lot on 
the share of profits between the district heating company and the industry and the price of 
the obtainable in the local district heating area. The taxes for the use of excess heat were 
found to of relevance for the heating price when heat pumps with low COPs were used, but 
the temperatures and heat pump efficiency still remained the more important factors. 

The analysis of the dairy factory resulted in potentials for improvement and highlighted 
merits and drawbacks of the applied methods. The technical and economic analysis of the 
milk powder production case study showed that the cooling demand could be reduced by 
58 % and the heating demand by 33 %. This target was also achieved by designing a retrofit 
heat exchanger network, consisting of 4 regenerative heat exchangers. For each of the 
remaining cooling demand, the use of a heat pump to supply process cooling and heating 
was evaluated. With investments of payback times below 8 years, it would be possible to 
almost cover all cooling requirements with heat pumps. The use of solar thermal energy 
was found to be profitable in two cases, namely for the heating of skim milk before entering 
the evaporator and the heating of drying air into the spray dryer. The payback times for 
these investments were 7 and 13 years, respectively. 

Answers to the questions related to the subtask  
How can we combine i.e. Pinch Analysis/HENS (with specific data requirements) 
with more qualitative input from questionnaires and/or insights from studies 
regarding individual industrial sectors (typical temperature levels/ heat loads for 
typical processes) to calculate excess heat potentials? 

Process integration should be supported by any possible source of information in addition 
to actual measurements. This may include engineering judgement and estimates from 
onsite staff or experts or from relevant sources related to similar processes. In any case 
industrial production varies over time and measurements are uncertain, which mean that it 
is not exact results that will be available. Accordingly, the mapping will require modelling 
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based on first principles to establish mass and energy balances. The use of GIS and 
databases for location and time variation of demand and excess heat makes it possible to 
clarify the true potential of integration between industrial sites and with surrounding district 
heating systems.  

How could these gaps be filled without collecting new measurement data? 

This may include engineering judgement and estimates from onsite staff or experts or 
from relevant sources related to similar processes. The mapping will also require 
modelling based on first principles to establish mass and energy balances. 

What methods did you use in previous projects (e.g. pinch analysis, 
questionnaires, broader studies on a certain branch)? 

Pinch analysis, process modelling based on first principles mapping, expert interviews, 
GIS, industry registration data bases 

Do you already use combined approaches? 

Yes, as stated above. 

What auxiliary calculations did you perform in order to estimate excess heat 
potentials? 

Process modelling based on first principles mapping and sensitivity analysis 

What obstacles did you encounter that would make a combination of information 
difficult? 

• The mapping and modelling requires significant efforts and time before it is possible 
to do the analysis. 

Is it possible to obtain sufficient data combining questionnaires and insights from 
previous studies? (e.g. combining information on equipment size, product 
throughput and information gathered from previous studies) 

o It is possible to complete a process integration study, but it is crucial to verify 
the accuracy, e.g., by sensitivity analysis. 

What requirements (data bases, data maintenance, knowledge on interconnections 
within the processes,…) need to be fulfilled in order to facilitate cross method 
approaches? 

o The combination of onsite retrieval of information by discussion with staff of 
the facility and expert insights in processes in general may be important. 
GIS, industrial registration data bases. 
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Project Name: Development of Process Integration Methodologies for Systematic 
Implementation in non-Energy Intensive Industries 

Summary  
Process integration methods proved to be highly effective in analysing the energy utilisation 
of industrial facilities and identifying possible actions for increasing their energy efficiency. 
However, they are far from constituting the industrial practice. A major barrier to their use 
is the large time and resources required for performing the analysis. This issue is especially 
felt in non-energy-intensive industries, which are deemed to hide a large potential for energy 
savings. In fact, the low cost savings deriving from energy-efficiency projects in individual 
plants do not justify lengthy and expensive investigations. In this way, a large potential for 
energy saving which lays in non-obvious solutions is missed. 

The project aimed at lowering this barrier by developing expeditious process integration 
retrofit methods. The most time-consuming activities of available methods were identified, 
and two novel methods were proposed, named “Required Data Reduction Analysis” 
(RDRA) and “Energy-Saving Decomposition” (ESD) method. They respectively aim at 
reducing the time consumption of the “data acquisition” and of the “design” phases of 
process integration retrofit projects. Their performance was tested and validated by applying 
them to nine case studies belonging to three different industrial sectors. This allowed to 
investigate their major merits and limitations and propose future development activities. The 
RDRA bases on the idea that measurements are performed to increase our knowledge, and 
this knowledge is quantifiable in terms of uncertainty. It employs uncertainty analysis, 
sensitivity analysis, and mathematical optimisation techniques in a systematic setting, to 
identify (i) a limited number of process parameters to measure, and (ii) the maximum 
acceptable uncertainty in their measurement. The ESD method builds on the idea that most 
of the energy-saving potential achievable by heat integration in existing industrial plants 
resides in a limited number of the process streams and of the “pinch violations”. It aims at 
reducing the solution space before embarking in the time-consuming design activities, 
avoiding to waste time in inspecting unfruitful solutions. This is achieved by two consecutive 
simplifications. The first identifies and eliminates useless process streams based on their 
energy-saving potential. The latter disregards heat exchangers responsible for cross-pinch 
heat transfer based on economic considerations 

 

The results of RDRA’ s application to five case studies testify that it can significantly 
decrease the amount of parameters to measure, compared to what traditionally 
recommended. In all the cases, a maximum reduction of 86 % is achieved. The application 
of the ESD method to nine case studies proved that it can significantly reduce the size of 
the problem and the time employed in formulating profitable design proposals with a 
reduction of considered process streams ranged from 33 % to 78 % compared to the total 
plant. All in all, the novel methods showed a high potential to lower the barriers to the use 
of process integration tools in the industry, potentially providing access to energy-saving 
opportunities today hidden. 

 

Further information on the project and the outcomes can be found in:  
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“A study of the methods, potentials and interactions with the energy system process 
integration methods for retrofit of non-energy-intensive industries, PhD thesis, Riccardo 
Bergamini, 2020”.  

Introduction  
Process Integration (PI) methodologies have proved to be highly effective for identifying 
and assessing energy savings possibilities in the industry, both in existing processes and 
newly designed ones. 

Despite their widely recognized performance and the complete generality of the concepts 
at their foundation, the aforementioned tools are mainly designed for utilization in large 
industrial processes and to such application they are, as today, relegated. This is mainly 
due to the high complexity level in their application, for both data collection and time required 
for the completion of the whole analysis. These barriers make the application of detailed 
process integration methodologies expensive, discouraging their usage in non-energy 
intensive industries, defined as industries with an average energy intensity lower than 250 
Mtoe/M€ of value-added. Such processes embed lower individual energy savings 
opportunities, making it unfeasible to conduct a detailed analysis. However, due to their 
high number, they have a large aggregated energy consumption. Therefore, a large energy 
savings potential resides, unexploited, in the non-energy intensive industrial sector. A 
successful simplification of process integration methodologies would convince consultancy 
and process design companies in using such tools in the every-day practice. In addition, by 
using these methodologies, it would be possible to access the large energy savings 
potential unexploited in the non-energy intensive industrial sector.  

Aims and objectives  
This project aimed at developing expeditious process integration tools for process retrofit 
viable to be used especially in non-energy-intensive industrial sectors. The project built on 
one general hypothesis and three specific ones. The general hypothesis is that a large 
potential for energy savings resides, unexploited, in the non-energy intensive industrial 
sector. Based on this, three sub-hypothesis generate: 

I. It is possible to reduce the time consumption of process integration studies without 
overlooking the largest energy-saving potential. 

II. Expeditious process integration methods would convince consultancy and process 
design companies in using such tools in the every-day practice. 

III. By using these methods it would be possible to access the large potential for energy 
savings unexploited in the non-energy-intensive industrial sector. 

The work aimed at complementing the current state of research in the field by answering 
the following research questions: 

• Which tasks of a process integration project require the largest amount of time and 
resources to be completed?  

• What modifications to existing process integration methods could reduce the time 
required by these tasks?  
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• Are these modified methods generally applicable or is their use restricted to specific 
processes?  

• How do the modified methods perform if compared to state-of-the art ones in terms 
of time requirement and level of insight provided to the analyst?  

• Are expeditious process integration methods beneficial if compared to more rigorous 
ones in the retrofit of non-energy-intensive industrial processes?  

Content and methodology  
This work aimed at filling a renowned gap between academia and industry relative to energy 
analyses, in particular using process integration techniques: academic research often 
focuses on the development of more advanced and expensive analytical methods, while 
industry calls for easy-to-apply and expeditious tools (especially in non-energy-intensive 
sectors). This gap results in a suboptimal situation, in which the knowledge generated in 
academic research is not transferred to the industry, ultimately failing to benefit society 
towards a more sustainable production sector. The project focused on the development of 
expeditious, yet insightful, process integration retrofit tools. This was based on the 
hypothesis that a large potential for energy efficiency improvement is currently unexploited 
in the manufacturing sector and that such tools would allow to access it. As a result, two  
novel analytical methods have been proposed and tested on a total of nine case studies. 
The main developments and findings of the project, highlighting how they provided answer 
to the research questions. Only a few numerical results are given, showing the applicability 
and benefits of the proposed methods. 
 
The two novel methods are briefly explained below: 
 

Required Data Reduction Analysis Method (RDRA) 
The RDRA method required data reduction analysis aims at reducing the time 
required in the data collection phase. It bases on the idea that measurements are 
conducted to increase our knowledge and that this knowledge is quantifiable in terms 
of uncertainty. The higher the uncertainty the lower the knowledge, and vice versa. As 
such, it employs uncertainty analysis, sensitivity analysis, and mathematical 
optimisation techniques in a systematic method composed of four steps, requiring only 
roughly acquired data as inputs. This allows to: (i) identify a reduced set of process 
parameters that should be measured with high accuracy and precision, and (ii) 
quantify the maximum acceptable uncertainty allowed in their acquisition, if a target 
maximum uncertainty should be achieved in the outputs of the energy analysis. This 
constitutes a systematic definition of “the right level of details” required in the data 
collection. Moreover, as all this is performed before investing a large amount of time 
in acquiring detailed data, it is expected to significantly reduce the time consumption 
of this phase. 

Energy-Saving Decomposition Method (ESD) 
The ESD method aims at reducing the time wasted in investigating unfruitful retrofit 
options in the Design phase. It bases on the idea that the 80/20 principle applies to 
energy-saving opportunities of existing plants, meaning that most of the energy-saving 
potential resides in a limited number of the process streams and is caused by a limited 
number of the so called “pinch violations”. As such, the method systematically reduces 
the size of the solution space before embarking in the time-consuming design 
activities, avoiding wasting time in inspecting retrofit possibilities that would result in 
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uninteresting investments. This is achieved by successively employing two 
simplification steps. The first is based on thermodynamics, using a novel factorial 
decomposition of the energy-saving potential of the plant. This allows to identify and 
disregard process streams that do not significantly contribute to the potential energy 
savings as a result of a better process integration. The second simplification step is 
based on economics, aiming at identifying process inefficiencies (in terms of “pinch 
violations”) that, if reduced (or completely eliminated), would not result in economically 
attractive investments. This allows to focus the attention on reducing a limited number 
of large inefficiencies. This progressive reduction in the scope of the design problem 
is expected to both provide insight to the analyst, and to reduce the time wasted in 
inspecting unfruitful portions of the solution space. 

Results  
The following summarises the main developments and findings of the project, highlighting 
how they provided answer to the research questions. 

Research question 1: which tasks of a process integration retrofit project require the largest 
amount of time and resources to be completed? 

A review of the literature was performed aiming at identifying reported limitations of the 
currently available methods in the field of process integration, and the proposed attempts 
for solving them. Particular focus was placed on heat integration techniques for retrofit of 
existing industrial plants. The analysis revealed that several limitations were known in the 
field, out of which many still remain despite the forty years of development since the first 
tool for heat integration (i.e. pinch analysis) was proposed. They can be grouped in two 
categories based on the adversity they cause: (i) high time and resource consumption, and 
(ii) high risk of failure of the project. Both issues represent relevant barriers to the application 
of heat integration methods. 

The tasks requiring the largest time and resources to be completed were identified to be 
Data collection, Process modelling, and Design, while the Targeting phase did not cause 
any time-related adversity. Out of them, the first is considered the most time consuming, 
while the remaining two are expected to require a similar time in a typical retrofit project (in 
which data availability is scarce and a process model is not readily available). More in detail: 

(i) Data collection: A successful data collection requires acquiring data with “the right 
level of details”. Too rough data would result in a misinterpretation of the problem, 
while too detailed data would result in a waste of time. As of today, no guidance is 
provided in identifying the right level of details by any available process integration 
method. As such, too detailed data is generally collected invoking the need of “being 
on the safe side”. This results in a significant time waste (possibly in the order of 
weeks). 

(ii) Process modelling: The creation of a process model requires high process expertise 
and calls for the “right level of details” similarly to what discussed for Data collection, 
both for formulating and for validating the model. Also in this case, no guidance is 
provided by available methods risking to either misrepresent the problem (in case a 
too rough model is created) or employ resources in fruitless activities (in case a too 
detailed model is formulated). 
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(iii) Design: The design phase generally involves the detailed inspection and formulation 
of several design proposals, out of which most are found to be unacceptable 
investments when thermodynamic, economic, operability, complexity, safety, 
availability and maintenance considerations are accounted for. As such, their 
formulation proves to be a waste of time. A few methods have tried to limit the time 
waste by reducing the solution space identifying “portions” of the plant that are not 
expected to be involved in fruitful retrofit modifications. However, none of these 
methods have been accepted in the industrial practice due to different drawbacks, 
either causing a too long time to use the method itself, or negatively influencing the 
method effectiveness in removing truly unfruitful “portions” of the problem. 

Research question 2: what modifications to existing process integration methods could 
reduce the time required by these tasks? 

Based on the aforementioned review of the literature, the project focused on reducing the 
time wasted in the Data collection and in the Design phase of process integration retrofit 
projects. As a result, two novel methods were formulated: the Required Data Reduction 
Analysis (RDRA) and the Energy-Saving Decomposition (ESD) method. They complement 
existing process integration methods by providing expeditious and insightful information 
able to increase their time efficiency.  

 
Research question 3: are these modified methods generally applicable or is their use 
restricted to specific processes? 

The RDRA and the ESD method were tested on several case studies, whose data 
was either retrieved as part of the project, or from the literature. The former was 
applied to four milk powder production plants and a plant for the production of cheese. 
The latter was tested on these five plants, and four additional plants, two of which 
belonged to the pulp and paper sector and two to the petrochemical one. These nine 
case studies be-long to three different industrial sectors, and do not cover all the 
possible processes or sectors in the industry. Hence, there is no hard proof that the 
two novel methods would be unconditionally advantageous regardless of the process 
analysed. However, both the RDRA and the ESD method are general in their 
formulation and do not include any assumption related to the type of process to be 
investigated. As such, they are expected to be generally applicable. 

 

Research question 4: how do the modified methods perform if compared to state-of-
the art ones in terms of time requirement and level of insight provided to the analyst? 

The application of the RDRA and the ESD method to nine different cases studies 
allowed to test their performance and verify the impact of assumptions required in 
their use. The following summarises the main outcomes for the specific methods. 

RADRA Method: no tool available in the literature provides the same capabilities of the 
RDRA method. For this reason, it was not possible to benchmark its performance against 
existing methods. The following considerations solely ensued from the analysis performed 
in this project: 
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(i) The RDRA allowed to drastically reduce the number of parameters to consider in 
the detailed data collection phase of process integration retrofit projects. In all the 
five case studies analysed, the number of parameters requiring a detailed data 
collection was more than halved, achieving a maximum reduction equal to 86 % of 
the total parameters. It can be estimated that the time required in the successive 
data acquisition phase would experience a similar reduction. 

(ii) The method was fast to apply, requiring a few hours to be completed in all the case 
studies, which were mostly employed for automatic computations. The interaction 
time required to the user was limited to maximum 30 minutes. 

(iii) The optimisation routines proposed as part of the RDRA were effective in identifying: 
the maximum acceptable uncertainty in the input parameters when a predefined 
uncertainty in the output of the analysis was sought, and (ii) a set of process 
parameters of minimum size to be retrieved with the lowest possible uncertainty, 
given the measurement system available. These are not to be intended as global 
optima, but rather as local ones. 

(iv) The insight provided while applying the RDRA allows to rationally and systematically 
identify “the right level of details” in the detailed data acquisition phase. This can 
provide additional benefits to the industry, apart from reducing the time requirement 
of process integration retrofit studies. In particular, it was proved that the RDRA can 
be used to aid the design of energy monitoring systems. 

The ESD method:  was applied to nine cased studies, comparing its performance to 
six different state-of-the-art methods for the retrofit of heat exchanger networks. The 
following can be concluded: 

(i) The first simplification step of the ESD method allowed to significantly reduce 
the size of the problem in all the cases. This was quantified in terms of number 
of process streams removed from the analysis. The percentage reduction in 
number of streams ranged from 33 % to 78 %. 

(ii) The second simplification step allowed a further reduction of the problem size. 
The number of heat exchangers causing inefficiencies (“pinch violations”) to be 
considered for retrofit was significantly reduced in the five case studies this step 
was applied to. The reduction ranged from 66% to 88 %. 

(iii) The two simplification routines are fast to apply and require a computational 
time in the order of minutes. 

(iv) The reduction of the solution space achieved by applying the ESD method did 
not hinder the possibilities to identify profitable retrofit designs. The same retrofit 
design suggested with state-of-the-art methods was achieved in seven case 
studies, while even a better performing one was proposed in the remaining two. 

(v) The success of the ESD method when compared to other state-of-the-art tools 
highlighted the importance of allowing engineering judgement in the design 
phase, warning against reposing absolute “faith” in optimisation routines. This 
was particularly evident in one case study, in which the ESD method allowed to 
formulate a retrofit that outperformed a well-established method employing 
automatic design procedures (the network pinch method), both in terms of 
achieved energy savings (9.1 MW versus 6.7 MW) and payback period (0.74 
years versus 1.4 years). 
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Research question 5: are expeditious process integration methods beneficial if 
compared to more rigorous ones in the retrofit of non-energy-intensive industrial 
processes? 

It can be generally expected that a trade-off between expedition and rigorousness in 
exploring the solution space exists: the lower the time dedicated in analysing possible 
solutions, the lower the rigorousness. As a matter of fact, the RDRA did not experience 
such a trade-off, as it allowed to both reduce the time required in the detailed data 
acquisition phase and to increase the insight achieved. On the other hand, the ESD method 
allows for it, by removing process streams and pinch violations from the problem, hence 
limiting the possible solutions of a retrofit project. As such, it was used for answering this 
research question. The trade-off was investigated by comparing the ESD method and the 
bridge framework while retrofitting the heat exchanger network of a milk powder production 
plant. The former method represents one of the most expeditious ones available to date, 
while the latter stems for one of the most rigorous. 

The ESD method and the bridge framework identified the same final retrofit result. It 
achieved an energy cost reduction of 54 k€/y requiring an investment exhibiting an internal 
rate of return (IRR) comprised between 20 % and 50 %. However, the ESD method allowed 
to formulate just this one retrofit, while by means of the bridge framework a total of seven 
different designs were proposed. This constituted a significant reduction in time requirement 
without hindering the possibility to achieve the final retrofit design. On the other hand, it also 
resulted in a more limited investigation of the solution space. In fact, among the seven 
designs proposed with the bridge framework, two achieved an IRR higher than the proposed 
one. They were discarded as part of an open-ended decision-making activity based on risk 
and return considerations. This process was not explicitly conducted in the ESD method. 

All in all it appears clear that a trade-off between expedition and rigorousness exists in the 
retrofit of heat exchanger networks. The analysis points out that it is recommendable to use 
expeditious tools such as the ESD method instead of rigorous and time-consuming ones in 
the retrofit of non-energy-intensive industries. This can be partly imputed to the nature of 
these processes: given the generally low monetary benefits derivable from energy-reduction 
investments, it is rarely justifiable to accept complex and risky solutions. This severely limits 
the number of acceptable solutions, increasing the risk of conducting unfruitful activities 
when employing too rigorous approaches. 

Conclusion  
The work consists in the formulation and validation of novel methods Required Data 
Reduction Analysis (RDRA) and Energy-Saving Decomposition (ESD) in the field of process 
integration. Both activities were performed using several industrial case studies as 
reference for applying the developed methods. They were either retrieved from previously 
published work or from novel investigations of currently operating production plants. For the 
latter category, up-to-date process data were retrieved and retrofit studies were conducted. 

The results of RDRA’ s application to five case studies testify that it can significantly 
decrease the amount of parameters to measure, compared to what traditionally 
recommended. In all the cases, the parameters to measure were more than halved, 
arriving at a maximum reduction of 86 %. Moreover, the method proved to be robust with 
respect to the assumptions required, and flexible in the scope of the analysis. It showed 
the potential to be employed combined to other energy analysis tools, and for designing 
industrial energy monitoring systems. 
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The application of the ESD method to nine case studies proved that it can significantly 
reduce the size of the problem and the time employed in formulating profitable design 
proposals. The reduction of considered process streams ranged from 33 % to 78 % 
compared to the total plant, and the reduction in “pinch violations” from 66 % to 88 %. 
Moreover, the comparison with six state-of-the-art process integration methods showed that 
this faster analysis allowed to identify the same or even a better solution of other tools, 
paying no price in terms of rigorousness. 

All in all, the novel methods showed a high potential to lower the barriers to the use of 
process integration tools in the industry, potentially providing access to energy-saving 
opportunities today hidden. 

Answers to the questions related to the subtask  
How can we combine i.e. Pinch Analysis/HENS (with specific data requirements) 
with more qualitative input from questionnaires and/or insights from studies 
regarding individual industrial sectors (typical temperature levels/ heat loads for 
typical processes) to calculate excess heat potentials? 

Process integration should be supported by any possible source of information in addition 
to actual measurements. This may include engineering judgement and estimates from 
onsite staff or experts or from relevant sources related to similar processes. In any case 
industrial production varies over time and measurements are uncertain, which mean that it 
is not exact results that will be available. Accordingly, the mapping will require modelling 
based on first principles to establish mass and energy balances. It should also be 
supported by assessment of uncertainty and by substantial sensitivity analyses.  

How could these gaps be filled without collecting new measurement data? 

This may include engineering judgement and estimates from onsite staff or experts or 
from relevant sources related to similar processes. The mapping will also require 
modelling based on first principles to establish mass and energy balances. 

 

What methods did you use in previous projects (e.g. pinch analysis, 
questionnaires, broader studies on a certain branch)? 

Pinch analysis, process modelling based on first principles mapping, expert interviews, 
GIS, industry registration data bases 

Do you already use combined approaches? 

The use of Required Data Reduction Analysis and Energy-Saving Decomposition makes it 
possible to identify the important measurements 

What auxiliary calculations did you perform in order to estimate excess heat 
potentials?  

Process modelling based on first principles mapping and sensitivity analysis for applying 
the novel methods 
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What obstacles did you encounter that would make a combination of information 
difficult? 

Uncertainty analysis may require Monte Carlo methods – this leads to added complexity in 
the analysis. 

Is it possible to obtain sufficient data combining questionnaires and insights from 
previous studies? (e.g. combining information on equipment size, product 
throughput and information gathered from previous studies) 

It is possible to complete a process integration study, but it is crucial to verify the accuracy, 
e.g., by sensitivity analysis. 

What requirements (data bases, data maintenance, knowledge on interconnections 
within the processes,…) need to be fulfilled in order to facilitate cross method 
approaches? 

The combination of onsite retrieval of information by discussion with staff of the facility and 
expert insights in processes in general may be important. GIS, industrial registration data 
bases. 
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2. SUBTASK 2 PROJECT CONTRIBUTIONS 
2.1. COUNTRY & INSTITUTION: AUSTRIA (AEE INTEC) 

Project Name: SolarReaktor  

Summary  
The goal of SolarReaktor project is to provide industry with an innovative technology that 
can be used for various procedures and processes thus significantly enhancing the use of 
solar energy in industry. In this solar reactor, highly innovative technologies (emerging 
technologies) thermal, thermochemical, photocatalytic and solar-electrolytic processes are 
to be fused with solar supply in such a way that they demonstrate significant advantages 
over conventional processes, reactors and energy supply and thus become state of the art 
by 2030. SolarReaktor’s concept of merging process intensification (new processes and 
reactors) with solar supply (thermal, direct radiation or solar-electrolytic) is a radical 
innovation. High system efficiencies, significant system simplifications, improved process 
management, easier controllability, system integration with industrial excess heat and, 
above all, significant cost reductions are expected. Ongoing research on solar reactors 
focus specifically on solar hydrolysis or waste water treatment shows very promising 
results. The savings and simplifications achieved, confirm the expected specific 
implementation potential, but do not allow conclusions for other processes or applications. 

Introduction  
Decarbonisation and the achievement of European climate goals will not be possible 
without the contribution of the European industry. For the efficient use of energy and the 
best possible integration of renewable energy sources, radical innovations are needed to 
reduce the costs of renewable energies to a large extent. Innovative, energy efficiency 
increasing, approaches for industrial processes which enable a change from batch to 
continuous thermal processes or the use of innovative processes (thermochemical, 
photocatalytical, electrolytical) are content of current research and development activities. 
At the same time, new reactor technologies are developed (emerging technologies) which 
show the potential of process intensification - significantly lower (exergetic) energy 
requirements and increased potential for the integration of solar energy. There is a lack of 
a comprehensive qualitative and quantitative assessment for the concept of the solar 
reactor and its application possibilities in the relevant energy-intensive industrial sectors. 
A lack of awareness of the innovative concepts of solar reactors, undefined research 
needs, and the lack of medium-term implementation and business models are hindering 
relevant stakeholders (solar industry, technology suppliers, and producing industry) from 
accepting the research and development risk and investing in innovative research 
developments. 

Aims and objectives  
The “SolarReaktor” addresses the open questions related to the qualitative and 
quantitative assessment of solar reactor technology and its integration in energy-intensive 
industry. The project develops the basic design of a radically new approach of modular 
solar reactor concept, merging (supply, reactor, storage, regulation, backup) based on a 
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comprehensive analysis on the requirements and integration challenges of suitable 
processes and reactors to the solar supply. The use of the solar reactor concept for 4 
case studies (for each type of processes), the findings on the application potential, and 
the requirements for the concept modularity are the short- and medium-term research 
questions addressed by the project. This exploration provides the basis for decision-
making for further activities and the initiation of concrete research projects with 
stakeholders of the relevant sectors for the development of an Austrian technology 
leadership. To this end following are the concrete aims and objectives of the project: 

• Overview of methods, processes and reactors suitable for the use of solar energy 
supply  

• Modular concept of a solar reactor and description of the necessary components for 
the applicability in industrial productions and waste water treatment 

• Identification of the implementation potential, definition of the necessary research 
activities and initiation of concrete research projects with industrial companies. 

Content and methodology 
Characterization of potential methods, processes and reactor technologies 

Relevant and innovative industrial methods, processes and reactor technologies were 
identified and characterized descriptively.  

• Description and classification of relevant industrial processes and procedures as 
well as relevant process parameters (state of the art, innovative approaches, 
emerging technologies, process intensification).  

• Description and classification of innovative reactor technologies 
• Creation of an evaluation matrix for the presentation of procedures, processes and 

reactor technologies for the identification of possible implementation potentials in 
solar reactors 

Concept development of solar reactors and evaluation of potential production processes 

• Development of concepts including necessary components of solar reactors 
• Identification of the resulting framework conditions for potential methods, processes 

and reactor technologies 
• Selection of promising solar reactor concepts for different processes and potential 

solar supply technologies. 
• Basic comparison and evaluation of the developed concepts with conventional 

reactor and supply concepts according to technical criteria 

Potential evaluation of solar reactors and definition of research needs. 

A workshop was conducted with stakeholders that included plant manufacturers, 
technology developers, solar companies and potential funding bodies. Additional surveys 
and presentations were also conducted. The outputs of these activities were: 

• Analysis and presentation of the qualitative and quantitative potential of solar 
reactors  

• Analysis of medium-term market penetration of solar reactors 
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• Formulation of concrete research questions (short-, medium- and long-term) 
• Carrying out a strengths and weaknesses analysis for solar reactors 
• Identification of international activities as well as networking and differentiation 

potentials  
• Awareness raising and initiation of concrete research projects for solar reactors 

Results  
Before SolarReaktor, a comprehensive qualitative and quantitative assessment of the 
technological and economic potential of solar reactors was missing. SolarReaktor filled 
this gap. The result of the project was a semi-quantitative analysis to identify industrial 
processes and reactors suitable for solar energy use with solar reactors. Processes were 
classified by a traffic light labeling system, where each color indicates the suitability of a 
process for the solar energy supply. In the semi-quantitative analysis, 30 industrial 
processes from 7 different industries were investigated based on extensive data 
collection. The analysis showed that more than half of the analyzed processes have a 
high suitability for solar energy use with solar reactors, namely (1) absorption/desorption, 
(2) adsorption, (3) blanching, (4) cooking, (5) crystallization, (6) evaporation, (7) 
extraction, (8) nitration, (9) pasteurization, (10) photocatalytic oxidation, (11) electrolysis, 
and (12) fermentation. Ten percent of the processes have a medium potential for a solar 
energy use whereas a quarter of the investigated processes are not suitable for a solar 
energy use with solar reactors. Overall, the analysis suggests that solar reactors have a 
high implementation potential throughout the industry. An analysis of potential applications 
in energy-intensive industries opened up new perspectives for relevant stakeholders. The 
solar industry, technology suppliers and the producing industry can now gain a better 
understanding of the benefits of solar reactors and favorable deployment conditions to 
embrace promising investment opportunities and support the development of innovative 
solar reactor concept. 

Conclusion  
Innovative process technologies will enable both the integration of excess heat but also 
low-ex renewables. This was shown in the project that will serve as basis for future 
developments. While all are talking about electrification and green hydrogen the exergy 
based and optimised systems are very relevant as the potential for the supply with the 
above mentioned are limited. We need the other solutions and at the same time extend 
the potential for excess heat utilisation by the integration/development of innovative 
process technologies.  
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Questions 

Low temperature Power Production and Solar 

What is the aimed technology/system improvement? Temperature levels? Energy 
efficient equipment? Other? 

• Radical innovation in reactor design with increased potential for low-ex supply  
• Low-med-temp-level 
• Maximised equipment efficiency, get rid of losses and transfer “losses” 
• System complexity reduced 

 

R&D on system integration? 

• Flexible supply approach, concept development 
• Product quality 
• Backup 
• Excess heat being part of the design and operation 

 

Future changes in the surrounding system included in the R&D? 

• At least included 
• Shall be an answer to simple electrification 
• Shall put the focus on low-med-excess heat usage 

 

Improved potential for excess heat usage as a result of the R&D? Any level, a case 
study, industry type, etc. 

• Not the result but the starting point 
• Feasible combination of solar energy and excess heat 
• Feasibility study done 
• Industrial research initiated 
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2.2. COUNTRY & INSTITUTION: AUSTRIA (AIT) 

Project Name: High Temperature Heat-Pumps for industrial applications (EU Projects 
BAMBOO and DryFiciency) 

Summary  
The EU-funded projects BAMBOO and DryFicieny are submitted combined as a single 
project since they both address the development of high temperature heat pumps with a 
target temperature of 160°C.  

In the ongoing EU project DryFiciency, high-temperature heat pumps are being developed 
and demonstrated at two Austrian sites. In the EU project "Bamboo", the possibility of 
direct steam generation with a high-temperature heat pump is being investigated since 
electric-based steam generation can significantly increase the use of renewable energy in 
industrial processes in the future.  

For Annex 15 Task 3, the impact of implementing high temperature heat pumps compared 
to fossil fuel combustion on available surplus heat quantities is investigated. For this 
purpose, the waste heat flows generated by steam supply using steam boilers are 
analyzed and compared to the substitution of steam by high-temperature heat pumps. 
Integration points for high temperature heat pumps for starch drying and for the use in the 
steel industry were taken from the following publications: 

• Starch Drying: 

[1]  V. Wilk, M. Hartl, T. Fleckl, R. Priesner, E. Haimer, M. Wastyn: "Erhöhung 
der Energieeffizienz industrieller Trocknungsprozesse durch den Einsatz von 
Wärmepumpen"; in: "14. Symposium Energieinnovation", TU Graz, Institut 
für Elektrizitätswirtschaft und Energieinnovation, Graz, 2016. 

• Heat pump steam supply in the steel industry: 

[2]  F. Helminger, S. Dusek, J. Krämer, V. Wilk:  "Effiziente industrielle 
Abwärmenutzung mit Wärmepumpen in der Stahlindustrie"; Presentation: 
Deutsche Kälte‐ und Klimatagung (2020), Online; 19.11.2020 - 20.11.2020; 
in: "Deutsche Kälte‐ und Klimatagung", (2020). 

Introduction  
Steam for supplying heat to industrial processes or even for its direct use in production is 
mainly generated in fossil-fired steam generators (steam boilers, CHP plants). However, 
during the conversion of fuel into steam, hot flue gas is produced due to losses in the 
combustion process, which can serve as a source for other consumers through heat 
recovery. Furthermore, hot water must be removed from the boiler for desalination to 
ensure water quality (see Figure 1). 
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Figure 2: Illustration of energy flows in a steam boiler. 

By incorporating high-temperature heat pumps that substitute this fossil-based steam 
production, excess heat streams as by-products of conventional steam generation are 
removed and are no longer available for internal or external use. 

Aims and objectives  
For Annex 15 Task 3, the impact of implementing high temperature heat pumps compared 
to fossil fuel combustion on available surplus heat quantities is investigated. For this 
purpose, the waste heat flows generated by steam supply using steam boilers are 
analyzed and compared to the substitution of steam by high-temperature heat pumps. 
This should provide insights into changes in industrial energy supply system that go along 
with integration of high temperature heat pumps substituting stream from fossil fired 
stream generators. 

Content and methodology 
By incorporating high-temperature heat pumps, some of the fossil-generated steam can 
be replaced either by steam produced by the heat pump or by supplying heat directly to 
the sink (see Figure 2). Because heat pumps use heat from a relatively low temperature 
source and raise it to a usable level, the temperature of this low-temperature source is 
lowered even further, reducing the overall excess heat potential of the industrial process. 
However, the substitution of fossil steam also reduces the excess heat potentials of the 
steam generating plant itself. The reduced steam output also reduces flue gas mass flows 
due to lower fuel consumption and desalination requirements.  

 

Figure 3: Integration of high-temperature heat pumps into industrial heat supply systems. 

Depending on the flue gas efficiency, desalination rate and required steam quality, 
different waste heat flows from the steam generator result. These heat flows can be 
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related to the amount of steam generated and thus provide the basis for quantifying the 
effects of electrified heat supply by heat pumps.  

The following assumptions were made for the calculation of the desalination capacity or 
the flue gas capacity: 

Not all of the heat provided by combustion goes directly into the water. Part of it goes to 
the environment as thermal losses (5%). The rate of desalination is 5% of the fresh water 
supplied. In the boiler, fresh water is heated from 25°C to the evaporation temperature, 
part of the water is separated for desalination and the rest is evaporated.  

The fuel used has a calorific value of 45,359 kJ/kg. In stoichiometric combustion, 1kg of 
CH4 is burned with 17.24kg of fresh air, resulting in 18.24kg of flue gas. In case of excess 
air, the flue gas quantity is increased accordingly. Approximately, a constant cp of 1.1 
kJ/kgK is assumed for air/flue gas. 

Depending on the pressure of the live steam, this results in different capacities for 
desalination. These range from 26.5 to 33.3 kW/ kg/s of live steam between 120°C and 
150°C (Figure 3). 

  

Figure 4: Flue gas desalination power for different live steam temperature levels 

Flue gas efficiency depends largely on the combustion air number and flue gas 
temperature, as can be seen in Figure 4. Air preheating and, if necessary, feedwater 
preheating can lower this and thus increase the efficiency of the boiler. In the model used 
here, steam quality also has a small influence on flue gas performance. However, this 
influence can be neglected.  
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Figure 5: Mean flue gas outputs for different air numbers and flue gas temperature levels. 

The average flue gas power (averaged over live steam temperatures of 120-150°C) at 
100°C flue gas temperature is 145.7 kW/ kg/s steam and 158.8 kW / kg/s steam for air 
numbers of 1.1 and 1.2, respectively. The power roughly doubles when the flue gas 
temperature is increased to 200°C to 305.9 kW / kg/s steam and 335.0 kW / kg/s steam, 
respectively. The power of the flue gas mass flow exceeds that of the desalination mass 
flow by about 5 - 20 times, depending on the temperature levels. 

 

 

Figure 6: Efficiencies for steam generation for all considered variants 

Figure 5 shows the efficiencies for steam generation for all variants considered. This is 
consistently in the range between 80% and just below 90%. 

Results  
Starch Drying [1] 

AGRANA Stärke GmbH processes and refines corn, potatoes and wheat into a variety of 
starch products for food production and industrial applications. The Pischelsdorf site 
produces bioethanol for use as an environmentally friendly fuel, as well as animal feed, 
starch and gluten. The drying processes required for this are highly energy intensive. By 
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integrating a compression heat pump that uses the drying exhaust air or other locally 
available heat sources, the energy efficiency of these processes can be significantly 
increased. In the publication under consideration, an industrial entrained-flow dryer for the 
production of starch was investigated.  

For this purpose, the drying air is heated in two steps. It is first preheated by a hot water 
circuit fed by waste heat from another dryer. The hot water is thereby cooled from 90°C to 
70°C and supplies 3.7 MW of heat to the drying air. This is followed by a steam coil that 
heats the drying air to the target temperature of approximately 160°C. This requires steam 
with a capacity of 4.3 MW. The starch particles come into contact with the hot drying air 
and are separated in cyclones. The drying air loaded with the water from the starch has a 
temperature of 52°C and 48% relative humidity. It is currently not used, since heat is not 
required at this temperature level. 

 

Figure 7: Heat pump integration at AGRANA Stärke GmbH 

The moist exhaust air from the drying process is a possible heat source for the heat 
pump. The hot water circuit is also a possible heat source from which even more heat can 
be extracted by the heat pump. After preheating the drying air, the hot water circuit still 
has 70°C. A quality factor of 0.55 was chosen, since the comparison with laboratory 
measurements showed that this achieves good comparability with measured values in the 
temperature range considered. The use case presented in the publication was re-
evaluated by means of pinch analysis for Annex 15 and possible heat recovery by means 
of a high-temperature heat pump was determined. Several combinations of source and 
sink temperatures were analyzed and the results are summarized in Table 1. 
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Table 1: Re-evaluation results for starch drying 

Warm 
water as 
source 

Source 
temp. 
(°C) 

Sink 
temp. 
(°C) 

COP Sink 
load 
(kW) 

Steam 
substitution at 
165 °C, saturated 
(kg/s) 

Reduction 
desalination 
(kW) 

Reduction flue 
gas (kW) 

Yes 80 100 10.3 723 0.35 12.8 50.2 - 148.3 

Yes 70 120 4.3 1905 0.91 33.4 130.5 - 385.7 

Yes 70 135 3.5 2297 1.10 40.4 157.7 – 466.2 

Yes 40 165 1.9 4354 2.09 76.7 299.7 – 885.7 

No 35 85 3.9 1980 0.95 34.9 136.2 – 402.6 

No 30 110 2.6 3375 1.62 59.5 232.3 – 686.6 

 

 

Figure 8: Flue gas heat load related to flue gas temperature and stoichiometric air ratio 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

72 

 

Figure 9: Desalination heat load related to saturation temperature of steam 

In the following, Composite Curves and Grand Composite Curves are shown for all 
analysed cases. 

 

 

 

 

 

Case Selection
Bamboo 0
Bamboo DKV 250 0
Bamboo DKV 400 1
Bamboo DKV 2bar 0
Bamboo DKV 5bar 1
Bamboo Int. Cycle -           
Steam massflow (kg/ 0.75 2.7

EnInnov (Agrana) 1
percentage HW 1

Heat pump Value
Active 1
T_hot (°C) 100
T_cold (°C) 80
Carnot efficiency 0.55
dT (°C) 0
COP 10.3      

Hot Pinch 90 °C Min Hot Utility 4,354         kW Global dTmi 10                   °C Q cond (kW) 723       
Cold Pinch 80 °C Min Cold Utility 5,736         kW Q evap (kW) 653       < max

Max Heat recovery 3,646         kW Heat pump d 5                     °C P el (kW) 70         
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Case Selection
Bamboo 0
Bamboo DKV 250 0
Bamboo DKV 400 1
Bamboo DKV 2bar 0
Bamboo DKV 5bar 1
Bamboo Int. Cycle -           
Steam massflow (kg/ 0.75 2.7

EnInnov (Agrana) 1
percentage HW 1

Heat pump Value
Active 1
T_hot (°C) 120
T_cold (°C) 70
Carnot efficiency 0.55
dT (°C) 0
COP 4.3        

Hot Pinch 90 °C Min Hot Utility 4,354         kW Global dTmi 10                   °C Q cond (kW) 1,905    < max
Cold Pinch 80 °C Min Cold Utility 5,736         kW Q evap (kW) 1,464    

Max Heat recovery 3,646         kW Heat pump d 5                     °C P el (kW) 440       
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Dryer exhaust air is only potential sources for heat pump 

 

 

 

Case Selection
Bamboo 0
Bamboo DKV 250 0
Bamboo DKV 400 1
Bamboo DKV 2bar 0
Bamboo DKV 5bar 1
Bamboo Int. Cycle -           
Steam massflow (kg/ 0.75 2.7

EnInnov (Agrana) 1
percentage HW 1

Heat pump Value
Active 1
T_hot (°C) 135
T_cold (°C) 70
Carnot efficiency 0.55
dT (°C) 0
COP 3.5        

Hot Pinch 90 °C Min Hot Utility 4,354         kW Global dTmi 10                   °C Q cond (kW) 2,297    
Cold Pinch 80 °C Min Cold Utility 5,736         kW Q evap (kW) 1,632    < max

Max Heat recovery 3,646         kW Heat pump d 5                     °C P el (kW) 665       
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Case Selection
Bamboo 0
Bamboo DKV 250 0
Bamboo DKV 400 1
Bamboo DKV 2bar 0
Bamboo DKV 5bar 1
Bamboo Int. Cycle -           
Steam massflow (kg/ 0.75 2.7

EnInnov (Agrana) 1
percentage HW 1

Heat pump Value
Active 1
T_hot (°C) 165
T_cold (°C) 40
Carnot efficiency 0.55
dT (°C) 0
COP 1.9        

Hot Pinch 90 °C Min Hot Utility 4,354         kW Global dTmi 10                   °C Q cond (kW) 4,354    < max
Cold Pinch 80 °C Min Cold Utility 5,736         kW Q evap (kW) 2,095    

Max Heat recovery 3,646         kW Heat pump d 5                     °C P el (kW) 2,258    
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Case Selection
Bamboo 0
Bamboo DKV 250 0
Bamboo DKV 400 1
Bamboo DKV 2bar 0
Bamboo DKV 5bar 1
Bamboo Int. Cycle -           
Steam massflow (kg/ 0.75 2.7

EnInnov (Agrana) 1
percentage HW 0

Heat pump Value
Active 1
T_hot (°C) 85
T_cold (°C) 35
Carnot efficiency 0.55
dT (°C) 0
COP 3.9        

Hot Pinch 52 °C Min Hot Utility 6,422         kW Global dTmi 10                   °C Q cond (kW) 1,980    
Cold Pinch 42 °C Min Cold Utility 4,104         kW Q evap (kW) 1,478    < max

Max Heat recovery 1,578         kW Heat pump d 5                     °C P el (kW) 503       
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Steam producing heat pumps in steel industry 

In order to illustrate possibilities of heat pump integration in exhaust heat recovery, 
simulations for a theoretical case study were carried out in the work of Helminger et al. [2]. 
For this purpose, three different variants in which a heat pump is integrated and one 
variant in which heat recovery is achieved exclusively by integrating heat exchangers 
were modelled in a simplified way. In all variants, the objective is to provide saturated 
steam at a pressure of 5 bara, assuming two different flue gas inlet temperatures (400°C 
and 250°C) and a flue gas volume flow of 20000 Nm³/h. Flue gas can be used up to a 
temperature of 125°C. Below this, there is a risk of flue gas condensation. 

 

Figure 10: Heat integration variant 3 (heat exchanger and heat pump) for steam supply 

For Annex 15, Variant 3 was re-evaluated and the changes in waste heat flows that would 
result from steam generation in a steam boiler were presented. In addition, the freshwater 
temperature was assumed to be 25°C, whereas the original analysis used pressurized 
water at 102°C for evaporation. 
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Steam massflow (kg/ 0.75 2.7

EnInnov (Agrana) 1
percentage HW 0

Heat pump Value
Active 1
T_hot (°C) 110
T_cold (°C) 30
Carnot efficiency 0.55
dT (°C) 0
COP 2.6        

Hot Pinch 52 °C Min Hot Utility 6,422         kW Global dTmi 10                   °C Q cond (kW) 3,375    
Cold Pinch 42 °C Min Cold Utility 4,104         kW Q evap (kW) 2,094    < max

Max Heat recovery 1,578         kW Heat pump d 5                     °C P el (kW) 1,281    
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Table 2: Re-evaluation of the results for the application of steam heat pumps in the steel 
industry 

Intermediate 
cycle 

Source 
temp. 
(°C) 

Sink 
temp. 
(°C) 

COP Sink 
load 
(kW) 

Steam 
substitution at 
165 °C, saturated 
(kg/s) 

Reduction 
desalination 
(kW) 

Reduction flue 
gas (kW) 

Yes 95 160 2.7 204 0.37 11.1 51.7 – 155.8 

No 115 160 3.9 183 0.36 10.8 50.3 – 151.6 

No heat 
pump 

- - - - - - - 

 

Conclusion  
By means of two examples from publications on the EU projects DryFiciency and 
Bamboo, it was shown what effects the integration of heat pumps has on the waste heat 
flows generated by conventional steam generation. Specifically, desalination and flue gas 
were looked at in more detail, whose output is also reduced by a reduction in steam 
output in the steam generator. If these waste heat flows are already being used in the 
process, this must be taken into account in any planned integration of heat pumps. 
Consumers that are then supplied by the waste heat from the steam generator must be at 
least partially covered by other heat sources after integration. 

Answers to the questions related to the subtask  
General Systems 

What is the main expected outcome of the project? 

• DryFiciency: development and demonstration of high temperature heat pumps up 
to 160°C with OpteonMZ™ as refrigerant. Demonstrators in two Austrian companies 
in drying processes for starch and bricks.  

• BAMBOO: development of a high temperature heat pump to generate low pressure 
steam up to 160°C and demonstration at a steel mill of Arcelor Mittal in Spain. 

What is the excess heat role in the system research? 

• Available excess heat source has impact on appropriate heat pump configuration 
but also on economic viability of heat pump integration 

• Heat pump integration can have effects on the residual excess heat levels within the 
industrial process: 

o The temperature level of the heat pump source is reduced 
o Substitution of conventional stream production with heat pump steam 

production reduces the available excess heat from flue gas streams that 
occur in combination with fossil based steam production. 
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Future availability of excess heat (amount and temperature) due to changes in the 
surrounding system? 

• Drying (general): relevant sources are humid air after drying and all other available 
excess heat sources with appropriate temperature levels and heat loads that 
coincide with the dryer schedule.  

• Brick drying: hot exhaust air from a kiln can be used as a source. This exhaust air, 
however, could be subject to changes in the brick burning process and thus might 
be altered in the future. 

Are future scenarios included? 

• Future potential changes to the surrounding systems were not addressed in the 
projects. 

• Electrification and decarbonization are drivers for the uptake of high-temperature 
heat pumps and in the case of Bamboo heat pump steam production. 

Method development for system consequences? 

• Is not addressed. 

Novel Heat Pumps:  

• What is the aimed technology/system improvement? Temperature levels? 
o Temperature levels up to 160°C (in BAMBOO direct steam generation) 

• Novel high efficiency components? Other? 
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2.3. COUNTRY & INSTITUTION: AUSTRIA (TU WIEN) 

Project Name: High temperature thermal energy storage for the thermal centre Dürnrohr 

Summary  
In the framework of the research project Dürnrohr four thermal energy storage technologies 
(Ruth storage, latent storage, packed bed storage and the SandTES-technology) are 
investigated for their suitability of integration into the thermal heat centre Dürnrohr. As heat 
source excess steam at 50 bar and 380 °C from a waste incineration plant is available. 
Within the project different integration variants for the different storage technologies are 
developed and analysed. Based on these integration concepts the individual storages are 
dimensioned and designed. At the end of the project the capital and operational cost for the 
different storage integration concepts are analysed.  

A detailed view on the charging and discharging process of the excess heat shows that for 
the storages two different constellations are given, which have an important impact on their 
design and operation.  While during the charging process mainly a sensible heat transport 
from the heat transfer fluid to the storage material is given, the primary heat transfer 
mechanism during the discharging process is the evaporation of the heat transfer fluid.   

Therefore, at discharging the Pinch-point is of great relevance, because this point plays an 
important role for the design of the heat exchanger.  Additionally the Pinch temperature 
difference has a significant influence on the temperature difference of the storage material 
and therefore on the storage dimension and on the material mass flow.   

The cost analysis of the different storage concepts has shown that the Ruth storage is 
approx. 47% expensive compared to the other storage technologies. The costs for the 
latent-, SandTES- and packed bed storage are in the same range. This result is the 
consequence of the special situation of the thermal centre Dürnrohr. They do not need 
additional staff for the operation and maintenance and they produce their own electricity. 
Therefore, the operational costs are negligible compared to those of the capital costs.  

Introduction  
The thermal centre Dürnrohr was erected during the installation of the waste incineration 
plant in Dürnrohr. Both, the waste inclination plant as well as the thermal centre, are located 
in parallel to the coal power plant Dürnrohr. Excess steam of the waste incineration plant 
and of the second unit of the coal power plant Dürnrohr is used to feed the thermal centre. 
The steam from the thermal centre is distributed by the district heating network for the region 
Tulln and St. Pölten in lower Austria, for the self-sufficiency of the waste incineration plant 
and as process steam for the bioethanol plant AGRANA. While the bioethanol plant is 
located close to the thermal centre, the district heating network is approx. 30 km far from 
Dürnrohr.     

The steam demand of the bioethanol plant AGRANA is 70 t/h at a temperature of 210 °C 
and a pressure of 17 bar while the district heating network consumes 64 t/h of steam at 
160°C and a pressure lower than four bar. The total district heating requirement on steam 
varies between 8 to 40 MWth. 

https://www.linguee.de/englisch-deutsch/uebersetzung/self-sufficiency.html
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Aims and objectives  
Waste is a non-uniform substance resulting from a heterogeneous mixture of different 
reconditioned secondary fuels from household or industry. Therefore, the caloric value of 
the waste fraction at the combustion grate can have a considerable short-term fluctuation. 
This will result in a fluctuation of the produced steam of the single waste incineration line. 
These steam fluctuations at the entrance of the steam turbine can be 10 t/h up and down 
within a period of 15 minutes.  

If the coal power plant Dürnrohr is in operation, than the firing control power of the steam 
power plant can compensate the fluctuations at the thermal centre. But, based on the 
increasing portion of the regenerative supplied electrical energy into the grid the operation 
time of the calorific power plant will be reduced. Therefore, the operation time of the coal 
plant is much lower than that of the waste incineration plant. This result in an increasing 
number of expensive start-up processes for the coal power plant, which should avoided in 
the future.  The study should help to make a decision for a compensation of the coal boiler. 

Additionally, the amount of waste fluctuates over the year. Especially at Christmas the 
needed amount of waste is not available causing bottlenecks. This is aggravated by the 
effect that during this time span the district heating network also has significant peak loads 
especially at the morning.  

Therefore, the integration of a thermal energy storage into the thermal centre Dürnrohr is 
from the economic and ecological point of view a promising approach. A thermal energy 
storage can provide for an essential contribution to smoothing the load peaks and the load 
profile of the boiler by shifting the heat temporally. The compensation of the morning load 
peak describes a short-term storage while the compensation of the waste shortage at 
Christmas needs a heat storage over several days. For this two operation modes of the 
thermal centre the optimal process and storage parameters for charging and discharging 
was to determine. Based on these boundary conditions it was to carry out an optimal 
process integration of the analysed storage technologies (Ruth storage, latent storage, 
packed bed storage and the SandTES-technology) into the thermal centre Dürnrohr. 

After process integration of the storages into the thermal centre Dürnrohr the different 
storage technologies have to dimensioned and designed. Finally, the economic efficiency 
of the concepts has to be checked for each specific case.  

Content and methodology 
For the thermal centre Dürnrohr four storage technologies, Ruth storage, latent storage, 
packed bed storage and the SandTES-technology, are predefined for the integration. Based 
on internal operation data of the project partner about the thermal centre the determination 
of the boundary conditions for the thermal energy storage was done and is presented below:   

• Storage capacity: 70 MWhth 
• Charging parameter: Steam at a pressure of 50 bar and a temperature of 380 °C 
• Discharging parameter: Steam at a pressure of 17 bar and a temperature of 210 °C 
• Feed water temperature: 40 °C 
• Discharging time: 7 h 
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The discharging parameter show a temperature level of 210 °C at a pressure of 17 bar, 
which is higher than the saturation temperature at 17 bar. Therefore, it is necessary for 
storage technologies, like the Ruth-storage, which can produce only saturated steam, to 
arrange downstream a heat exchanger for superheating the saturated steam. This 
subsequent superheating of the saturated steam of approx. 6 °C does not represent a 
problem in the thermal centre. Therefore, no restrictions to any storage technology is given 
and all predefined storage technologies can be used for the investigation.  

On basis of the boundary conditions above all predefined storage technologies are 
designed in which for individual storage technologies more than one integration concepts 
are analysed.   

The pressure vessel of the Ruth’s storage represents the critical component for the design. 
The dimensioning of the pressure vessel was done according to DIN EN 13445-31, while 
the thermal design was done according to Glück2. The calculation of the wall thickness for 
the drum was carried out for a pressure level of the safety relief valve of 110% of the 
maximum operation pressure. To minimize the number of steam valves a separate header 
for the charging and discharging steam was provided.  For the design of the drums of the 
Ruth’s storage the upper limit of the length was defined with 20 m. The following drum 
configurations are analysed within the study: 

1. A pressure vessel variant with five drums. This result in drums with large outer 
diameter and wall thickness. 

2. To make the transport of the drums possible with ordinary trucks the outer dimeter 
was limited to 2.7 m. 

3. To reduce the testing procedure of the weldings in accordance to the DIN EN 13445-
53 the wall thickness of the drums was limited to 35 mm. 

4. The same configuration as variant three, but with an additional 100 mm shell of 
latent material arranged around every drum.  

The dimensioning of the SandTES-storage was done with the help of a layout tool, which 
was developed at the Institute of Energy Systems and Thermodynamics at the TU Wien. 
The operation pressure of the SandTES storage is close to the ambient pressure. 
Therefore, there is no need to make the dimensioning based on the pressure vessel 
guideline. The power consumption of all auxiliary systems have been calculated for the 
normal operation case of discharging in which the design mass flow rate take into account 
some power reserves and reserves to increase the reliability.   

The pressure drop through the bulk of a packed bed, the tubing and the butterfly valves 
represents, beside the thermal hysteresis effect, a further technological disadvantage of the 

 

1 DIN EN 13445-3, Unbefeuerte Druckbehälter – Teil 3: Konstruktion, 2017-12. 

2 B. Glück, „Gefälle-Dampfspeicher,“ 2012. [Online]. Available: http://berndglueck.de/waermespeicher.php. 
[Zugriff am November 2018]. 

3 DIN EN 13445-5 , „Unbefeuerte Druckbehälter - Teil 5: Inspektion und Prüfung,“ 2018 
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packed bed regenerator. Therefore, the pressure drop through the packed bed was 
restricted to 500 Pa. As a consequence of this restriction, the mass- respectively volume 
fluxes, the flow cross-sections and the height of the packed bed have to be synchronised in 
such a way that this limit will not exceeded. A further important aspect for designing the 
packed bed was the occurring thermal ratcheting between charging and discharging. The 
thermal ratcheting results in the circumstance that based on the cyclic thermal load 
additional forces will be induced from the storage material to the storage vessel wall. This 
can also result in a failure of parts of the storage material. For the packed bed regenerator 
a variant with the air piping above and one below the floor level was analysed. 

For charging and discharging of the latent thermal energy storage the once-through 
principle was selected because in case of using the forced circulation principle an additional 
circulation pump and steam drum will be necessary.  As storage material the solar salt, 
which is a mixture of 54/46 mol% NaNO2/KNO3, will be used because this storage material 
is widely used in solar thermal plants. The melting point of 222 °C is ideal for the required 
discharging temperature of 210 °C. A further advantage of this storage material is the non-
corrosive behaviour against black steel and aluminium. The low thermal conductivity of 
NaNO2/KNO3 is unfavourable, but typical for inorganic salts. To improve the heat transfer 
into the storage material a bimetallic heat transfer tube consisting of an finned aluminium 
tube (due to the high thermal conductivity), which is pressed-on the steam carrying steel 
tube.  By the dimensioning the heat exchanger of the latent storage the heat capacity of the 
steel and finned aluminium tubes are considered. The arrangement of the heat exchanger 
tubes take place in a hexagonal form in a cylindrical vessel and displacer will be 
implemented within the vessel to minimize the dead spaces. This displacer reduce also the 
needed insulation material. For the distribution of the heat transfer fluid to the single tubes 
of the heat exchanger the required headers are installed within the storage vessel. 
Therefore, no additional insulation of the headers is necessary. 

After complete the design of the different storage technologies and their additional 
components a numerical analysis of the thermal centre with implemented storage 
technologies was conducted. Based on the available type of storage model a stationary or 
transient simulation was realised. As simulation software APROS or IPSEpro partially 
completed with own storage models was used.   

The project was finalised by determination of the capital and operational costs. It should be 
noted that not all scenarios, which are compiled in the technical analysis, are integrated in 
the economic analysis. The cost analysis includes only such scenarios, which have a 
realistic potential for a realisation.   

With the data of the storage design for e.g. heat exchanger, valves, lifting gear, blower and 
so on, inquiries directly to the manufacturing companies are send and their answers 
collected. Additional to the inquiries interviews with experts to individual components have 
been obtained.  
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The approach to estimate the capital cost applied in this study is based on the Study 
Estimate-Method according to Seider et al.4, which is an advancement of the Factorial 
Estimation Technique according to Lang5. The cost estimation method according Lang 
requires a facility design, which satisfies all mass- and energy balances and additionally a 
complete dimensioning of the major process components including heat exchangers and 
pumps as well as all used materials have to exist. Under these conditions, the cost 
estimation is possible in a range of +/- 35% according to Seider et al. The Lang factors used 
in the calculations are extracted from Peters et al.6.  

Not included in the cost analyses are: 

a) The price for the property to install the thermal storage, because at the Dürnrohr 
location there is enough free space available so that no additional property has to 
be purchased.  

b) The variant with an air piping below the floor level for the packed bed, because this 
variant has clear disadvantages regarding the accessibility and insulation compared 
to the variant with the air piping above the floor level. Moreover, the construction 
measures are larger in the case of an air piping below the floor level. 

c) The variant four of the Ruth’s storage, because this variant is currently in stage of 
development. Additionally patent reasons have also played a role for this decision.   

The operational costs includes all costs, which are necessary for the maintenance of the 
operational business activities. In the present study, the following costs are estimated: 

• Service (one per year) 
• Energy consumption for the large auxiliary systems 
• Material costs for consumable parts 

The operating time of the storage technologies at the thermal centre Dürnrohr was defined 
with 4 month per year. Additional personal costs for the operation of the storage 
technologies are not included in the study, because the operation of the storages can be 
done with the existing permanent staff. The cost for the electric power are low (production 
cost), because the operating company of the thermal centre produce their own electricity. 
The cost structure is calculated for the first 10 year of operation. 

Results  
For the variants one to three the estimated capital costs for the drums of the Ruth’s storage 
is presented in Table 1. As it can be seen, the total costs for the drums of the different 

 

4 W. D. Seider, J. D. Seader, D. R. Lewin und S. Widagdo, Product and Process Design Principles: Synthesis, 
Analysis, and Evaluation, 3. Hrsg., Hoboken: John Wiley & Sons, 2009 

5 H. J. Lang, „Cost Relationships in Preliminary Cost Estimates,“ Chemical Engineering, Bd. 54, pp. 117-
121, 1947 

6 M. S. Peters, K. D. Timmerhaus und R. E. West, Plant design and economics, 5. Hrsg., McGraw-Hill, 2003 

https://www.linguee.de/englisch-deutsch/uebersetzung/operational+business+activities.html
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analysed cases are more or less equal. The difference between the individual variants 
referred to variant two are 0.75% of variant one and 0.56% of variant three.  

Table 3: CAPEX for the drums of the different Ruth's storage variants 

 Variant 1 Variant 2 Variant 3 

Number of drums 5 8 16 

Outer diameter drum [m] 3.4 2.7 1.9 

Wall thickness drum 
[mm] 

60.7 48.2 34.4 

Total steel mass  [t] 547 552 554 

Cost of steel material € 4.860.000 € 4.824.000 € 4.797.000 

 

But in reality the difference will be probably larger. This is due to the reason that within the 
used cost estimation the valves are only global taken into consideration. Therefore, based 
on this small difference in the further investigation only variant two was used for calculating 
the capital costs.  

Table 4: Overview about the capital expenditure of the different storage technologies 

 Ruths storage SandTES- 
storage 

Packed bed 
regenerator 

Latent storage 

Total investment costs € 7 323 332  € 4 770 545  € 4 625 462  € 5 038 965  

Mass storage material [t] 

Mass steel [t] 

830 

536 

1955 1900 1323 

Cost / t storage material 5361 €/t 2440 €/t 2435 €/t 3808 €/t 

Cost / MWhth storage 
capacity 

104.6 
k€/MWhth 

68.2 k€/MWhth 66.1 k€/MWhth 72.0 k€/MWhth 

 

An overview about the capital expenditure of the different analysed storage technologies is 
summarized in Table 2. In terms of the capital cost the fixed bed regenerator is compared 
to the other analysed storage technologies in both the absolute costs as well as in the costs 
per tons storage material the most favourable variant for the present application.  
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Table 5: Overview about the operational costs/year of the different storage technologies 

 Ruths 
storage 

SandTES- 
storage 

Packed bed 
regenerator 

Latent storage 

Total investment 
costs 

€ 6800  € 21600  € 14000 € 6300 

 

The operational cost per year is presented in Table 3. A comparison of the operational costs 
for the different storage technologies show that the SandTES technology has the highest 
costs. The reason for this is given in the higher number of rotating components and the 
complexity of this technology. The operational costs for the packed bed and the latent 
storage are very small, because they do not need a special maintenance.  

A comparison of the capital and operational cots show that the costs for the storage 
technologies is dominated by the capital costs.  

The overall annual expenditure for the different storage technologies are derived as sum of 
the operational costs and the annual capital costs. For the annual share of the capital costs 
5% over 25 year was calculated. The resulting costs per year can be viewed in Table 4. 

Table 6: Yearly total costs 

 Ruths storage SandTES- 
storage 

Packed bed 
regenerator 

Latent storage 

Total costs 
(5%/25a)  

€ 526 767  € 360 335  € 342 375  € 364 074  

 

As we have seen in the comparison of the capital and operational costs that the operational 
costs are negligible. Therefore, the total costs per year also dominated by the capital costs. 
In the present case the Ruth’s storage is the most expensive while the other technologies 
are in the same order of magnitude.  

A detailed view on the charging and discharging process of the excess heat show that 
during the charging process mainly a sensible heat transport from the heat transfer fluid to 
the storage material is given, while the primary heat transfer mechanism during the 
discharging process is the evaporation of the heat transfer fluid.  This operation behaviour 
of the heat transfer medium corresponds approx. with the latent thermal energy storage. 
This indicates, with respect to the packed bed regenerator and the SandTES technology at 
same investment costs, for a preferred integration of the latent thermal energy storage into 
the thermal centre Dürnrohr. 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

84 

Conclusion  
In the framework of the research project Dürnrohr four thermal energy storage technologies 
(Ruth storage, latent storage, packed bed storage and the SandTES-technology) are 
investigated for their suitability of integration into the thermal heat centre Dürnrohr. As heat 
source excess steam at 50 bar and 380 °C from a waste incineration plant is available. 
Within the project different integration variants for the different storage technologies are 
developed. Based on these integration concepts the individual storages are dimensioned 
and designed. At the end of the study the capital and operational cost of the different storage 
integration concepts are analysed.  

A detailed view on the charging and discharging process of the excess heat shows that for 
the storages two different constellations are given, which have an important impact on their 
design and operation.  While during the charging process mainly a sensible heat transport 
from the heat transfer fluid to the storage material is given, the primary heat transfer 
mechanism during the discharging process is the evaporation of the heat transfer fluid.   

Therefore, at discharging the Pinch-point is of great relevance, because this point plays an 
important role for the design of the heat exchanger. Additionally the Pinch temperature 
difference has a significant influence on the temperature difference of the storage material 
and therefore on the storage dimension and on the material mass flow.   

The cost analysis of the different storage concepts has shown that the Ruth storage is 
approx. 47% expensive compared to the other storage technologies. The costs for the 
latent-, SandTES- and packed bed storage are in the same range. This result is the 
consequence of the special situation of the thermal centre Dürnrohr. They do not need 
additional staff for the operation and maintenance and they produce their own electricity. 
Therefore, the operational costs are negligible compared to those of the capital costs.  

In the present case the Ruth’s storage is the most expensive while the other technologies 
are in the same order of magnitude. The operation behaviour of the heat transfer medium 
corresponds approx. with the latent thermal energy storage. This indicates, with respect to 
the packed bed regenerator and the SandTES technology at same investment costs, for a 
preferred integration of the latent thermal energy storage into the thermal centre Dürnrohr. 

Answers to the questions related to the subtask  
What is the aimed technology/system improvement? 

The system improvement within the project high temperature thermal energy storage for the 
thermal centre Dürnrohr has the following number of aspects: 

a) The integrated storage should help to compensate the daily and yearly fluctuations 
within the heat network of the thermal centre. These fluctuations are caused by the 
bioethanol plant AGRANA (daily) as well as the district heating network (daily and 
yearly).  

b) The storage should compensate the increasing number of expensive start-up 
processes of the coal fired power plant located at the same place in Dürnrohr. 
Beside the reduction of the start-up cost of the coal boiler the implementation of the 
storage will also help to reduce the CO2 emissions into the environment.  



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

85 

Temperature levels? 

The question about the temperature level used for a special storage technology results in 
the most cases in the question about the storage material used. Because the most storage 
technologies are not designed for a single storage material (a prominent exception of this 
statement is the well-known Ruth’s storage). Based on the needed temperature level the 
storage material has to be select. However, as important as the question about the 
temperature level is the nature of the heat source and the heat sink. That means: do we 
have during charging and discharging condensation and evaporation or only sensible 
processes? This question has an important influence on the selection of the storage 
technology.  

As Papapetrou et al.7 mentioned, the excess heat potential to store in the European Union 
is given by approx. 304 TWh/year, with the greatest shear in the temperature range of 100 
°C to 200 °C and significant quantities in the temperature range between 200 °C and 500 
°C. For the industry in Upper Austria a similar storage potential for excess heat was found 
by Puschnigg et al.8 

In the project HTESDürn the steam demand of the bioethanol plant AGRANA is at a 
temperature of 210 °C and a pressure of 17 bar while the district heating network consumes 
steam at 160°C and a pressure lower than four bar. The excess heat source is steam at a 
temperature of 380 °C and a pressure of 50 bar.  

In our investigation four different technologies are investigated. The Ruth’s storage changes 
the temperature between the saturation temperature of 50 bar and 17 bar. The required 
small superheating is done by an additional heat exchanger downstream the storage.  

For the packed bed air as a second heat transfer fluid was used. The heat exchanger inlet 
and outlet temperatures for the packed bed are summarized in Table 5. 

Table 7: Inlet and Outlet temperature of the packed bed heat exchangers 

 Charging 

Steam 

Charging 
Air 

Charging 
Packed 

bed 

Discharging 
Air 

Discharging 
Steam 

Inlet temperature 
heat exchanger 
(°C) 

380 174 365 159 40 

 

7 M. Papapetrou, G. Kosmadakis, A. Cipollina, U. La Commare und G. Micale:”Industrial waste heat: Estimation of the 
technically available resource in the EU per industrial sector, temperature level and country”, Applied Thermal Engineering, 
138, S. 207-216, 2018. https://doi.org/10.1016/j.applthermaleng.2018.04.043. 
8 S. Puschnigg, J. Lindorfer, S. Moser und T. Kienberger:“Techno-economic aspects of increasing primary energy efficiency in 
industrial branches using thermal energy storage”, Journal of Energy Storage, 36, S. 1-14, 102344, 2021. 
https://doi.org/10.1016/j.est.2021.102344 
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Outlet temperature 
heat exchanger 
(°C) 

264 373 166 358 210 

 

The heat exchanger inlet and outlet temperatures for the SandTES technology is 
summarized in Table 6. 

Table 8: Inlet and Outlet temperature of the SandTES heat exchangers 

 Charging 

Steam 

Charging 

Sand 

Discharging 

Steam 

Discharging 
Sand 

Inlet temperature heat 
exchanger (°C) 380 210 40 340 

Outlet temperature 
heat exchanger (°C) 

264 340 210 210 

 

A latent thermal energy storage was analysed in HTESDürn as fourth technology. As 
storage material a mixture of 54/46 mol% NaNO2/KNO3 with a melting temperature of 222 
°C was used. As described above, the material was selected by the required discharging 
temperature. 

Storage capacity? 

The storage capacity within the project HTESDürn is based on internal operation data for 
the thermal centre and was set to 70 MWhth whereby the discharging time was 7 hours.  An 
analysis of a change of the storage capacity was not part of the study.  

Economy? 

An examination of the economy of the storage technologies under investigation is important 
and must be part of each storage design. As it can be seen in the project HTESDürn that 
the special situation at the location Dürnrohr led to the surprising result that the Ruth’s 
storage is the most expensive, while the other storage technologies under investigation 
have approx. the same cost.    
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2.4. COUNTRY & INSTITUTION: CANADA (CANMET ENERGY) 

Project Name: Eco-efficient industrial processes: Thermomechanical Pulping (TMP) of the 
future 

Summary  
With the decline of market demand for newsprint and the rising demand for packaging 
material, Canadian thermomechanical pulping (TMP) mills have to evaluate their potential 
to enter new markets and produce new products. In addition, Canada has committed to 
reducing greenhouse gases (GHG) emissions by 40-45% below 2005 levels, by 2030, 
while Canadian pulp and paper industry was responsible for 6.8 MtCO2e in 20189, not 
counting ~36 MtCO2e of biogenic emissions. In response to these challenges, TMP mills 
should explore different transformation avenues. 

In this project, different business transformation paths for TMP mills are presented, 
considering the production for new pulp and paper products and the implementation of 
biorefinery technologies, highlighting the associated barriers, challenges, and key success 
factors. In addition, different opportunities are presented for TMP mills to reduce their 
operating costs by a better energy management and implementation of new energy 
efficient wood refining technologies such as inter-stage fractionation and low consistency 
refining. The project is concluded by discussing the impact of those transformation paths 
on the mill energy profile and related energy integration aspects. 

Introduction  
The current market dynamics surrounding Canadian pulp and paper mills are evolving 
towards new product-mix foreseeing a new business model integrating the production of 
bio-products. Building this business model in a context of rising carbon prices requires a 
deeper understanding of energy use profiles to consolidate the overall infrastructure of the 
existing process and utility system while improving production cost-effectiveness. In order 
to increase a mill’s profitability and support implementation of new business 
transformation paths, it is essential to: 1) minimize waste heat generation and increase 
heat recovery in existing pulp and paper production processes; 2) maximize biomass-
based power production; and 3) debottleneck equipment involved in the implementation of 
future technologies at a minimum cost. Given the complexity of pulp and paper processes 
and the numerous interactions within and across unit operations, multi-criteria decision 
support knowledge and tools providing energy improvement pathways are instrumental for 
increasing the energy performance and profitability of the pulp and paper industry. 

Aims and objectives  
The main expected objectives of this project are: 

• Different business transformation paths for TMP mills are investigated  

 

9 https://publications.gc.ca/collections/collection_2020/eccc/En81-4-2018-1-eng.pdf 
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• Different opportunities are presented for TMP mills to reduce their operating costs 
by a better energy management and implementation of new energy efficient 
technologies 

• Impact of different business transformation paths on the mill energy profile and 
related energy integration aspects are discussed 

Content and methodology 
From the beginning, the project considered that energy integration aspects are part of the 
business transformation process. Both energy costs and the CAPEX for heat 
integration/new technology integration can affect the selection of the future product 
portfolios. In other words, the same transformation avenue will fit some mills better than 
others, just because of the way cogeneration, water and heat recovery systems were 
organized throughout each mill’s history. From an individual mill’s perspective, this might 
be sufficient to tip the scale between competing avenues. 

The project followed the broad steps below: 

• A report was produced to list debottlenecking opportunities in existing mills, based on 
team collective experience with energy efficiency studies in multiple TMP mills. 

• A roadmap was produced for heat integration in TMP mills, based on identifying 
common energy losses, collecting best practices, and coherently organizing them in a 
flowchart. The flowchart provides several energy efficiency project ideas that are 
commonly applicable in TMP mills with a dirty steam reboiler, and is organized to ensure 
an efficient waste heat recovery cascade from the hottest to the coldest heat users. 
Phase I aims to maximize heat recovery from dirty steam to the paper dryer by de-
bottlenecking the reboiler, by reducing cold water infiltration into the dirty steam circuit, 
and by avoiding dirty steam venting. Phase I also aims to maximize direct use of dirty 
steam in the process for high-temperature applications, and to minimize it for low-
temperature applications. Phase II aims to maximize preheating the deaerator inlet, 
which becomes feedwater for the boiler and reboiler. Phase III aims to maximize 
preheating the mill hot water serving the papermaking process, using heat from process 
effluents. Heat exchanger maintenance, such as fouling reduction and monitoring, plays 
an important role in all three phases. 
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•  

•  •  

• In collaboration with partner mills, data-driven models were developed and used for 
process optimisation, including refiner operation improvement, refiner real-time 
monitoring, reboiler online monitoring, paper machine energy efficiency improvement, 
and paper quality improvement. 

• The context and drivers for product portfolio diversification, for TMP mills specifically, 
were thoroughly investigated. 

• Potential production diversification avenues were screened based on expert judgement. 
The 
I-BIOREF software10 was also used. The following avenues were screened: 

1- Traditional products - production costs reduction 

• Heat integration (towards fuel free mill) 
• Implementation of energy efficient refining technologies 
• Reduce electricity cost by becoming a flexible load, taking advantage of varying 

electricity prices 

2- Pulp and paper product portfolio diversification 

• Wrapping, packaging and speciality papers 
• Market pulp 

 

10 I-BIOREF Software – Modeling and Analysis for Technical, Economic, and Environmental Assessment of 
Biorefinery Processes 

High-CAPEX Project Low-CAPEX Project 

https://www.nrcan.gc.ca/maps-tools-publications/publications/energy-publications/publications/i-bioref-software-modeling-and-analysis-technical-economic-and-environmental-assessment-biorefinery/17887
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3- Additional revenues from added-value bio-products 

• Sugars/lignin integrated biorefinery pathways 
• Bottleneck mapping and resource characterization were used to anticipate biorefinery 

impacts on bottlenecks, and identify the available process flexibilities in relation to the 
most relevant bottlenecks (power boiler, reboiler, influent treatment, effluent treatment) 

• The energy interactions and heat integration potential were explored for each avenue. 
CADSIM and INTEGRATION software11 were used for this. For example, the following 
composite curves illustrate how tightly the heat recovery network must be reorganized, 
in the same generic newsprint mill, to minimize fuel consumption for different avenues 
a) continue newsprint production with low energy refining b) convert to export market 
pulp c) convert to packaging paper (two cases). The mill can operate without fuel, in 
principle, when the curves do not touch. 

a)   b)  

c)  

 

11 INTEGRATION Software - A Unique Tool for Identifying and Assessing Energy Saving Projects 
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https://www.nrcan.gc.ca/energy/efficiency/industry/processes/systems-optimization/process-integration/products-services/integration-software/5529
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• The main expected impacts, challenges, sizing bottlenecks and integration aspects 
were identified for each category of biorefinery (series with TMP, parallel to TMP, 
standalone brownfield replacing TMP) 

• The project and lessons learned were organized in a format suitable to an industry-
oriented webinar format12  

Results  
Low-energy refining technologies (inter-stage screening, low-consistency refining, RTS™ 
refining) require less electricity but may result in higher fuel consumption. They must be 
evaluated carefully in a context where electricity prices are likely to decrease (especially if 
the refiners can do Demand Response) and fuel prices are likely to increase (including 
carbon taxes). Indeed, production of dirty steam is significantly reduced by these 
technologies. Less waste heat remains available to heat water and generate clean steam. 
It becomes more important to pre-heat process water using liquid effluents and dryer 
exhausts. Below a given refining specific energy threshold, estimated between 1450-1850 
kWh/ADMT depending on the paper weight and mill overall context, electricity savings are 
likely offset by increased fuel purchases, because the mill can no longer be thermally self-
sufficient unless heat pumps are used. 

Conversion to packaging products increases fuel demand proportionately to the amount of 
imported (e.g. Kraft) pulp. To keep fuel costs down, heat recovery improvements should 
be part of the conversion project. Indeed, increased pulp imports reduce the energy 
contribution of refiner dirty steam, and also reduce the heat carried with stock, as a 
fraction of the paper machine heat demand. The energy balance will be more or less 
impacted depending on what fraction of pulp will be imported and whether some of the 
drying requires higher-pressure steam for capacity increase. In the worst case, low-
pressure steam will be in surplus and medium-pressure steam in deficit, in which case a 
steam compressor (mechanical vapour recompression) may be a worthwhile addition. 
Although the water balance is not highly affected by the conversion, it is a good 
opportunity to review pre-heating options to mitigate any increase in boiler load. 

 

12 http://www.paptac.ca/communiques/webinar1-nrcan-paptac-2020.html 
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Exporting market pulp rather than paper requires a new energy source for drying that 
needs careful evaluation, especially in the context of increasing carbon prices. To keep 
fuel costs down, it is essential to reorganize heat recovery systems to achieve boiler-less 
steady-state operation. Indeed, pulp drying is usually done is a flash dryer at a 
temperature above refining temperature, causing refiner steam to be in surplus and 
unusable for drying. Paper machine white water is no longer available to purge 
contaminants out of TMP white water. New heat recovery equipment is therefore needed 
to pre-heat fresh water and building air using liquid effluents and/or dryer exhausts, and to 
further pre-heat drying air using refiner heat (reboiler). Operation after startup is ideally 
boiler-less, so that only dryers use fuel. Excess reboiler steam can be mechanically 
compressed to a higher pressure for additional dryer air pre-heating. 

New biorefining processes have the opportunity to share heat and water with the TMP 
process. This should be investigated early in the project, so that its economics can be 
improved by maximizing the size and energy efficiency of new processes, while avoiding 
costly upgrades to utility systems. Indeed, a new process operating in parallel to TMP can 
add significant steam and water demands. Steam plant, water treatment and effluent 
treatment capacities can become bottlenecks, limiting the size of the prospective 
biorefinery. Instead of investing to expand these capacities, an extensive site-specific 
process integration study can be performed early in the biorefinery design phase. This will 
determine what heat recovery and water recovery opportunities exist in the TMP mill and 
in the biorefinery, and especially between them, and determine the maximum biorefinery 
size without capacity expansion. 

Conclusion  
A key message delivered to industry was that regardless of the avenue taken, a site-
specific process integration study is recommended for a more efficient energy 
management of the entire system, relatively early in the process. In particular, in case the 
opportunity to recover water and heat synergistically between existing and new equipment 
could tip the scale between competing avenues, it should be identified early. Here are a 
few other concluding remarks: 

• TMP mills are facing difficult situation forcing them to take strategic decisions 
• In TMP mills, the main driver for implementing a biorefinery is product diversification, 

in the context of a shrinking market for existing TMP products 
• TMP mills choosing to stay in newsprint business should adopt strategies for cost 

reduction to reinforce their competitive position 
• For the mills desiring to leave the newsprint business, but stay in the P&P market, 

few options are available (produce packaging, specialty papers or market pulp) 
• TMP mills could also decide to enter new markets and biorefinery seems to be a 

good opportunity, involving higher market and technology risks. 

Answers to the questions related to the subtask  
What is the main expected outcome of the project? 

The main expected outputs of this project are: 

• Different business transformation paths for TMP mills are investigated  
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• Different opportunities are presented for TMP mills to reduce their operating costs 
by a better energy management and implementation of new energy efficient 
technologies 

• Impact of different business transformation paths on the mill energy profile and 
related energy integration aspects are discussed 

Longer term outcome: project results are disseminated to industry, and TMP mills are thus 
better equipped to choose a way forward. A successful product diversification, without the 
unwelcomed surprise of unexpected fuel costs, will help TMP mills maintain profitability 
and regional jobs.  

What is the excess heat role in the system research? 

TMP mill’s energy profile and energy management are key factors affecting the viability of 
alternative options and should be understood early in the decision process. Understanding 
the mill-specific heat profile is important regardless of which scenario is taken. In this 
project, it was concluded that: 

• Investments to reduce refining energy will not be profitable if it increases boiler load 
• Investments for converting to a different pulp or paper product will affect boiler load 

differently in each mill 
• In case of a “parallel” biorefinery, site-specific heat and water integration can 

circumvent water treatment and steam capacity debottlenecks, allowing a larger 
biorefinery 

Thus, excess heat plays a central role in the argument that some product diversification 
avenues may be better suited in some TMP mills than others. When excess heat from 
TMP refiners, in the form of dirty steam converted to clean steam in a reboiler, is used 
efficiently (i.e. without loss or cross-pinch), then there is a good match. 

Future availability of excess heat (amount and temperature) due to changes in the 
surrounding system? 

In this project, the impact of an energy efficient refining is studied. Figure A presents 
composite curves of a hypothetical TMP mill for a scenario in which a lower specific 
energy (SE) is applied in the refiners.  
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Reducing Specific Energy (SE) means lower steam production in the reboiler and a tighter 
heat integration zone but in principle, the mill can still operate without a boiler. Table A 
presents estimates of minimum required SE to remain thermally self-sufficient according 
to the composite curves for two scenarios.  

Table A – Estimated minimum SE Scenario  

Scenario Estimated minimum SE  

Light grades / highly efficient PM dryer 1450 kWh/BDMT 

Heavier grades / low efficiency PM dryer 1850 kWh/BDMT 

 

Figure B shows the impact of converting an existing newsprint paper machine on a mill’s 
heat profile for two different scenarios. It was observed that the heat profile of the mill 
could be significantly affected while an increase of machine dryer steam demand is 
expected. The reboiler steam production is expected to decrease since the use of 
pretreatment chemicals would lower refining specific energy, and blending with Kraft pulp 
reduces refiners operation. It was found that medium pressure steam might be required 
for dryer capacity increase. The conclusion was that a thorough process heat integration 
is required to remain thermally self-sufficient or for fuel cost minimization. 

 

 

Figure B: Converting an Existing Newsprint Paper Machine Impact on Mill’s Heat Profile 

The impact of installation of an airborne dryer – to export market pulp – on mill’s heat 
profile is shown in Figure C. It was observed that the installation of an airborne dryer 
might have a significant impact on the heat profile of the mill. Because of the high 
temperature of drying air (above LP steam temperature), fuel is used for dryer air heating 
and excess of LP steam is expected. It was proposed that when there is an excess of LP 
steam, heat integration of the dryer should be oriented to the maximization of LP steam 
use, i.e. drying with a larger airflow taking more steam for preheating. 
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Figure C: Illustrative composite curves when an 
airborne dryer is installed in a TMP Mill 
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Are future scenarios included? 

Yes. The following future scenarios are included in this project: 

1- Traditional products - production costs reduction 

- Heat integration (towards fuel free mill) 

- Implementation of energy efficient refining technologies 

- Reduce electricity cost by becoming a flexible load 

2- Pulp and paper product portfolio diversification 

- Wrapping, packaging and speciality papers 

- Market pulp 

3- Additional revenues from added-value bio-products 

- Sugars/lignin integrated biorefinery pathways 

Method development for system consequences? 

It was proposed to consider the energy integration aspects as part of the business 
transformation process. The CAPEX for heat integration can also affect the final outcome 
of decision between different future product portfolios. Given the complexity of pulp and 
paper processes and the numerous interactions within and across unit operations, multi-
criteria decision support knowledge and tools providing energy improvement pathways are 
instrumental for increasing the energy performance and profitability of the pulp and paper 
industry. In case of a “parallel” biorefinery, additional work is needed to better address 
simultaneous site-specific heat and water integration, in relation with sizing of the 
biorefinery. 
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2.5. COUNTRY & INSTITUTION: SWEDEN (CHALMERS UNIVERSITY) 

Project Name: Effect of process decarbonisation on future targets for excess heat delivery 
from an industrial process plant. 

Authors: Pontus Bokinge, Elin Svensson, Simon Harvey 
 

Summary  
The use of industrial excess heat for off-site heating purposes such as district heating has 
the potential to contribute to societal targets for energy efficiency and greenhouse gas 
emissions reduction. However, to meet the ambitious national and international climate 
targets set for 2050, a breadth of different decarbonisation pathways is required, not least 
in the industrial sector. These include a transition to bio-based and recycled feedstock and 
fuels, carbon capture and storage, electrification as well as ambitious efficiency measures. 
Such profound changes of industrial processes and energy systems are likely to affect the 
availability of excess heat from these plants, and a better understanding of how the 
excess heat potentials might change is needed to utilise excess heat in ways that can be 
resource-efficient also in the long-term. In this project we have developed a systematic 
approach which can be used to analyse how different decarbonisation options may affect 
the potential future availability of excess heat at a specific plant site. The approach is 
based on the use of consistent, energy targeting methods based on pinch analysis tools, 
and therefore relies on comprehensive data about process heating and cooling demands. 
To illustrate the approach, we demonstrate results from industrial case studies in which 
different decarbonisation measures are assumed to be implemented. The case studies 
were selected from a case study portfolio, which includes relevant and site-specific 
process and energy data for a large share of Swedish industrial process sites. The results 
show that deep decarbonisation can have significant impact on the availability and 
temperature profile of industrial excess heat, illustrating the importance of accounting for 
future process development when estimating excess heat potentials. 

Introduction  
The use of industrial excess heat for off-site purposes (e.g. for district heating) is an 
important resource for reaching energy and climate targets. Meanwhile, several roadmaps 
and pathways for decarbonisation of industry highlight priority areas such as 
electrification, increased use of renewable and recycled raw materials and carbon capture 
and storage (CCS), all of which would significantly affect the availability of excess heat 
from industrial processes. 

However, assessments of industrial excess heat potentials are generally based on current 
energy balances of existing industrial plants. By not accounting for future process 
changes, such estimates risk leading to the wrong conclusions about the best future use 
of industrial excess heat.  

For assessments of plant-specific excess heat potentials, it is appropriate to use methods 
based on pinch analysis, which explicitly account for process heat recovery opportunities, 
and can be used to study how the integration of new technologies affect the heat balance 
(amount and temperature) of an industrial plant. However, to be able to provide a 
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comprehensive picture of how the availability of industrial excess heat may change in a 
future with close to net-zero emissions from industry, a systematic approach that allows 
for comparing and aggregating the results from different case studies is needed. 

Aims and objectives  
The aim of this project was to present a systematic methodology based on consistent 
assumptions for analysing – at the plant level – how technological development of 
industrial process plants can affect the potential availability of excess heat. The 
methodology is demonstrated through industrial case studies in which technological 
changes for deep emissions reductions are assumed to be implemented at the studied 
plants. The case studies include the following industries and decarbonisation pathways: 

- Primary steel production (blast furnace process) 
o Decarbonisation by direct reduction with hydrogen 

- Olefin production (steam cracker plant) 
o Decarbonisation by conversion to a biomass-to-olefins process 
o Decarbonisation by conversion to a (bio-)alcohol-to-olefins processes  

- Oil refining (Complexity 4) 
o Decarbonisation by carbon capture 
o Decarbonisation by electro-hydrogen production and carbon capture 

- Pulp production (Kraft pulp mill) 
o Decarbonisation by carbon capture (negative emissions, off-setting 

emissions from other sectors) 
o Decarbonisation by lignin extraction (production of renewable feedstock, 

used to decarbonise other sectors) 

Content and methodology 
Heat recovered from an industrial process site can be valorised in different ways, e.g., as 
a heat source for a new process or district heating network, or for low-temperature power 
production. Thereby it can replace other heat sources and reduce the demand for primary 
heat supply. Such utilisation of excess heat competes with opportunities for enhanced on-
site process heat recovery to reduce the demand for primary heating and cooling to the 
industrial processes. On the other hand, it is usually not possible to recover all heat within 
an industrial process site via direct heat exchange due to the thermodynamic constraints 
set by temperatures of heat sources and sinks. This means that even after maximised 
theoretical heat recovery, there is still unavoidable excess heat available from most 
processes. This heat can be valorised internally, e.g. through heat pumping or low-
temperature power production or recovered for off-site deliveries without further limiting 
the possibilities to save fuel on-site. As discussed and illustrated by Pettersson et al. 
(2020) there can be a significant difference in terms of greenhouse gas emissions 
between using avoidable or unavoidable excess heat, for example, for delivery to a district 
heating network. The use of avoidable excess heat can affect the overall system energy 
efficiency, fuel use and greenhouse gas emissions either positively or negatively 
depending on the trade-off between on-site and off-site fuel savings. The use of 
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unavoidable excess heat, on the other hand, inevitably implies an improvement in overall 
system performance. 
Excess heat at the plant-level is commonly estimated using methods and tools based on 
pinch analysis. The application of pinch analysis requires temperature-specific data for 
process heating and cooling demands, and an assumed value for the minimum 
acceptable temperature difference for heat exchange, ΔTmin. These are then used to 
calculate the optimal heat cascade of the system to maximise process heat recovery and 
determine the corresponding minimum requirements for external heating and cooling of 
the process. The ideal heat cascade is visualised in the Grand Composite Curve (GCC), 
which is one of the main graphical tools of pinch analysis. The GCC can be used for 
visualising the potential for heat integration between a process and its utility system or 
another process. The unavoidable excess heat from a process corresponds to its 
minimum theoretical cooling demand, which can be read directly from the GCC for a given 
value of ΔTmin.  
In many common energy-intensive manufacturing processes, heat is available at very high 
temperatures from process operations. For example, there can be a demand for cooling of 
process streams at high temperatures resulting from thermochemical conversions or 
chemical reactions. Other processes involve the generation of various energy-rich by-
products that are difficult to transport, store and sell, and are therefore most conveniently 
combusted on-site, resulting in high-temperature heat generation that, in principle, can be 
seen as unavoidable. Steam boilers and furnaces fuelled with by-products that would 
otherwise be flared or destructed, high-temperature heat generation in reactors, and 
combustion processes that are inherently related to process unit operations can be seen 
as unavoidable. 
Furthermore, most industrial process sites have a central utility system, which supplies 
heating and cooling to the process, and potentially includes power generation. In addition 
to excess heat from the process itself, any residual heat from such an integrated utility 
system should also be recognised. 
In conclusion, the assessment of excess heat will depend on the availability of high-
temperature heat and the steam system configuration, which in turn depend on site-
specific priorities between fuel savings, co-generation of shaft/electric power and total (on-
site) system efficiency. It also becomes necessary to estimate, not only targets for 
minimised heating and cooling demands, maximised heat recovery and potential excess 
heat availability, but also the power production target. 
In this project a systematic methodology for excess heat assessment considering all the 
aforementioned aspects (see Svensson, Morandin, et al., 2019), was applied to estimate 
and analyse the excess heat availability for different industrial plants under current and 
potential future process development scenarios. For the case study of the refinery, further 
constraints were also considered to limit heat recovery between different process units to 
be achieved via the steam utility system (see Svensson et al., 2020 for a description of the 
modelling of the constrained heat integration problem). In general, however, the 
methodology follows the steps outlined below. 

Step 1. Data collection 
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This step involves the collection of data about heat loads and temperatures of process 
heat sources and sinks, including potential high-temperature heat sources such as heat 
from combustion of off-gases or non-marketable by-products or exothermic reaction heat. 
For the case studies in this project, the necessary data for the existing process sites were 
taken from the Chalmers Industrial Case Study Portfolio (ChICaSP), see Svensson, 
Bokinge, et al., (2019). ChICaSP is a collection of case study data that has recently been 
compiled based on previous research projects at Chalmers.  

Step 2. Identification of optimal heat cascade for existing and decarbonised process 

As discussed above, the assessment of optimal heat recovery in systems including high-
temperature heat-sources and co-generation requires a prioritisation between fuel 
consumption, co-generation and total system efficiency. In the present work, we followed 
the prioritisation order below: 

1. minimise heat production in utility boilers and furnaces (fired by purchased fuel), 
2. maximise co-generation in back-pressure steam turbines given process steam 

demands at existing steam levels and the minimised heat production, 
3. maximise condensing power production provided that this does not reduce the 

excess heat available for covering the current capacity for excess heat deliveries, 
4. maximise excess heat recovery for new purposes (e.g. district heating, heat 

pumping or low-temperature power production).  
The optimal heat and power integration can be visualised using common pinch-based 
tools. The minimisation of hot utility (priority 1) can be illustrated in a process GCC, which 
include process-inherent high-temperature heat sources. The maximisation of steam 
turbine power generation (priorities 2 and 3) can be visualised by split GCCs, where the 
steam turbine cycles are represented as a foreground GCC curve, which is matched 
against the process GCC in the background. Finally, the excess heat (priority 4) can be 
read from a GCC that represents a combination of the process and steam turbine cycles. 
In this work, we made some further simplifications to the representation of the excess heat 
temperature profile (see Step 3).  
In addition to the priorities listed above, a ΔTmin of 0 °C was assumed in this work. 
Altogether, these assumptions represent a highly theoretical reference case for heat 
recovery. The theoretical assumptions were adopted to enable consistency between case 
studies and to avoid speculation about future technologies for which detailed process data 
are generally not known.  
The energy targeting computations were performed using an in-house MATLAB-code in 
which the targeting problem is solved as a linear programming problem where primary hot 
utility, power generation and excess heat are given different weights in the objective 
function to reflect the prioritisation above. For further details, see Svensson, Morandin, et 
al. (2019). In the case of the refinery, constraints on heat integration were also considered 
and modelled within the same MATLAB environment (see Svensson et al., 2020).  

Step 3. Comparison of resulting heat load-temperature profiles for unavoidable excess heat 

To visualise excess heat availability and temperature characteristics, a newly developed 
graphical tool called the excess heat temperature (XHT) signature was used. The XHT 
signature illustrates the amount of excess heat available according to pre-defined 
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temperature ranges and constant temperature levels that represent relevant excess heat 
utilization options such as district heating, heat pumping or low-temperature power 
production cycles. It is an appropriate tool for comparing excess heat availability from 
different processes (e.g., as in this study, current and future process alternatives) since an 
XHT signature can be defined and constructed in a systematic way given consistent 
assumptions. Compared to the GCC, the XHT provides a more direct interpretation of the 
excess heat availability, which facilitates comparison of excess heat potentials from 
different sites. Furthermore, multiple XHT signatures can easily be aggregated (by 
addition) into one curve to illustrate the total excess heat availability for a group of plants.  

 

Figure 1.11. Illustration of the systematic approach for excess heat evaluation. The GCC of a 
potential new biomass-to-olefins (BTO) process is given in the left panel (solid black line). 

High temperature heat is available from the process and no fuel is imported (priority 1). The 
integrated CHP-plant (dashed blue) is dimensioned to maximize co-generation and 

condensing power generation (priority 2 and 3). Remaining (unavoidable) excess heat is 
indicated by the red circle and maximized recovery of unavoidable excess heat (priority 4) is 

further illustrated by the XHT-signature in the right panel (dashed line). The solid line 
represents the XHT-signature of the existing steam cracking plant producing the same 

product. 

The assumptions for process heat recovery and co-generation described in Step 2 above, 
correspond to reference conditions for a Theoretical XHT. This Theoretical XHT signature 
thus represents the maximum amount of excess heat that can be made available without 
limiting the potential for further primary heat savings or steam turbine power generation 
on-site and therefore represents the unavoidable excess heat. 

Results  
Figure 1.2 presents a qualitative summary of the results from the case studies 
investigated in this project (see Bokinge et al., 2020, for more details about the case 
studies of the cracker plant and kraft pulp mill). Some of these results were presented by 
Bokinge et al. (2020). Due to the many uncertainties and the theoretical assumptions, no 
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exact numbers are presented. The results show how theoretical targets for excess heat 
and power production change due to the implementation of new technologies. By 
observing the change in theoretical levels, we can obtain an indication of the order of 
magnitude and direction of changes in actual future excess heat levels. Based on the 
indicative results, a few observations can be made: 

• Deep decarbonisation will change availability of industrial excess heat, and 
particularly its temperature level. 

• For most of the analysed decarbonisation pathways, the electricity generation 
potentials were shown to decrease and in some cases the decrease is significant. 
All studied pathways significantly reduce the potential for condensing steam turbine 
operation. If condensing turbine operation was not to be considered as an option, 
this would translate into a significant reduction in excess heat at or above the 
temperature of low-pressure steam. 

• Most of the analysed pathways show a significant increase in excess heat 
availability above 60 °C (but below the temperature of low-pressure steam). Excess 
heat of temperatures above ca 60°C is especially interesting for district heating 
applications.  

• The availability of excess heat availability at or above 85 °C changes in different 
directions for the various cases investigated. This may serve to illustrate that even 
if the excess heat above 60°C increases significantly, the availability of heat at 
higher temperatures might not.  

 

Figure 1.12. Summary of case studies. The leftmost column gives the investigated 
industries/processes and decarbonisation options. The effects of decarbonisation on 

excess heat and power generation targets (compared to existing processes) are indicated 
by arrows. Green: significant increase; red: significant decrease; yellow: minor changes. 

Conclusion  
The results of the case studies indicate that electrification, new bio-based processes, and 
carbon capture will affect the future availability of industrial excess heat if implemented on 
a large scale. The effect of these decarbonisation pathways will, however, be different 
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depending on the technology used, the type of industry, and specific site conditions. 
Availability of excess heat might increase as well as decrease, and the effect will be 
different depending on the temperature level considered for the excess heat.  

Further work is needed to complement these examples with more case studies and further 
assess how different trade-offs between fuel savings, electricity generation and excess 
heat affect the results. Further work is also required to develop a bottom-up methodology 
for generalizing and aggregating results of individual case studies into regional or sector-
wide potentials. 

It is clear that the analysed case studies and decarbonisation pathways are not sufficient 
for a more general assessment of future industrial excess heat potentials. A number of 
other decarbonisations pathways could be implemented, either as distinct alternatives to 
the studied pathways, or in combination with these. Furthermore, the heterogeneity of the 
industrial sector makes the conditions for decarbonisation as well as for excess heat 
utilisation very site specific, and the few sites analysed here cannot be representative for 
all other industrial process sites. 
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Answers to the questions related to the subtask  
General Systems 

What is the main expected outcome of the project? 

The main outcome of the project is an increased understanding of how process 
decarbonisation might affect excess heat levels at industrial process plants. This was 
achieved, by: 

• Development of a methodology for theoretical evaluation of the effects of process 
changes on the availability of excess heat (amount and temperature) from industrial 
process plants, and 

• Case studies where the developed methodology is used to assess the impact of 
possible decarbonisation options on the availability of excess heat at real Swedish 
process plants. 
 

What is the excess heat role in the system research? 

System consequences of process changes and their implications for excess heat 
availability was the main focus of the project. 

 

Future availability of excess heat (amount and temperature) due to changes in the 
surrounding system? 

The project’s method development and case studies focused on the assessment of how 
future excess heat availability (theoretical targets) may change compared to current levels 
due to changes in process configurations in the plant, which may be implemented in order 
to achieve deep emissions reductions.  

 

Are future scenarios included? 

The project case studies assume various scenarios for future decarbonisation pathways at 
the plant level and investigate the resulting effect on excess heat and power generation 
targets. The assumed scenarios do not necessarily represent the most cost-effective way 
to reduce emissions, nor do they reflect the most likely development at each plant. 
Instead, the aim of the scenarios is to capture the broad range of likely decarbonisation 
options in various industries. 

 

Method development for system consequences? 

• The project included the development of a methodology for theoretical evaluation of 
the effects of process changes on the availability of excess heat (amount and 
temperature) from industrial process plants. The methodology relies on tools from 
pinch analysis, a consistent set of theoretical assumptions and a pre-determined 
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prioritisation between fuel savings, power generation and excess heat recovery (see 
also the methodology description above).  
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2.6. COUNTRY & INSTITUTION: NORWAY (SINTEF) 

Project Name: CETES - Cost-efficient thermal energy storage for increased utilization of 
renewable energy in industrial steam production 

Summary  
CETES is a spin-off research project funded by the Excellence Research centre HighEFF13 
(led by SINTEF Energy Research, Norway). CETES developed methods to enable cost-
efficient usage of fluctuating renewable energy sources in steam production by utilizing 
thermal energy storage (TES). Both investment costs and potential cost savings are 
considered to identify the optimal TES technology, size and operation for each case. 
Besides storage systems, the potential combination of high-temperature heat pumps 
(HTHPs) and TES for cost-efficient steam supply are considered. The storage technologies 
considered for intraday load shifting include: 

- Steam accumulators, 
- Latent heat storage (LHS) in the form of phase change materials (PCMs), 
- Sensible heat storage in concrete, 
- Molten salt storage. 

The selected mix of storage technologies covers a broad range of applications with regards 
to storage time, desired temperature level and charging/discharging rates; thus, various 
cost-scenarios for energy prices can be addressed. For steam generation, both electric 
boilers and HTHPs were investigated. The output is a cost-based recommendation for a 
given application for the storage size, type and operation. 

Introduction  
Due to the increasing share of fluctuating renewable energy sources in future decarbonized, 
electricity driven energy systems, an active participation of energy intensive industries will 
be necessary for stable electricity supply. A large share of the industrial energy demand is 
in the form of thermal energy, in particular steam; and the majority of steam production is 
still based on the use of fossil fuels. Utilizing thermal energy storage (TES) together with 
power-to-heat conversion technologies such as high-temperature heat pumps (HTHPs) 
enables the industry to transition towards renewable-based steam production, and at the 
same time, decrease their energy costs by shifting the electricity consumption to low-cost 
periods. Since low payback times and profitability are key criteria for investment decisions, 
it is necessary to identify cost-optimal integration scenarios for TES that also consider 
technical restrictions, such as available conversion units and thermodynamic constraints. 
TES has been studied in many different settings; however, no systematic approach for 
optimal integration of TES and power-to-heat for steam generation has been developed yet. 
Such knowledge has also been requested by HighEFF partners (e.g. Hydro, Norsk Kylling). 

 

13 https://www.sintef.no/projectweb/higheff/  

https://www.sintef.no/projectweb/higheff/
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Aims and objectives  
CETES developed methods for identifying the most cost-efficient TES system for load 
shifting and exploitation of fluctuating renewable energy sources in steam production. 
These methods are the backbone of a future decision-making tool for the industry. In 
HighEFF activities, the focus is on identifying and developing TES technologies, as well as 
system integration of TES for various applications and temperature levels, with little or no 
emphasis on the cost aspects. Moreover, while HighEFF activities focus on thermal energy 
storage alone, CETES concentrates on combining power-to-heat and TES, broadening the 
scope towards energy storage on a wider perspective. The combination enables the 
interaction between thermal and electric energy systems, which is not a part of HighEFF. 
This new concept will allow the industry to actively participate in future fossil-free energy 
markets. 

Content and methodology 
The TES technologies considered in the project for intraday load shifting include:  

• Steam accumulators, which are the current state-of-the-art technology14. Steam 
accumulators offer high charging/discharging rates, but the technology is limited by 
the low energy density. 

• Latent heat storage (LHS) in the form of phase change materials (PCMs). LHS 
offers high energy densities, and a temperature range that can be tailored to the 
application by selection of the PCM1.  

• Sensible heat storage in concrete (e.g. EnergyNest15). Offers a cost-efficient, safe 
and easy-to-use alternative for steam storage. Low heat transfer rate (i.e. long 
response time) is a limiting factor. 

• Molten salts, which are widely applied in concentrated solar power1. Molten salts 
offer high thermal conductivities, and may also be used as the heat transport fluid. 
Limitations are corrosivity and high melting temperature. 

The selected mix of technologies covers a broad range of applications with regards to 
storage time, desired temperature level and charging/discharging rates, and includes both 
state-of-the-art and emerging technologies. For steam generation, both electric boilers and 
HTHPs were investigated. Demand profiles, price scenarios, technical constraints and cost 
functions are considered to find the most optimal technology, size and operation strategy 
for the combined TES – power-to-heat system, as shown in Figure 1. 

 

 

14 Haider, M., A. Werner: "An overview of state of the art and research in the fields of sensible, latent and 
thermo-chemical thermal energy storage"; e & i Elektrotechnik und Informationstechnik, 130 (2013), 6; S. 
153 - 160. 

15 The EnergyNest system (2019). https://energy-nest.com/technology/  

https://energy-nest.com/technology/
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Figure 13: Concept description. 

Research approach 

In order to identify cost-efficient systems for generation and storage of steam, including their 
appropriate sizing and operation, cost functions for the listed storage technologies were 
derived from real cost data. LHS technologies are still at TRL 5-7, and since no conclusive 
market costs are available, theoretical costs are used to make sound predictions. These 
cost functions are then used in the optimization procedures developed within the project 
together with load profiles for process steam demand, constraints for on-site steam 
production, and different price scenarios for renewable electricity, depending on the country 
in question. The output is a recommendation for the type and size of TES and steam 
generation system for the given application. Obtaining cost functions for the on-site steam 
generation systems such as HTHPs is beyond the project scope; thus for heat pumps and 
electric boilers, estimates for price per installed heating power capacity are applied. The 
temperature achievable by a HTHP are limited to 175 °C. 

Project plan 

SINTEF Energy Research (SER) led the project, in strong collaboration with AIT. The 
research team consisted of Hanne Kauko (project leader) and Alexis Sevault from SER, as 
well as Gerwin Drexler-Schmid and Anton Beck from the AIT. Figure 2 presents the work 
packages and their duration in the form of a Gantt diagram, as well as the project budget 
(divided equally between the partners). Total budget for CETES: 100 000 EUR. 

  Months 
 

Budget 1  2  3  4  5  6  7  8  9  10 11 12 

WP1: Storage costs 225                         
T1.1: Definition of cost function requirements (SER, 
AIT)                             
T1.2: Development of cost functions (AIT, SER)                                 
T1.3: Sensitivity analysis of developed cost functions 
(AIT, SER)                            
WP2: Scenario definition 75                         
T2.1:  Electricity price scenarios for relevant countries 
(SER, AIT)                                      
WP3: Method development 425                         
T3.1: Method for demand/supply side process analysis 
(AIT, SER)                                    
T3.2: Identification of constraints (SER, AIT)                             
T3.3: Algorithm for cost-optimal storage integration and 
sizing (AIT, SER)                                       
WP4: Evaluation 225                         
T4.1: Selection of representative examples (SER, AIT)                                  
T4.2: Method demonstration (AIT, SER)                                
T4.3: Quantification of the expected impact (AIT, SER)                                 

T4.4: Assessment and minimization of operational 
(SER, AIT)                                        

WP5: Project management and dissemination 50                         
T5.1: Project management (SER)                                                  

T5.2: Dissemination (SER, AIT)                                    

Total budget: 1 000                         
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Figure 14: Project plan including the budget (in kNOK). The project was carried out from October 2019 to 
October 2020. 

Results  
The methodology was developed and concretized using a Python programme. The 
programme can be further developed with additional technologies for thermal energy 
storage and for steam generation. The full methodology has been described in a journal 
publication. A case study is included in the publication to show the potential of the new 
methodology. The references and abstracts to the journal publication are indicated below: 

Optimal selection of thermal energy storage technology for fossil-free steam 
production in the processing industry 

Anton Beck 1, Alexis Sevault 2, Gerwin Drexler-Schmid 1, Michael Schöny 1 and Hanne Kauko 
2,* 

1 Austrian Institute of Technology, Giefinggasse 4, 1210 Vienna, Austria 
2 SINTEF Energy Research, Postboks 4761 Torgarden, 7465 Trondheim, Norway 

* Correspondence: hanne.kauko@sintef.no 

Abstract: Due to increased share of fluctuating renewable energy sources in future decarbonized, 
electricity-driven energy systems, participating in the electricity markets yields potential for industry 
to reduce its energy costs and emissions. A key enabling technology is thermal energy storage 
combined with power-to-heat technologies, allowing the industries to shift their energy demands to 
periods with low electricity prices. This paper presents an optimization-based method which helps 
to select and dimension the cost-optimal thermal energy storage technology for a given industrial 
steam process. The storage technologies considered in this work are latent heat thermal energy 
storage, Ruths steam storage, molten salt storage and sensible concrete storage. Due to their 
individual advantages and disadvantages, the applicability of these storage technologies strongly 
depends on the process requirements. The proposed method is based on mathematical 
programming and simplified transient simulations and is demonstrated using different scenarios for 
energy prices, i.e., various types of renewable energy generation, and varying heat demand, e.g. 
due to batch operation or non-continuous production. 

Keywords: thermal energy storage; optimization; steam, power-to-heat; renewable energy 

Article reference: Beck, Anton; Sevault, Alexis; Drexler-Schmid, Gerwin; Schöny, Michael; Kauko, 
Hanne. 2021. "Optimal Selection of Thermal Energy Storage Technology for Fossil-Free Steam 
Production in the Processing Industry" Appl. Sci. 11, no. 3: 1063. 
https://doi.org/10.3390/app11031063 (Open Acess) 

Conclusion  
Application of high-temperature TES in steam production is expected to become 
increasingly relevant to enable decarbonization of the process industry with increased share 
of fluctuating renewable energy sources in the grid. The project demonstrates that heat 
load-specific costs must not be neglected when it comes to cost-optimal storage selection 
for high temperature applications such as industrial steam supply, since heat load 
requirements usually have a significant impact on heat transfer areas. This is especially true 
in the case of indirect thermal energy storage by means of an intermediate storage medium. 
The derived storage cost functions are not only capacity but also heat load-dependent which 
is crucial for industrial applications. Moreover, cost optimal storage integration for industrial 

https://doi.org/10.3390/app11031063
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storage applications at higher temperatures (>100 °C) has only been addressed by a few 
authors. The proposed optimization model can easily be extended for other steam 
generation units and storages since its formulation is general. The characteristics of the 
different storage technologies are considered by means of parameter values. Using a linear 
approximation of storage costs with respect to storage capacity and heat load, the solution 
for the optimization problem can be obtained within seconds or minutes considering 
electricity and demand profiles for one year, which yields a very promising basis for a 
potential decision support tool. 

Answers to the questions related to the subtask  
Storage: What is the aimed technology/system improvement? Temperature levels? 
Storage capacity? Economy? Other? 

• CETES developed methods for identifying the most cost-efficient thermal energy 
storage system for load shifting and exploitation of fluctuating renewable energy 
sources in industrial steam production. 

• Temperature levels: 100-175 °. 
• Storage capacity: from several hundreds of kWh to unlimited thermal storage 

capacity. The lower bond is due to the cost functions that assume a minimum 
volume, otherwise cost values would be unnecessarily complex to include. 

• Economy is key in project CETES: the methodology focuses on cost-efficiency 
as the main driving criterion for optimal selection of thermal energy storage 
technology. 

R&D on system integration? 

• Not in focus in CETES 

Future changes in the surrounding system included in the R&D? 

• The resilience to future changes in the surrounding system has not been studied 
in CETES. However, any alternative scenario can easily be simulated using the 
developed algorithm to evaluate the compatibility with the determined optimal 
thermal energy storage solution for the current system. 

Improved potential for excess heat usage as a result of the R&D? Any level, a case 
study, industry type, etc. 

• In the scenario envisioned in CETES, the determined solutions will enable 
replacing fossil-fuel-based boilers with technologies which are better fitted to the 
temperature range needed for steam generation. Therefore, excess heat will 
actually be avoided as a result of the project. 

• In case of other local sources of excess heat, the implementation of thermal 
energy storage technologies would allow for more flexibility in the usage of 
excess heat. 

• Case studies included a brewery and a large aluminium processing plant. 
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Project Name: COPRO Competitive power production from industrial surplus heat 

 

Summary  
The COPRO project has made advancements in industrial waste-heat-to-power 
conversion for low-to-medium temperature heat sources. Through analysis and evaluation 
of industry-specific case studies, a better understanding has been brought forward on 
both cost considerations and the complex effects, practical constraints and interactions 
caused by integrating heat-to-power system into core processes. Industry partners Alcoa, 
Hydro, and Equinor represent end-user processes that the case studies were based on. 
GE Power Norway and FrioNordica contributed as technology providers, and SINTEF 
Energy Research, The Norwegian University of Science and Technology (NTNU) and the 
Royal Institute of Technology (KTH) in Sweden have been the research partners. 

The project's PhD candidate and his work on turbine modelling and development has led 
to broad international cooperation that includes research stays at the Technical University 
of Delft and Queen Mary University of London. There has also been collaboration with 
Politecnico di Milano and the Technical University of Munich. In addition, 5 MSc students, 
5 project students, and 3 summer-research internships have worked linked to the project. 

 

Introduction  
The rationale behind the project concept was the lack of attractive options for surplus heat 
utilization leading to vast amounts of industrial surplus heat being dumped to the ambient. 
The project has considered recovery of industrial waste heat in the range of 125-250 °C, a 
temperature range where profitable energy recovery currently is challenging. COPRO 
research efforts and results can be broadly categorized within: 

Why: understand why the techno-economics for typical projects are challenging 

What: identify the combination of required technology performance and industrial 
conditions needed for attractive cases 

How: define realistic industry scenarios, explore possibilities for technology optimization, 
and contribute to closing the identified gaps 

 

Aims and objectives  
The goal of the COPRO project has been to develop knowledge, tools and methods that 
can be used to improve the competitiveness of heat-to-power conversion in the industry, 
more specifically by: 

1) Identifying promising industry scenarios, and understand the impact energy recovery 
will have on the entire system 
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2) Optimize system and component designs for these specific industry scenarios, while 
considering heat-to-power performance, overall system impact, practical constraints and 
costs 

Research topics have included power cycle layouts and configurations, working fluids and 
mixtures, design optimization of heat exchangers, turbines and expanders, cost 
evaluations, and present and expected future industrial conditions. 

Content and methodology 
Industry cases were used actively in the project from the beginning. The definitions of 
individual case study originate back to the first consortium meeting, where researchers 
and industry representatives together specified scenarios, conditions and parameters of 6 
starting cases: 4 "Aluminium" cases and 2 "Oil & Gas" cases. These cases represent 
conditions found in current processes and conditions inspired by expected and/or possible 
changes in the near future. Together, these cases formed a terrain of possibilities, and the 
researchers could start identifying attractive opportunities for hypothetical implementations 
of the researched heat-to-power technologies. Focussing the research around specific 
case studies has served two main purposes: 

· Ensuring that developed technology obtains the highest possible relevance to the 
industry who will be future end-users, by including concrete industry specific conditions 
and constraints, 

· Enabling technology evaluation under realistic conditions and system boundaries, that 
are also familiar and relatable to the target industry. 

 

 

Five industry partners and three research institutes/universities were the core project 
group. The whole consortium gathered for workshop twice every year to present technical 
aspects, research results and further plans. The industry partners participated very 
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actively in the project, and two of the workshops were hosted at industry plants to allow for 
extensive tours of real industrial scenarios (Alcoa Mosjøen, Hydro Sunndalsøra). In 
addition, seminars on specific aspects were arranged;   

• KTH, Stockholm: "Fundamentals" – Fluid properties, methodologies, and modelling  
• KTH, Stockholm: "Innovative heat exchangers"  
• Obrist Engineering, Austria: "Novel expander development and practical 

optimization of design" 

The main research tasks and participants in the project were:  

WP1 Enabling technologies:   

• Properties, behaviour and selection of working fluids and mixtures (SINTEF, KTH, 
NTNU)  

• Expander and turbine design (NTNU, SINTEF subcontractor Obrist)  
• Heat exchanger modelling framework and concept design (SINTEF, KTH, GE)  
• Workflow from numerical heat exchanger model to 3D print (SINTEF)  

WP2 Power Cycles:  

• Power cycle modelling framework (SINTEF)  
• Rankine cycle layouts and configurations (SINTEF, KTH)  
• In-depth power cycle optimization for case studies (SINTEF)  

WP3 Innovations: 

• Understanding thermodynamic and practical potential for energy recovery from 
industrial surplus heat (All)  

• Industry case definitions and evolution (All)  
• Techno-economic considerations (SINTEF, GE, FrioNordica) 

Results  
Main takeways from case "Oil & Gas: Offshore export gas compression": A compact, relatively 
light, and high performing power cycle for this application has been investigated in a model-based 
approach. The final case study considered what was assumed to be major weight factors and 
realistic thermodynamic performance and resulted in an estimate of 8 MWel net power from a 
system weight of 20-25 tons. This is a significantly higher "power-to-weight" ratio than reported 
values for example from gas turbine bottoming cycles.  

Main takeways from case "Aluminium: Electrolysis smelter off-gas": System concepts for modular 
and centralized energy recovery was investigated. The power production potential appears to be 
very similar for both concepts. For a hypothetical plant used as basis in the case studies, an annual 
net electricity production of up to 40 GWhel/y was found to be possible. However, considering the 
trade-off between system size/cost and power output, around 32 GWhel/y appears more attractive. 
Component sizes and cost estimates were described for a modular concept. Energy recovery from 
the off-gas will likely have significant secondary benefits, such as increased stability of cell draft 
and gas treatment. 

Main items of knowledge built include: 
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• How changes in heat source conditions and industrial process constraints affect 
achievable power production: 

o Enables better indications of attractive implementation cases 
o What changes in process conditions would be needed to make cases more 

attractive 
 

• How much power can practically be produced from the specified industry cases
  

o As function of increasing system size, weight and/or cost 
o Including core process penalties and benefits 
o Online calculator for initial estimates: https://blog.sintef.com/h2p-

calculator/ 
 

• Techno-economic considerations 
o Maximized power output for restricted overall system weight/volume/footprint 
o Indicated major cost drivers for key equipment 
o Estimated total system equipment costs and benefits 
o Indicated profitable system cost limit/range 

 
• Enabling and fundamental development 

o Turbine design development and expander specifications 
o System analyses methodologies 
o Working fluids, fluid mixtures, and thermodynamic properties 
o Advanced simulation and optimization models 
o Heat exchanger designs 
o "3D print" workflow from heat exchanger design; work continues in FME 

HighEFF: https://blog.sintef.com/sintefenergy/additive-manufacturing-
of-heat-exchangers/ 

 

Conclusion  
The partners in COPRO have gained an expanded understanding of power generation 
from surplus heat in their own industrial processes. This understanding makes it possible 
to assess the utilization of surplus heat in conjunction with the impact on the core process, 
which enables potential and benefits to be maximized and the opportunities for practical 
implementation increased. The industry partners report that the project has highlighted the 
potential for improvement on their own plants and processes, and provided insight into 
potential opportunities, limitations, and effects from implementing the researched 
concepts. The contribution to educating a number of students and younger researchers on 
the specific topic is also highlighted as an important effect - new experts constitute a 
recruitment base for the industry and are very effective means for knowledge transfer.  

The research partners have built new capabilities, methods and tools that will be used in 
further development of energy efficiency technologies. 

 

https://blog.sintef.com/h2p-calculator/
https://blog.sintef.com/h2p-calculator/
https://blog.sintef.com/sintefenergy/additive-manufacturing-of-heat-exchangers/
https://blog.sintef.com/sintefenergy/additive-manufacturing-of-heat-exchangers/
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Project Name: HighEFF – Case: "Integrated high temperature heat pumps and 
thermal storage tanks for combined heating and cooling in the industry" 

Summary  
This project concerned the installation of an integrated heat pump system of a green-field 
dairy and the investigation of its energy consumption and system performance. The dairy 
is situated in Bergen, Norway and features a novel and innovative solution of a fully 
integrated energy system, employing high temperature heat pumps such as the hybrid 
absorption-compression heat pump (HACHP) with natural refrigerants to meet all 
requirements for heating and cooling. The performance of the novel system was 
evaluated based on available process data for a relatively energy-intensive week in 
February. The results showed that the system was able to meet the occurring demands 
and that the specific energy consumption with 0.22 kWh/L product can outperform the 
annual average value of the replaced dairy even under difficult conditions. The specific 
energy consumption is expected to be further reduced when based on an annual average. 
Through measures such as the extensive use of waste heat recovery accounting for 
32.7% of the energy used, energy consumption was reduced by 37.9% and greenhouse 
gas (GHG) emissions by up to 91.7% compared to conventional dairy systems. 
Simultaneous, the process achieves a waste heat recovery rate of over 95%. 
Furthermore, demand peaks were compensated and a system coefficient of performance 
(COP) of 4.1 was achieved along with the identification of existing potential for further 
improvements. 

Introduction  
To achieve environmentally friendly, cheap and sustainable energy systems, it is globally 
recognized that there is a necessity to increase the energy efficiency of industrial 
processes and reduce direct GHG emissions, e.g. from the burning of fossil fuels. A 
promising approach to achieve these goals, which has been increasingly investigated in 
recent years, is the integrated use of high temperature heat pumps in combination with 
thermal storage tanks for combined heating and cooling demands in industrial 
applications. Food processing plants in particular offer great potential for initial 
improvement measures due to the simultaneous cooling and heating requirements in 
achievable temperature ranges for heat pump solutions that are currently ready for the 
market. In a conventional dairy the heating demand is traditionally covered by fossil fuel 
boilers, while the cooling demand is covered by a separate refrigeration system. By 
integrating an industrial heat pump that can deliver both process cooling and heating, the 
need for fossil fuel is eliminated and in this study the energy consumption and system 
performance of a fully integrated heat pump system of a new dairy in Bergen, Norway is 
investigated. 

Aims and objectives  
The present work aimed to support the trend in the scientific field focusing on integrating 
high temperature heat pumps with a high degree of waste heat recovery to minimise 
external energy consumption and greenhouse gas emissions of food processing plants. 
Unlike previous work based on simulations and theoretical case studies, this study was to 
demonstrate the performance of a fully integrated energy system of a green-field dairy 
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with real operational data. The concept of the integrated heat pump energy system was 
suggested by R&D in 2016 and realized on TRL7-8 by the industry partner in the 
subsequent years. This included to demonstrate that high temperature heat pumps using 
natural refrigerants could provide further improvements even for comparatively good 
systems and thus substitute conventional fossil fuel-based solutions. Furthermore, the 
demonstration of possible applications and operating data of integrated high temperature 
heat pumps in combination with thermal storage tanks would increase confidence in such 
systems among plant owners and key decision makers. Moreover, the present work 
aimed to reduce non-technical barriers due to uncertainties based on a lack of experience 
among the potential users. 

For this reason, this study objective was to investigate the energy consumption and 
system performance of the fully integrated heat pump system of the new dairy. By using 
available operational data for one energy-intensive production week from the process 
instrumentation, an energy analysis was to be performed in order to evaluate the 
performance. For an environmental analysis, the results were to be evaluated and 
compared with conventional reference dairy systems. Based on the process integration 
and system performance, further optimisation potentials would be identified. 

Content and methodology 
System description 

The dairy has a size of 20,000 m2 and a forecasted annual production of 43.4 million 
litres, divided into fluid milk (83.1%), cream (3.7%) and juice (13.2%), with fluid milk 
dominating the production. On the roof 6000 m2 of photovoltaic (PV) solar panels are 
installed, generating approximately 0.5 GWh of electricity annually. The dimensioning was 
based on a replaced dairy in Minde, Norway, with an annual energy consumption of 10.1 
GWh (6.8 GWh electricity and 3.9 GWh district heating) resulting in a specific annual 
energy consumption of 0.24 kWh l−1 product for the year 2015. The targeted specific 
energy consumption for the new dairy was defined at 0.15 kWh l−1 product on an annual 
average, with production taking place only on weekdays and not at weekends. This value 
is a realistic target based on the experience of the plant owner on branch-typical energy 
demands. In the following, the specific energy consumption for the investigated dairy is 
calculated and benchmarked against the targeted and reference values. 

Production processes within the dairy can be divided into several consumers at different 
temperature levels. The dairy uses the excess heat from cooling processes provided by 
ammonia chillers and upgrades this heat to supply usable process heat for heating 
demands. This enables process heat at different temperature levels of 40 °C, 67 °C and 
95 °C. The integrated heating and cooling system of the dairy is visualized in Fig. 1, 
including three different heat pump systems and six temperature levels provided to the 
different consumers. 
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Fig. 1. Integrated energy supply system including heat pump systems and thermal storage 
tanks. 

Ammonia chillers supply cold glycol at −1.5 °C to the building and storage cooling and via 
a heat exchanger to the ice water circuit at 0.5 °C, which provides cooling to different 
consumers, such as pasteurizers, filling area and milk intake. On the condenser side, the 
chillers produce hot water at 40 °C, which is accumulated in a storage tank. From the 
40 °C tank, the hot water is distributed to the snow melting, the preheating of domestic hot 
water (DHW) and to the ammonia heat pumps (NH3 HPs). The return water enters 
another storage tank at 20 °C before being heated by the condenser side of the chillers. 
From the 20 °C tank, cooling is provided to the compressed air system, rinse milk cooler 
and cream pasteurizer. If the NH3 HPs are unable to provide sufficient cooling for the 
20 °C/40 °C circuit, the dry cooler ensures the required deficit. 

Using the 20 °C/40 °C circuit as heat source, the NH3 HPs produce hot water at 67 °C, 
which is then accumulated in a storage tank. The 67 °C tank supplies heating for the 
building heat system, DHW heating and the high temperature heat pump. Eventual 
capacity deficits are compensated using district heating (DH). The installed hybrid 
absorption/compression heat pump (HACHP), operating as high temperature heat pump, 
produces hot water at 95 °C for a further storage tank. The tank distributes the hot water 
to consumers, such as the cleaning-in-place (CIP) processes, pasteurizers and filling 
area. In case of a heat deficit in the 95 °C circuit, an electric heater serves as reserve 
source. 

The heat pump systems are designed to be able to provide nearly all required cooling and 
heating demands at the dairy, with the dry cooler, electric heater and DH as backup 
resources. Table 1 contains a detailed overview of the installed heat pump systems 
including refrigerant, number of units, heat source and sink temperatures and total 
capacities. 

Table 1. Overview of installed heat pump systems. 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

118 

System Refrigerant Units Source Sink Total capacity 

Chillers NH3 3 4 °C/−1.5 °C 20 °C/40 °C 2400 kW (cooling) 

NH3 HPs NH3 2 40 °C/20 °C 60 °C/67 °C 1577 kW (heating) 

HACHP NH3-H2O 1 67 °C/60 °C 73 °C/95 °C 940 kW (heating) 

 

The chillers and NH3 HPs are designed as single stage vapour compression heat pump 
systems with ammonia as refrigerant. Ammonia is a popular working fluid for both 
industrial refrigeration systems (chillers) and large NH3 HP systems due to excellent heat 
transfer properties and high volumetric heat capacity, which reduces the required 
compressor swept volume. The HACHP system uses the zeotropic ammonia/water 
mixture as refrigerant and is based on the Osenbrück cycle, which extents a vapour 
compression cycle with an additional solution circuit. This extension offers the typical 
features of HACHP systems, such as high achievable sink temperatures at comparably 
low-pressure levels in combination with non-isothermal heat transfers. The volumes of the 
storage tanks (see Fig. 1) were selected in relation to the required and available process 
demands and the objective of efficient operation with continuous supply to all process 
consumers. 

Data collection and evaluation methods 

The data used in this analysis were collected for one week in the period from February 
10th (00:00 CET) to February 17th (00:00 CET) 2020. The period of one full week was 
selected to identify cross-production influences that would not be noticeable in a daily 
analysis. At the same time, due to the comparatively short time from commissioning and 
the resulting constant changes in the operation control, it was not meaningful to conduct 
an analysis of a longer period including different seasonal influences. This increases to a 
certain degree the uncertainty regarding the full-year values and reduces the possibility of 
a direct comparison with annual values. During the installation of the dairy, a significant 
number of sensors were installed, which made it possible to closely monitor the process. 
For all heat pump systems, thermal energy storages and consumers, the inlet and return 
temperatures were determined using PT100 temperature sensors (iTHERM TM411, Class 
A, ± 0.15 + 0.002 · T [°C]). Volume flows measurements in each fluid line were conducted 
using Coriolis flow sensors (Promass F300 Hart, ± 0.1%) and electromagnetic flow 
sensors (Promag H300 ProfiNet, ± 0.2%). Values for total power consumption and specific 
power consumption for the various heat pumps and the electric heater were determined 
using power meters (PowerLogic PM3000, ± 0.5%). From this information, an average 
relative uncertainty was determined for each measurement point. These values were then 
used to determine the combined relative measurement uncertainty of the various system 
parameters including all contributing variables by applying the Root Sum of Square 
method. 
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For size reduction of measurement data, the value at a certain time is only logged by the 
measurement system if it differs from the value in the previous time step within a defined 
range. Since the time steps for the different measurements consisting of temperatures, 
flow rates, and power consumption were not the same, this led to many empty cells when 
merging the logged values. Linear interpolation between two known values was used to fill 
all empty cells. For the further use, the recorded data was resampled, and the average 
values were calculated on a minute basis. The programming language Python was used 
for data collection, data handling and energy balance calculations. Specifically, the data 
analysis library Pandas was used for data processing, while the CoolProp package was 
used to calculate energy balances. 

Energy analysis 

The conducted energy analysis is based on the logging values from the heating and 
cooling distribution system. It does therefore not consider any inefficiencies of the 
processing equipment itself, but merely studies how much energy is required to operate 
the dairy. Due to the absence of energy meters within the system, the specific thermal 
loads, �̇�𝑄𝑖𝑖 [kW], are determined using the specific energy balance for each consumer, i, as 
shown in Eq. (1).  

1) �̇�𝑄𝑖𝑖 = �̇�𝑚𝑖𝑖�ℎ𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖 − ℎ𝑖𝑖𝑖𝑖,𝑖𝑖� ± 3.0% 

Pressures for water streams at all temperatures were assumed as 1 bara and glycol 
streams as 3.5 bara based on information from the dairy. Since flow measurements were 
volumetric, mass flow rates were calculated using the densities for constant temperatures 
based on the mean values of the respective temperature levels (see Table 1). The specific 
enthalpies at the inlet and outlet of each component or process were determined using the 
respective measured inlet and outlet temperatures and assumed pressures. The average 
value of the calculated measurement uncertainty [%] based on the measurement system 
used is presented in the equation. 

Environmental analysis 

To provide an environmental perspective of the benefits of the integrated energy system, 
energy savings and GHG emissions were investigated. Based on the energy analysis a 
comparison between the energy system of the investigated dairy and a reference system 
with separated cooling and heating systems has been made, using the same energy 
requirement for each process. Here, cooling is provided using the chillers and dry cooler 
against the ambient temperature. It can be assumed that the power demand for a 
refrigeration system rejecting all its heat to the ambient will be lower than for a system 
rejecting heat to an integrated heat pump system (IHPS) due to lower condensing 
temperatures. The supply of the heating demand was divided into two scenarios: 1. 
EB + DH scenario with electric boiler (EB) for 95 °C consumers and DH for the remaining 
heating demands; 2. NGB scenario with natural gas boiler (NGB) for all heating demands. 
A thermal efficiency of 95% was assumed for the heat transfer to process heat from 
electricity, gas and DH. For a comprehensive consideration of the GHG emissions 
savings, these have been determined for Norwegian (NO) and EU emission cases. For 
electricity, an equivalent CO2 emission factor of 17 g CO2,eq kW/h is assumed in the NO 
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case, based on the Norwegian energy mix for electricity consumption in 2019. In the EU 
case, the emission factor for electricity is 295.8 g CO2,eq kW/h, based on the EU energy 
consumption in 2016. For DH, the emissions factor is 23.4 g CO2,eq kW/h, based on the 
energy mix of the local district heating provider BKK in 2019. This value does not include 
CO2 emissions associated with the combustion of bio waste, which in most cases can be 
justified as it is part of the natural carbon cycle. The emission factor associated with 
natural gas consumption is 205 g CO2,eq kW/h. 

Performance analysis 

The performance of the individual heat pump systems is evaluated through the respective 
coefficient of performance (COP). It relates the total amount of heat supplied to (for 
heating) or extracted from (for cooling) a system to the total amount of work required to 
achieve that effect, hence indicating the efficiency of the heat pump or refrigeration 
system: 

• 𝐶𝐶𝑂𝑂𝑃𝑃𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑖𝑖𝑖𝑖𝐻𝐻 = ∑�̇�𝑄𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻
∑𝑊𝑊𝐻𝐻𝑒𝑒

± 3.6% 

• 𝐶𝐶𝑂𝑂𝑃𝑃𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑖𝑖𝑖𝑖𝐻𝐻 = ∑�̇�𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻
∑𝑊𝑊𝐻𝐻𝑒𝑒

± 3.6% 

where �̇�𝑄𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑖𝑖𝑖𝑖𝐻𝐻 is the useful heat supplied to the system and �̇�𝑄𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑖𝑖𝑖𝑖𝐻𝐻 is the useful heat 
removed from the system. For the work required, the value determined by the power 
meters is used, which includes losses in the inverter, motor, and compressor. Other 
values for auxiliary equipment such as pumps are not included. The theoretical maximum 
for the COP of a heat pump or refrigeration system operating between heat source and 
sink with constant temperatures is defined by the Carnot process, which is given by
  

• 𝐶𝐶𝑂𝑂𝑃𝑃𝐶𝐶𝐻𝐻𝐶𝐶𝑖𝑖𝑜𝑜𝑜𝑜,𝐻𝐻𝐻𝐻𝐻𝐻𝑜𝑜𝑖𝑖𝑖𝑖𝐻𝐻 = 𝑇𝑇𝑠𝑠𝐻𝐻𝐻𝐻𝑠𝑠
𝑇𝑇𝑠𝑠𝐻𝐻𝐻𝐻𝑠𝑠−𝑇𝑇𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐻𝐻

 

• 𝐶𝐶𝑂𝑂𝑃𝑃𝐶𝐶𝐻𝐻𝐶𝐶𝑖𝑖𝑜𝑜𝑜𝑜,𝐶𝐶𝑜𝑜𝑜𝑜𝐶𝐶𝑖𝑖𝑖𝑖𝐻𝐻 = 𝑇𝑇𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐻𝐻
𝑇𝑇𝑠𝑠𝐻𝐻𝐻𝐻𝑠𝑠−𝑇𝑇𝑠𝑠𝐶𝐶𝑠𝑠𝑠𝑠𝑠𝑠𝐻𝐻

 

where Tsink and Tsource are in [K], respectively. In this case there is a small temperature 
difference between the input and output of the heat source and heat sink, and the 
temperatures are not constant, so the average output temperatures are used for the 
calculation. To evaluate the system performance, the Carnot efficiency, is determined as 
the ratio of the COP to the theoretically achievable Carnot COP, as shown in Eq. (6). 
 

• 𝜂𝜂𝐶𝐶𝐻𝐻𝐶𝐶𝑖𝑖𝑜𝑜𝑜𝑜 = 𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐻𝐻𝑠𝑠𝐻𝐻𝐶𝐶𝐻𝐻

 

The overall system COP is defined as the ratio of the sum of the useable thermal heating 
and cooling loads to the total electricity consumption of the heat pump systems, using Eq. 
(7): 
 

• 𝐶𝐶𝑂𝑂𝑃𝑃𝑆𝑆𝑆𝑆𝑆𝑆𝑜𝑜𝐻𝐻𝑆𝑆 = ∑�̇�𝑄𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻+∑�̇�𝑄𝐶𝐶𝐶𝐶𝐶𝐶𝑒𝑒𝐻𝐻𝐻𝐻𝐻𝐻
∑𝑊𝑊𝐻𝐻𝑒𝑒

± 8.7% 
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Results  
The obtained results show a specific energy consumption of 0.22 kWh/L product for the 
investigated week, allowing the integrated dairy to outperform the annual average of the 
replaced dairy despite challenging conditions. The energy analysis indicated that 33.0% of 
all energy sources in the new dairy already come from either waste heat recovery or solar 
energy, while the process achieves a waste heat recovery rate of over 95%. 

By using the determined energy demand of the dairy for the week, the external energy 
consumption and GHG emissions for a corresponding reference system were calculated. 
The integrated dairy achieved external energy savings of up to 37.9%, while GHG 
emission reductions of 23.2% to 91.7% are achievable, depending on the respective 
scenario and case. The continuing trend towards an increasing share of renewable energy 
in the electricity mix has a positive effect on the competitiveness of the integrated system. 

The detailed evaluation of the process integration revealed a good match between the 
heat supply from cooling processes and the heat demand from heating processes both in 
terms of overall load and the simultaneousness between supply and demand. Thermal 
storage tanks cover peak loads and provide useful heat storage, especially for the 95 °C 
circuit. A very modest use of backup resources in the process supports these findings, 
while further improvement potential was identified for the operation of these. 

Conclusion  
The results obtained clearly demonstrate that the integrated energy system with high 
temperature heat pumps and thermal storage tanks is suitable for providing all cooling and 
heating demands of the investigated dairy. The achieved performance despite an energy-
intensive operation period can certainly compete with conventional solutions. Thus, a 
further reduction of the specific energy consumption to the target value of 0.15 kWh/L 
product on an annual average appears feasible. 
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2.7. COUNTRY & INSTITUTION: DENMARK (DTU) 

Project Name: Development of ultra-high temperature hybrid heat pump for process 
application 

Summary  
Industrial scale heat pumps have until recently been limited to maximum temperatures of 
75 – 80 °C and thereby limiting the implementation of high temperature heat pumps. The 
hybrid heat pump combines the absorption and the compression process and uses water 
and ammonia as working pair. This makes it possible to reach temperatures above 80 °C 
using the standard industrial refrigeration components of today. This can be done with very 
high efficiencies and the process has proven to be reliable reaching the theoretical values 
of COP. The aim of the project was to increase the operating limits of the hybrid process by 
using the new standard components for higher pressures. Of the technologies for ultra-high 
temperature heat pumps, the hybrid process is without discussion the technology closest to 
the market.  

The project consists of 

- Theoretical and practical investigation of the hybrid heat pump process for ultra-high 
temperatures 

- Investigation of possible implementation into the processes at the end users in the 
consortium and the conduction of a general market survey 

- Demonstration at an end user in the consortium 

To investigate the possibility of developing high temperature HACHP, numerical models 
were developed for the one-stage cycle and several identified two-stage compression 
configurations. The design of the hybrid absorption-compression heat pump (HACHP) 
governed by two extra degrees of freedom compared to the VCHP set by the choice of the 
rich ammonia mass fraction and the circulation ratio. The influence of these parameters on 
the performance and size of the system was investigated. The performance and size of the 
identified two-stage compression configurations were compared to the one-stage cycle. 
One two-stage compression cycle performs better than the remaining, in terms of increased 
efficiency, reduction of discharge temperature and needed compressor volume. 

For the one-stage and the best two-stage cycle, the constraints of commercial components 
were imposed on the choice of rich ammonia mass fraction and the circulation ratio at a 
number of supply temperatures. This showed that the 28 bar one-stage HACHP allow 
temperatures up to 111 °C, 50 bar up to 129 °C, and 140 bar up to 147 °C. For the two 
stage HACHP, 28 bar components allow temperatures up to 126 °C, 50 bar up to 145 °C, 
and 140 bar up to 160 °C. 

The working domain of the HACHP was investigated by imposing all technical constraints 
of commercial components to a variation of the heat supply temperature and temperature 
lift. An economic analysis was applied to the same variation such that the net present value 
in all points is attained. For all combinations, it was evaluated whether the solution complies 
with the technical and economic constraint (net present value > 0) and thus whether the 
heat pump implementation is feasible. A similar analysis was conducted for vapour 
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compression heat pumps (VCHP), which allows a comparison, not only on which 
temperature levels and lift are attainable by the two technologies but also which technology 
is the more viable solution in the domain where both compete. This showed that the HACHP 
can be used to heat supply temperatures of 150 °C and temperature lifts of up to 60 K. This 
increases the working domain of industrial heat pump. For the temperature range where the 
HACHP competes with ammonia VCHP: the HACHP is the most viable solution at low 
temperature lifts while VCHP are more profitable at high lifts. For the range where the 
HACHP competes with iso-butane or CO2 the HACHP is always the more viable solution. 

Further information on the outcomes of the project can be found in:  

“Industrial heat pumps for high temperature process applications. A numerical study of the 
ammonia-water hybrid absorption-compression heat pump, PhD thesis, Jensen, Jonas 
Kjær, 2016”. 

Introduction  
Heat pumps can upgrade low temperature waste heat to a high temperature heat supply 
using only a fraction of primary energy, and therefore improve the energy efficiency of 
industrial processes. 

Many industrial heat pumps have been installed with a heat supply temperature ranging 
from 50-90°C. Commercial components for industrial heat pumps are limited to a working 
pressure of 28 bar, although high-pressure alternatives do exist for ammonia (50 bar) and 
CO2 (140 bar). Most commercial compressors are not durable at compressor discharge 
temperature above 180 °C. Using these components, vapour compression heat pumps are 
limited to heat supply temperatures between 80 – 90 °C. Developing heat pumps that are 
capable of delivering temperatures above 90 °C may therefore allow heat pump 
implementation in more industrial processes than is currently possible. 

The ammonia-water hybrid absorption-compression heat pump is of specific interest for 
development of high temperature heat pumps due to two properties inherent to the zeotropic 
working fluid: 1) Increased efficiency due to the reduction of thermal irreversibilities in the 
heat transfer processes between the working fluid and the external streams. 2) The 
reduction of vapour pressure compared to the vapour pressure of pure ammonia. The 
HACHP can therefore deliver higher temperatures at higher efficiencies than conventional 
VCHP. 

Aims and objectives  
The project aimed to contribute to the development of high temperature ammonia-water 
hybrid absorption-compression heat pump (HACHP) by investigating the following: 

• Which HACHP cycle configurations are relevant and how are their performance influence 
by the choice of design parameters such as ammonia mass fraction and circulation ratio as 
well as operating conditions such as sink temperature glide, source temperature glide and 
temperature lift. 
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• What is the maximum heat supply temperature that can be attained by a HACHP within 
the range of commercial components currently available? Further, which of the component 
constraints limit the development of high temperature heat pumps? 

• What are the main sources of irreversibilities as well as cost and environmental impact 
formation in a HACHP, to which extent are they interdependent and to which extent can 
they be avoided?  

 

• How does the viability of a HACHP compare to the VCHP if a complete economic analysis 
is applied including both capital investment, maintenance and fuel cost over the lifetime of 
the system? 

Content and methodology  
A number of different methodologies were applied. In general, the methods applied have 
focused on numerical modelling and analysis. The work was initiated with the development 
of steady state thermodynamic models of different cycle configuration. Based on the 
thermodynamic models Second Law considerations were accounted for by the means of 
exergy and advanced exergy analysis. Numerical models where development for the design 
of heat transfer components which, combined with aggregated economic data allowed an 
overall evaluation of the viability of a hybrid heat pump installation.  

A detailed list of the methods and investigations applied can be seen below: 

• To investigate the performance of both one-stage and two-stage HACHP, thermodynamic 
models of the identified configurations are constructed. The identified configurations 
included internal heat exchange solutions, a bubble through inter-cooler solution and liquid 
injection solutions. Ammonia mass fraction and circulation ratio are identified as reasonable 
formulations of the extra degrees of freedom. Further, their influence of the performance is 
investigated through simulations of the constructed models. These simulations are 
conducted for a range of sink glide; source glide and temperature lift combinations. 

• To evaluate the maximum heat supply temperature, the constraints of a range of 
commercially available components have been aggregated. These are imposed on a 
parameter variation of the ammonia mass fraction and circulation ratio to find the set of 
feasible combinations for each type of components at a range of heat supply temperature. 

• In order to conduct a complete economic analysis and a life cycle assessment, component 
cost and material inventory most be identified. Cost and material mass functions have been 
constructed based on aggregated data from Danish intermittent trade business and 
individual producers. 

• For the heat exchange equipment, estimating cost and material consumption requires the 
heat transfer area to be known. For this purpose the application of plate heat exchangers 
are assumed. Applicable heat transfer and pressure loss correlation are identified along 
with estimations methods for the ammonia-water mixture transport properties. The influence 
of plate dimensions as well as ammonia mass fraction are investigated to give design 
guidelines for plate absorbers and desorbers. 
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• To gain a deeper insight to the thermodynamic irreversibilities as well as the formation of 
cost and environmental impact an advanced exergy-based analysis is applied. An exergy 
based analysis consists of a exergy, exergoeconomic and exergo environmental analysis. 
In an advanced exergy-based analysis the interdependencies between component 
irreversibilities and dimensions is accounted for as well as the reduction potential. This 
increases the accuracy of the advanced analysis compared to the conventional exergy-
based analysis. 

• By combining the life time economic analysis of the HACHP with the identified technical 
constrains the working domain of the HACHP can be derived. The heat pump working 
domains is defined as the combinations of heat supply temperature and temperature lift at 
which heat pump implementation result in a technically feasible and economically viable 
solution. This analysis is conducted for both HACHP and VCHP. Having conducted the 
economic analysis gives the net present value (NPV) in the entire working domain. Thus, 
the most viable solution can be identified for heat supply temperature and temperature lift 
combinations were several technologies compete. 

Results  
Modelling and process optimization was applied to one one-stage HACHP and several 
two-stage HACHP. The performance of the identified system configurations were evaluated 
at several operating conditions. It was found that of the many suggestions given in literature 
to attain optimum COP none are valid at all operating conditions. Both sink and source glide 
matching as well as a constant concentration different can be applied at low sink source 
glides and low lifts. If both the sink glide and source glides are large, sink and source glide 
matching can be used to optimize COP for high ammonia mass fractions while only sink 
matching can be used at low ammonia mass fractions. For sink and source glides larger 
than 10 K it is recommended to optimize COP rather than match the glides of sink or source, 
as this will ensure a better performance of the HACHP. 

All the identified two-stage configuration were compared with the one-stage HACHP in 
terms of coefficient of performance (COP), volumetric heat capacity (VHC) and compressor 
discharge temperature. This clearly showed that the two-stage configuration with internal 
heat exchange, is always the preferable two-stage configuration. This is regardless of the 
ammonia mass fraction and operating conditions. 

The feasibility of high temperature HACHP development was investigated by imposing 
technical constraints and economic indicator constraints to a parameter variation of the 
ammonia mass fraction and circulation ratio. The set of feasible combinations was 
subsequently identified for three types of components: standard pressure (28 bar) 
components, high pressure ammonia (50 bar) components and transcritical CO2 (140 bar) 
components. The results show that the HACHP is capable of delivering both higher heat 
supply temperatures and higher temperature lifts than conventional VCHP. 

 

The maximum heat supply temperature was determined as the temperature at which no 
combination of ammonia mass fraction and circulation ratio result in a design that 
simultaneously satisfies all the imposed constraints. This showed that standard pressure 
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components can be applied up to 111 °C in the one-stage HACHP and 126 °C in the two-
stage. For the high pressure ammonia components the one-stage HACHP will allow a 
maximum temperature of 129 °C while the two-stage HACHP increases this to 146 °C. The 
transcritical CO2 components can attain a heat supply up to 147 °C for the one-stage 
HACHP and 187 °C for the two-stage configuration. Removing the constraint on the vapour 
mass fraction and increasing the compressor discharge temperature to 250 °C increases 
the allowable temperature for the two-stage HACHP to 215 °C for standard components, 
225 °C for high pressure ammonia components and 231 °C for transcritical CO2 
components. 

The dominating constraints when evaluating the maximum heat supply temperature are the 
high pressure, the compressor discharge temperature and the vapour ammonia mass 
fraction. If the attainable heat supply temperature of the HACHP is to be increased it is not 
sufficient to only increase allowable pressure, the allowable compressor discharge 
temperature and vapour ammonia mass fraction must also be increased. The sensitivity 
analysis shows that the highest influence on the high pressure stems from the absorber 
pinch point temperature difference, while the highest influence on the compressor discharge 
temperature stems from the isentropic efficiency of the compressor. On the other hand, 
vapour ammonia mass fraction is insensitive to the component inputs. 

 

Further, it was found that reducing the sink/source temperature difference increases the 
maximum attainable heat supply temperature while reducing the maximum attainable lift. 
When comparing the Present value of the HACHP with the VCHP at the operating points 
where both are applicable: the cost of the HACHP is lower for almost all operating conditions 
with a heat supply temperature above 80 °C. For the range where the HACHP competes 
with R717 the difference in PV (present value) can be insignificant and both technologies 
should be considered. For the high temperature range where the only applicable VCHP 
technology is R600a the difference in PV is large and the HACHP should be applied. 

 
Conventional and advanced exergy-based analysis was applied to the HACHP to 
identify the sources of thermodynamic irreversibilities as well as the sources of cost and 
environmental impact formation. The conventional exergy analysis showed that 72%of the 
total exergy destruction was located in the compressor (27%), absorber (24%) and desorber 
(21%). Thus, based on the conventional exergy analysis the first component to improve 
would be the compressor then the absorber followed by the desorber. Based on the 
conventional exergoeconomic analysis the most important component for system 
improvement is the compressor, as this has the highest total cost and the highest relative 
cost difference.  
 
Based on the compressor’s conventional exergoeconomic factor the total cost is dominated 
by investment. Applying the advanced exergy analysis showed that 27% of the total exergy 
destruction could not be avoided. Analysing the total avoidable exergy destruction 
associated to the component inefficiency, rearranged the order of importance. The three 
highest ranking components remain the same but the order is reversed: Desorber (38%), 
absorber (35%) and compressor (19%). In total 92%of the avoidable exergy destruction is 
allocated to these three components. 
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The advanced exergoeconomic analysis showed that 53%-54% of the system’s avoidable 
total cost stems from the absorber. While the compressor total cost accounts for 20%-25% 
and the desorber 19%-20%. Also the exergoeconomic factors change when the advanced 
analysis is applied. The conventional analysis shows that the compressor, pump and 
desorber total cost are dominated by investment, while the absorber and IHEX total cost 
are dominated by the cost of exergy destruction. Applying the advanced analysis shows 
that only the IHEX total cost is dominated by investment while the compressor and absorber 
total cost are dominated by the cost of exergy destruction. The desorber is found to have a 
close to equal distribution of the investment and exergy destruction cost. 
 
The environmental impact of the HACHP system was mainly driven by the operation of the 
system and thus linked to the electricity consumption. The environmental impact related to 
the construction of the system was found to be negligible and for all cases the environmental 
impact related to the increased size of the components could be justified by the decreased 
energy consumption over the life time of the system. Thus, the exergoenvironmental 
optimum was found at the unavoidable conditions. The unavoidable conditions were found 
not to be economically viable, wherefore a trade-off was suggested, that reduced the 
environmental impact to a close to optimal solution, without any significant increase in cost. 
At this condition the advanced exergoenvironmental analysis was applied. This showed that 
62% of the avoidable environmental impact was related to the compressor, followed by the 
absorber with 28%. 7% of the avoidable impact stems from the desorber while the last 3% 
were accounted to the internal HEX and pump. 
 
Furthermore, the implementation of a HACHP in a spray drying facility was 
investigated and optimized. Heat transfer and pressure drop correlations from the open 
literature were gathered and implemented in the thermodynamic model of the HACHP. Cost 
functions based on Danish intermediate trade price were constructed to assess the heat 
pump investment.  The exergoeconomic method has been used to minimize the total cost 
of the HACHP. The influence of ammonia mass fraction, circulation ratio and heat pump 
load was also investigated. Constraints based on commercially available technologies were 
imposed. 
The best possible implementation was found to be a 895 kW HACHP with an ammonia 
mass fraction of 0.82 and circulation ratio of 0.43. This resulted in an economic saving with 
a present value of €146.426 and a yearly reduction of the CO2 emissions by 227 ton. 
 

Conclusion  
A procedure for thermodynamic modelling of HACHP was presented and several two-stage 
compression configurations were identified. All identified configurations were modelled such 
that the performance of the cycle could be compared. All in all if the sink and source glides 
are larger than 10 K. it is recommended to optimize COP rather than match the glides of 
the sink or source, as this will ensure a better performance of the HACHP. All the identified 
two-stage configuration were compared with the one-stage HACHP in terms of COP, VHC 
and compressor discharge temperature. This clearly showed that the two-stage 
configuration with internal heat exchange, always is the preferable. 
 

The feasible working domain of a HACHP has been evaluated based on a detailed 
economic analysis and a comprehensive investigation of the design variables: ammonia 
mass fraction and circulation ratio. The results show that the HACHP is capable of delivering 
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both higher heat supply temperatures and higher temperature lifts (up to 150 °C and 60 K 
with commercially available components respectively) than conventional VCHP. 

A conventional and advanced exergy-based analysis is applied to the HACHP. The results 
from the conventional exergy analysis showed that 72 % of the total exergy destruction was 
located in the compressor (27 %), absorber (24 %) and desorber (21 %). Applying the 
advanced exergy analysis showed that 27 % of the total exergy destruction could not be 
avoided. . The three highest ranking components remain the same but the order is reversed: 
Desorber (38 %), absorber (35 %) and compressor (19 %). In total 92 % of the avoidable 
exergy destruction can be allocated to these three components. The advanced 
exergoeconomic analysis shows that 53 % - 54 % of the avoidable total cost stems from the 
absorber. While the compressor total cost accounts for 20 % - 25 % and the desorber 19 % 
- 20 %. This differs significantly from the results of the conventional analysis. 

Answers to the questions related to the subtask  
Novel Heat Pumps:  

What is the aimed technology/system improvement? 

• The HACHP may reach higher temperature levels at reasonable pressure, and 
hence it can be competitive for industry – in particular for application with 
temperature glide due to the zeotropic nature of the mixture. 

Temperature levels? 

• The target temperatures are up to 150 °C. 

Novel high efficiency components? Other? 

• The heat exchanger for evaporation and condensation of zeotropic mixtures, i.e., 
desorber and absorber, respectively, and the vapour-liquid separation of the working 
fluid. 

Additional projects 

Here is the list and brief descriptions of other relevant projects from Denmark in Subtask 2 
provided to IETS (for further information on projects, please contact the Danish Authors): 

Electrification of the Danish Food and Beverage Industry (Financed by the Danish 
industry foundation; Project leader and partners: VIEGAND & MAAGØE ApS (Leader), DTU 
Mekanik, Landbrug og Fødevarer, Dansk Industry, Dansk Energi; Project period:2020-
2022), Subtask 2, General Systems 

The project electrification of the food and beverage industry will use 20 concrete cases in 
selected Danish food companies to illustrate how industrial processes can be converted 
from fossil fuels to electricity. A primary goal of the project is to propagate the experiences 
learned from the 20 cases to the entire Danish food and beverage industry. 

 

Electrification of processes and technologies for Danish Industry (Financed by 
Elforsk; Project leader and partners: DTU Mekanik (Leader), Teknologisk Institut, VIEGAND 
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& MAAGØE ApS , SAN Electro Heat, Labotek, CP Kelco , De Forenede Dampvaskerier 
A/S; Project period: 2018-2020), Subtask 2, General Systems 

 

The potential for realization of an optimal approach for substitution of fossil fuels by 100% 
electricity is identified, during the project. For processes in specific industries, solutions will 
be developed for efficient integrations as well as specifications for developments and test 
existing equipment. 

 

Rational energy behavior in industrial companies (Financed by Elforsk; Project leader 
and partners: Dansk Energi Management A/S(Leader), FlexMeter; Project period:  2019-
2020), Subtask 2, General system 

 

The project will expand on a proved concept for energy conservation in large kitchens, 
combining precise measuring with tailormade advice on behavior change, and develop this 
concept into a more generic concept that can be offered to a wide range of industrial 
companies. 

 

THERMCYC -- Advanced thermodynamic cycles utilising low-temperature heat 
sources (Financed by InnovationsfondenTidl. Strategiske Forskningsråd; Project leader 
and partners: DTU Mechanic Engineering Department (Leader) and Chemical Engineering 
Department, Technical University of Denmark, VIEGAND & MAAGØE ApS, A.P. MØLLER 
- MÆRSK A/S, Danfoss A/S, ARLA FOODS AMBA, Alfa Laval Sweden, Viking Heat 
Engines AS, Technische Universität München, Aalborg Universitet, Alfa Laval Aalbog A/S, 
MAN Diesel & Turbo, Delft University of Technology; Project period: 2014 - 2019), Subtask 
2, General Systems 

 

The project aims at solutions for thermal plants, for power generation, heat pumping and 
cooling by use of low value sources as waste heat and renewable sources at high efficiency. 
During the project, the design of both processes and working fluids to achieve significant 
energy savings has been developed. 

Waste Heat Utilization in Fish Industry (Financed by EUDP; Project leader and partners: 
TrippleNine (Leader), SiccaDania; Project period: 2016-2019), Subtask 2, General 
Systems 

 

The purpose of this project is to design and test equipment that makes it possible to use 
low temperature waste heat for the cooking of industry fish instead of fuel based heat from 
a boiler. The main equipment is a heat exchanger capable of handling whole or roughly 
shredded fish without clogging. 

Guide for heat recovery from industrial treatment plants based on two cases 
(Financed by Elforsk; Project leader and partners: Professionhøjskolen VIA univeristy 

https://energiforskning.dk/medlemmer/cp-kelco
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college (Leader), Aqua Service A/S, VERDO A/S, DHI, BHJ A/S, DANPO; Project period: 
2016-2018), Subtask 2, General Systems 

The project will through the analysis of two industrial treatment plants identify the potential 
for energy savings by utilizing excess heat and ensure proper temperature in the purification 
process using heat pumps. The project will summarize the results in a guide for heat 
recovery from industrial water treatment plants.  

Professional energy-flexible washing machines to smart grids (Financed by Elforsk; 
Project leader and partners: Teknologisk Institut (Leader), MIELE A/S, ELECTROLUX 
PROFESSIONAL A/S, Saniva Facility A/S, Asko/Gorenje, SERVICE CENTRALEN A/S, 
Group Nordic , Kolding commune; Project period: 2012-2017), Subtask 2, General system 

 

Washing and eventually dishwashers and dryers which use hot water or heating with heat 
exchanger, tested for energy efficiency, washing and wash quality and these laundries 
potential to exploit heat storage mapped. These machines can utilize environmentally 
friendly energy sources such as district heating, heat pumps and solar heating. 

 

Direct contact heat exchanger with ice generation (DCHI) (Financed by ELFORSK; 
Project leader and partners: Teknologisk Institut (Leader), JOHNSON CONTROLS 
DENMARK ApS, ARLA FOODS AMBA, Augustenborg Fjernvarme a.m.b.a., SPX FLOW 
TECHNOLOGY DANMARK A/S; Project period: 2014 - 2018), Subtask 2, General system 

 

Development of a compact, efficient and cheap direct contact heat exchangers with ice 
generation, to absorb heat in water vapor based refrigeration and heat pump systems, 
enables increased COP at temperatures around the freezing point (e.g. ice-water systems, 
ice generators, heat pumps). Traditional refrigeration and heat pump systems do not allow 
ice formation and are thus not used below the freezing point. 

 

Water vapor based heat pump systems (SteamHP) (Financed by Elforsk; Project leader 
and partners: Teknologisk institute (Leader), ROTREX A/S, JOHNSON CONTROLS 
DENMARK ApS, Krammer Innovation, Pentair; Project period: 2018-2021), Subtask 2, 
Novel Heat pump 

 

There is a need for high temperature heat pumps in converting process heating to the el-
based energy system of the future. Water vapor is an efficient and accepted working media 
for heat pumps above 100°C. The project will bring the development of solutions based on 
the Rotrex compressor to the market. 

Optimization of heat pump driven steam systems (Financed by Elforsk; Project leader 
and partners: Teknologisk institute (Leader), E-Tek ApS, Stryhns A/S, Ardo A/S (Frigodan), 
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AURA Rådgivning A/S, C&D Foods, BERENDSEN TEXTIL SERVICE A/S, Innoterm A/S, 
Solid Energy A/S; Project period:  2019-2021), Subtask 2 , Novel Heat pump 

 

In the project, a concept for the establishment and optimization of heat pump based steam 
production systems is developed based on the use of latest technology in components and 
regulation based on a demand-driven approach. The demand driven approach to system 
optimization and its methods including necessary registrations is used in an optimization 
tool for energy optimization and design of new steam systems, and retrofit of existing 
systems. In addition, the methods are documented in a guide based on a methodological 
approach illustrated with examples based on the situations of the participating companies, 
so that the possibilities are indicated and illustrated in concrete cases. . 

Cooling plants using temperature glide systems (Financed by Elforsk; Project leader 
and partners:  JoMa Tech MSR IvS (Leader), Teknologisk institute, DTU Mekanik; Project 
period: 2017-2019), Subtask 2, Novel Heat Pumps 

 

The project proposes a heat pump cycle configuration combining compression and 
condensation in one single unit and evaporation and expansion in another separate unit 
while benefiting from the advantages of liquid refrigerant injection into both units at proper 
time to achieve temperature glide that matches the heat sink, e.g., a district heating system. 
The performance of the proposed cycle was examined by numerical modeling of the cycle 
and development of a test rig for further verification of the results.  

 

Highly efficient Thermodynamic Cycle with Isolated System Energy Charging (ISEC) 
(Financed by EUDP; Project leader and partners: Teknologisk Institut (Leader), innotek, 
METRO THERM A/S, Svedan, ARLA FOODS AMBA, ALFA LAVAL COPENHAGEN A/S, 
Bjerringbro Fjernvarme, Technical University of Denmark; Project period: 2013-2016 ), 
Subtask 2, Novel Heat Pumps  

 

The objective is to demonstrate an improvement in the energy efficiency of heat pumps with 
up to 50 % by using a novel technology where heat pumps are operated together with an 
optimal usage of storages, which will reduce the average temperature level in the heat 
pump. The payback time for the investment is expected to be less than three years. 

 

SuPrHeat – Sustainable process heating with high-temperature heat pumps using 
natural refrigerants (Financed by EUDP; Project leader and partners: Teknologisk Institut 
(Leader), DTU Mekanik, Victor A/S, GEA Bock, Hamburg Vacuum, CS Techcom ApS, 
Spirax-Sarco, Alfa Laval Corporate AB, Fuchs Lubricants Denmark, VIEGAND & MAAGØE 
ApS, GEA Process Engineering, ARLA FOODS AMBA, DANISH CROWN A/S, DUPONT 
NUTRITION BIOSCIENCES ApS, Harboes Bryggeri., Project period: 2020-2024 ), 
Subtask2, Novel Heat Pumps  

https://energiforskning.dk/medlemmer/dtu-mekanik
https://energiforskning.dk/medlemmer/victor-as
https://energiforskning.dk/medlemmer/gea-bock
https://energiforskning.dk/medlemmer/hamburg-vacuum
https://energiforskning.dk/medlemmer/cs-techcom-aps
https://energiforskning.dk/medlemmer/spirax-sarco
https://energiforskning.dk/medlemmer/alfa-laval-corporate-ab
https://energiforskning.dk/medlemmer/fuchs-lubricants-denmark
https://energiforskning.dk/medlemmer/viegand-maagoee-aps
https://energiforskning.dk/medlemmer/viegand-maagoee-aps
https://energiforskning.dk/medlemmer/gea-process-engineering
https://energiforskning.dk/medlemmer/arla-foods-amba
https://energiforskning.dk/medlemmer/danish-crown-as
https://energiforskning.dk/medlemmer/dupont-nutrition-biosciences-aps
https://energiforskning.dk/medlemmer/dupont-nutrition-biosciences-aps
https://energiforskning.dk/medlemmer/harboes-bryggeri
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The project aims at developing three high-temperature heat pump systems for process heat 
supply at temperatures of up to 200 °C. The three systems are based on steam (water), 
hydrocarbons, and CO2 as working fluids, and they are optimized for different industrial 
applications. The technologies are supplementing each other, and altogether this heat 
pump portfolio implies the potential to cover all kinds of process heat demands up to 200 
°C at highest efficiencies. Thereby, the technologies enable electrification and 
decarbonization of a wide share of the process heat demand of the industry and constitute 
a key-technology for reaching the Danish climate targets, especially when considering the 
increasing share of renewables in the power generation and the respective potentials 
through sector coupling. 

EUDP 2016 Mixed refrigerant heat pumps/cooling systems (MIREHP) (Financed by 
EUDP; Project leader and partners: Teknologisk Institut (Leader), SAUTER BUILDING 
CONTROL DENMARK ApS, Alfa Laval Aalborg A/S, DANARCTICA ApS, Technical 
University of Denmark; Project period: 2016-2019), Subtask 2, Novel Heat Pumps 

 

The project will develop knowledge to find the best suitable zeotropic refrigerant mixtures 
for heat pumps and cooling systems, as well as to build a pilot setup for conducting 
functional analysis to validate the theoretical foundation and gain experience regarding an 
optimal setup configuration and control. Focus will be on controlling the temperature glide 
for both the evaporator and condenser. 

 

SmartHeat (EU Frame progrma; Project leader and partners: Suntherm ApS (Leader); 
Project period: 2016), Subtask 2, Storage 

 

SUNTHERM has developed a Worlds first 25 kWh thermal storage compact battery, based 
on salt hydrate dissolved in mineral oil that enables up to 25 hours of heat displacement 
(patent pending). SmartHeat consists of: Smart heating and heat storage, provided by a 25 
kWh thermal battery (60 × 60 × 200 cm), coupled to a module of cloud-based management 
with an online control unit for real-time control over heat management, acting as a buffer in 
the grid. Although, the current project mainly focus on household applications, the 
knowledge and expertise that have been obtained in the project can be implemented in 
industrial applications. Therefore, the project fits well into subtask 2. 

 

ELEC-TO-HEAT (Financed by EUDP; Project leader and partners:  Suntherm ApS 
(Leader), DTU BYG, Teknologisk Institut; Project period: 2017-2020), Subtask 2, Storage 

 

The objective of the project is to further develop and improve the main components of the 
first generation SUNTHERM domestic heating system. This will be accomplished in part by 
identifying and optimizing the operation of the heat pump and performance of the heat 
storage unit - e.g. identifying optimal conditions for operation with regards operating 
temperatures, storage capacity, domestic hot water needs etc. The identified improvements 
will then be implemented, tested and verified so that theory is translated into measureable, 
real-world results and knowledge. Although, the current project mainly focus on household 
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applications, the knowledge and expertise that will be obtained in the project can be used 
for implementation of these technologies in industrial application to optimize excess heat 
usage. Therefore, the project fits well into subtask 2. 

 

Compact thermochemical storage for residential heating systems using green 
electricity, , (Financed by Elforsk; Project leader and partners: Technical University of 
Denmark (Department of Energy Conversion and Storage (Leader), Department of 
Mechanical Engineering), Suntherm ApS, MT Stålindustri; Project period: 2020-2023), 
Subtask 2, Storage 

The project aims at further development of SUNTHERM SmartHeat, an intelligent 
residential heating system, by developing a new heat battery based on thermochemical 
storage. The new type of heat battery works with the absorption/desorption of ammonia 
from salts, giving heat storage density 40 times larger than water and 10 times larger than 
the best phase change materials (PCM). The idea is to develop a cost-effective heat battery 
optimized explicitly for decentralized heat storage in private homes, which can be combined 
with heat pump outdoor unit. The objective is to design, build and test a prototype of a 
thermochemical heat battery. Although, the current project mainly focus on household 
applications, the knowledge and expertise that have been obtained in the project can be 
implemented in industrial applications. Therefore, the project fits well into subtask 2. 

Small-scale CSP — Numerical and experimental analysis of a novel thermal energy 
storage for a small-scale concentrated solar power plant (Financed by the European 
Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-
Curie Individual Fellow; Project leader and partners: DTU Mechanical Engineering (Leader), 
Heliac ApS; Alfa Laval AB; IMDEA Energy Institute;  Project period: 2018-2020), Subtask 
2, Storage  

The project addresses the analysis of a cost-effective concentrated solar energy driven 
cogeneration system with thermal energy storage. To this end, the project addresses the 
investigation of a novel micro-structured polymer foil-based concentrated solar power 
system and investigations of a novel packed-bed rock thermal energy storage system. The 
micro-structured polymer foil-based concentrated solar power system has the advantages 
of a low installation cost and a low operation and maintenance cost. The thermal energy 
storage is based on a packed-bed rock with heat storage charging and discharging using 
evaporation and condensation of heat transfer fluid. Although, the current project mainly 
focus on solar power plant application, the knowledge and expertise that will be obtained in 
the project can be used for implementation of these technologies in industrial application to 
optimize excess heat usage.   

Sun-Charge — Solar thermal power with evaporation based storage for on-demand 
charging of electrical vehicles (Financed by EUDP; Project leader and partners: Heliac 
ApS, (Leader), DTU Mechanical Engineering, Siemens A/S, Aalborg CSP; Project period: 
2018-2021), Subtask 2, Storage  

The aim of this project is to design, develop and demonstrate a cost-effective solar thermal 
energy based solution where combined electricity and district heating can be made on-

https://orbit.dtu.dk/en/organisations/department-of-energy-conversion-and-storage
https://energiforskning.dk/medlemmer/suntherm-aps
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demand at a cost between 20-30 øre/kWh in Denmark. This will be done by increasing the 
operation temperature of current polymer foil based solar plants to 350 °C using thermal oil 
in combination with a novel low-cost stone based thermal storage with evaporation based 
heat extraction feeding a steam generator. The low cost will allow for feasible seasonal 
storage. The novel thermal storage solution allows for fast discharging, thereby enabling 
fast charging of electric vehicles without the need for grid reinforcement. Although, the 
current project mainly focus on electric vehicle applications, the knowledge and expertise 
that will be obtained in the project can be used for implementation of these technologies in 
industrial application to optimize excess heat usage.  

Two-phase expansion in turbo-expanders for organic Rankine cycle power systems 
(The project is part of a collaboration between Technical University of Denmark and 
Technion (Israel Institute of Technology) within the framework of the EuroTech alliance for 
science and technology; Project period: 2020-2023), Subtask 2, Low-temperature Power 
Production and Solar 

The aim of the project is to perform a comprehensive design of low-cost and efficient turbo-
expanders for organic Rankine cycle systems working with a two-phase mixture. The 
optimization procedure will therefore take into account thermodynamic and aerodynamic 
issues as well as manufacturing process feasibility and cost. An additional contribution 
regarding the design of suitable materials for two-phase expanders blading will be given by 
the research carried out at Technion on this topic.  

Waste heat recovery on Liquefied and natural gas-fueled (Financed by The Danish 
Maritime Fund, Orients Fund, European Union’s Horizon 2020 research and innovation 
programme, Project leader and partners: Technical University of Denmark, MAN Diesel & 
Turbo, Alfa Laval, Fjord Line and Lloyd’s Register Marine; Project period: 2017- 2020), 
Subtask 2, Low-temperature Power Production and Solar 

The project WHR Maritime aims at deriving guidelines with respect to the optimal utilization 
of waste heat sources on-board and identifying the optimal design, implementation and 
control of ORC units at LNG-fuelled ships. The project will include numerical analyses as 
well as a demonstration of a prototype ORC unit in the workshop at Mechanical Engineering 
department, Technical University of Denmark. The possibilities for an on-board 
demonstration on a vessel will also be evaluated.  Although, the current project mainly focus 
utilization of waste heat sources on ships, the knowledge and expertise that will be obtained 
in the project can be used for implementation of these technologies in industrial application 
to optimize excess heat usage.   

Design of innovative low-cost expanders for organic Rankine cycle power systems 
(The project is carried out within the frames of the EuroTech agreement on joint-supervision 
of doctoral candidates in collaboration between Thecnical University of Denmark and the 
Laboratory for Applied Mechanical Design, EPFL, École Polytechnique Fédérale de 
Lausanne, Switzerland;  Project period: 2017- 2020), subtask 2, Low-temperature Power 
Production and Solar 

The project conducts a comprehensive analysis of the relation of manufacturing effort and 
performance of centrifugal impellers using an integrated design approach. The objective is 
to provide the scientific basis needed for the accurate and cost effective design of turbo 
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expanders for ORC systems. In addition, the project will provide a comprehensive cost, 
volume, mass and performance prediction model for small-scale turbo-generator 
assemblies for how to fit in the machine on board a mobile application case.  

 

Experimental analysis of non-saturated two-phase heat transfer in plate heat 
exchangers for organic Rankine cycle applications (Project period: 2020-2022), 
subtask 2, Low-temperature Power Production and Solar 

The project will conduct a comprehensive experimental analysis of the heat transfer and 
pressure drop characteristics of non-saturated two-phase heat transfer and vapour single-
phase heat transfer in plate heat exchangers using both the pure working fluids and 
zeotropic mixtures. The objective is to provide the scientific basis needed for the accurate 
design and performance prediction of evaporators and condensers for ORC systems. In 
addition, the guidelines will be provided on how to select the inlet and outlet conditions of 
the evaporator and condenser in terms of subcooling/superheating degree in order to 
maximize the performance of the ORC system. 

PowerUp (Financed by EUDP; Project leader and partners: WEEL & SANDVIG ENERGI 
OG PROCESINNOVATION ApS (Leader), Akzo Nobel Salt; Arla Foods; Equinor Refining, 
Denmark and Nordic Sugar, Nykøbing; Project period: 2019-2020), Subtask 2, Novel Heat 
pump 

 

This project aims at discovering the economic potential for electrification of the industrial 
sector by means of extensive high-temperature electro-mechanical heat pumping. The goal 
is to reduce CO2 emissions significantly by substituting heat or steam, generated from 
combustion of fuels, by upgrading excess heat in temperature by heat pumping. 

In at least one of the cases studied (sugar factory) the potential for heat pumping is so 
significant that the bottleneck in fact might be lack of excess heat available the for the heat 
pumps. The heat pumps add energy to the overall energy balance of the production site in 
terms of electricity but diffusive or scattered heat losses from process equipment, 
ventilation, buildings, water treatment plant etc. might be larger than that meaning that full 
heat pumping serving the entire steam demand might require improved heat insulation of 
buildings/equipment and increased heat recovery from ventilation and waste water etc. 

 

2.8. COUNTRY & INSTITUTION: ITALY (ENEA) 

Project Name: SFERO (Systems for Flexible Energy Reusing CarbOn) 

Summary  
The progressive decarbonisation of the Italian economy requires the research and 
development of new technologies for the safe and efficient use of renewable sources, 
together with the sustainable use of conventional fuels. Carbon intensive industries as 
steel, iron and cement industries make Italy one of the main economy in Europe. These 
production processes have already reached very high levels of efficiency in the use of 
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resources and it is estimated that the additional technological options for a more efficient 
use of energy would allow a reduction in CO2 that is limited. Consequently, a substantial 
reduction in carbon dioxide emitted by industrial processes requires the implementation of 
technologies for the capture, removal, use and storage of CO2. Calcium looping (CaL) 
process as inherently circular process is a good candidate for capturing CO2 from hard-to-
abate sectors as steel and cement industries. The spent calcium based material used as 
CO2 acceptor can be reused as flux in steel making process and raw material in cement 
industries. In the SFERO (Systems for Flexible Energy Reusing carbon) project optimal 
integration of the calcium oxide-based capture process for the decarbonisation of steel 
and cement making processes on a large scale will be presented. Different processes will 
be defined and, for each configuration, the mass and energy balances along with carbon 
footprint will be evaluated with particular attention to the thermal integration between the 
CaL process, the energy-intensive industry and energy production, in order to maximize 
energy recovery. In this document results for cement production will be presented 

Introduction  
The Calcium Looping (CaL) is a promising for carbon capture based on the 
reversible reaction between CaO and CO2 at high temperature [2]–[5]. It was 
originally proposed by Shimizu et al. (1999) [6] and it is composed by two 
fluidized-bed reactors a carbonator and a calciner. In the carbonator, operating at 
about 650°C, CO2 is put into contact with solid stream rich of CaO and the 
exothermic carbonation reaction occurs. 

Eq. 1 𝑪𝑪𝑪𝑪𝑪𝑪 + 𝑪𝑪𝑪𝑪𝟐𝟐 → 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟑𝟑      mol
kJH ref 1790 −=∆  

The solid stream reach in CaCO3 exiting the carbonator is then sent in another 
reactor called calciner operating at around 900-950 °C where CaCO3 is again 
divided in CaO and CO2 by the calcination reaction. 

Eq. 2 𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝟑𝟑 → 𝑪𝑪𝑪𝑪𝑪𝑪 + 𝑪𝑪𝑪𝑪𝟐𝟐 mol
kJH ref 1790 +=∆  

The heat needed by the endothermic calcination reaction is supplied with 
oxycombustion of fossil fuel, in the application analyzed here coal was used. 
Because of the system high operating temperature, part of the fuel chemical 
energy supplied at the calciner can be recovered and used for electricity 
production.  

Aims and objectives  
The main goal of SFERO project is the advancement of the technological readiness level 
(TRL) of carbon capture and valorisation processes. In particular, the result is the 
advancement of the TRL: (i) from 5 to 7 for H2 production processes and simultaneous 
CO2 capture; (ii) from 3 to 5 for processes of CO2 valorisation that make use of electricity 
excess. The process of H2 production and simultaneous capture of CO2 (Sorption 
Enhanced Steam Methane Reforming (SE-SMR), Sorption Enhanced Water Gas Shift 
(SE-WGS)) will be carried out in the ECCSEL-ERIC Research Infrastructure named 
ZECOMIX (Zero Emission of Carbon with MIXed technologies) installed in the research 
centre of ENEA Casaccia. These processes, if integrated in the carbon-intensive industrial 
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sectors, will lead to an increase in the efficiency of industrial processes by means of the 
recovery of excess energy and materials (e.g. renewable electricity and carbon surplus). 
Innovative processes aimed at (i) CO2 capture through the use of eco-sustainable solid 
material will be analyzed, (ii) valorisation of the captured CO2 via cold plasma reactor. 
These activities will be integrated with experimental studies aimed at the development of 
innovative systems for the valorisation of CO2 through two methane reforming processes: 
Dry Methane Reforming, (DRM) and reverse water gas shift (RWGS) for the production of 
building blocks (eg CO and H2)  and the subsequent synthesis of renewable fuels . These 
objectives will be achieved by means of the development of new materials and through 
simulation and modelling of hard-to-abate industry, also allowing an assessment of the 
technical and economic feasibility of the entire process. 

Content and methodology 
One of the SFERO project goals is to analyse the application of Calcium Looping (CaL), a 
promising carbon capture technology that uses solid sorbents based on Calcium Oxide, 
for the decarbonization of heavy industries, such as cement and steel. The CaL process 
exploits the reversible reaction between CaO and CO2 at high temperature and it is 
composed by two reactors, a carbonator operating at about 650°C, where CO2 is put into 
contact with the sorbent and the exothermic carbonation reaction occurs, and a calciner, 
where the endothermic calcination reaction takes place at around 900-920 °C. The heat 
needed to maintain the calciner temperature around the set value is usually provided with 
combustion of fossil fuel with oxygen, for example coal or natural gas. 

One of the advantages of CaL over other carbon capture technologies is that it is possible 
to recover part of the energy supplied in the calciner as high temperature heat that can be 
converted in electricity with, for example, a conventional steam Rankine Cycle.  

Figure 1 shown an example of CaL application in the clinker production process, the main 
component of cement. In the process shown, called “Tail End CaL” configuration, the CaL 
is operated as an end of pipe sorption unit and it captures CO2 from the flue gas exiting 
the clinker kiln. For a typical clinker kiln size of 2825 t/d, the estimated thermal power that 
could be recovered from the carbon capture system is around 170 MW. This energy is 
assumed to be converted in electric energy in a single turbine steam Rankine Cycle 
characterized by maximum pressure and temperature of 100 bar and 530°C at the turbine 
input and condenser pressure of 0,07 bar. 

Having defined the heat sources, a suitable heat exchanger network, that recovers the 
excess heat from the CaL system and produces steam, can be designed applying the 
pinch analysis method. 
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Figure 15 – Integration of Calcium Looping as carbon capture technology with the clinker 
production process. 

In reference to Figure 1, the exchangers removing heat from the CaL process are: 

• Carb HEX: which maintain the temperature of the carbonator at 650 °C, removing 
the heat produced by the exothermic carbonator reaction. 

• Flue HEX: which cool down the decarbonized flue gas exiting the carbonator at 
650°C till 430°C. 

• Purge HEX: which cool down the exhausted sorbent purged form the CaL system 
from 920°C till 120°C. 

• HT CO2 HEX 1, HT CO2 HEX 2, LT CO2 HEX 1, LT CO2 HEX 2: the CO2 rich gas 
stream exiting the calciner at 920°C must be cooled down to the input temperature 
of 80 °C of the CO2 Purification and Compression Unit (PCU). This gas stream is 
first cooled down to 400 °C in HT CO2 HEX 1 and HT CO2 HEX 2, then part of the 
obtained flow is recirculated into the calciner and used as temperature moderator, 
while the rest is further cooled down in LT CO2 HEX 1, LT CO2 HEX 2 and the 
oxygen preheater. 

In Figure 2, Figure 3 and Table 1 are displayed the characteristic of the heat exchanger 
network obtained considering a minimum temperature difference of 20°C in the heat 
exchangers.  

Table 9 – Fluxes details of the heat exchanger network for heat recovery and power 
production for CaL application in cement plant, Tail End CaL configuration. 

Flow 

number 
Description 

Input 

temperature 

Output 

temperature 

Mass 
flow 

Thermal 
power 

exchanged 

1 Water flow in the Rankine cycle 40 °C 530 °C 53 kg/s 172,4 MW 
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2 

Oxygen flow entering the 
calciner 

15 °C 150 °C 18 kg/s 2,2 MW 

3 CO2 flow sent to the PCU 400 °C 80 °C 48 kg/s 16,6 MW 

4 CO2 flow exiting the calciner 920 °C 400 °C 71 kg/s 46,1 MW 

5 
Sorbent purged from the CaL 
process 

920 °C 120 °C 5 kg/s 3,9 MW 

6 Decarbonized flue gas 650 °C 430 °C 42 kg/s 10,7 MW 

7 Carbonator  650 °C 650 °C - 97,3 MW 

                                                                                                                                            

 

Figure 16 – Heat exchanger network for heat recovery and power production for CaL 
application in cement plant, Tail End CaL configuration. 
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Figure 17 – Composite curves for heat recovery and power production for CaL application in 
cement plant, Tail End CaL configuration. 

 

Results  
Pinch analysis method was used to design suitable heat exchangers networks that 
permits to recover heat from the carbon capture calcium looping system that is used to 
produce steam and then electricity in a Rankine cycle. The methodology described in the 
precedent paragraph, explained for the application of CaL in the cement industry with Tail 
End CaL configuration, was exploited also for other CaL applications in the steel making 
industries. The main hard-to-abate industrial processes studied were: 

• Clinker production process, that can be integrated with CaL with two different 
configurations, Tail End CaL and Integrated CaL. 

• Blast furnace process for production of Hot Metal (HM). 
• Midrex process for production of Direct reduced iron (DRI). 

Furthermore, Calcium Looping technology can be used as thermochemical energy 
storage system for solar energy coming from a Concentrated Solar Power plant (CSP). In 
this configuration the concentrated solar plant provides the thermal energy required in the 
calciner, then the CaO and CO2 exiting the reactor are stored away in suitable tanks. 
Therefore, during the discharge phase, CaO and CO2 are sent to the carbonator where 
thermal energy is discharged and used in a steam Rankine cycle for power production. In 
this configuration, as in the carbon capture application, pinch analysis can be used to 
design a suitable network of heat exchangers for the heat transfer between the CaL 
system and the Rankine cycle. 
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Table 2 shows an overview of the different configuration studied and the main results 
obtained in term of thermal energy recovered from the CaL system and the electric energy 
produced from the steam Rankine cycle. 

Table 10 – Overview with CaL applications detailing the heat recovered and electricity 
produced in the Rankine cycle. 

CaL 
application 

Calciner 
fuel 

Size 

decarbonized 
system 

Thermal 
energy 

recovered 

Rankine cycle 
efficiency 

Electric 
energy 

produced  

Clinker kiln 

Tail End CaL 
Coal 2.825 tclinker/d 172 MW 34,3 % 59 MW 

Clinker kiln 

Integrated CaL 
Coal 2.825 tclinker/d 61 MW 28,7 % 17 MW 

Blast Furnace Coal 12.895 tHM/d 2.477 MW 37,4 % 927 MW 

Midrex process Natural gas 8.517 tDRI/d 278 MW 37,9 % 106 MW 

CaL with CSP 
Solar 

energy 
320 MWel 17.877 MJ/d 43,7 % 7.818 MJ/d 

 

Conclusion  
In this project the decarbonisation of the steel and cement production industry was 
assessed with the integration of the Calcium Looping process, considering the entire life 
cycle, from the supply of raw materials and fuel to the final product. The results of the 
simulations, combined with data available in the literature, were used as input for the 
evaluation of the Global Warming Potential (kg CO2 eq.) Of the different pathways by 
applying the standardized method IPCC AR5 GWP100, which is among those indicated 
by the International Reference Life Cycle Data System - ILCD. The choice of Calcium 
Looping, among the different CO2 capture techniques available in the literature, is 
considered particularly favorable for these two industrial sectors, which are already 
prepared for the handling of materials in granular form and possess the infrastructures for 
the treatment of some materials. raw materials used for CO2 capture (ie, limestone, 
dolomite). 

The following three case studies were examined for analysis by reproducing the 
elementary flows of matter and energy of the various process phases through simulations 
with Aspen plus: 

1) Traditional cement factory (CEMENT); 
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2) Blast furnace combined with oxygen furnace (BF-BOF); 

3) Direct reduction with electric arc furnace (DR-EAF). 

The results found a significant reduction in the emission values CO2 eq emission, both for 
the production cycles of cement and for steel 

Answers to the questions related to the subtask  
 

What is the main expected outcome of the project? 

The main outcome of SFERO project is the comparison of different pathways for 
decarbonisation of hard-to-abate industries. A special focus is on steel and cement 
industries which make Italy one of the main European economy in these field. Intensified 
processes for H2 production will be analysed in the ECCSEL-ERIC Research 
Infrastructure named ZECOMIX (Zero Emission of Carbon with MIXed technologies) 
installed in the research centre of ENEA Casaccia. These processes, if integrated in the 
carbon-intensive industrial sectors, will lead to an increase in the efficiency of industrial 
processes by means of the recovery of excess energy and materials (e.g. renewable 
electricity and carbon surplus). Innovative processes aimed at (i) CO2 capture through the 
use of eco-sustainable solid material will be analyzed, (ii) valorisation of the captured CO2 
via non-thermal (cold) plasma reactor, (iii) integration with solar energy.  

What is the excess heat role in the system research? 

The role of excess heat in the SFERO project is twofold. During the regeneration of solid 
sorbent at 900 °C the CaCO3 is decomposed into CaO and CO2. Part of the excess heat 
comes from the Calcium looping process. The heat leaving the calciner can be recovered 
in order to produce power to be used on site in the low-carbon industry. During the 
capture of CO2 the reaction with CaO releases heat which can be recovered and used to 
heat any cold streams. The other role of excess heat is investigated in the pathway where 
solar energy is used to power a Rankine cycle. Indeed, the CaL process is gaining 
considerable interest as thermo-chemical energy storage process where calcination (eq. 
2) is the process for energy gathering and carbonation (eq. 1) is the step for energy 
release. The carbonator reactor operates in a temperature range between 600 – 850°C 
with an operating pressure ranging from 1 bar to 3 bar when outgoing gas is not expanded 
in a gas turbine. Since the carbonation reaction is an exothermic reaction, heat is released 
and steam can be produced to generate electricity by a submerged heat exchange in a 
fluidised bed carbonator. The produced CaCO3 can be stored and successively 
transported to the calciner reactor to gather the excess of energy. Into the calciner 
reactor, the equilibrium temperature of the system CaO-CaCO3-CO2 is approximately 895 
°C under atmospheric pressure. Therefore, the decomposition of CaCO3 into CaO must 
take place at temperature above 895°C in case the molar fraction of CO2 is 1 and the 
operating pressure of the calciner is 1 atm. 

Future availability of excess heat (amount and temperature) due to changes in the 
surrounding system? 
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The future availability in case of Cal integration in hard-to-abate industry and for solar 
energy storage is reported in table 2. 

Are future scenarios included? 

Future scenarios are the integration of calcium looping process and solar energy in hard 
to abate industry: steel, iron and cement making processes. 

Method development for system consequences? 

Methodologies for optimal heat/energy/material integration among the plant units are 
sought to be developed. Initial calculations for energy integration use the well-known 
pinch analysis methodology. More refined optimization techniques could be developed in 
the future.   
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3. SUBTASK 3 PROJECT CONTRIBUTIONS 
3.1. COUNTRY & INSTITUTION: AUSTRIA (AEE INTEC) 

Project Name: DigitalEnergyTwin – Optimised operation and design of industrial energy 
systems 

Summary  
The project DigitalEnergyTwin supports the industry with the development of a 
methodology and software tool to optimize the operation and design of industrial energy 
systems with a particular focus on excess heat valorisation from production processes in 
to the energy systems. By applying the methodology of the digital twin, detailed energy 
system modelling is developed for selected processes (energy relevant having excess 
heat potential) and renewable energy supply technologies, validated and simplified. The 
core of the project is the development of the optimization approach, applied for single use 
cases as well as a real implementation in a manufacturing industry (PCB Industry) in order 
to provide, for the first time, a solution for the challenge between volatile renewable 
energies and an efficient use in fluctuating process energy demand (thermal and electric) 
in industry. By this, and the modularity and standardised development, a maximum impact 
and multiplication in other industrial companies and sectors will be achieved and the 
industry gets a significant reduction of costs and risk of investment decision, which will 
lead to a substantial increase of energy efficiency and renewable energy by the 
implementation of further DigitalEnergyTwins. 

Introduction  
Industrial energy systems for manufacturing are mainly designed for single supply 
technologies, not designed for the fluctuation of energy demand and energy supply and 
thus can only react to a volatile demand and supply (thermal and electric) to a limited 
extent. From this, the need for the best possible support in optimizing the operation of the 
industrial energy system (demand and supply), the interaction of different renewable 
(volatile) and conventional energy sources and the design for industrial energy systems 
can be derived. Similarly, the forecast and use of excess heat from industrial processes in 
combination with renewable hybrid energy supply systems is desired by energy managers 
in industries.  

The demand for products from the printed circuit board industry is continuously on the 
rise. Besides the increase of production capacity, companies have to face the challenge of 
frequent change and adaptation to end-user requirements, causing significant changes in 
the energy demand and supply, excess heat from processes, and by this, energy capacity 
limits on-site. This will be further increased by digitalisation and in terms of site security 
the need to increase productivity. The flexibility of the system makes it almost impossible 
for industry to plan and assess necessary adaptations and investment in the process and 
supply system and these challenges will increase significantly in the upcoming years. 
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Aims and objectives  
The overall objective of DigitalEnergyTwin is to support the industry with the development 
of a methodology and tool to optimize the operation and design of industrial energy 
systems. By applying the methodology of the digital twin, detailed energy system 
modelling will be developed for selected processes (energy relevant) and supply 
technologies (conventional and renewable), validated and simplified. The core of the 
project is the development of an optimization approach, applied for single use cases as 
well as a real implementation in manufacturing industry (PCB industry). The use of this 
methodology will also enable the exploitation for an EnergyManager4.0, using the 
approach of augmented and virtual reality. By this, a maximum impact and multiplication 
in other industrial companies and sectors will be achieved. 

Content and methodology 
The content and methodology of the project is summarised as following: 

• Preparation and verification of DigitalEnergyTwin framework 

o Definition of workflows and technical boundary conditions 
o Categorization and evaluation of existing digital twin implementations in the 

manufacturing industry with a special focus on the printed circuit board 
industry 

o Definition of requirements for modelling, simulation, optimization the 
DigitalEnergyTwin framework, interfaces and standards 

o Analysis of industrial use case production processes and identification of 
excess heat potential and integration in hybrid energy supply systems. 

o Identification of barriers and (technical/economic potentials for multiplication 
of DigitalEnergyTwin architectures and results 

• Development, validation and simplification of component models for 
DigitalEnergyTwin 

o Development of physical and data-driven models for selected industrial 
processes and energy supply technologies/utilities (conventional and 
renewables) of the printed circuit board industry and related industrial 
sectors with a detailed modelling of the energy and exergy consumption 
resp. economic KPIs to facilitate fast and cost-efficient representation in 
DigitalEnergyTwin.  

o Implementation of models in a development and simulation framework 
compatible with FMI/FMU standard 

o Model simplification by identification of control and target parameter, 
following defined model standards 

• Data handling, management and security 

o Definition of requirements for secure digital ecosystem for data handling and 
IT architecture for DigitalEnergyTwin applications 

o Selection and adaption of methods for cost-efficient data management, 
processing and integration 

o Conceptualization and Implementation of a proof-of-concept 
DigitalEnergyTwin data handling 

• Development of generic optimisation methods in the DigitalEnergyTwin 
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o Development of generic optimization method for operation and design of 
industrial energy system, maximising energy/resource efficiency and 
renewable/efficient process and supply technologies 

o Identification/ definition of specific and global KPIs used as target value of 
optimisation method 

• Industrial implementation and practical validation of DigitalEnergyTwin 
• Implementation of Augmented and Virtual Reality in DigitalEnergyTwin 

Results  
At the end of the project, DigitalEnergyTwin will provide the following main products and 
thus ensure that the gained knowledge and results will be used beyond the project 
lifetime: 

• Holistic Optimization Algorithm and Software for industrial energy systems. This 
software allows the energy managers to design a hybrid industrial energy supply 
system by integrating renewable energy utilities and valorising the excess process 
heat.  

• DigitalEnergyTwin software - Application of digital twin methodology to industrial 
energy systems 

• Holistic and simplified energy models for: 

o energy demand form processes including excess heat potential,  
o energy supply (conventional and renewable) 

• Validation and standardized concept for data security, data management and 
handling between software and hardware components 

• Standardized and simplified model and workflow for the multiplication of 
DigitalEnergyTwin 

• Service provision and EnergyManager4.0 in combination with augmented and 
virtual reality (AR/VR) for human-to-machine interaction in the context of industry 
4.0. 

Conclusion  
DigitalEnergyTwin is an ongoing project, therefore, the following conclusions are based on 
the first 2 years of project activities. The application of digital twin concept to energy 
systems is highly appreciated by the industries and equips them to achieve their 
decarbonisation goals. Despite strong interest from industry, availability of the data 
required for preparing models for digital twins is a big challenge. The existing data from 
industry including the historic and sensor data is not lacks in quality and quantity. 
Therefore, dedicated efforts are required for setting up data acquisition and management 
infrastructure. The excess heat potential in industrial processes when integrated with 
other renewable energy utilities offers a very promising, safe, secure and flexible 
alternative to conventional energy supply systems. The tools and software developed by 
DigitalEnergyTwin project will accelerate the implementation of the technologies and 
optimisation methodologies for excess heat valorisation. 
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Project Name: CORES – Integration of combined renewable energy systems in industry 

Summary  
The innovation content of CORES lies in the identification, evaluation and design (design 
and operation) of technically, exergetically and economically optimized combinations and 
interconnections of renewable technologies (selected from waste heat utilization-solar 
heat pump-storage-photovoltaics and PVT-collectors) to cover the industrial process heat 
demand. For this purpose, an optimization algorithm is developed that combines 
technology-specific parameters into system KPIs using comprehensible evaluation criteria 
(global performance indicators) to generate a system optimum. Based on a system 
simulation and its application in 3 real industrial studies, control concepts for the operation 
of the sustainable energy supply of an industrial plant are derived. CORES is carried out 
as a D-A-CH project with German and Swiss consortia to exploit additional synergies in 
the field of optimized integration of an industrial plant into grid-connected (thermal) energy 
supply as well as innovative economic evaluation parameters (non-energy criteria, 
business models). Through a joint dissemination, target groups (industry, planners, 
technology providers) in the German-speaking and European area were addressed and 
integrated into the development in order to achieve a maximum impact in the project. 

Introduction  
Renewable and secure energy supply is of great importance for industry, which can only 
be achieved through the optimal use of all available resources, not least due to the 
international climate targets. Even in Austria, renewable electricity can only cover part of 
the energy demand because of a lack of resources. Therefore, the industrial process heat 
demand in the low and medium temperature range (<400 °C) should be covered by 
technologies that are efficient in terms of exergy: waste heat utilisation, solar process heat 
and heat pumps in combination with storage tanks, photovoltaics and PVT collectors. 
However, each of these technologies can only make a limited contribution when used on 
its own. To date, the advantages of combined technologies have only been exploited in 
the building sector. Despite positive technical and economic expectations, there are 
challenges in industry, that need to be addressed in order to use technology combinations 
to cover the industrial process heat demand:  

• lack of global concept evaluation performance indicators (KPI) and methods to 
identify and evaluate the best combination based on technical and economic criteria,  

• lack of design, operation and control strategies for the optimised integration of 
renewable technology combinations, and  

• lack of system simulations to address the issues. 

Aims and objectives  
The aims and objectives of the project CORES is the   

• identification, evaluation and design of technically, exegetically and economically 
optimised combinations of renewable technologies selected from excess heat, solar 
process heat, heat pumps, storage, PV and PVT to cover the industrial process heat 
demand  
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• develop global system KPIs of hybrid energy supply systems  
• development of an optimisation algorithm for a system simulation and  
• derived control concepts for the operation of the technology combination. 

Content and methodology 
The content and methodology of the project is summarised as following: 

• Analysis of the industrial framework 

o Qualitative and quantitative presentation of the technical and economic 
potential from the combination of the individual technologies with a particular 
focus on the excess heat potential and its forecasting. 

o Definition of technical and economic requirements of industrial companies 
for renewable technology combinations as well as technology-specific 
performance parameters for the multi-objective optimization. 

o Data collection and preparation in the industrial studies for the system 
simulation. 

o Definition and development of standardized load profiles for energy demand 
and excess heat availability for processes with the greatest technical and 
economic potential for the identified industrial sectors 

• Development of CORES system simulation from technology models 

o Development of the CORES system simulation to represent and simulate all 
possible technology combinations of a combined energy supply system to 
cover the industrial (thermal) energy demand in a suitable simulation 
environment (e.g. Dymola) 

o Definition of the interfaces within the system simulation (between technology 
models) and the input and output (I/O) parameters of the system and the 
technologies 

o Definition of existing single technology models with maximum usability 
through standardization and reusability. 

o Development and adaptation or improvement of existing simulation models 
for single technologies 

• System optimization algorithm and system simulation 

o Development of a global optimization algorithm and an objective function for 
the identification of the technically and economically most reasonable 
technology combination (design and operation) for the supply of industrial 
(thermal) energy demand (system) 

o Identification and development of weighted criteria (Key Performance 
Indicator - KPIs) to consider technical, technological, economic and 
ecological criteria in the system optimization (design and operation) 

o Summary of technology-specific KPIs to system KPIs and reduction of target 
function input/output parameters 

o Application of system simulation for all possible technology combinations for 
the standardized load profiles of the studies and evaluation of the system 
KPIs 

o Proof-of-concept implementation and derivation of valid control strategies. 

• Simulation of the industry use cases and optimization validation 

o Validation of the objective function and the generated system KPIs  
o Application of system simulation and optimization algorithm in 3 industry 

studies 
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o Examination of the achieved functionality in terms of plausibility and usability 
of the obtained results  

o Identification of an optimized (overall) integration concept (design and 
operation) for the industrial studies from possible technology combination. 

o Derivation of generally applicable control concepts for combined technology 
integration 

Results  
Following are the main results of the project CORES: 

• Definition and development of global key performance indicators for the overall 
system and optimisation algorithm according to technical, economic and exegetic 
criteria. The following KPIs under consideration in the project include the following: 

o Technological KPIs 
 Specific solar yield 
 Solar fraction 
 Coefficient of performance – COP 
 Storage cycles 
 Storage efficiency 
 Full operating hours 

o System KPIs 
 Surface needed 
 Levelized Cost of Heat 
 Payback and Return on Investments 
 Long-term economic evaluation 
 CO2 Emissions 
 Primary and final energy consumption 
 Share of renewables 
 Flexibility and stability of the supplied energy 
 Autarky degree 

• Development of system simulations to map possible combinations and 
interconnections of renewable technologies in parallel and serial configurations 
(selected from the following) to cover industrial process heat. 

o Excess heat 
o Solar thermal 
o Heat pumps 
o Storage 
o Photovoltaic 
o Photovoltaic Thermal (PVT)  

• Development of specific and general control strategies for optimised operation 
• Initiation of concrete implementations in 3 real industrial studies  

Hybrid energy supply systems for the industrial use cases involving the excess heat 
recovery is presented in the following figure: 
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Figure 18: Hybrid System consisting of excess heat recovery, photovoltaic and heat pumps 
as energy supply utilities. Heat pumps in this hybrid system can either be in series or 

parallel configuration (Source: TU Vienna, AEE INTEC, AIT) 

Conclusion  
It is almost mandatory that in order to achieve a high degree of decarbonization and 
increase the presence of renewables in the supply system of industries, hybrid concepts 
are needed. The guidelines of CORES for selecting hybrid energy supply systems can be 
summarized in the following points: 

• Combining advantages of single technologies and reduce disadvantages 
• Come up with hybridization strategies based on global system goals: including 

design and operation and include optimization. 
• Address those system goals through the evaluation of technological specific KPIs 

 

Regarding the technical strategies for planning hybrid systems, they have to be based on 
the following point and evaluated through the corresponding KPIs: 

• Matching the temperature and thermal energy demand of the industrial processes. 
• Ensuring flexibility, stability, reliability when supplying the load profiles of the 

industrial processes. 
• Assess and foresee solutions for the availability and volatility of the renewable 

resources 
• Evaluate the market availability, maturity and techno-economic performances of the 

energy supplying utilities. 

In pursuing this decarbonization and optimization of very complex systems like hybrid 
systems digitalisation is a powerful and necessary tool and more effort and research in 
this end is needed. 

↯

Heat Recovery
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Project Name: SolarAutomotive – Solar process heat for the automotive and supplier 
industry 

Summary  
SolarAutomotive aimed to establish solar process heat in the automotive and supplier 
industry. In addition to a target group and potential analysis, planning and simulation tools 
and integration concepts were being developed and cooperation between the solar 
thermal and the automotive and supplier industries was being promoted. SolarAutomotive 
was a bilateral project between Germany and Austria. The following project goals were 
defined: 

• Removal of implementation barriers of SHIP (Solar Heat for Industrial Processes) 
• Increase the affordability and attractiveness of SHIP 
• Bundling two areas of strength of the Austrian economy 

 

In order to achieve these project goals, 8 Austrian (+12 German) companies in the 
automotive and supplier industry were examined in detail for the optimised integration of 
solar process heat (analysis of processes, efficiency measures, feasibility analysis of solar 
thermal energy). From this, generally applicable integration concepts for solar process 
heat were derived, which were made available to the solar companies and thus generate 
knowledge for intelligent process integration. In parallel, computer-assisted factory trains 
were developed, which considerably reduced the planning time and costs and increased 
the quality and efficiency of the implemented systems. The SolarSOCO tool, which was 
further developed in the course of the project, considered synergetic and holistic complete 
solutions, which will reduce the specific system costs of a SHIP plant. The project goal 
was to generate a generally applicable integration guideline for solar process heat and 
efficiency measures. 

Introduction  
Solar process heat has great potential to play an important role for the energy and climate 
objectives of the Austrian Federal Government. However, there are implementation 
barriers due to lack of knowledge regarding smart integration options at the process level 
and possible upstream optimization possibilities. In addition, there is a great potential for 
cost reduction in the planning and implementation of SHIP-systems (Solar Heat in 
Industrial Processes). Both the solar thermal as well as the automotive and supplier 
industry are Austrian technology leader in the international competition. 

Aims and objectives  
Solar Automotive was a bilateral project between Germany and Austria. With the following 
project objectives: 

• removal of implementation barriers of SHIP 
• increase the affordability and attractiveness of SHIP 
• bundling two strong areas of the Austrian economy 
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To achieve these objectives 8 Austria (+12 German) companies in the automotive and 
supplier industry were to be analyzed in detail to find available integration options at the 
process level including: 

• analysis of processes,  
• efficiency measures,  
• feasibility analysis of the solar thermal integration. 
• potential of excess heat in production processes 

Computer based planning tools were to be developed to shorten the planning time and 
costs as well as the quality and efficiency of the implemented systems. SolarSOCO tool 
was to be firther developed for mapping detailed simulations of heat recovery and solar 
integration.  

Content and methodology 
The content and methodology of the project is summarised as following: 

• Analysis of the production processes 
• Heat supply structures and production processes of the selected automotive and 

supplier companies were analyzed. This included: 
• energy balances,  
• heat load profiles,  
• excess heat profiles, 
• heat production costs 
• Analysis and estimation of process changes and efficiency measures in the next 

years.  
• Solar thermal plant concepts 
• Derivation and development of a generally valid concept for the integration of solar 

heat in the selected industrial use cases 
• Overview of corporate policy framework conditions for automotive and supplier 

industry 
• Development of computer-aided tools for integration and simulation  
• Integration tool: Development of a tool for feasibility assessment and identification 

of suitable integration points 
• Prediction tool: Development of a VBA-based quick design tool for solar process 

heat systems incl. economic feasibility analysis 
• SolarSOCO: Solution of special problems due to special framework conditions of 

solar process heat in the automotive industry by means of further development of 
the existing SOCO tool.  

• Implementations as Best-Practise-Examples  
• Selection of suitable implementations for different applications to establish solar 

process heat with intelligent process integration as best-practise-examples 
• Elaboration of a technical and economic concept which will be the basis for a public 

tender for a pilot project of solar process heat integration in the automotive industry 
and its suppliers. 
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Results  
• The investigation of the heat supply structures, excess heat potential and production 

processes of selected company locations were carried out. The process flows in the 
form of flow charts and the database linked to them were filled with information from 
literature research and the site investigations. The presentation of the generally valid 
flow diagrams was followed by a closer look at the relevant heat-intensive 
processes. With regard to the objective of planning solar thermal integration 
concepts, information on temperature ranges and heat supply were gathered. 

• Already realized solar thermal plants within the automotive and supplier industry 
were analysed and processed first. The core work was the development of 
company-specific integration concepts especially focusing on the valorisation of the 
excess heat. In the further course of the project, these were converted into generally 
applicable integration concepts. In order to closely coordinate the subsequent 
identification and evaluation of the solar thermal and excess heat integration 
concepts with the industrial partners, their expertise was integrated into the process 
at an early stage and work was brought forward accordingly. Together, a working 
document (Excel) was created that summarizes all information from reference 
projects: Procedures / processes during the development of a project, cost 
benchmarks (divided into subgroups) and general experience values on previous 
realized projects. 

• The details of integration schemes for each industrial site are presented in the final 
project report of SolarAutomotive and are out of the scope of this report. 

• An Excel-based tool was developed for the preliminary design of solar process heat 
systems, based on a method developed by Lauterbach. With the help of a few details 
on temperature level, heat demand on a working day in summer, collector type, 
number of heat exchangers, load profile and location, the potential of a heat sink in 
the temperature range below 100 °C for solar heat supply can be estimated.  

• In addition to the prediction tool, a tool – SolarSOCO – for detailed analysis of the 
interaction of time-variable process flows and their heat recovery potential, storage 
systems taking into account thermal losses and time-variable solar gains was 
developed. SolarSOCO allows linking the system design with a possible heat 
recovery and possible storage as well as their detailed simulation. Therefore, it 
enables concrete statements on the technical and economic evaluation of the 
system result. SolarSOCO was validated with two other tools and a commercially 
available tool (Polysun). 

Conclusion  
Solar heat for industrial processes offers a huge low-ex supply opportunity that has to be 
combined with excess heat recovery. This has been proven in several projects and the 
IEA SHC Tasks 33, 49 and 64. The project SolarAutomotive has worked on specific 
concepts for the automotive industry within the standards for industrial energy audits as 
the EN16247. It is essential to harvest the excess heat before CAPEX-intensive 
implementations are done. Standardised integration guidelines are accompanied by an 
easy-to-use tool. The combination of excess heat recovery and solar heat has a positive 
impact on the payback of the whole system.  
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Questions 

How do seasonal changes in the environment impact excess heat potentials? In 
your projects, did you encounter significant variations for the use of excess heat 
with respect to seasonal changes? 

• Seasonal changes are addressed within load profiles. By this, significant variations 
are relevant. 

 

What operational restrictions need to be considered regarding internal / external 
use of excess heat? Besides spatial restrictions, did you encounter any restrictions 
due to operational limits of heat recovery equipment (internal & external use), feed 
in for heat networks (external use), power generation units 

• Switch between demand and availability. Flexibility towards grids 
• Backup, ensure supply during operation 

 

How can control strategies benefit the use of excess heat usage? In your projects, 
did you consider control strategies in order to facilitate or optimize excess heat 
usage? 

• Yes, linked to storages control strategies are very important (part of Pinch), exergy-
based optimisation and control is a solution pathway 

• Link to other renewables addressed in all projects 
• Development of solar Pinch stream 

 

What requirements on monitoring systems need to be fulfilled to facilitate excess 
heat usage? 

• Optimisation of system 
• Clear and reliable KPIs 
• Utility monitoring or other sources as well sinks (depending on temp-level) 
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3.1. COUNTRY & INSTITUTION: AUSTRIA (AIT) 

Project Name: SINFONIES 

Summary  
In the national basic research project "SINFONIES", a comprehensive optimization model 
for local energy supply is being developed, which also takes into account direct heat 
recovery, storage technology and load shifting in the process itself. Initial results show that 
cost-optimized energy supply does not necessarily go hand in hand with maximized waste 
heat utilization. Especially technological conditions limit direct heat recovery. For Annex 
15 Task 3, a small-scale brewery case is shown as an example to demonstrate the 
influence of these restrictions and energy costs on used surplus heat potentials. In this 
specific case, the degree of excess heat utilization is linked to the enforced degree of CO2 
reduction. For a full decarbonization and electrification, round two thirds of the available 
excess heat from the refrigeration system is utilized and upgraded for both warm water 
supply and steam production by means of heat pumps. 

Introduction  
In order to cope with the challenges posed by climate change, industrial energy systems 
need to become more flexible, are likely to be more electricity driven due to an uptake in 
heat pump heat supply and the use of electric boilers to offer grid services and also 
biobased fuels will become more important. Thus, in the future industrial energy systems 
will consist of more components for energy conversion and storage than today and will be 
generally more complex. The number of trade-offs that go hand in hand with investment 
decisions will increase and thus support for decision makers is increasingly important. An 
important factor in the change of industrial energy systems is the availability of excess 
heat especially for the integration of heat pumps.  

Aims and objectives  
The overriding aim is to remove obstacles in industrial companies when making 
investment decisions to increase the share of renewable energy sources. By combining 
the existing optimization problems Unit Commitment, Heat Exchanger Network Synthesis 
and Scheduling, additional savings potentials and synergy effects are exploited compared 
to the consideration of the individual problems. Due to the coupled consideration, poor 
investment decisions are avoided, which can occur due to insufficient consideration of 
technical restrictions when considering individual optimization problems separately. With 
the SINFONIES approach lucrative and forward-looking investment scenarios for retrofit 
measures for reduced investment risk, which helps industrial companies in the transition 
to into a renewable energy system in the long term. 

Content and methodology 
In the long term, meeting the climate targets will involve Investments in new and 
renewable technologies are associated. However, the available methods available 
methods for optimal investment planning are limited, as they do not cover all essential 
aspects (technical restrictions, optimal heat exchange networks, integration of new 
components, etc.). components, etc.) at the same time. This leads to uncertainties 
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investment risks, which complicates the transition to a renewable energy system. energy 
system is made more difficult. Approaches exist to determine the optimal operation, the 
optimal heat exchanger network or the optimal production planning of an industrial plant. 
What is missing, however, is a holistic formulation that takes all of these aspects into 
account at once and subsequently exploits synergy effects. In addition, the uncertainties 
should be reduced and thus investment obstacles eliminated. In the SINFONIES project 
such a method is being developed. By combining the above-mentioned, individually 
considered optimization problems, additional savings potentials and synergy effects are 
developed compared to the individual consideration. Furthermore, wrong investment 
decisions due to insufficient consideration of technical restrictions in the individual 
optimization problems are excluded. Thus, realistic, lucrative and future-oriented 
investment scenarios with reduced investment risk are identified, supporting industrial 
companies in the transition to a renewable energy system in the long run. For this 
purpose, necessary interfaces between the subproblems are identified and the complexity 
of the combined optimization problem is reduced, e.g. by reasonable simplifications, 
model reduction, decomposition, etc. 

Results  
The optimization model developed in the SINFONIES project was tested with several use-
cases. One use-case was a generic brewing process within a small-scale brewery. The 
energy supply system in the base-case consists of a gas-fired boiler to produces steam 
and refrigeration units to control the fermentation and the maturing processes. The 
refrigeration system produces excess heat at 40°C and releases the heat to ambient air 
using roof fans.  

The boundary conditions for the case study are variable profiles for electricity prices, 
ambient temperature, solar irradiation and also excess heat amounts and electricity 
demands which are subject to the production rate. For this case-study the production rate 
is correlated with the monthly average beer production rates of Germany. 

The optimization aims at minimizing total annual costs (annualized investment costs and 
annual energy costs) with respect to technical and ecological restrictions. The optimization 
model is solved for different targeted degrees of decarbonization (0%, 50%, 100%) under 
the assumption that renewable electricity can be bought from the grid and decarbonization 
correlates to a reduction in gas consumption for the gas fired boiler. Power supply from 
the grid is limited to approximately three times the current maximum power. In the model, 
new and potentially CO2-neutral units such as electric boilers, heat pumps, thermal 
energy storages, battery storages, PV and solar thermal modules can be selected by the 
solver.  

The resulting energy flow diagrams for the different decarbonization requirements are 
shown in the following: 
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Figure 19: Base-case, excess heat from refrigeration cycles is not used 

 

 

Figure 20: 50% CO2 reduction, one third of excess heat potential is used and upgraded 
using heat pumps 

 

Figure 21: 100% CO2 reduction, two thirds of excess heat potential are used and upgraded 
using heat pumps 

For the presented case-study, 100% decarbonization would be possible using heat pumps 
and thermal energy storages. However, with current electricity prices, the payback time is 
prohibitive. An increase in grid fluctuations, CO2-taxes and decreasing heat pump costs 
can change this situation. 

Results show, that the selected steam storage is operated as intra-day storage (Figure 
13), whereas the hot water tank is used to buffer upgraded heat which is produced by the 
“low” temperature heat pumps (Figure 14). This allows the heat pump to operate more 
continuously and thus more efficiently compared to the steam heat pump.  
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Figure 22: Steam storage SOC and steam heat pump heat load 

      

Figure 23: Hot water storage SOC and water heat pump heat load 

Optimal operation of this system requires appropriate control strategies or even model 
predictive approaches in order to fully exploit economic potentials. Design and operation 
of such control systems was out of scope for the project and need to be considered in 
more detailed follow-up studies. 

Conclusion  
Heat integration and available excess for heat pumps are crucial for future resource 
efficient energy supply for industry. With the optimization-based approach in SINFONIES, 
potential changes for a more efficient energy supply with CO2 mitigation can be identified. 
Seasonal changes and fluctuating energy prices can be considered in the proposed 
optimization model. The solution of the optimization problem, however, implies optimal 
control of the individual components within the system. Furthermore, complete knowledge 
of the entire considered profiles for electricity prices, ambient conditions and demand is 
implied, which in real implementation might jeopardize feasible operation of the system. 
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Nevertheless, valuable decision support regarding technology selection can be gained 
using the approach proposed in SINFONIES. 

Answers to the questions related to the subtask  
How do seasonal changes in the environment impact excess heat potentials? 

• In SINFONIES, seasonal changes are considered as boundary conditions for e.g. 
solarthermal, PV and air heat pumps.  

• Local energy supply is considered using a superstructure of different fossil based 
and renewable technologies. Seasonal changes could occur through the use of 
different energy sources in summer/winter (e.g. PV + electric boilers in summer and 
fossil fuels in winter) 

In your projects, did you encounter significant variations for the use of excess heat 
with respect to seasonal changes? 

The project is aiming for a new methodology for industrial system optimization. To test the 
methodology, mostly generic use cases are considered.  

What operational restrictions need to be considered regarding internal / external 
use of excess heat? 

In the developed models, external use by means of feed into local heating networks can 
be considered. For the individual use case feed-in regulations need to be considered 
within the optimization model. Variations in the availability of excess heat need to be 
addressed with either storages or additional heat generation. 

Besides spatial restrictions, did you encounter any restrictions due to operational 
limits of heat recovery equipment (internal & external use), feed in for heat 
networks (external use), power generation units 

Operational limits of local supply units (e.g. ramping speeds, down-times, etc.) can affect 
the optimal heat recovery solutions for given processes. Heat recovery equipment is 
constrained by load limits (heat exchanger areas, heat pump sizes, storage capacities and 
maximum load rates), so this could potentially affect the costs for excess heat projects 
(changes to the existing equipment might be necessary).  

How can control strategies benefit the use of excess heat usage? 

Appropriate equipment operation and especially storage usage is essential for 
discontinuous processes to maximize potential excess heat usage. Within SINFONIES, 
equipment operation is considered implicitly within the optimization models. In the models 
profiles for energy demand and also for boundary conditions such as solar irradiation are 
used. Real conditions can be different and thus appropriate control of the units is required 
to ensure feasible operation. 

In your projects, did you consider control strategies in order to facilitate or optimize 
excess heat usage? 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

160 

Control strategies are not directly considered. Optima control of the individual components 
is considered as given. 

What requirements on monitoring systems need to be fulfilled to facilitate excess 
heat usage? 

In complex industrial energy systems monitoring systems are required to ensure optimal 
operation and for supervision. Monitoring is out of scope for SINFONIES. 
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Project Name: EDCSproof 

Summary  
The primary goal of EDCSproof is the online, predictive and holistic, reconfigurable control 
concept for industrial energy supply systems, which supports the integration of 
renewables by using energy storages, works as flexible consumer for electric grids 
(demand side management considering dynamic tariffs), increases efficiency by optimal 
control of the overall system, and utilizes waste heat by using high-temperature heat 
pumps (< 150 °C), hence showing a future concept for decarbonizing using the 
possibilities of digitalization. This also includes a user-friendly human-machine interface 
for efficient input of production plans, visualisation of current and predicted plant states, 
and possible intervention by operators and managers. The expected project result is a 
widely applicable, cross-sector energy concept for subsequent implementation at the sites 
of the project partners as well as for a huge majority of companies. The energy efficiency 
and thus the competitiveness of the producing industry will be increased, the share of 
renewable energy will be supported and the pioneering role of Austria strengthened. In 
addition, plant engineers, automation experts and technology manufacturers will benefit 
by additional business cases in long term. 

Introduction  
The increasing integration of renewables into the electricity grid leads to increasingly 
fluctuating supply, which demands increasingly flexible consumers (demand side 
management), especially in the energy-intensive industry. The manufacturing industry is 
often not designed for this flexible operation, since storages (electric, thermal, etc.) and 
energy conversion components needed for demand side management (Power-to-Heat 
preferably by heat pumps for waste heat utilisation) are not yet standard. Furthermore, 
most energy supply systems in industry have conventional automation and process 
control systems. As a result, these systems are not operated optimal (especially not real-
time, predictive and holistic) in terms of lowest CO2 emissions, maximisation of self-
consumption of renewables, lowest operational costs, etc. At the same time industry has 
to reject much heat, which from a technical point of view could be utilized by high-
temperature heat pumps for up to 150 °C. 

Aims and objectives  
The primary goal of EDCSproof is the online, predictive and holistic, reconfigurable control 
concept for industrial energy supply systems, which supports the integration of 
renewables by using (thermal) energy storages (TES), works as flexible consumer for 
electric grids (demand side management considering dynamic tariffs), increases efficiency 
by optimal control of the overall system, and utilizes waste heat by using high-temperature 
heat pumps (HTHP, < 150 °C), hence showing a future concept for decarbonizing using 
the possibilities of digitalization. This also includes a user-friendly human-machine 
interface for efficient input of production plans, visualisation of current and predicted plant 
states, and possible intervention by operators and managers. The first holistic integration 
of HTHP and novel TES into the online, predictive control concept needs adequate, fast 
and accurate simulation models, improved by experimental tests of TES and HTHP. The 
innovative overall concept is tested and improved in the laboratory (missing units 
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emulated) for representative use cases. In parallel, the scalability and potential use for 
other processes and industrial sectors are determined in a techno-economic and 
ecological assessment. 

Content and methodology 
The reference energy supply system (derivation from analysis of the processes of the 
project partners and information from literature research and other (previous) projects, 
extension by HTHP + thermal storage (latent)) is elaborated in the first step. The optimal 
integration/application range is achieved with dynamic exergy-analysis and an extended 
pinch-point analysis. The results of the analysis are the optimal temperature levels of the 
heat pumps (source and sink temperature) and the thermal storages as well as their 
performance and storage capacity. This optimal design for three use cases is therefore 
also part of the innovation. In the next step, the specified HTHP and TES are designed 
and constructed with existing design tools. At the same time, existing component models 
are adapted or extended so that they can be combined to form a complete system (same 
cycle times, process variables, etc.). The formulations for controllers and operation 
optimization are also derived from these models. After delivery, the HTHP and TES are 
individually characterized in the laboratory and then hydraulically connected. The control 
technology is implemented (sensors/actuators/ XAMControl) and the models are 
validated. As soon as these results have been incorporated into the EDCSproof operation 
optimisation, the first laboratory tests can be carried out and subsequently the controller 
system can be tested with real operating cases (use cases). 

Results  
Laboratory tests of the EDCS (energy demand control system) were carried out at the 
heat pump laboratory of AIT. The setup consisted of an 800 l storage tank charged by an 
electrical heater, a 100 l boiler and a high temperature heat pump. Heat source and heat 
sink are part of the AIT laboratory. 

Sensors and actuators were connected to the PLC, the product XAMControl of the project 
partner evon. The PLC managed the controls of pumps, the heaters and valves, see 
Figure 15. Additional, EDCS was run in a MATLAB environment, exchanging data with 
XAMControl and taking care of the mid- and long-term optimal control of the system. 
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Figure 24: Visualisation of the first EDCS lab tests in XAMControl. From left to right: Heat 
sink, heat pump, boiler, electrical heater, storage tank, heat sink. 

Heat load (derived from analysis of the project partner’s sites, namely Wiesbauer and 
Fischer Brot), availability of low and high temperature excess heat, as well as prices and 
CO2 emissions of gas and electricity were defined, see Figure 16. The heat pump can 
only be operated, when low temperature excess is available. The boiler is emulating the 
use of high temperature excess heat and can only be operated, when the defined profile 
allows. The EDCS uses these predictions to optimally operate the given infrastructure. 

In the laboratory situation, the electrical heater is emulating a gas-fired burner. During the 
6 hours lab tests changing renewable energy sources are featured by profiles for price 
and emissions of the electricity for the electric driven heat pump (utilizing low-temperature 
excess heat). For the gas-fired burner price and emissions are constant during the tests. 

 

Figure 25: Profiles of prices (left, black) and CO2 equivalents (right, green) as well as 
availability of low and high temperature excess heat (yellow for heat pump, and blue for 

direct use) 

Three scenarios were tested: 

• A standard hysteresis controller, keeping the storage tank on a constant 
temperature level  
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• EDCS optimizing the energy costs 
• EDCS optimizing the emissions 

The standard hysteresis controller uses the gas-fired burner only in full load, the heat 
pump and the high-temperature excess heat are poorly used since the storage tank is 
normally already charged with high temperature. 

Activating EDCS on the same infrastructure to minimize energy costs for the same load 
profile, the gas-fired burner is operated also in partial load and overall less often. In 
contrary, the low- and the high-temperature excess heat are used more. The temperature 
in the storage tank is just as high as needed. Compared to the standard controller, the 
costs were lowered by 8 %. Without explicitly optimizing emissions, the optimal controller 
(EDCS) lowered them by 40 %. 

Using EDCS to minimize the emissions for the same load profile, the gas-fired burner is 
operated in partial load and compared to the other scenarios least. In contrary, the low- 
and the high-temperature excess heat are used to the full extend. Avoiding the gas-fired 
burner, EDCS rose the temperature of the storage tank, which means higher thermal 
losses. That’s why on the one hand the emissions were lowered by 57 % (target of the 
EDCS) compared to the standard controller, but costs were higher by 19 %. 

Figure 17 shows energy consumption of the heat conversion units in all three scenarios 
(standard controller, EDCS for minimal energy costs, EDCS for minimal emissions), 
satisfying the same load profile. The use of the gas-fired burner (red) decreases using the 
EDCS and the utilization of the heat pump (yellow) and the high-temperature excess heat 
(blue) rise. Due to higher thermal losses of the system when using the heat pump in this 
particular laboratory setup, the energy consumption is the highest, when EDCS minimizes 
the emissions. 

 

Figure 26: Energy consumption of the heat conversion units (red, blue, yellow) in all three 
scenarios (standard controller, EDCS for minimal energy costs, EDCS for minimal 

emissions), satisfying the same load profile (black) 
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Conclusion  
The primary goal of EDCSproof, the online, predictive and holistic control concept for 
industrial energy supply systems was developed and tested in the laboratory. Prior to 
these activities, three industrial plants of the project partners were analysed (e.g. for load 
profiles). Heat conversion, storing and consumption were modelled and the EDCS was 
developed. In the laboratory the EDCS was successfully tested, thereby reaching TRL 4. 
This control concept achieves optimal operation of a given infrastructure for different 
target functions (e.g. energy costs or emissions). With chosen boundary conditions, EDCS 
lowered energy costs by -8 % and lowered emissions by -57 % compared to a standard 
controller. 

The project EDCSproof doesn’t end here. EDCS will be improved with lessons learned 
from the lab. And a techno-economic and ecological study will be carried out for specific 
case, i.e. partner’s industrial plants. In the AIT-follow-up project 
„NEFI_Industry4Redispatch“ the EDCS will be demonstrated in industrial plants. 

Answers to the questions related to the subtask  
How do seasonal changes in the environment impact excess heat potentials? 

The predictive optimal controller EDCS is able to minimize different targets, e.g. energy 
costs or emissions. Depending on the chosen target, the use of excess heat can be 
maximized regardless of the season. 

In your projects, did you encounter significant variations for the use of excess heat 
with respect to seasonal changes? 

The EDCS optimizes regardless of the season. 

What operational restrictions need to be considered regarding internal / external 
use of excess heat? 

The EDCS must be given access to the controllable variables of the energy supply system 
in order to fulfil the demanded load profile. Aiming at the optimal operation of the energy 
supply system, the target function of EDCS must be chosen to minimize emissions or 
energy costs (in contrary to e.g. “most stable operation”) to utilize excess heat internal to 
its maximum. External use of excess heat is not a goal of the EDCSproof project. 

Besides spatial restrictions, did you encounter any restrictions due to operational 
limits of heat recovery equipment (internal & external use), feed in for heat 
networks (external use), power generation units 

EDCS in principle is capable of controlling energy supply units of different kind and size. 

How can control strategies benefit the use of excess heat usage? 

See answers above. The whole EDCS aims at e.g. maximizing utilisation of renewable or 
excess heat, thereby minimizing emissions. 
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In your projects, did you consider control strategies in order to facilitate or optimize 
excess heat usage? 

Yes, this is the primary goal. 

What requirements on monitoring systems need to be fulfilled to facilitate excess 
heat usage? 

Extensive monitoring of the energy flows and states of the energy supply units, the energy 
storages and the load are best prerequisites for optimal operation. The more information 
EDCS has about states and energy flows, the better it operates the system regarding the 
chosen target (e.g. energy costs, emissions,…). Historical data help creating/calibrating 
models of the components. Once EDCS is set-up, online data are sufficient for its 
operation. 
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3.2. COUNTRY & INSTITUTION: NORWAY (SINTEF) 

Project Name: SusOrgPlus 

Summary  
The quality of organic food products and sustainability of production depend on the 
cumulative impacts of each processing step in the food chain and their interplay. The future 
generation of organic food products will depend on both. The Norwegian part of the Era-
Net Cofounded project SusOrgPlus has mainly focused on the design, construction and 
testing of a heat pump dryer running on natural refrigerants and the development and 
testing of smart drying concept for high quality organic products. A Modelica based dynamic 
heat pump-assisted dryer model was developed with respect to heat transfer, pressure loss 
and flow requirements. The results from these simulations were used for dimensioning the 
dryer and the heat pump system for the demonstration unit. A number of drying experiments 
were performed to analyse the assessment and the heat pump dryer performance, and the 
quality of the drying products were evaluated by project partners from both Romania and 
Italy. The smart drying concept concerned implementing temperature control of the drying 
air using an infrared camera measuring the surface temperature of the products in situ which 
resulted in reduced drying times and even improved product quality. Through SusOrgPlus 
a data acquisition system (DAQ) was also developed and tested in which the drying 
progress is documented by optically analysing the products in timely sequenced steps. 
Additionally, Sintef provided and processed seaweed for further development of organic 
products through collaboration with University of Teramo. Finally, data for processing and 
drying of different products were provided for Life Cycle Analysis to the Swedish University 
of Agricultural Science. 

Introduction  
Previous studies have shown that many drying systems run very inefficiently in terms of 
drying time, energy demand (mainly fossil fuels), raw material utilisation and resulting 
product quality. In addition, not all conventional drying processes are allowed in 
production of organic products. The use of non-invasive monitoring and control systems 
have shown a great potential for improvement of the quality of the resulting products. 
Simple solutions can readily be implemented into existing processes (e.g., dynamic 
control of product temperature), while integration of advanced solutions is not possible 
and/or financially viable in practice. The potential for integration of renewable energy 
sources (RES) is limited due to the seasonality of many products and a resulting high 
energy demand over very short time periods. Thus, only biomass boilers and the 
integration of heat pumps (HP) are feasible in most cases. HP supported dryers are not 
available on the market which are designed to use climate neutral working fluids or 
accommodated by sophisticated dynamic control systems that simultaneously cater for 
smart control systems, optimum product quality, low GWP (Global Warming Potential) and 
ODP (Ozone Depletion Potential). In this project the investigators seek to implement these 
options into a heat-pump drying system benefiting economic, environmental as well as 
product quality aspects. 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

168 

Aims and objectives  
The primary objective of the Sintef part of the SusOrgPlus project has been the 
development of a demonstration unit on CO2 neutral drying system, utilising waste heat 
recovery and a HP application which are economically viable, even on a low scale, thus 
phasing out fossil fuels, enabling efficient production and implementation of smart 
processing systems. 

The secondary objectives were: 

• Implementation of a low cost, smart processing system on a high technological 
readiness level. 

• Development, testing and evaluation for sustainable organic food preservation in 
cooperation with SusOrgPlus partners. 

• Stakeholder engagement, student involvement and dissemination in order to bring 
the novel technology to the market. 

• Fulfil consumer expectation, organic food standards and industry requirements. 
• Reduce environmental impact and costs for organic food sector. 
• Establish a demonstration unit for heat pump drying (SINTEF main activity). 
• Contribute and cooperate with the SusOrgPlus core team. 
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Content and methodology 
University Kassel has been coordinating the SusOrgPlus project. Their competence within 
organic agriculture and long-standing experience in post-harvest food handling, 
processing and drying technologies made them well suited for following up the project and 
they have been a good discussion partner throughout the project 

A Modelica-based dynamic heat pump-assisted dryer model was developed with respect 
to heat transfer, pressure loss and flow requirements. The results of the simulations were 
used as input for dimensioning the dryer and the heat pump system for the demonstration 
unit. Together with the SusOrgPlus partner Innotech GmbH (a supplier of novel drying 
systems) and a Norwegian supplier of heat pumps, the demonstration unit was designed 
and constructed. The demonstration unit, including the dryer, a heat pump with R744 as 
working fluid including two thermal storage tanks, was installed in the HighEFFLab at 
SINTEF in 2019. The design and set up of the construction enabled the heat pump dryer 
to be operated in conventional mode as well as in heat pump mode and determined Key 
Performance Indicators allowed a direct comparison of the two modes. The demonstration 
unit is of a relevant size for smaller producers of dried organic foods, and the concept was 
validated through drying of organic apples and seaweed. Quality measures of the end 
products were performed by the Romanian partner UASVM (University of Agronomic 
Science and Veterinary Medicine of Bucharest) as well as collaborators from the 
University of Teramo in Italy.  

A novel control method for the convective drying was developed in collaboration with the 
University of Tuscia. In conventional drying the air temperature is controlled by setting a 
constant value for the air temperature, which is in most cases is the maximum allowed 
temperature of the product. However, the product temperature is often lower than the 
setpoint or maximum allowed temperature, especially in the first drying period when the 
surface of the product is still wet. The new control strategy is based on a constant 
measurement of the surface temperature of the product by an infrared camera. The 
measured product temperature is used as a control parameter for the air temperature. 
This concept allows for a significant reduction in drying time (up to 50%) while maintaining 
or even improving the product quality.  

A Data Acquisition System (DAQ) was developed and tested through SusOrgPlus in 
which the drying progress is documented by optical analysis. For this concept pictures of 
the drying product are taken at certain time steps and analysed with respect to colour 
change and shrinkage already during the drying process. The weight reduction is also 
analysed continuously during the drying process. This data could also be used as control 
parameter of the drying process. However, the control algorithm is not finalized, and it is 
not clear which drying parameter (mainly temperature, humidity or velocity) must be 
altered when the shrinkage or the colour change too high. 
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A) 

  

B) 

  

C) 

  

Figure 27. Modelica models used for benchmarking and dimensioning of the heat pump set-
up. A) Benchmark: Open loop setup with burner, B) Closed loop setup using heat pump, C) 

Closed loop with additional bypass. 
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Results  
The results from the simulations showed that a closed loop heat pump assisted drying 
process reduces the energy demand by up to 84 % compared to open loop drying 
processes with fossil resources as the energy source. The results also showed that a 
close looped system would lead to an increase in drying times (29-69 %) due to the 
accumulated humidity in the system. Nevertheless, the simulations allowed better 
understanding of the design parameters and drying characteristics and served as valuable 
input for the construction of the demonstration unit. 

With the demonstration unit, a number of drying experiments were performed to analyse 
the assessment and the heat pump dryer performance, using apples as the main food 
product. The main results showed a uniform drying on each tray, both horizontal and 
vertical and it is possible to dry approx. 100 Kg of apples in one batch, taking 5-6 hours. 
Since the drying chamber is rather short (short tunnel) only a small temperature glide over 
the trays was observed, and the increase in relative humidity of the drying air was smaller 
than expected. By running the drying system in bypass control, it was expected a 
decrease in drying time compared to normal drying. Compared to normal mode, the drying 
process was the same for the heat pump drying but compared to conventional drying, the 
decrease in drying time was approx. 15% due to the heat pump. 

The use of CO2 as a refrigerant has shown to be not the most efficient solution for energy 
recovery from drying air with low relative humidity. Using another natural refrigerant may 
affect the efficiency of the system positively. 

Conclusion  
The project has achieved most of the goals set at the start of the project period. A heat 
pump drying system with natural refrigerants and energy storage for utilising waste heat 
recovery was developed and demonstrated. The system includes an instrument for 
surface temperature controlled drying processes as well as a system for optical analysis 
of the product quality live during drying. Organic apples and seaweed were processed and 
dried in the new demonstration unit validating the assessment from pre-construction 
simulations as well as provided a sample basis for product quality analysis. The recorded 
data were also utilized for life-cycle analysis focusing on energy consumption. The project 
also organised a Norwegian stakeholder event for dissemination of the results and 
actively participated at SusOrgPlus workshops throughout the project lifetime. 

The project has established a very skilled and recognised consortium of researchers 
within the topics heat pump drying, natural refrigerants, organic food products, 
biotechnology, processing of foods, smart process control systems, LCA, LCC and value 
chain management, together with technology providers and suppliers. 
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Project Name: CETES - Cost-efficient thermal energy storage for increased utilization of 
renewable energy in industrial steam production 

Summary  
CETES is a spin-off research project funded by the Excellence Research centre HighEFF16 
(led by SINTEF Energy Research, Norway). CETES developed methods to enable cost-
efficient usage of fluctuating renewable energy sources in steam production by utilizing 
thermal energy storage (TES). Both investment costs and potential cost savings are 
considered to identify the optimal TES technology, size and operation for each case. 
Besides storage systems, the potential combination of high-temperature heat pumps 
(HTHPs) and TES for cost-efficient steam supply are considered. The storage technologies 
considered for intraday load shifting include: 

- Steam accumulators, 
- Latent heat storage (LHS) in the form of phase change materials (PCMs), 
- Sensible heat storage in concrete, 
- Molten salt storage. 

The selected mix of storage technologies covers a broad range of applications with regards 
to storage time, desired temperature level and charging/discharging rates; thus, various 
cost-scenarios for energy prices can be addressed. For steam generation, both electric 
boilers and HTHPs were investigated. The output is a cost-based recommendation for a 
given application for the storage size, type and operation. 

Introduction  
Due to the increasing share of fluctuating renewable energy sources in future decarbonized, 
electricity driven energy systems, an active participation of energy intensive industries will 
be necessary for stable electricity supply. A large share of the industrial energy demand is 
in the form of thermal energy, in particular steam; and the majority of steam production is 
still based on the use of fossil fuels. Utilizing thermal energy storage (TES) together with 
power-to-heat conversion technologies such as high-temperature heat pumps (HTHPs) 
enables the industry to transition towards renewable-based steam production, and at the 
same time, decrease their energy costs by shifting the electricity consumption to low-cost 
periods. Since low payback times and profitability are key criteria for investment decisions, 
it is necessary to identify cost-optimal integration scenarios for TES that also consider 
technical restrictions, such as available conversion units and thermodynamic constraints. 
TES has been studied in many different settings; however, no systematic approach for 
optimal integration of TES and power-to-heat for steam generation has been developed yet. 
Such knowledge has also been requested by HighEFF partners (e.g. Hydro, Norsk Kylling). 

Aims and objectives  
CETES developed methods for identifying the most cost-efficient TES system for load 
shifting and exploitation of fluctuating renewable energy sources in steam production. 

 

16 https://www.sintef.no/projectweb/higheff/  

https://www.sintef.no/projectweb/higheff/
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These methods are the backbone of a future decision-making tool for the industry. In 
HighEFF activities, the focus is on identifying and developing TES technologies, as well as 
system integration of TES for various applications and temperature levels, with little or no 
emphasis on the cost aspects. Moreover, while HighEFF activities focus on thermal energy 
storage alone, CETES concentrates on combining power-to-heat and TES, broadening the 
scope towards energy storage on a wider perspective. The combination enables the 
interaction between thermal and electric energy systems, which is not a part of HighEFF. 
This new concept will allow the industry to actively participate in future fossil-free energy 
markets. 

Content and methodology 
The TES technologies considered in the project for intraday load shifting include:  

• Steam accumulators, which are the current state-of-the-art technology17. Steam 
accumulators offer high charging/discharging rates, but the technology is limited by 
the low energy density. 

• Latent heat storage (LHS) in the form of phase change materials (PCMs). LHS 
offers high energy densities, and a temperature range that can be tailored to the 
application by selection of the PCM1.  

• Sensible heat storage in concrete (e.g. EnergyNest18). Offers a cost-efficient, safe 
and easy-to-use alternative for steam storage. Low heat transfer rate (i.e. long 
response time) is a limiting factor. 

• Molten salts, which are widely applied in concentrated solar power1. Molten salts 
offer high thermal conductivities, and may also be used as the heat transport fluid. 
Limitations are corrosivity and high melting temperature. 

The selected mix of technologies covers a broad range of applications with regards to 
storage time, desired temperature level and charging/discharging rates, and includes both 
state-of-the-art and emerging technologies. For steam generation, both electric boilers and 
HTHPs were investigated. Demand profiles, price scenarios, technical constraints and cost 
functions are considered to find the most optimal technology, size and operation strategy 
for the combined TES – power-to-heat system, as shown in Figure 1. 

 
Figure 28: Concept description. 

Research approach 

 

17 Haider, M., A. Werner: "An overview of state of the art and research in the fields of sensible, latent and 
thermo-chemical thermal energy storage"; e & i Elektrotechnik und Informationstechnik, 130 (2013), 6; S. 
153 - 160. 

18 The EnergyNest system (2019). https://energy-nest.com/technology/  

https://energy-nest.com/technology/
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In order to identify cost-efficient systems for generation and storage of steam, including their 
appropriate sizing and operation, cost functions for the listed storage technologies were 
derived from real cost data. LHS technologies are still at TRL 5-7, and since no conclusive 
market costs are available, theoretical costs are used to make sound predictions. These 
cost functions are then used in the optimization procedures developed within the project 
together with load profiles for process steam demand, constraints for on-site steam 
production, and different price scenarios for renewable electricity, depending on the country 
in question. The output is a recommendation for the type and size of TES and steam 
generation system for the given application. Obtaining cost functions for the on-site steam 
generation systems such as HTHPs is beyond the project scope; thus for heat pumps and 
electric boilers, estimates for price per installed heating power capacity are applied. The 
temperature achievable by a HTHP are limited to 175 °C. 

Project plan 

SINTEF Energy Research (SER) led the project, in strong collaboration with AIT. The 
research team consisted of Hanne Kauko (project leader) and Alexis Sevault from SER, as 
well as Gerwin Drexler-Schmid and Anton Beck from the AIT. Figure 2 presents the work 
packages and their duration in the form of a Gantt diagram, as well as the project budget 
(divided equally between the partners). Total budget for CETES: 100 000 EUR. 

  Months 
 

Budget 1  2  3  4  5  6  7  8  9  10 11 12 

WP1: Storage costs 225                         
T1.1: Definition of cost function requirements (SER, 
AIT)                             
T1.2: Development of cost functions (AIT, SER)                                 
T1.3: Sensitivity analysis of developed cost functions 
(AIT, SER)                            
WP2: Scenario definition 75                         
T2.1:  Electricity price scenarios for relevant countries 
(SER, AIT)                                      
WP3: Method development 425                         
T3.1: Method for demand/supply side process analysis 
(AIT, SER)                                    
T3.2: Identification of constraints (SER, AIT)                             
T3.3: Algorithm for cost-optimal storage integration and 
sizing (AIT, SER)                                       
WP4: Evaluation 225                         
T4.1: Selection of representative examples (SER, AIT)                                  
T4.2: Method demonstration (AIT, SER)                                
T4.3: Quantification of the expected impact (AIT, SER)                                 

T4.4: Assessment and minimization of operational 
(SER, AIT)                                        

WP5: Project management and dissemination 50                         
T5.1: Project management (SER)                                                  

T5.2: Dissemination (SER, AIT)                                    

Total budget: 1 000                         
Figure 29: Project plan including the budget (in kNOK). The project was carried out from October 2019 to 
October 2020. 
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Results  
The methodology was developed and concretized using a Python programme. The 
programme can be further developed with additional technologies for thermal energy 
storage and for steam generation. The full methodology has been described in a journal 
publication. A case study is included in the publication to show the potential of the new 
methodology. The references and abstracts to the journal publication are indicated below: 

Optimal selection of thermal energy storage technology for fossil-free steam 
production in the processing industry 

Anton Beck 1, Alexis Sevault 2, Gerwin Drexler-Schmid 1, Michael Schöny 1 and Hanne Kauko 
2,* 

1 Austrian Institute of Technology, Giefinggasse 4, 1210 Vienna, Austria 
2 SINTEF Energy Research, Postboks 4761 Torgarden, 7465 Trondheim, Norway 

* Correspondence: hanne.kauko@sintef.no 

Abstract: Due to increased share of fluctuating renewable energy sources in future decarbonized, 
electricity-driven energy systems, participating in the electricity markets yields potential for industry 
to reduce its energy costs and emissions. A key enabling technology is thermal energy storage 
combined with power-to-heat technologies, allowing the industries to shift their energy demands to 
periods with low electricity prices. This paper presents an optimization-based method which helps 
to select and dimension the cost-optimal thermal energy storage technology for a given industrial 
steam process. The storage technologies considered in this work are latent heat thermal energy 
storage, Ruths steam storage, molten salt storage and sensible concrete storage. Due to their 
individual advantages and disadvantages, the applicability of these storage technologies strongly 
depends on the process requirements. The proposed method is based on mathematical 
programming and simplified transient simulations and is demonstrated using different scenarios for 
energy prices, i.e., various types of renewable energy generation, and varying heat demand, e.g. 
due to batch operation or non-continuous production. 

Keywords: thermal energy storage; optimization; steam, power-to-heat; renewable energy 

Article reference: Beck, Anton; Sevault, Alexis; Drexler-Schmid, Gerwin; Schöny, Michael; Kauko, 
Hanne. 2021. "Optimal Selection of Thermal Energy Storage Technology for Fossil-Free Steam 
Production in the Processing Industry" Appl. Sci. 11, no. 3: 1063. 
https://doi.org/10.3390/app11031063 (Open Acess) 

Conclusion  
Application of high-temperature TES in steam production is expected to become 
increasingly relevant to enable decarbonization of the process industry with increased share 
of fluctuating renewable energy sources in the grid. The project demonstrates that heat 
load-specific costs must not be neglected when it comes to cost-optimal storage selection 
for high temperature applications such as industrial steam supply, since heat load 
requirements usually have a significant impact on heat transfer areas. This is especially true 
in the case of indirect thermal energy storage by means of an intermediate storage medium. 
The derived storage cost functions are not only capacity but also heat load-dependent which 
is crucial for industrial applications. Moreover, cost optimal storage integration for industrial 
storage applications at higher temperatures (>100 °C) has only been addressed by a few 
authors. The proposed optimization model can easily be extended for other steam 

https://doi.org/10.3390/app11031063
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generation units and storages since its formulation is general. The characteristics of the 
different storage technologies are considered by means of parameter values. Using a linear 
approximation of storage costs with respect to storage capacity and heat load, the solution 
for the optimization problem can be obtained within seconds or minutes considering 
electricity and demand profiles for one year, which yields a very promising basis for a 
potential decision support tool. 

Answers to the questions related to the subtask  
How do seasonal changes in the environment impact excess heat potentials? 

Energy prices and heat demand profiles can be accounted for in the developed 
methodology for the whole year, therefore accounting for seasonal changes.  

In your projects, did you encounter significant variations for the use of excess heat 
with respect to seasonal changes? 

Not applicable here, only variations heat demand and energy prices matter in this 
approach, not the availability of excess heat. 

What operational restrictions need to be considered regarding internal / external 
use of excess heat? 

In the developed methodology, only internal use of heat was considered. Both heat output 
and heat storage capacity were considered in the selection of optimal thermal energy 
storage technology. 

Besides spatial restrictions, did you encounter any restrictions due to operational 
limits of heat recovery equipment (internal & external use), feed in for heat 
networks (external use), power generation units 

One encountered limitation is the necessity to consider a modular dimensioning of the 
thermal energy storage technology to meet realistically feasible installations. In some 
cases, the thermal energy storage facilities were thus discretized into realistic unit blocks, 
for example: Ruths steam storage. 

How can control strategies benefit the use of excess heat usage? 

Adequate control strategies would help operate the system closer to maximum range, 
which will, in turn, maximise the process efficiency and achieve the fastest payback time. 

In your projects, did you consider control strategies in order to facilitate or optimize 
excess heat usage? 

The methodology delivers an optimal operation plan for the selected thermal energy 
storage technology based on historical data. Though a control strategy could be derived 
from this plan, the methodology does not focus on developing a dynamic control strategy. 

What requirements on monitoring systems need to be fulfilled to facilitate excess 
heat usage? 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

177 

Monitoring systems would need to be designed along with the control systems for more 
efficiency and flexibility in controlling the systems. 

 

Project Name: COPRO Competitive power production from industrial surplus heat 

 

Summary  
The COPRO project has made advancements in industrial waste-heat-to-power 
conversion for low-to-medium temperature heat sources. Through analysis and evaluation 
of industry-specific case studies, a better understanding has been brought forward on 
both cost considerations and the complex effects, practical constraints and interactions 
caused by integrating heat-to-power system into core processes. Industry partners Alcoa, 
Hydro, and Equinor represent end-user processes that the case studies were based on. 
GE Power Norway and FrioNordica contributed as technology providers, and SINTEF 
Energy Research, The Norwegian University of Science and Technology (NTNU) and the 
Royal Institute of Technology (KTH) in Sweden have been the research partners. 

The project's PhD candidate and his work on turbine modelling and development has led 
to broad international cooperation that includes research stays at the Technical University 
of Delft and Queen Mary University of London. There has also been collaboration with 
Politecnico di Milano and the Technical University of Munich. In addition, 5 MSc students, 
5 project students, and 3 summer-research internships have worked linked to the project. 

 

Introduction  
The rationale behind the project concept was the lack of attractive options for surplus heat 
utilization leading to vast amounts of industrial surplus heat being dumped to the ambient. 
The project has considered recovery of industrial waste heat in the range of 125-250 °C, a 
temperature range where profitable energy recovery currently is challenging. COPRO 
research efforts and results can be broadly categorized within: 

Why: understand why the techno-economics for typical projects are challenging 

What: identify the combination of required technology performance and industrial 
conditions needed for attractive cases 

How: define realistic industry scenarios, explore possibilities for technology optimization, 
and contribute to closing the identified gaps 

 

Aims and objectives  
The goal of the COPRO project has been to develop knowledge, tools and methods that 
can be used to improve the competitiveness of heat-to-power conversion in the industry, 
more specifically by: 
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1) Identifying promising industry scenarios, and understand the impact energy recovery 
will have on the entire system 

2) Optimize system and component designs for these specific industry scenarios, while 
considering heat-to-power performance, overall system impact, practical constraints and 
costs 

Research topics have included power cycle layouts and configurations, working fluids and 
mixtures, design optimization of heat exchangers, turbines and expanders, cost 
evaluations, and present and expected future industrial conditions. 

Content and methodology 
Industry cases were used actively in the project from the beginning. The definitions of 
individual case study originate back to the first consortium meeting, where researchers 
and industry representatives together specified scenarios, conditions and parameters of 6 
starting cases: 4 "Aluminium" cases and 2 "Oil & Gas" cases. These cases represent 
conditions found in current processes and conditions inspired by expected and/or possible 
changes in the near future. Together, these cases formed a terrain of possibilities, and the 
researchers could start identifying attractive opportunities for hypothetical implementations 
of the researched heat-to-power technologies. Focussing the research around specific 
case studies has served two main purposes: 

· Ensuring that developed technology obtains the highest possible relevance to the 
industry who will be future end-users, by including concrete industry specific conditions 
and constraints, 

· Enabling technology evaluation under realistic conditions and system boundaries, that 
are also familiar and relatable to the target industry. 
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Five industry partners and three research institutes/universities were the core project 
group. The whole consortium gathered for workshop twice every year to present technical 
aspects, research results and further plans. The industry partners participated very 
actively in the project, and two of the workshops were hosted at industry plants to allow for 
extensive tours of real industrial scenarios (Alcoa Mosjøen, Hydro Sunndalsøra). In 
addition, seminars on specific aspects were arranged;   

• KTH, Stockholm: "Fundamentals" – Fluid properties, methodologies, and modelling  
• KTH, Stockholm: "Innovative heat exchangers"  
• Obrist Engineering, Austria: "Novel expander development and practical 

optimization of design" 

The main research tasks and participants in the project were:  

WP1 Enabling technologies:   

• Properties, behaviour and selection of working fluids and mixtures (SINTEF, KTH, 
NTNU)  

• Expander and turbine design (NTNU, SINTEF subcontractor Obrist)  
• Heat exchanger modelling framework and concept design (SINTEF, KTH, GE)  
• Workflow from numerical heat exchanger model to 3D print (SINTEF)  

WP2 Power Cycles:  

• Power cycle modelling framework (SINTEF)  
• Rankine cycle layouts and configurations (SINTEF, KTH)  
• In-depth power cycle optimization for case studies (SINTEF)  

WP3 Innovations: 

• Understanding thermodynamic and practical potential for energy recovery from 
industrial surplus heat (All)  

• Industry case definitions and evolution (All)  
• Techno-economic considerations (SINTEF, GE, FrioNordica) 

Results  
Main takeways from case "Oil & Gas: Offshore export gas compression": A compact, relatively 
light, and high performing power cycle for this application has been investigated in a model-based 
approach. The final case study considered what was assumed to be major weight factors and 
realistic thermodynamic performance and resulted in an estimate of 8 MWel net power from a 
system weight of 20-25 tons. This is a significantly higher "power-to-weight" ratio than reported 
values for example from gas turbine bottoming cycles.  

Main takeways from case "Aluminium: Electrolysis smelter off-gas": System concepts for modular 
and centralized energy recovery was investigated. The power production potential appears to be 
very similar for both concepts. For a hypothetical plant used as basis in the case studies, an annual 
net electricity production of up to 40 GWhel/y was found to be possible. However, considering the 
trade-off between system size/cost and power output, around 32 GWhel/y appears more attractive. 
Component sizes and cost estimates were described for a modular concept. Energy recovery from 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

180 

the off-gas will likely have significant secondary benefits, such as increased stability of cell draft 
and gas treatment. 

Main items of knowledge built include: 

• How changes in heat source conditions and industrial process constraints affect 
achievable power production: 

o Enables better indications of attractive implementation cases 
o What changes in process conditions would be needed to make cases more 

attractive 
 

• How much power can practically be produced from the specified industry cases
  

o As function of increasing system size, weight and/or cost 
o Including core process penalties and benefits 
o Online calculator for initial estimates: https://blog.sintef.com/h2p-

calculator/ 
 

• Techno-economic considerations 
o Maximized power output for restricted overall system weight/volume/footprint 
o Indicated major cost drivers for key equipment 
o Estimated total system equipment costs and benefits 
o Indicated profitable system cost limit/range 

 
• Enabling and fundamental development 

o Turbine design development and expander specifications 
o System analyses methodologies 
o Working fluids, fluid mixtures, and thermodynamic properties 
o Advanced simulation and optimization models 
o Heat exchanger designs 
o "3D print" workflow from heat exchanger design; work continues in FME 

HighEFF: https://blog.sintef.com/sintefenergy/additive-manufacturing-
of-heat-exchangers/ 

 

Conclusion  
The partners in COPRO have gained an expanded understanding of power generation 
from surplus heat in their own industrial processes. This understanding makes it possible 
to assess the utilization of surplus heat in conjunction with the impact on the core process, 
which enables potential and benefits to be maximized and the opportunities for practical 
implementation increased. The industry partners report that the project has highlighted the 
potential for improvement on their own plants and processes, and provided insight into 
potential opportunities, limitations, and effects from implementing the researched 
concepts. The contribution to educating a number of students and younger researchers on 
the specific topic is also highlighted as an important effect - new experts constitute a 
recruitment base for the industry and are very effective means for knowledge transfer.  

The research partners have built new capabilities, methods and tools that will be used in 
further development of energy efficiency technologies 

https://blog.sintef.com/h2p-calculator/
https://blog.sintef.com/h2p-calculator/
https://blog.sintef.com/sintefenergy/additive-manufacturing-of-heat-exchangers/
https://blog.sintef.com/sintefenergy/additive-manufacturing-of-heat-exchangers/
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3.3. COUNTRY & INSTITUTION: DENMARK (DTU) 

Here is the list and brief descriptions of relevant projects from Denmark in Subtask 3 
provided to IETS (for further information on projects, please contact the Danish Authors): 

Smart management system for Industrial heat pumps (Financed by Elforsk; Project 
leader and partners: SC Solution Aps (Leader), Nordisk Energirådgivning; Project period: 
2019-2020), Subtask 3 

 

Heat pumps do not use the management options avail-able today, which can help ensure 
an energy cost efficient operation, where it interacts with the company's energy systems 
and the electricity grid. The project will gather relevant parameters that affect the heat 
pump's energy cost and thereby control the heat pump better economically and energy 
efficiently. 

 

ACT-ORC - Advanced Control of Organic Rankine Cycle Systems for Increased 
Efficiency of Heavy-Duty Transport (Financed by European Union’s Horizon 2020 
research and innovation programme under the Marie Skłodowska-Curie grant agreement 
(EurotechPstdoc);  Project leader and partners: Technical University of Denmark (DTU), 
Technical University of Munich (TUM) and Scania; Project period: 2020-2022), Subtask 3 

The aim of the project is to develop suitable advanced controllers for organic Rankine cycle 
units recovering waste heat from heavy-duty vehicles. The goal is to maximize the net power 
output of the organic Rankine cycle unit while guaranteeing safe operation over realistic 
driving conditions. The control concepts will be proven both numerically and experimentally 
on a 3-kW organic Rankine cycle test rig under construction at the Technical University of 
Denmark. The test rig has the uniqueness of using a variable-speed axial-flow turbine and 
of being able to exploit different heat sources from the main diesel engine, i.e. the exhaust 
gas tailpipe, the cooling water loop and the charge air leaving the turbocharger. The 
knowledge and expertise, which will be obtained during the project, can be used to integrate 
low temperature excess heat from industrial sites into supply systems, optimize excess heat 
usage systems. 
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Subtask 4 Project Contributions 

3.4. COUNTRY & INSTITUTION: AUSTRIA (AEE INTEC) 

Project Name: TrustEE – Innovative market based Trust for Energy Efficiency investments 
in industry 

Summary  
Even in situations where conventional energy prices, energy efficiency (EE) potential, 
renewable energy (RE) resources and technology costs establish the conditions for 
economically viable investments in PHES concepts, non- economical and non-technical 
obstacles exist, impeding a due exploitation of their positive impacts on the pursuit of 
Europe 2020 strategy for economic growth. Clearly, a bridge between available 
technologies supplying identified needs (offer) and a conservative attitude on the industry 
(demand) side must be drawn: the decision on the investment could be shifted to a third-
party holding control over property, technical and contractual insurance of the investment. 
As the success of any market-driven financing model lies on the balance of Risk/Premium, 
whose relation determines both the universe of possible investors and the economic 
performance required from the investment (higher risk leads to higher performance 
requirements and to a narrowed universe of possible investors), fulfilment of the main 
objective of the project implies: 

• minimizing technical and non-technical risks 
• optimizing economic viability conditions 
• assuring attractiveness and adhesion 
• gathering public support. 

Introduction  
TrustEE is an investment fund, legally established as a Limited Partnership, providing 
equity and mezzanine funding to PHES technology supplier companies on projects that 
pursue financially viable investments in industrial energy efficiency in a wide range of 
sectors. These investments will mostly take the legal form of an Energy Services 
Company (“ESCO”). TrustEE will focus on energy efficiency projects, companies and 
suppliers that due to their risk profile and/or size represent increased risk as financial 
counterpart and, as such, would not normally qualify for funding by more traditional 
sources of finance, including growth capital and renewable energy funds. TrustEE will only 
invest in projects of private sector entities and is geographically focused on EU countries. 
As an equity investor, TrustEE will take an active ownership approach focused on four 
main areas: corporate governance (including compliance with high environmental and 
social standards), financial and operational performance (as measured in generally 
accepted ratios), capital structure and growth. 

Aims and objectives  
The main objective of TrustEE is the definition and implementation of a market-based 
financing model for PHES applications, gathering financial resources among a wide base 
of investors and assuring the investment capital for SME industries. Based on an Equity 
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Trust model, TrustEE embodies an innovative approach to PHES financing, gathering the 
market expertise of end-users and technology providers on identifying specific projects 
matching objective economic viability criteria and providing them a financing tool 
embodying technical support and securitization measures ensuring: optimized investment 
conditions; reduction of risk; bypass restrictive criteria for SMEs financing conditions. 

• to develop and implement an innovative market based third-party financing scheme 
for PHES investments 

• to define and implement technical support tools supporting the technical and 
economic assessment of investment proposals (decision stage) and the 
operationalization of the energy services provided to the end-user (operation stage) 

• to adopt risk mitigation strategies promoting a “low risk” perception of such 
investments, thus lowering IRR requirements to values in the range of a 5% - 8% 
premium over inflation 

• at national level, EU wide, to provide evidence of the impact of different public 
incentive schemes promoting PHES investments, thus supporting public bodies in 
their definition and implementation 

• to promote the market penetration of energy efficiency (including excess heat 
valorisation) and renewable energy technologies in industry by providing financial 
access to loans for PHES investments for SMEs and technology providers 

Content and methodology 
As the project aims at the implementation of TrustEE, its accomplishment must rely on: 

• a clear vision of the framework for viable PHES investments (technological 
solutions, market conditions) and market potential (end-user sectors);  

• the use of the most efficient and updated technologies and investment assessment 
tools;  

• a clear vision of the risk parameters and risk mitigation strategies and on;  
• market adhesion and public acceptance of the proposed financing model. 

As the Trust acts as a hub of dedicated competencies on technic-economic investment 
analysis and technical operation of PHES assets, its implementation includes: 

• the development of technical support tools; 
• the establishment of risk mitigation procedures and; 
• the establishment the legal framework for its operationalization. 

Yet, as its implementation implies upstream (investors) and downstream (end-users) 
adhesion and public acceptance, a thorough dissemination of the financing concept, 
promoting PHES investments generating measurable impacts, is required. Based on a 
thorough potential and impacts assessment suiting the purposes of identifying market 
opportunities, critical economic viability conditions and promote public support measures, 
dissemination will include targeted actions to each group of actors: end-users, investors 
and public bodies. 

The project approach to these questions unfolds into six different specific actions whose 
outcomes enable a consistent and holistic approach to the implementation of the 
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proposed financing concept and to the establishment of a start-up PHES projects 
Portfolio: 

• core actions on the development of technical support, risk mitigation strategies and 
Trust implementation; 

• support actions on potential and impacts assessment and; 
• engagement actions on up/downstream actors adhesion and engagement of public 

support, 

Results  
Public guarantees will be in any case an indispensable requirement for decarbonisation in 
SME-owned industry. Such guarantees would also increase the attractivity of a forfaiting-
based financing scheme substantially, for suppliers, end-users and investors. We have 
therefore initiated a discussion with several Austrian Institutions (Austrian Economic 
Chambers, Federation of Austrian Industries) on the creation of a new guarantee line 
focusing on “decarbonizing solutions” in the industry, and we will present our proposals 
also on the European level. A concept paper for “Climate Guarantees” using the empirical 
evidence has been drafted and is used as the basis for this initiative.  

The definition and implementation of technical support tools was performed and finalized 
with the launch of the electronic platform on the 30th of November 2018. However, for 
continuation of the platform beyond the project lifetime, within this final reporting period a 
new commercial platform provider was found to be even better suited for the customers’ 
and TrustEE management’s needs. 

As a result of the project a total 13 projects are in the pipeline of portofolio of investment. 
They are being prioritised in 4 short- and 9 mid-term investments. Short-term projects 
stand for an investment of 13.8 Mio€, mid-term for 27.6 Mio€. 3 projects focus on EE 
measures, 10 on renewable energy. As the projects are difficult to compare (different 
technologies, different locations and framework, etc.), an average (categorised) value for 
status quo energy costs was defined depending on project size and the acquired data. 
The expected savings are split to EE and RE projects. The calculation of the savings in 
GWh/a per Mio€ project budget is done in two ways: (i) focusing on EE investments only 
(22.2 GWh/a and Mio€ budget) and (ii) including RE (101.8 GWh/a and Mio€ budget). As 
the substituted energy carrier is fossil fuel in all cases, this is the so-called Fossil primary 
energy savings. As the saved/substituted energy is in all cases fossil fuel, no conversion 
factor had to be considered.  

The dissemination amongst the relevant target group was crucial for the market 
penetration of EE and RE technologies as well as for the further development of TrustEE 
and the acquisition of investors and projects (and the linked operation of the platform and 
the financing vehicle). Therefore, the consortium identified and addressed a significant 
number of relevant events and direct contacts. 

Conclusion  
The project has been recognised as a lighthouse project on European level for the 
financing of decarbonisation projects in industry. As the technical potential of 
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electrification and hydrogen is limited and not able to achieve the set targets, it was 
proved that excess heat recovery, solar heat, biomass and biogas are significantly 
relevant for the producing industry. Nevertheless, it is very often an issue, to acquire 
financing for projects in this field although amortisation can be seen as relatively small. 
This is mainly because of the lack of expertise and understanding in the financing sector. 
Standardised project assessment, performed to a maximum automatically can solve this 
issue, creating so-called bankable project linked to innovative financing as the 
securitisation vehicle. This is addressing the demand of three stakeholders in this 
process: end-user, technology suppliers and investors. Standardised models for this 
assessment have been developed, validated and tested. TrustEE is looking for projects 
both in industry and district heating, having in mind that a bundling of projects might be 
necessary in case of too low CAPEX for investors. Trustee offers a reliable risk 
management and due diligence as long as the methodology follows defined steps.  

Questions 
What are the most likely risks in excess heat projects? 

• Technical risks, unwanted dependencies, seasonal changes 
• Long-term contracts 
• Economic risks – who takes them 
• Lack of communication 

 
 

Did you deal with some, due to which ones did projects fail? 

Yes, mainly dependencies and communication 
 

Who has to take care about risks at which time? 

• Development: project developer or technology supplier (or municipality) 
• Implementation: technology supplier 
• Operation: operator (who ever is this: industry, external operator, municipality), 

technical risks on side of supplier 
 

Are there strategies to overcome the barriers? 

• Guarantees 
• Funding 
• Standardised procedure 
• Communication  

 

Experience with innovative business models and project design? 

• Yes, TrustEE is one of these: standardised project assessment for investment 
decision, category “bankable” project, reliable and external feedback on project 
design 

• Re-financing instead of ESCo-model, the investors takes over this part 
 

Are there innovative add on benefits to be included as KPIs? 
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• Multi-energy benefits 
• Site availability also for employees and politicans 
• Excess heat valorisation, customer see the “green approach” 
• Non-energy benefits 
• System flexibility 
• Demand Side Management (DSM) 

Real experience in excess heat project implementations? 

• Yes, brewery Goess (not within TrustEE) 
• Follower of SAPPI in Graz 
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3.5. COUNTRY & INSTITUTION: AUSTRIA (EI JKU) 

Project Name: Gmunden High Temperature Heat Link R&D 

Summary  
The cement plant in Gmunden has a waste heat potential of 10MWth at around 
400°C.The waste heat is to be harnessed and made available to a dairy as process heat 
in the form of steam over a distance of 1.5 km. Since the cement plant is subject of 
planned and unplanned process interruptions, and production is shut down for 2 months in 
winter, a continuous supply of process heat for the dairy cannot be guaranteed. Therefore, 
thermal storages and/or back-up systems (gas boilers) are needed. The main aim of the 
project is to demonstrate and evaluate technical possibilities for the extraction and 
transport of waste heat in different scenarios. Further objectives are to conduct a techno-
economic, a macro-economic, a socio-economic and a legal analysis19,20.  

The results showed that economic viability can hardly be reached. Subsidies and the 
integration of further demand (an increased amount of gas savings lead to increased cost 
savings) are essential to achieve positive economic viability (net present value). The 
stakeholder analysis revealed that there are mostly stakeholders with neutral and positive 
attitude towards the project, but that also stakeholders with critical opinion can exist. The 
legal analysis showed that the construction of a high-temperature process heat pipeline 
does involve some hurdles, as legal requirements must be complied with and approvals 
and permits must be obtained, but that there are no specific legal restrictions for a high-
temperature heat pipe. The macroeconomic analysis clearly shows positive effects on the 
gross regional product and employment through the domestic added value in the 
construction and avoidance of imports of fossil energy. 

Introduction  
The utilization of waste heat between companies offers a possibility to reduce the total 
energy consumption, thus emitting less CO2, reduce the dependency on gas imports, and 
saving costs. As part of the Energy Showcase Region program of the Austrian Climate 
and Energy Fund, the Gmunden HTL project is being carried out under the umbrella of the 
New Energy For Industry Showcase Region. The project analyses technical and non-
technical aspects in the course of high-temperature waste heat extraction, transportation 
and utilization. The involved project partners are Technische Universität Wien, 
Energieinstitut an der Johannes Kepler Universität Linz, ste.p ZT GmbH, Energie AG 
Oberösterreich Vertrieb GmbH, Energie AG Oberösterreich Erzeugung GmbH, 

 

19 Haider M (2019) Gmunden High Temperature Heat Link: Projekt Zwischenstatus, 
https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf 

20 Puschnigg et al. (2021) Techno-economic aspects of increasing primary energy efficiency in industrial 
branches using thermal energy storage, Journal of Energy Storage, https://doi.org/10.1016/j.est.2021.102344 

https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf
https://doi.org/10.1016/j.est.2021.102344
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Kremsmüller Industrieanlagenbau KG, Zementwerk Hatschek GmbH und Porr Bau 
GmbH19,20. 

Aims and objectives  
The objectives of the project are (i) to develop, engineer and implement a 10 MWth high 
temperature heat recovery from a cement plant, (ii) to demonstrate and engineer a bulk 
heat storage and (iii) to transport the heat at temperatures of 240° to 350°C over a 
distance of 1.5 km to an energy centre situated in the city of Gmunden to supply a main 
industrial customer in Gmunden with 8 bar saturated steam19,21. 

The innovative contents are the evaluation of catalytic ceramic hot gas cleaning in 
combination with finned tube heat exchangers in cement environment, utilization of novel 
inflammable heat transfer fluids in the cement plant, high temperature fixed bed heat 
storage in a design which allows extending storage duration up to 60 days, long distance 
high temperature heat transport over public land and the installation of a heat contracting 
energy centre in the centre of Gmunden19,21. 

The sub-project combines the goals energy efficiency and reduction of CO2-emissions by 
means of heat recovery, high temperature heat storage and long-distance transportation 
of process heat. From a systemic point of view, the project demonstrates concepts that 
have a high replication/multiplication potential19,21. 

Content and methodology 
The cement plant in Gmunden has a waste heat potential of 10 MWth at 400 °C. Several 
concepts have been evaluated for recovering the waste heat potential and transporting it 
to a dairy over 1.5 km. The dairy requires process heat in the form of saturated low-
temperature steam. The concept is schematically shown in Figure 119. 

In general, the cement plant operates continuously, but both planned and unplanned 
process interruptions can occur. The dairy process is expected to fluctuate regularly, but 
to show a general continuity in the long run. Therefore, a thermal storage and/or a gas 
boiler as a backup system in the event of a process interruption at the cement plant could 
cope with the fluctuations and guarantee a continuous supply. In addition, the cement 
plant is idle for several weeks in the winter; a gas boiler system is needed to provide 
steam during these weeks19,20. 

 

21 Federal Ministry for Transport, Innovation and Technology (2019) Mission Innovation Austria: Austria’s 
way into the future of energy, http://mission-innovation.net/wp-content/uploads/2019/05/MI-Austrias-Way-
Into-the-Future-of-Energy-May-2019.pdf 

http://mission-innovation.net/wp-content/uploads/2019/05/MI-Austrias-Way-Into-the-Future-of-Energy-May-2019.pdf
http://mission-innovation.net/wp-content/uploads/2019/05/MI-Austrias-Way-Into-the-Future-of-Energy-May-2019.pdf
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Figure 30: Flow sheet showing waste heat recovery (red), storage (blue), and transportation 
(green)20 

The role of the Energieinstitut an der JKU Linz are the techno-economic, the macro-
economic, the socio-economic and the legal analysis of the introduced concept. TU Wien 
is responsible for the technical design (refer to Subtask 5, where technical details for this 
project are elaborated). 

The economic analysis is conduced based on DIN2067 (economic efficiency of building 
installations) and on investment cost calculation according to Peters, Timmerhaus and 
West (Plant Design and Economics for Chemical Engineers). The investment cost 
validation is conducted by the plant manufacturer company Kremsmüller, who have the 
appropriate practical skills for such a project. The economic analysis is conducted by an 
investment model developed at the Energieinstitut. The results are confidential. However, 
an economic top-down approach is applied to identify the maximum investment costs and 
the maximum storage costs, which have been published. The benchmark is a gas driven 
energy supply system. Cost calculation parameters: discount rate 6%, calculation period 
10 years, gas price 22 €/MWh, 10 months of storage usage, dairy plant consumption 8.5 
MWth

20. 

The legal analysis is conducted by examining various laws for their applicability. For this 
purpose, the relevant regulations were searched for by means of legal, literature and 
judicial research and analyzed with regard to their applicability. In order to substantiate the 
robustness of the analysis carried out, corresponding discussions are held with experts 
and authorities22. 

A stakeholder analysis is conducted by applying the tool SAMBA. The aim is to identify 
and to clarify the status of the stakeholders (i.e. local, regional and transregional ones) 
regarding the acceptance and attitude towards the project. Social acceptance is 
elaborated and forms the basis for an upcoming participation process when the project is 
to be realized. Stakeholders are classified into 6 categories: administration, politics, 
associations, economy, press/media, and civil society. 

 

22 Holzleitner et al. (2020) Rechtsaspekte der Errichtung einer Hochtemperatur-Prozesswärme-Leitung über 
Grund Dritter, 16.Symposium Energieinnovation 
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A macro-economic analysis is carried out by applying the tool MOVE. The 
macroeconomic analysis focuses on the question of the macroeconomic contribution in 
the form of additional gross regional production, consumption (by private households), 
investments (by companies), net exports (exports - imports), and additional employees 
resulting from the heat extraction and its redirection to industrial consumers. In 
comparison to economic studies, the focus is not on the micro level (end consumers, 
companies), but on the entire economy of Upper Austria. In particular, the focus is on 
investment impulses resulting from the construction of the required infrastructure 
(decoupling, pipeline, storage and heat exchange/additional expenditure for the steam 
center) and balance of payments effects resulting from the substitution of imported gas by 
the recovered heat. 

Results  
As stated in the methodology section, the detailed results from the techno-economic 
analysis are confidential.  However, it can be said, that the results showed that economic 
viability can hardly be reached. Subsidies and the integration of further demand (an 
increased amount of gas savings lead to increased cost savings) are essential to get a 
positive NPV. 

The maximum investment costs and storage costs are shown in Figure 2. Depending on 
the size of the storage, the maximal investment costs are between €10.6 and €9.9 million. 
The maximum storage cost, also dependent on its size, are up to €0.7 million20. 

 

Figure 31: Maximum investment costs of storage and overall system for cement industry 
case study20 

The legal analysis showed that the construction of a high-temperature process heat 
pipeline does involve some hurdles. Firstly, it has to be clarified with the respective 
authorities if the pipeline is seen as a conventional district heating pipeline, or if a building 
permit is required. Secondly, construction areas that have a not the right designation, 
special use agreements must be concluded with the entitled parties. Thirdly, during the 
planning, construction and operation of the pipeline, the requirements of the Pressure 
Equipment Act are relevant and must be included in the planning, and a final acceptance 
and regular inspections by an appropriate testing body must be assumed. As a 
conclusion, it can be deduced that the legal requirements listed must be complied with 
and approvals and permits must be obtained. However, these aspects are common 
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procedures and do not represent legal restrictions which are case-specific for a high-
temperature pipe22. 

The stakeholder analysis revealed that administrative bodies and the local companies 
should be managed closely. Administrative bodies are mostly neutral towards the project, 
but can have a high influence on the project. There might also be stakeholders that are 
against the project, which should be given more than proportional attention. Stakeholders 
that have a positive attitude towards the project should be regularly informed about the 
progress and their benefits to maintain them as supporters. 

The preliminary macro-economic analysis shows a positive economic benefit in the form 
of an increase in gross regional product and employment within the period under 
consideration. The positive effects result from (i) investment impulses as a result from 
implementing the required technologies (heat extraction, heat exchangers, storage, etc.) 
and (ii) the reduction of imported gas. Investments and economic growth also have a 
positive impact on labor as a production factor, which generates additional employment. 
Additional employment in turn leads to higher consumption, which in turn boosts the 
national economy. Economic growth also causes an increase in the export ratio of non-
energy goods as a result of increased regional production. 

Conclusion  
The following is a summary of the key insights that have been gained in previous works 
and within the analyses of the Gmunden HTL project. They are also elaborated in the 
questions section. The saved energy (around 40 to 60 GWh yearly depending on the 
scenario and load profiles) and thus cost savings through utilizing the waste heat is low. 
As a result, the economic viability can hardly be achieved as high investment costs are 
required to recover heat from the dusty flue gases of the cement plant. Established fossil 
driven systems are still too inexpensive. Changes on legal, funding, political, etc. levels 
are needed to make such enormous waste heat potential economically viable19,20. 

Answers to the questions related to the subtask  
What are the most likely risks in excess heat projects? 

Informational barriers:  
In the beginning, it is important to find out who can provide waste heat and under which 
conditions (temperature, pressure, quantity, capacity). Thus, source and sink have to be 
identified. In addition, generation profiles and load profiles must overlap in order to utilize 
the waste heat potential. Otherwise, a secure supply system must be supported and 
guaranteed by storages or backup systems. 

Economical barriers: 

As soon as a waste heat potential has been identified and a possible customer has been 
found, initial studies will be carried out to evaluate the financial feasibility. Waste heat 
extraction always implies high investment costs and therefore involves a high risk. The 
demand for short payback periods in order to reduce existing risks in the form of 
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uncertainties, as well as the additional measures usually required for the installation of 
backup systems, make financial viability more difficult. 

Uncertainty in planning: 

The cost-intensive investment in waste heat recovery and utilization entails numerous 
risks for waste heat providers and consumers. Companies can go bankrupt or can 
relocate. A continuous supply or purchase of waste heat as initially planned may no longer 
be available and lead to a stranded investment. In addition, production processes can be 
adapted, which changes the waste heat potential or the quantity required. Changing 
prices (increase or reduction) of energy sources from fossil resources, possible CO2 
taxation, legal definition regarding whether waste heat may be counted as renewable and 
thus support decarbonization scenarios, imply doubt. All mentioned risks/barriers lead to 
planning uncertainty and thus can lead to hesitation in investment decisions. 

Did you deal with some, due to which ones did projects fail? 

All the risks listed under point a) have been discussed in the project. The project 
represents the preparatory phase for the full-scale implementation, including an initial 
feasibility study of the project. In this respect, it is not yet possible to make a general 
statement and this will continue over the next few years. This will depend very much on 
how the legal framework changes, how the gas price develops, and whether a possible 
CO2 tax is introduced in Austria. 

As of today, however, it can be concluded that the high investment costs required and the 
very low cost reductions through gas savings make the project economically infeasible. 
However, increasing efforts are being made to achieve an economic solution by 
integrating additional demand and thus achieving further gas and as a result cost savings. 
Subsidies will definitely be necessary to realize such a project. 

Who has to take care about risks at which time? 

The supplier, contractor and consumer at the point of investment decision. Therefore, a 
feasibility study (evaluating economic and technical conditions) is conducted in a first step. 
A risk contingency plan has to be elaborated if the project gets more detailed and 
contractual agreements between companies made. However, potential accompanying 
risks (e.g. site closing, regulatory changes, etc.) are already aware to everyone at the 
beginning of the feasibility study, but are becoming only more important when the 
technical and economic potential is positively pre-assessed. 

Are there strategies to overcome the barriers? 

The parameters for achieving technical, economic and legal-administrative feasibility were 
identified. Improving them was an intrinsic main objective of the project partners. There is 
no general strategy or plan for all waste heat problems, as there are different problems 
depending on the case. 

Experience with innovative business models and project design? 
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The business model is still in elaboration and will need further discussions over the next 
years (who takes responsibility of which parts, who invests in which components, etc.). 

Are there innovative add on benefits to be included as KPIs? 

The results from the macro-economic effects represent an add-on for waste heat projects. 
Through investments in regional waste heat projects, a regional value creation and 
additional jobs are created. The gross regional product is increasing. Furthermore, the 
dependency on gas decreases and CO2 emissions reduced. Therefore, avoided energy 
imports, CO2 avoidance, jobs created, and gross regional product could be indicated as 
KPIs.  

Real experience in excess heat project implementations? 

Some partners are experienced in using waste heat (even from a cement plant, too) and 
thus are experienced to cope with some of the mentioned challenges. 

Project Name: Envisioning and Testing New Models of Sustainable Energy Cooperation 
and Services in Industrial Parks (short name: S-PARCS), funded by the Horizon 2020 
programme (GA# 785134) 

Summary  
S-PARCS aims at analysing the theoretical aspects of industrial symbiosis with focus on a 
wide range of energy related cooperation solutions between companies located in 
industrial parks. To put the theories to test and validate them, five European industrial 
parks with different industrial branches are part of the consortium. This project description 
focuses on the Austrian industrial parks Ennshafen and Chemiepark Linz. 

At the demo sites (“lighthouse parks”), interviews were conducted with representatives of 
the most energy-intensive companies in order to get to know their processes, needs and 
expectations. Based on this, possible synergies between the companies were identified 
and preliminary feasibility studies were carried out to serve as inspiration for the 
companies or as a basis for new projects. Furthermore, in some parks, regular meetings 
were introduced to promote energy-focused information exchange and discussions, e.g. in 
Ennshafen. 

The aim is to use synergies at industrial park level to shape the energy supply of 
European industry in such a way that, on the one hand, the necessary change to a 
sustainable renewable energy supply is advanced and, on the other hand, economically 
sensible solutions are generated so that the competitiveness of the companies is 
strengthened. 

These so-called energy cooperation solutions range from the exchange of information to 
joint investments (e.g. in energy generation plants) to physical connections between 
companies (e.g. direct exchange of waste heat). 

In addition to the analysis of the lighthouse parks, a free online tool (https://www.sparcs-
community.eu/) was developed that provides comprehensive information on the topic, 

https://www.sparcs-community.eu/
https://www.sparcs-community.eu/
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enables exchange with other companies and stakeholders as well as an initial 
assessment of individual cooperation potentials. 

Introduction  
Energy cooperation between companies in an industrial park offers possibilities to reduce 
total energy consumption, increase the share of renewables and reduce GHG and waste 
emissions. An additional benefit and main driver for the industrial companies is saving 
costs, i.e. increase competitiveness. 

The S-PARCS project has received funding from the European Union’s Horizon 2020 
research and innovation program under grant agreement No 785134. The project 
analyses technical and non-technical aspects of the implementation of industrial and 
urban-industrial symbiosis in the areas of energy (cooperation solutions, business models, 
barriers and instruments to overcome the barriers). The analysis is carried out both 
theoretically and practically, the latter based on five “lighthouse parks”, i.e. industrial parks 
from Austria, Italy and Spain, which are part of the project consortium. The lighthouse 
parks considered in this overview are Ennshafen and Chemiepark Linz, both located in 
Austria. 

Aims and objectives  
There are four main objectives that drive the project: One goal is to increase the 
competitiveness of industrial parks/companies by developing, testing and deploying 
replicable instruments for energy cooperation. To realize such cooperation opportunities, 
replicable business models for joint contracting of energy services for industrial parks 
need to be developed, tested and deployed. Furthermore, another goal is to contribute to 
the creation of legal and regulatory frameworks that accelerate and facilitate the adoption 
of innovative instruments for energy cooperation. Finally, the project aims at building 
capacities and increasing the skills and competencies of practitioners and facilitators in 
terms of industrial energy cooperation implementation. 

These objectives lead to the following activities: The state of the art of energy cooperation 
in industrial parks as well as future opportunities and barriers are identified. Knowing 
these, innovative instruments and business models to enhance energy cooperation need 
to be identified. To make this information available to others and especially practitioners, 
the Industrial Park Service Initial Assessment Tool (IAT) and the Community platform are 
developed. This is also part of supporting industrial parks for enhancing energy 
cooperation, directly within the project and beyond. 

Content and methodology 
The methods to involve and get to know the lighthouse parks are based on three pillars: 1) 
the park managers or representatives were full members of the project consortium, 2) for 
each industrial park one dedicated scientific partner was available, 3) the companies in 
the parks were involved via bilateral expert interviews of 1-2 hours, workshops and direct 
communication. The semi-structured interviews were conducted based on a questionnaire 
jointly developed by the scientific partners. Aim of the interviews was to get an 
understanding of the companies’ business in general, their knowledge on own processes 
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and energy / waste streams as well as on their neighbouring companies. Finally, their 
knowhow and expectations regarding energy cooperation were discussed. 

At Ennshafen, several energy cooperation opportunities were identified, of which some 
are multilateral, some bilateral. The ones aiming at several / all companies are mainly 
connected to joint investment and shared utilization of photovoltaics, e-charging points, 
shore side electricity for ships, revamping an old cooling water sewer and regular working 
group meetings focusing on energy related topics. One of the bilateral solutions identified 
at Ennshafen, however, regards the waste heat exchange of two neighbouring 
companies. The potential cooperation was taken into consideration in S-PARCS, also 
detailed interviews with the companies were carried out. Additionally, the detailed 
assessment was carried out in a national project, for more details refer to “Industrial 
Microgrids”, testbed Ennshafen.  

At Chemiepark Linz, the park infrastructure and utilities are special, as the whole park 
formerly was part of one chemical company. The shared infrastructure, such as steam 
and cooling water supply, were maintained when it was split up. One of the main 
producers of steam is Borealis Agrolinz Melamine, due to exothermal chemical reactions 
of the production processes. Large amounts of the generated steam and other waste heat 
is already utilized at the park by various companies. However, especially in summer, but 
also during winter, there is excess heat (technical potential). Future developments are 
likely to lead to increasing excess heat in the upcoming years, i.e. new or alternative heat 
sinks have to be identified. Consequently, a pre-feasibility study was carried out within S-
PARCS that analysed the technoeconomic feasibility of a waste heat feed to the local 
district heating network (DHN). One scenario considered only winter feed-in, one 
considered an additional summer feed-in based on the assumption that rising summer 
cooling demands could be covered by heat-to-cold technology by the DHN operator, as 
first steps towards district cooling systems are already taken23.  

The Energieinstitut an der Johannes Kepler Universität Linz served as facilitator and 
project manager, RINA Consulting SPA and the Energieinstitut were responsible for pre-
feasibility studies (for the Austrian parks), the companies involved at the parks provided 
data and were involved in the joint discussion process. 

Results  
For Ennshafen, two specific design options for recovering the heat from the wastewater, 
the preparation via a heat pump, the supply line to the neighbouring company and the 
integration into the neighbouring company’s heating system were worked out. In short, it 
can be stated that both options would result in similar efforts and costs. Stakeholders are 
positive or neutral towards the project. More details can be found in the specific project 
description of “Industrial Microgrids”. 

 

23 Alles Linz, Linz AG baut Fernkälte aus, https://alleslinz.at/linz-ag-baut-fernkaelte-aus/, accessed on 
15.06.2021  

https://alleslinz.at/linz-ag-baut-fernkaelte-aus/
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For both scenarios (winter, winter and summer) analysed for Chemiepark Linz, the 
following main beneficiaries of the cooperation were identified: 

• Waste heat disposal, economic benefits, reputation: Borealis Agrolinz Melamine 
• Increased capacities of cooling water system: all Chemiepark Linz companies 

connected to the joint system 
• Substitution of fossil energy, economic benefits, reputation: DHN operator 
• Positive impacts on the local environment 

 

The pre-feasibility study found that - since environmental and climate are of increasing 
interest to the City of Linz, the Chemiepark and apparently also to the DHN operator - the 
basic idea of the pre-feasibility study should be further discussed in order to work out a 
satisfactory cooperation:  

The economic feasibility is given, assuming gas-based heat to be replaced with waste 
heat and considering capital expenditure, assuming the operational costs are comparable 
to the current OPEX of the DHN. Amortization period is a few years, though detailed 
technical design, business models and contract design were not evaluated in detail.24  

If natural gas could be substituted by waste heat, the non-renewable primary energy 
demand could be reduced by several gigawatt hours and several thousand tons of GHG 
emissions could be prevented, thus leading to significant environmental benefits. 24 

It was recommended that potential partners should focus on a joint project development to 
cover aspects that were not known at the time of conducting this study - such as 
development of heating/cooling demand, detailed expansion strategies for the DHN and 
contractual requirements, e.g. as there is no preferential treatment of waste heat feed-in 
nor specific regulations in Austria. There is no obligation for the DHN operator to allow the 
feed in, thus, individual contract negotiations are obligatory.24 

A generic list of 100 identified barriers towards energy cooperation categorized regarding 
their discipline (economic, social/managerial, framework, technical/engineering, 
informational) is provided in Rodin and Moser (2021)25. 

 

24 S-PARCS (2020), deliverable D5.4, Public report on the results from the feasibility studies for the most 
promising joint energy projects in the Lighthouse Parks, https://www.sparcs-h2020.eu/wp-
content/uploads/2020/11/D5.4-Public-report-on-the-results-from-the-feasibility-studies-for-the-most-
promising-joint-energy-projects-in-the-Lighthouse-Parks.pdf 

25 Rodin and Moser (2021) The perfect match? 100 reasons why energy cooperation is not realized in 
industrial parks, Journal of Energy Research and Social Science, volume 74, 101964, 
https://doi.org/10.1016/j.erss.2021.101964 

https://www.sparcs-h2020.eu/wp-content/uploads/2020/11/D5.4-Public-report-on-the-results-from-the-feasibility-studies-for-the-most-promising-joint-energy-projects-in-the-Lighthouse-Parks.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/11/D5.4-Public-report-on-the-results-from-the-feasibility-studies-for-the-most-promising-joint-energy-projects-in-the-Lighthouse-Parks.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/11/D5.4-Public-report-on-the-results-from-the-feasibility-studies-for-the-most-promising-joint-energy-projects-in-the-Lighthouse-Parks.pdf
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Conclusion  
The following is a summary of the key insights that have been gained in the previous work 
and analyses in the S-PARCS project, mainly focusing on Ennshafen and Chemiepark 
Linz: 

The companies in the lighthouse parks differ a lot in terms of size, core business, energy 
intensity and attitude towards data and information confidentiality. However, within the 
project data provision and sharing was rather uncomplicated. It should be noted that after 
a confidence-building initial phase, a deepening of data / information is necessary in order 
to be able to assess any risks (temperatures, quantities, etc.). The willingness to disclose 
must be given and internal inquires must also be possible. 

Focusing on Chemiepark Linz, the amounts of waste energy to be recovered by the 
energy cooperation are particularly high. The realization of such a large-scale project 
however is rather complex, from several points of views: The technical implementation 
affords an in-depth detailed assessment of each waste heat point source within the 
industrial park (quality, quantity, location, future existence, alternative valorisation 
pathways), possible piping routes, locations for transfer stations to the DHN etc. As 
several companies are connected to a joint steam and cooling water system, various 
contact persons are to be included. On the other hand, future developments of the local 
DHN (load profiles, expansion, temperatures etc.) have to be considered. Due to the size 
of the project, various stakeholders, e.g. the city of Linz should be involved in the project 
at a certain stage, as they are affected by the (positive) impacts. From an economic point 
of view, the project seems to be feasible, however, the carried out assessment bases on 
rough estimates, no detailed assessments was carried out. I.e., deviation in economic 
feasibility might be high.  

In a nutshell, positive impacts of the urban-industrial energy cooperation could be very 
high on several levels, however, project development is connected to various barriers due 
to manifold stakeholders as well as technical, economic and legal complexity. 
Consequently, successful implementation of such projects depends a lot on dedicated 
people, also industrial symbiosis facilitators can play a crucial role as they can focus on 
project development more easily than the industrial partners with other core businesses.  

Answers to the questions related to the subtask  
What are the most likely risks in excess heat projects? 

There is a high technical and therefore economic effort to combine thermal waste streams 
and thermal sinks with different physical/chemical qualities/needs, as transfer stations and 
possibly storage are needed. Furthermore, overcome managerial and social barriers, e.g. 
fulfill trust and information needs of all partners are significant barriers, too, although they 
apply to all cooperative projects. 

Did you deal with some, due to which ones did projects fail? 

In terms of Chemiepark Linz, the concrete project did not fail but as various utilization 
ways are possible, the project needs careful considerations and more detailed feasibility 
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assessments. A follow-up project will take further steps into realization, a final statement 
however cannot be made. 

Who has to take care about risks at which time? 

The user has to take (future) price and technological developments into consideration 
when making an investment decision. The supplier has to consider alternative heat sinks 
in case the heat sink becomes unavailable. Eventually, all partners should take the 
various risks possible into account at each development or operational step. Classical risk 
assessment including solution identification should be carried out, including all partners. 

Are there strategies to overcome the barriers? 

S-PARCS found that neutral facilitators, e.g. public or scientific consultants can take the 
lead in order to overcome some barriers, as the focus on the project development, taking 
a holistic perspective as far as possible and driving the project. Open communication 
between partners is crucial as well, regular meetings and non-disclosure agreements are 
potential instruments.  

Externally caused barriers often need the action of others, predominantly policy makers 
regarding regulation and subsidies. However, facilitators, the scientific community and 
also the industrial symbiosis practitioners are in duty to report legal obstacles and 
suggestions in order to resolve such barriers. 

Experience with innovative business models and project design? 

Various business models were worked out in theory within the S-PARCS project26. As 
most of the cooperation opportunities at Chemiepark Linz (or Ennshafen) are in early 
development stages at the end of the research project S-PARCS, so far no business 
models were implemented. Depending on further individual cooperation development the 
implementation of suitable business models is likely. 

Are there innovative add on benefits to be included as KPIs? 

Additionally to direct energy, environmental and economic effects, also more far reaching, 
less tangible benefits should be taken into consideration, e.g. social benefits, avoided 
energy imports and CO2 mitigation. A range of KPIs, covering different perspectives 

 

26 S-PARCS (2019), deliverable D2.3, Guidance on contractual issues for joint services and energy 
cooperation, https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D2.3-
Contractual-Issues_SSSA_RESUB.pdf 

https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D2.3-Contractual-Issues_SSSA_RESUB.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D2.3-Contractual-Issues_SSSA_RESUB.pdf
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(technical, economic, social, legal, organizational, environmental), were developed within 
the S-PARCS project.27,28 

Real experience in excess heat project implementations? 

Based on the joint history of firms located there and the still existing joint provision of 
many utilities, companies in Chemiepark Linz are comprehensively experienced with 
(waste heat) cooperation. However, the S-PARCS project only assessed the feasibility 
and potential impacts to a certain stage, i.e. there were no additional implementations.  

Project Name: “Industrial MicroGrids”, testbed “Ennshafen” 

Summary  
The local energy cooperation between companies offers a possibility to reduce the total 
energy consumption, thus emitting less CO2 and saving costs. A large number of 
companies are in close proximity to each other in the Ennshafen Business Park. A 
concrete potential is the use of heat from the wastewater of a laundry. This heat should be 
made available to the neighbouring company for space heating purposes. The aim of the 
Ennshafen testbed is to carry out the specific design of waste heat recovery and reuse. 
An economic cost-benefit analysis is carried out based on this technical design. In 
addition, a stakeholder analysis and a macroeconomic analysis were carried out. Two 
specific design options for recovering the heat from the wastewater, the preparation via a 
heat pump, the supply pipe to the neighbouring company and the integration into the 
neighbouring company’s heating system were worked out. Due to the clearer and thus 
preferable spatial separation, the partners concentrated on one design option. The 
analysis of the economic efficiency showed that an economic feasibility can hardly be 
reached. The project would be close to profitability if government subsidies are included.  

The project’s initiation was based on rapidly flowing information and highly communicative 
people. Moreover, both partners are not energy-intensive companies and energy data is 
not considered confidential. It should be noted that after a confidence-building initial 
phase, a deepening of data/information exchange is necessary.  

An analysis of the potential stakeholders showed that they are almost exclusively positive 
or neutral (at least not negative) towards this (and this type of) project. The 
macroeconomic analysis clearly shows positive effects on the gross regional product and 
employment through the domestic added value in the construction and avoidance of 
imports of fossil energy. 

 

27 S-PARCS (2019), deliverable D4.1, Methodology and key performance indicators for the monitoring and 
assessment of the lighthouse parks, https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-
785134-D4.1_S-PARCS_RINA-C_RESUB_P.pdf 

28 S-PARCS (2018), Data Collection Guidebook, https://www.sparcs-h2020.eu/wp-
content/uploads/2019/05/D4.2-Data-Collection-Guidebook_SUBM_PUBLIC.pdf 

https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D4.1_S-PARCS_RINA-C_RESUB_P.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D4.1_S-PARCS_RINA-C_RESUB_P.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2019/05/D4.2-Data-Collection-Guidebook_SUBM_PUBLIC.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2019/05/D4.2-Data-Collection-Guidebook_SUBM_PUBLIC.pdf
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Introduction  
The local energy cooperation between companies offers a possibility to reduce the total 
energy consumption, thus emitting less CO2 and saving costs. As part of the Energy 
Showcase Region program of the Austrian Climate and Energy Fund, the industrial 
microgrids project is being carried out under the umbrella of the New Energy For Industry 
Showcase Region. The project analyses technical and non-technical aspects of the 
implementation of industrial and urban-industrial symbiosis in the areas of electricity and 
heat. The analysis is carried out both theoretically and practically, the latter based on 
three testbeds, whereby the testbed considered in this overview is the testbed Ennshafen. 

Aims and objectives  
A large number of companies are in close proximity to each other in the Ennshafen 
Business Park. The structure of the companies is very heterogeneous, from which many 
opportunities for cooperation can be derived. A concrete potential is the use of heat from 
the wastewater of a laundry. This heat should be made available to the neighbouring 
company for space heating purposes. In the project, the Energy Institute at the Johannes 
Kepler University Linz, the Salesianer laundry, the Biomontan company, the technology 
provider and contractor Aigner and the Upper Austria University of Applied Sciences are 
working together to analyse the implementation possibilities of the project or to advance 
the implementation. The project is at an advanced stage, but the implementation has not 
yet been decided or completed. 

Content and methodology 
The aim of the Ennshafen testbed is to carry out the specific design of waste heat 
recovery and reuse. For this purpose, the current technical layout of processes and 
utilities at the companies, the wastewater volumes, the wastewater profiles and the 
wastewater temperatures were analysed. Expected fluctuations due to fluctuations of the 
laundry process on the one hand and possible reductions in heat demand on the other 
hand were discussed in workshops. It was already known that the temperatures of the 
wastewater, which is discharged into the sewer not far from the neighbouring company, 
were not high enough to be integrated directly into the heating system after a heat 
exchanger. The need for a heat pump was therefore always known, with a high COP 
being speculated due to the wastewater temperatures. The constant pollution of the 
wastewater is also a challenge and must be taken into account when designing the 
system and the heat exchangers. 

An economic cost-benefit analysis is carried out based on this technical design. The main 
benefit is the amount of gas saved on the part of the waste heat using company, which 
can and will keep the gas boiler as a backup system. This means that the ongoing gas 
savings must be compared with the gas price.29 

 

29 c.f. Moser et al. (2020) Designing the Heat Merit Order to determine the value of industrial waste heat for 
district heating systems, Energy,  https://doi.org/10.1016/j.energy.2020.117579; Puschnigg et al. (2021): 
 

https://doi.org/10.1016/j.energy.2020.117579
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In addition, a stakeholder analysis and a macroeconomic analysis were carried out. For 
that, Energy Institute’s tools MOVE and SAMBA were applied. In the overall project, a 
legal analysis of business-to-business heating cooperation was also carried out. 

The Energy Institute at the Johannes Kepler University Linz served as mediator and 
project manager, the Upper Austria University of Applied Sciences was responsible for 
technical measurements and calculations, the technology provider and contractor Aigner 
carried out the technical design and the fundamental economic analysis, the two 
companies provided data and were involved in the joint discussion process. 

Results  
Two specific design options for recovering the heat from the wastewater, the preparation 
via a heat pump, the supply line to the neighbouring company and the integration into the 
neighbouring company’s heating system were worked out. In short, it can be stated that 
both options would result in similar efforts and costs. The analysis of the economic 
efficiency showed that, taking into account the saved gas costs through the provision of 
heat recovered from the wastewater, a limited economic efficiency is given. The analysis 
shows clear economic inefficiency if standard installation costs and current savings (i.e. 
gas costs) are applied in the analysis. Expectedly, current government subsidies and 
assuming higher gas prices (either due to CO2 prices or higher gas market prices) leads 
to economic feasibility at some point; however, assuming government subsidies alone is 
not sufficient.  

An analysis of the potential stakeholders showed that they are almost exclusively positive 
or neutral (at least not negative) towards the project.30 The issue of the stakeholders does 
not appear primarily external, but internal: The integration of the different levels within the 
organizations and the exchange of information between the partners and within the 
organizations represents a particular challenge for the implementation of the project. It is 
not only relevant to convince all decision-making levels and to dispel concerns, but also to 
ensure that nobody feels left out. 

From a legal point of view, for the implementation of the described project, there are of 
course general specifications (for example reporting obligations to authorities, etc.), which 
are not to be regarded as specific to heat piping or the provision of heat. From a legal 

 

Techno-economic aspects of increasing primary energy efficiency in industrial branches using thermal 
energy storage, Journal of Energy Storage, https://doi.org/10.1016/j.est.2021.102344 

30 Müller, Fazeni-Fraisl (2020) Industrial Microgrids, Work Package 6 – Living Lab: Stakeholder Analysis – 
identification and categorization, Final Draft, November 2020. 

https://doi.org/10.1016/j.est.2021.102344
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point of view, there are no particular obstacles to the heat connection between the two 
companies and the management by a contractor.31 

In order to obtain reliable information from the macroeconomic analysis carried out, the 
implementation in Ennshafen was scaled up to all of Upper Austria. The analysis shows 
clearly positive effects on the gross regional product and employment through the 
domestic added value in the construction and avoidance of imports of fossil energy.32 

Conclusion  
The following is a summary of the key insights that have been gained in the previous work 
and analyses in the Ennshafen testbed of the Industrial Microgrids project. 

The project’s initiation was based on rapidly flowing information and highly communicative 
people. This was decisive in the initiation phase and can be seen as a key driver in the 
direction of its implementation. Moreover, both partners are not energy-intensive 
companies and energy data is not considered as strictly confidential.33 Thus, the provision 
and exchange was uncomplicated. It should be noted that after a confidence-building 
initial phase, a deepening of data / information is necessary in order to be able to assess 
any risks (temperatures, quantities, etc.). The willingness to disclose must be given and 
internal inquires must also be possible. 

The amounts of energy to be replaced by the energy cooperation are not particularly high. 
To be clear, especially after the thermal insulation of the halls, the 280 MWh annual 
consumption is not on a classic industrial scale. Nevertheless, it can be attested that the 
project would be exemplary for many SMEs in the manufacturing sector. Governmental 
subsidies and the forward-looking behaviour of companies with regard to the likely 
increasing requirements for climate neutrality support implementation. 

There are no negative effects for the company providing waste heat being expected, 
especially not on its production. The only negative aspect is the need for provision of 
some space for the placement of a small container. Due to the low overall economic 
viability of the cooperation, no remuneration for the provision of waste heat is possible. In 
this indifferent situation, probably as a precautionary measure, it is likely no cooperation 
will be established due to too few benefits for both partners. 

 

31 c.f. Holzleitner, Moser, Baumgartner, Winkler, Dimmler (2020) Rechtsaspekte der Errichtung einer 
Hochtemperatur-Prozesswärme-Leitung über Grund Dritter. Conference paper, Symposium 
Energieinnovation, Graz 2020. 

32 Goers, Rodin (2020) Industrial Microgrids, Work package 6 – Living Lab: Macroeconomic impact 
assessment. Energy cooperation example #1: waste water heat for space heating. Final Draft, November 
2020. 

33 Rodin, Moser (2021) forthcoming. 
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Answers to the questions related to the subtask  
What are the most likely risks in excess heat projects? 

The clearest risks lie in the (especially at the beginning) inability to assess the cooperation 
partner. This includes the lack of information as to whether waste heat is available at short 
notice / constantly due to process fluctuations and whether this is available for the long 
term. The latter means whether there could be plans for a comprehensive process 
modification that would result in less / no usable waste heat. Other modifications that 
would eliminate the waste heat recovery facilities are also considered a risk. A significant 
risk is of course the possibility of bankruptcy, which is difficult to assess for the other 
company due to a lack of comprehensive insight. There are also similar risks on the part 
of the buyer: this is about a guaranteed purchase quantity, especially if the provision of 
waste heat is remunerated according to quantity.34 

Information deficits should not necessarily be mentioned as risks, but rather as barriers. 
The project has shown that the other partners were not aware of any waste heat potential 
or potential heat sinks in their proximity.34 

Did you deal with some, due to which ones did projects fail? 

All of the above risks were discussed in the project. At the beginning of the Industrial 
Microgrids project, there was the situation that the laundry went bankrupt and was taken 
over by another group. However, the research & implementation topic could be pursued 
unchanged after the end of the merger. However, the merger meant a period of waiting 
and uncertainty. 

Due to the quickly achieved harmony in the group, the discussions focused on potential 
reductions in the amount of waste heat due to the above-mentioned risks or reductions in 
heat demand.34 

The analysis has not yet been completed and a final decision on the project’s 
implementation has not yet been made. Should the project fail, one reason lies in the lack 
of profitability, which would have made remuneration possible for the company providing 
waste heat. 

  

 

34 Moser, Rodin (2021) The ‘Industrial Symbiosis Gap’: information asymmetries are the main challenge for 
industrial symbiosis – evidence from four Austrian testbeds with a focus on heat exchange,  Elektrotech. 
Inftech., https://doi.org/10.1007/s00502-021-00897-y 

https://doi.org/10.1007/s00502-021-00897-y
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a) Who has to take care about risks at which time? 

In the specific case, the company using the waste heat has to assess the risks at the time 
of the investment decision. The contractor must assess these risks beforehand and take 
them into account when setting prices. 

b) Are there strategies to overcome the barriers? 

There are no large-scale strategies or clear guidelines for pursuing implementation 
projects of this type. The missing strategies include a local, connecting institution with a 
strong focus on energy cooperation. There is also no checklist for implementation. Case-
specifically applied strategies are a mediative unit, as in this case the research 
organization, awareness of the many barriers and their diverse disciplines, strong political 
support from the state government, awareness of the image effect within the framework of 
the national Energy Model Region program. 

c) Experience with innovative business models and project design? 

A previous analysis has shown that there are only three cases of bilateral inter-company 
heating cooperation in Austria. Therefore, there are only a few exemplary cases. 35 The 
business model, given by a contracting solution, should also be mentioned as innovative. 

d) Are there innovative add on benefits to be included as KPIs? 

The macroeconomic effects clearly represent an added value of the project. The 
investment leads to direct and, in multi-round effects, indirect positive effects on 
employment and the gross regional product. In addition, the reduction in energy imports 
also has a positive effect on these two parameters.36 Avoided energy imports, CO2 
avoidance, jobs created, and gross regional product could be indicated as KPIs. 

e) Real experience in excess heat project implementations? 

None of the companies has experience with excess heat project implementation.  

 

  

 

35 Moser, Lassacher (2020) External use of industrial waste heat - An analysis of existing implementations in 
Austria, Journal of Cleaner Production, https://doi.org/10.1016/j.jclepro.2020.121531  

36 Goers, Rodin (2020) Industrial Microgrids, Work package 6 – Living Lab: Macroeconomic impact 
assessment. Energy cooperation example #1: waste water heat for space heating. Final Draft, November 
2020. 

https://doi.org/10.1016/j.jclepro.2020.121531
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3.6. COUNTRY & INSTITUTION: FRANCE (GREENFLEX) 

Project Name: Risk Matrix for Excess Heat Recovery Projects 

Summary  
 

The project consists of the development of a tool to support the risk management for 
waste heat recovery projects. The main goals are to:  

• Develop a list of main risks linked to excess heat recovery projects, 
• Evaluate each risks in terms of probability and severity 
• Define mitigation measures for the main risks either for prevention or protection, 

This tool has been developed in partnership with ADEME (French Agency for Ecological 
Transition) and shared to the trainees of INVEEST program, which is a course dedicated 
to industrial chief financial officers and banks on energy efficiency and low carbon 
financing. It will help financers to evaluate and understand the risks and mitigation 
measures linked to waste heat recovery projects in the industry, which should increase 
their confidence for this type of solutions. 

Introduction  
 

Industrial heat recovery projects, by nature, are complex projects because they are often 
linked to industrial processes and require integration between heat production and need. 
Thus, it is important to identify and evaluate the specific risks that can occur on these 
projects, even at their earliest stage.  

As it was found out in previous studies, those risks are one of the reasons to the lack of 
heat recovery project financing, mainly because they are unknown or unclear to them. 
That is why part of the training program called INVEEST focuses on risk identification and 
evaluation. This program’s goal is to provide all the tools for decision-makers to 
understand the stakes and benefits of energy efficiency and heat recovery projects in the 
industry to ease their financing and implementation.  

This risk matrix is one of the tools provided to the trainees, to help them evaluate the risks 
and identify mitigation measures.  

Aims and objectives 
 

This tool is answering several objectives:  

• Provide a list of main risks linked to excess heat recovery projects in the industry, to 
help the users during identification phase, 

• Rank the risks based on probability and severity evaluation of each risk: the user 
can evaluate the risks according to its project characteristics, and then the tool ranks 
them to put forward the main risks, 
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• Suggest a few mitigation measures either as a prevention or as a protection when 
the risk occurs. Knowing that, the user can decide whether a mitigation measure 
should be implemented.  

Sharing this tool to INVEEST community, we aim at helping investors to evaluate heat 
recovery projects in the industry and thus providing confidence, needed for investment 
acceleration.  

Content and methodology 
 

First, the main risks have been listed during brainstorming sessions with experts of heat 
recovery project implementation in the industry. The risks have been categorized into 6 
groups: 

• Technical 
• Operation 
• Financial 
• Contract 
• Organization 
• Environment 

The full list is available in the table below:  

Nature Risk Mitigation (Prevention) Mitigation (Protection) 

Technical 

Non adapted technology ; 
complex system or equipment Benchmark / State of the art / 

Technical expect committee  
Adapted technology (double 

envelope, etc), filters 

Budget contingencies 
Preventive maintenance 
Curative maintenance 

Plan a Ramp up on phasable 
projects and : 

Define the number of failures 
allowed in the early stages, 

Make sure that the methodology 
for measuring the savings 

integrates a gap between the final 
objectives and those of the early 

stages 
Consider the reversibility and 
possible modification of the 

different elements of the project 
during the project 

Provide a quick backup solution in 
case the new facilities do not work 
in the early stages of the project 

Under performing equipment 

Agressive fluid 

Non adapted control metrology   

Under estimated risk on process 
fluid   

Non identified energy savings on 
excess heat source with energy 

efficiency solutions 
  

Lower energy need due to 
another stakeholder's connection 

to the grid 
  

Inadequate to site evolutions Make thirk party measurements / 
recordings  

Sensitivity study 
Failure scenario 

Shutdown scenario 
Inadequate to site needs 

Lack of visibility on process 
equipments at the start of the 

project (revamping, new process 
lines) 

    

Insufficient or inadequate energy 
consumption measures (and 

savings) 

Ensure communication and good 
understanding of the stakeholders 
regarding the instrumentation and 

measurement methodologies: 
agreement of all participants on 
the total duration of the project 

  

Operation Impossible to do the maintenance Contract with performance goal 
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Performance not achieved 
initial performance tests and 

regular verification of performance 
and consumption by a third party 

inspection company  
Experience from previous projects 

/ Benchmark 

Long term performance of 
equipments and technologies 

Under estimated operating costs 

Safety of operating personnel 

Quality over time 

Decrease in production or 
capacity     

Financial 

Variation of the energy produced 

Study of different technical 
scenarios 

Consideration of the long term 
production plan 

Sensitivity analysis (Capex / Opex 
/ Supply / Purchase) +/- disruptive 

Conditions and uncertainties 
related to obtaining the different 

types of grants 
Cash flow schedules according to 

the type of grants 

Insurance 
Contractualization with penalties,  

Price indexation on energy 
markets 

Review clause 
Coface guarantee 

Bank / parent company guarantee 
Do not include foreign exchange 

Solidarity mechanism (price 
variation within a certain range) 

Back testing (financial risks) 

Variation of the energy consumed 

Long-term inflation (10 years) 

Change in exchange rate 

Variation in energy prices 

Variation of indexes 

Non recovery of cash flow 

the heat consumer leaves and is 
not replaced 

Initial investment underestimated 

Amount of grants not validated 

Internal investment focus 
Too high profitability 

requirements 
No dedicated EE budget 

    

Prudence of credit committees - 
limited access to financing, 

especially third-party financing, 
particularly in core business 

areas 

    

Lack of stability in the regulatory 
framework     

Contract 

Failure to reach an agreement 

Identify the stakeholders 
Define the risks and opportunities 
of the different types of contracts  

Outsource to a specialized 
company 

Create new contracts 
Plan dedicated contractual articles 

Entry/exit clause 
Renegotiation clause 
Intellectual property 

Non disclosure agreement 
Data protection 

Partners' agreement (SPV)  
Separate contracts and durations 

(commercial / Operation 
Maintenance) 

Inconsistent SPV legal status 

Unexpected departure of a party 

Impossibility of renegotiation 

Poor operation & maintenance of 
the equipment/system 

Poor definition of hazards 

Organization 

Information asymmetry between 
partners 

Identify the different stakeholders 
Propose arrangements between 

actors, steering committee format 
Reflect on governance 

Cv Experience 

Inventory of training courses 

Lack of competent personnel 

Important turnover 

Stakeholder acceptance 

Not identifying the region and 
public stakeholders 

Environment 

Air pollution 
Impact studies 
Specific studies 

Research of the historical activity 
of the site 

Study of the subsoil 

Insurance 
Budgeting for contingencies 

Hide the installation 

Soil pollution 

Water pollution 

Excessive noise 

Existing pollution 
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Extreme weather 

Odors 

noise pollution of the installation 

Visual pollution of the installation 

Neighborhood Acceptability 

pollution related to the 
deconstruction phase 

 

Then, an Excel tool was developed to evaluate each risk in terms of probability and 
severity with a six-level grade: very high, high, medium, low, very low, no 
probability/impact. Using that evaluation, the highest risks (in terms of probability x 
severity) are put forward, as it can be seen on the figure below.  

Some mitigation measures are described in dedicated sheets to provide information to the 
user on how to handle those main risks.  

 

View of risk matrix tool 

Results  
 

The tool will be shared in July 2021 to INVEEST trainees. No feedback on its use is still 
available. However, the next synthetic sheets on mitigation measures for industrial excess 
heat recovery could be useful for many projects:  
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Conclusion  
 

This Excel tool aims to help financers, as well as project developers, to identify and 
evaluate the main risks linked to heat recovery projects on industrial sites. It should be 
used at the earliest stage of the project, during first studies, to ensure that mitigation 
measures can be implemented in time.  

Updating the analysis after detailed studies and during implementation also seems 
necessary as new issues could be discovered through these phases.  

A few synthetic sheets have been written to give an overview of the main mitigation 
solution that can be applied to these projects. 

Answers to the questions related to the subtask  
What are the most likely risks in excess heat projects? 

In this list, risks have been distributed into 6 categories: technical, operation, financial, 
contract, organization and environment. In our experience, the most likely are:  

• Technical: Aggressive fluid (if not adapted, the heat exchanger can be corroded or 
fouled) 

• Operational: Complicated maintenance (especially of the heat exchanger) 
• Financial: Variation in energy prices (if for example carbon price is not as high as 

expected, project profitability can be impacted) 
• Contracting: Unexpected departure of a party (for external heat usage) 
• Organizational: Lack of competent personnel 
• Environmental: Soil pollution 

 

Did you deal with some, due to which ones did projects fail? 

Two examples of failed projects: 

• On an electrical battery production plant: a newly installed heat exchanger worked 
for 2 weeks before being completely fouled and not working. The industrial site just 
bypassed it.  

• On a vegetable canning factory, the heat recovery system was under performing for 
several months before it was found out there was a leaking valve. A complicated 
system and lack of competent personnel because they were not trained to this new 
system caused this issue. 

 

Who has to take care about risks at which time? 

The risk analysis should be realized in the early stages of the project (feasibility study) by 
both the industrial and the engineering company, using a standard list as a starting point 
and adapting it to project specificities. 
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It should be updated at each stage to ensure that the main risks (evaluated in 
probability/impact on the project) are mitigated.   

Are there strategies to overcome the barriers? 

Each time there are solutions to reduce risk probability or gravity, before it occurs. For 
example: 

• Aggressive fluid: Adapted heat exchanger technology (wider section heat 
exchanger…) 

• Complicated maintenance: Considered during design to ease the access the heat 
exchanger 

• Variation in energy prices: Sensitivity analysis & price indexation on energy markets 
• Unexpected departure of a party: Entry/exit clause, renegotiation clause… 
• Lack of competent personnel: System documentation and training for the operators 
• Soil pollution: Impact study and specific design if necessary (retention container) 

 

Experience with innovative business models and project design? 

We have worked on a few project architectures that helps mitigating the risks: 

• Energy Performance Contract: commitment to reach determined savings. Need for 
precise perimeter and saving calculation/measurement rules.  

• SPV (Special Purpose Vehicle): the risk is shared inside the SPV, between the 
investors, the industrial, the service providers… 

 

Are there innovative add on benefits to be included as KPIs? 

In addition to energy and money savings, several indicators should be added: impact on 
GHG emissions, impact on operation and maintenance easiness, pollutant emission 
reduction, noise impact… 
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3.7. COUNTRY & INSTITUTION: NORWAY (SINTEF) 

Project Name: COPRO Competitive power production from industrial surplus heat 

 

Summary  
The COPRO project has made advancements in industrial waste-heat-to-power 
conversion for low-to-medium temperature heat sources. Through analysis and evaluation 
of industry-specific case studies, a better understanding has been brought forward on 
both cost considerations and the complex effects, practical constraints and interactions 
caused by integrating heat-to-power system into core processes. Industry partners Alcoa, 
Hydro, and Equinor represent end-user processes that the case studies were based on. 
GE Power Norway and FrioNordica contributed as technology providers, and SINTEF 
Energy Research, The Norwegian University of Science and Technology (NTNU) and the 
Royal Institute of Technology (KTH) in Sweden have been the research partners. 

The project's PhD candidate and his work on turbine modelling and development has led 
to broad international cooperation that includes research stays at the Technical University 
of Delft and Queen Mary University of London. There has also been collaboration with 
Politecnico di Milano and the Technical University of Munich. In addition, 5 MSc students, 
5 project students, and 3 summer-research internships have worked linked to the project. 

 

Introduction  
The rationale behind the project concept was the lack of attractive options for surplus heat 
utilization leading to vast amounts of industrial surplus heat being dumped to the ambient. 
The project has considered recovery of industrial waste heat in the range of 125-250 °C, a 
temperature range where profitable energy recovery currently is challenging. COPRO 
research efforts and results can be broadly categorized within: 

Why: understand why the techno-economics for typical projects are challenging 

What: identify the combination of required technology performance and industrial 
conditions needed for attractive cases 

How: define realistic industry scenarios, explore possibilities for technology optimization, 
and contribute to closing the identified gaps 

 

Aims and objectives  
The goal of the COPRO project has been to develop knowledge, tools and methods that 
can be used to improve the competitiveness of heat-to-power conversion in the industry, 
more specifically by: 

1) Identifying promising industry scenarios, and understand the impact energy recovery 
will have on the entire system 
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2) Optimize system and component designs for these specific industry scenarios, while 
considering heat-to-power performance, overall system impact, practical constraints and 
costs 

Research topics have included power cycle layouts and configurations, working fluids and 
mixtures, design optimization of heat exchangers, turbines and expanders, cost 
evaluations, and present and expected future industrial conditions. 

Content and methodology 
Industry cases were used actively in the project from the beginning. The definitions of 
individual case study originate back to the first consortium meeting, where researchers 
and industry representatives together specified scenarios, conditions and parameters of 6 
starting cases: 4 "Aluminium" cases and 2 "Oil & Gas" cases. These cases represent 
conditions found in current processes and conditions inspired by expected and/or possible 
changes in the near future. Together, these cases formed a terrain of possibilities, and the 
researchers could start identifying attractive opportunities for hypothetical implementations 
of the researched heat-to-power technologies. Focussing the research around specific 
case studies has served two main purposes: 

· Ensuring that developed technology obtains the highest possible relevance to the 
industry who will be future end-users, by including concrete industry specific conditions 
and constraints, 

· Enabling technology evaluation under realistic conditions and system boundaries, that 
are also familiar and relatable to the target industry. 

 

 

Five industry partners and three research institutes/universities were the core project 
group. The whole consortium gathered for workshop twice every year to present technical 
aspects, research results and further plans. The industry partners participated very 
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actively in the project, and two of the workshops were hosted at industry plants to allow for 
extensive tours of real industrial scenarios (Alcoa Mosjøen, Hydro Sunndalsøra). In 
addition, seminars on specific aspects were arranged;   

• KTH, Stockholm: "Fundamentals" – Fluid properties, methodologies, and modelling  
• KTH, Stockholm: "Innovative heat exchangers"  
• Obrist Engineering, Austria: "Novel expander development and practical 

optimization of design" 

The main research tasks and participants in the project were:  

WP1 Enabling technologies:   

• Properties, behaviour and selection of working fluids and mixtures (SINTEF, KTH, 
NTNU)  

• Expander and turbine design (NTNU, SINTEF subcontractor Obrist)  
• Heat exchanger modelling framework and concept design (SINTEF, KTH, GE)  
• Workflow from numerical heat exchanger model to 3D print (SINTEF)  

WP2 Power Cycles:  

• Power cycle modelling framework (SINTEF)  
• Rankine cycle layouts and configurations (SINTEF, KTH)  
• In-depth power cycle optimization for case studies (SINTEF)  

WP3 Innovations: 

• Understanding thermodynamic and practical potential for energy recovery from 
industrial surplus heat (All)  

• Industry case definitions and evolution (All)  
• Techno-economic considerations (SINTEF, GE, FrioNordica) 

Results  
Main takeways from case "Oil & Gas: Offshore export gas compression": A compact, relatively 
light, and high performing power cycle for this application has been investigated in a model-based 
approach. The final case study considered what was assumed to be major weight factors and 
realistic thermodynamic performance and resulted in an estimate of 8 MWel net power from a 
system weight of 20-25 tons. This is a significantly higher "power-to-weight" ratio than reported 
values for example from gas turbine bottoming cycles.  

Main takeways from case "Aluminium: Electrolysis smelter off-gas": System concepts for modular 
and centralized energy recovery was investigated. The power production potential appears to be 
very similar for both concepts. For a hypothetical plant used as basis in the case studies, an annual 
net electricity production of up to 40 GWhel/y was found to be possible. However, considering the 
trade-off between system size/cost and power output, around 32 GWhel/y appears more attractive. 
Component sizes and cost estimates were described for a modular concept. Energy recovery from 
the off-gas will likely have significant secondary benefits, such as increased stability of cell draft 
and gas treatment. 

Main items of knowledge built include: 
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• How changes in heat source conditions and industrial process constraints affect 
achievable power production: 

o Enables better indications of attractive implementation cases 
o What changes in process conditions would be needed to make cases more 

attractive 
 

• How much power can practically be produced from the specified industry cases
  

o As function of increasing system size, weight and/or cost 
o Including core process penalties and benefits 
o Online calculator for initial estimates: https://blog.sintef.com/h2p-

calculator/ 
 

• Techno-economic considerations 
o Maximized power output for restricted overall system weight/volume/footprint 
o Indicated major cost drivers for key equipment 
o Estimated total system equipment costs and benefits 
o Indicated profitable system cost limit/range 

 
• Enabling and fundamental development 

o Turbine design development and expander specifications 
o System analyses methodologies 
o Working fluids, fluid mixtures, and thermodynamic properties 
o Advanced simulation and optimization models 
o Heat exchanger designs 
o "3D print" workflow from heat exchanger design; work continues in FME 

HighEFF: https://blog.sintef.com/sintefenergy/additive-manufacturing-
of-heat-exchangers/ 

 

Conclusion  
The partners in COPRO have gained an expanded understanding of power generation 
from surplus heat in their own industrial processes. This understanding makes it possible 
to assess the utilization of surplus heat in conjunction with the impact on the core process, 
which enables potential and benefits to be maximized and the opportunities for practical 
implementation increased. The industry partners report that the project has highlighted the 
potential for improvement on their own plants and processes, and provided insight into 
potential opportunities, limitations, and effects from implementing the researched 
concepts. The contribution to educating a number of students and younger researchers on 
the specific topic is also highlighted as an important effect - new experts constitute a 
recruitment base for the industry and are very effective means for knowledge transfer.  

The research partners have built new capabilities, methods and tools that will be used in 
further development of energy efficiency technologies 

3.8. COUNTRY & INSTITUTION: DENMARK (DTU) 

Here is the list and brief descriptions of relevant projects from Denmark in Subtask 4 
provided to IETS (for further information on projects, please contact the Danish Authors): 

https://blog.sintef.com/h2p-calculator/
https://blog.sintef.com/h2p-calculator/
https://blog.sintef.com/sintefenergy/additive-manufacturing-of-heat-exchangers/
https://blog.sintef.com/sintefenergy/additive-manufacturing-of-heat-exchangers/
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PowerUp (Financed by EUDP; Project leader and partners: WEEL & SANDVIG ENERGI 
OG PROCESINNOVATION ApS (Leader), Akzo Nobel Salt; Arla Foods; Equinor Refining, 
Denmark and Nordic Sugar, Nykøbing; Project period: 2019-2020), Subtask 4 

This project aims at discovering the economic potential for electrification of the industrial 
sector by means of extensive high-temperature electro-mechanical heat pumping. The 
goal is to reduce CO2 emissions significantly by substituting heat or steam, generated 
from combustion of fuels, by upgrading excess heat in temperature by heat pumping. 

  



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

220 

4. SUBTASK 4 PROJECT CONTRIBUTIONS 
4.1. COUNTRY & INSTITUTION: AUSTRIA (AEE INTEC) 

Project Name: TrustEE – Innovative market based Trust for Energy Efficiency investments 
in industry 

Summary  
Even in situations where conventional energy prices, energy efficiency (EE) potential, 
renewable energy (RE) resources and technology costs establish the conditions for 
economically viable investments in PHES concepts, non- economical and non-technical 
obstacles exist, impeding a due exploitation of their positive impacts on the pursuit of 
Europe 2020 strategy for economic growth. Clearly, a bridge between available 
technologies supplying identified needs (offer) and a conservative attitude on the industry 
(demand) side must be drawn: the decision on the investment could be shifted to a third-
party holding control over property, technical and contractual insurance of the investment. 
As the success of any market-driven financing model lies on the balance of Risk/Premium, 
whose relation determines both the universe of possible investors and the economic 
performance required from the investment (higher risk leads to higher performance 
requirements and to a narrowed universe of possible investors), fulfilment of the main 
objective of the project implies: 

• minimizing technical and non-technical risks 

• optimizing economic viability conditions 

• assuring attractiveness and adhesion 

• gathering public support. 

Introduction  
TrustEE is an investment fund, legally established as a Limited Partnership, providing 
equity and mezzanine funding to PHES technology supplier companies on projects that 
pursue financially viable investments in industrial energy efficiency in a wide range of 
sectors. These investments will mostly take the legal form of an Energy Services 
Company (“ESCO”). TrustEE will focus on energy efficiency projects, companies and 
suppliers that due to their risk profile and/or size represent increased risk as financial 
counterpart and, as such, would not normally qualify for funding by more traditional 
sources of finance, including growth capital and renewable energy funds. TrustEE will only 
invest in projects of private sector entities and is geographically focused on EU countries. 
As an equity investor, TrustEE will take an active ownership approach focused on four 
main areas: corporate governance (including compliance with high environmental and 
social standards), financial and operational performance (as measured in generally 
accepted ratios), capital structure and growth. 

Aims and objectives  
The main objective of TrustEE is the definition and implementation of a market-based 
financing model for PHES applications, gathering financial resources among a wide base 
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of investors and assuring the investment capital for SME industries. Based on an Equity 
Trust model, TrustEE embodies an innovative approach to PHES financing, gathering the 
market expertise of end-users and technology providers on identifying specific projects 
matching objective economic viability criteria and providing them a financing tool 
embodying technical support and securitization measures ensuring: optimized investment 
conditions; reduction of risk; bypass restrictive criteria for SMEs financing conditions. 

• to develop and implement an innovative market based third-party financing 
scheme for PHES investments 

• to define and implement technical support tools supporting the technical and 
economic assessment of investment proposals (decision stage) and the 
operationalization of the energy services provided to the end-user (operation 
stage) 

• to adopt risk mitigation strategies promoting a “low risk” perception of such 
investments, thus lowering IRR requirements to values in the range of a 5% - 8% 
premium over inflation 

• at national level, EU wide, to provide evidence of the impact of different public 
incentive schemes promoting PHES investments, thus supporting public bodies in 
their definition and implementation 

• to promote the market penetration of energy efficiency (including excess heat 
valorisation) and renewable energy technologies in industry by providing financial 
access to loans for PHES investments for SMEs and technology providers 

Content and methodology 
As the project aims at the implementation of TrustEE, its accomplishment must rely on: 

• a clear vision of the framework for viable PHES investments (technological 
solutions, market conditions) and market potential (end-user sectors);  

• the use of the most efficient and updated technologies and investment assessment 
tools;  

• a clear vision of the risk parameters and risk mitigation strategies and on;  

• market adhesion and public acceptance of the proposed financing model. 

As the Trust acts as a hub of dedicated competencies on technic-economic investment 
analysis and technical operation of PHES assets, its implementation includes: 

• the development of technical support tools; 

• the establishment of risk mitigation procedures and; 

• the establishment the legal framework for its operationalization. 

Yet, as its implementation implies upstream (investors) and downstream (end-users) 
adhesion and public acceptance, a thorough dissemination of the financing concept, 
promoting PHES investments generating measurable impacts, is required. Based on a 
thorough potential and impacts assessment suiting the purposes of identifying market 
opportunities, critical economic viability conditions and promote public support measures, 
dissemination will include targeted actions to each group of actors: end-users, investors 
and public bodies. 
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The project approach to these questions unfolds into six different specific actions whose 
outcomes enable a consistent and holistic approach to the implementation of the 
proposed financing concept and to the establishment of a start-up PHES projects 
Portfolio: 

• core actions on the development of technical support, risk mitigation strategies and 
Trust implementation; 

• support actions on potential and impacts assessment and; 

• engagement actions on up/downstream actors adhesion and engagement of public 
support, 

Results  
Public guarantees will be in any case an indispensable requirement for decarbonisation in 
SME-owned industry. Such guarantees would also increase the attractivity of a forfaiting-
based financing scheme substantially, for suppliers, end-users and investors. We have 
therefore initiated a discussion with several Austrian Institutions (Austrian Economic 
Chambers, Federation of Austrian Industries) on the creation of a new guarantee line 
focusing on “decarbonizing solutions” in the industry, and we will present our proposals 
also on the European level. A concept paper for “Climate Guarantees” using the empirical 
evidence has been drafted and is used as the basis for this initiative.  

The definition and implementation of technical support tools was performed and finalized 
with the launch of the electronic platform on the 30th of November 2018. However, for 
continuation of the platform beyond the project lifetime, within this final reporting period a 
new commercial platform provider was found to be even better suited for the customers’ 
and TrustEE management’s needs. 

As a result of the project a total 13 projects are in the pipeline of portofolio of investment. 
They are being prioritised in 4 short- and 9 mid-term investments. Short-term projects 
stand for an investment of 13.8 Mio€, mid-term for 27.6 Mio€. 3 projects focus on EE 
measures, 10 on renewable energy. As the projects are difficult to compare (different 
technologies, different locations and framework, etc.), an average (categorised) value for 
status quo energy costs was defined depending on project size and the acquired data. 
The expected savings are split to EE and RE projects. The calculation of the savings in 
GWh/a per Mio€ project budget is done in two ways: (i) focusing on EE investments only 
(22.2 GWh/a and Mio€ budget) and (ii) including RE (101.8 GWh/a and Mio€ budget). As 
the substituted energy carrier is fossil fuel in all cases, this is the so-called Fossil primary 
energy savings. As the saved/substituted energy is in all cases fossil fuel, no conversion 
factor had to be considered.  

The dissemination amongst the relevant target group was crucial for the market 
penetration of EE and RE technologies as well as for the further development of TrustEE 
and the acquisition of investors and projects (and the linked operation of the platform and 
the financing vehicle). Therefore, the consortium identified and addressed a significant 
number of relevant events and direct contacts. 
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Conclusion  
The project has been recognised as a lighthouse project on European level for the 
financing of decarbonisation projects in industry. As the technical potential of 
electrification and hydrogen is limited and not able to achieve the set targets, it was 
proved that excess heat recovery, solar heat, biomass and biogas are significantly 
relevant for the producing industry. Nevertheless, it is very often an issue, to acquire 
financing for projects in this field although amortisation can be seen as relatively small. 
This is mainly because of the lack of expertise and understanding in the financing sector. 
Standardised project assessment, performed to a maximum automatically can solve this 
issue, creating so-called bankable project linked to innovative financing as the 
securitisation vehicle. This is addressing the demand of three stakeholders in this 
process: end-user, technology suppliers and investors. Standardised models for this 
assessment have been developed, validated and tested. TrustEE is looking for projects 
both in industry and district heating, having in mind that a bundling of projects might be 
necessary in case of too low CAPEX for investors. Trustee offers a reliable risk 
management and due diligence as long as the methodology follows defined steps.  

Questions 
What are the most likely risks in excess heat projects? 

• Technical risks, unwanted dependencies, seasonal changes 
• Long-term contracts 
• Economic risks – who takes them 
• Lack of communication 

 
Did you deal with some, due to which ones did projects fail? 

• Yes, mainly dependencies and communication 
 

Who has to take care about risks at which time? 
• Development: project developer or technology supplier (or municipality) 
• Implementation: technology supplier 
• Operation: operator (who ever is this: industry, external operator, municipality), 

technical risks on side of supplier 
 

Are there strategies to overcome the barriers? 
• Guarantees 
• Funding 
• Standardised procedure 
• Communication  

 
Experience with innovative business models and project design? 

• Yes, TrustEE is one of these: standardised project assessment for investment 
decision, category “bankable” project, reliable and external feedback on project 
design 

• Re-financing instead of ESCo-model, the investors takes over this part 
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Are there innovative add on benefits to be included as KPIs? 
• Multi-energy benefits 
• Site availability also for employees and politicans 
• Excess heat valorisation, customer see the “green approach” 
• Non-energy benefits 
• System flexibility 
• Demand Side Management (DSM) 

 
Real experience in excess heat project implementations? 

• Yes, brewery Goess (not within TrustEE) 
• Follower of SAPPI in Graz 
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4.2. COUNTRY & INSTITUTION: AUSTRIA (EI JKU) 

Project Name: Gmunden High Temperature Heat Link R&D 

Summary  
The cement plant in Gmunden has a waste heat potential of 10MWth at around 
400°C.The waste heat is to be harnessed and made available to a dairy as process heat 
in the form of steam over a distance of 1.5 km. Since the cement plant is subject of 
planned and unplanned process interruptions, and production is shut down for 2 months in 
winter, a continuous supply of process heat for the dairy cannot be guaranteed. Therefore, 
thermal storages and/or back-up systems (gas boilers) are needed. The main aim of the 
project is to demonstrate and evaluate technical possibilities for the extraction and 
transport of waste heat in different scenarios. Further objectives are to conduct a techno-
economic, a macro-economic, a socio-economic and a legal analysis37,38.  

The results showed that economic viability can hardly be reached. Subsidies and the 
integration of further demand (an increased amount of gas savings lead to increased cost 
savings) are essential to achieve positive economic viability (net present value). The 
stakeholder analysis revealed that there are mostly stakeholders with neutral and positive 
attitude towards the project, but that also stakeholders with critical opinion can exist. The 
legal analysis showed that the construction of a high-temperature process heat pipeline 
does involve some hurdles, as legal requirements must be complied with and approvals 
and permits must be obtained, but that there are no specific legal restrictions for a high-
temperature heat pipe. The macroeconomic analysis clearly shows positive effects on the 
gross regional product and employment through the domestic added value in the 
construction and avoidance of imports of fossil energy. 

Introduction  
The utilization of waste heat between companies offers a possibility to reduce the total 
energy consumption, thus emitting less CO2, reduce the dependency on gas imports, and 
saving costs. As part of the Energy Showcase Region program of the Austrian Climate 
and Energy Fund, the Gmunden HTL project is being carried out under the umbrella of the 
New Energy For Industry Showcase Region. The project analyses technical and non-
technical aspects in the course of high-temperature waste heat extraction, transportation 
and utilization. The involved project partners are Technische Universität Wien, 
Energieinstitut an der Johannes Kepler Universität Linz, ste.p ZT GmbH, Energie AG 
Oberösterreich Vertrieb GmbH, Energie AG Oberösterreich Erzeugung GmbH, 

 

37 Haider M (2019) Gmunden High Temperature Heat Link: Projekt Zwischenstatus, 
https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf 

38 Puschnigg et al. (2021) Techno-economic aspects of increasing primary energy efficiency in industrial 
branches using thermal energy storage, Journal of Energy Storage, https://doi.org/10.1016/j.est.2021.102344 

https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf
https://doi.org/10.1016/j.est.2021.102344
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Kremsmüller Industrieanlagenbau KG, Zementwerk Hatschek GmbH und Porr Bau 
GmbH19,20. 

Aims and objectives  
The objectives of the project are (i) to develop, engineer and implement a 10 MWth high 
temperature heat recovery from a cement plant, (ii) to demonstrate and engineer a bulk 
heat storage and (iii) to transport the heat at temperatures of 240° to 350°C over a 
distance of 1.5 km to an energy centre situated in the city of Gmunden to supply a main 
industrial customer in Gmunden with 8 bar saturated steam19,39. 

The innovative contents are the evaluation of catalytic ceramic hot gas cleaning in 
combination with finned tube heat exchangers in cement environment, utilization of novel 
inflammable heat transfer fluids in the cement plant, high temperature fixed bed heat 
storage in a design which allows extending storage duration up to 60 days, long distance 
high temperature heat transport over public land and the installation of a heat contracting 
energy centre in the centre of Gmunden19,21. 

The sub-project combines the goals energy efficiency and reduction of CO2-emissions by 
means of heat recovery, high temperature heat storage and long-distance transportation 
of process heat. From a systemic point of view, the project demonstrates concepts that 
have a high replication/multiplication potential19,21. 

Content and methodology 
The cement plant in Gmunden has a waste heat potential of 10 MWth at 400 °C. Several 
concepts have been evaluated for recovering the waste heat potential and transporting it 
to a dairy over 1.5 km. The dairy requires process heat in the form of saturated low-
temperature steam. The concept is schematically shown in Figure 119. 

In general, the cement plant operates continuously, but both planned and unplanned 
process interruptions can occur. The dairy process is expected to fluctuate regularly, but 
to show a general continuity in the long run. Therefore, a thermal storage and/or a gas 
boiler as a backup system in the event of a process interruption at the cement plant could 
cope with the fluctuations and guarantee a continuous supply. In addition, the cement 
plant is idle for several weeks in the winter; a gas boiler system is needed to provide 
steam during these weeks19,20. 

 

39 Federal Ministry for Transport, Innovation and Technology (2019) Mission Innovation Austria: Austria’s 
way into the future of energy, http://mission-innovation.net/wp-content/uploads/2019/05/MI-Austrias-Way-
Into-the-Future-of-Energy-May-2019.pdf 

http://mission-innovation.net/wp-content/uploads/2019/05/MI-Austrias-Way-Into-the-Future-of-Energy-May-2019.pdf
http://mission-innovation.net/wp-content/uploads/2019/05/MI-Austrias-Way-Into-the-Future-of-Energy-May-2019.pdf
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Figure 32: Flow sheet showing waste heat recovery (red), storage (blue), and transportation 
(green)20 

The role of the Energieinstitut an der JKU Linz are the techno-economic, the macro-
economic, the socio-economic and the legal analysis of the introduced concept. TU Wien 
is responsible for the technical design (refer to Subtask 5, where technical details for this 
project are elaborated). 

The economic analysis is conduced based on DIN2067 (economic efficiency of building 
installations) and on investment cost calculation according to Peters, Timmerhaus and 
West (Plant Design and Economics for Chemical Engineers). The investment cost 
validation is conducted by the plant manufacturer company Kremsmüller, who have the 
appropriate practical skills for such a project. The economic analysis is conducted by an 
investment model developed at the Energieinstitut. The results are confidential. However, 
an economic top-down approach is applied to identify the maximum investment costs and 
the maximum storage costs, which have been published. The benchmark is a gas driven 
energy supply system. Cost calculation parameters: discount rate 6%, calculation period 
10 years, gas price 22 €/MWh, 10 months of storage usage, dairy plant consumption 8.5 
MWth

20. 

The legal analysis is conducted by examining various laws for their applicability. For this 
purpose, the relevant regulations were searched for by means of legal, literature and 
judicial research and analyzed with regard to their applicability. In order to substantiate the 
robustness of the analysis carried out, corresponding discussions are held with experts 
and authorities40. 

A stakeholder analysis is conducted by applying the tool SAMBA. The aim is to identify 
and to clarify the status of the stakeholders (i.e. local, regional and transregional ones) 
regarding the acceptance and attitude towards the project. Social acceptance is 
elaborated and forms the basis for an upcoming participation process when the project is 
to be realized. Stakeholders are classified into 6 categories: administration, politics, 
associations, economy, press/media, and civil society. 

 

40 Holzleitner et al. (2020) Rechtsaspekte der Errichtung einer Hochtemperatur-Prozesswärme-Leitung über 
Grund Dritter, 16.Symposium Energieinnovation 
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A macro-economic analysis is carried out by applying the tool MOVE. The 
macroeconomic analysis focuses on the question of the macroeconomic contribution in 
the form of additional gross regional production, consumption (by private households), 
investments (by companies), net exports (exports - imports), and additional employees 
resulting from the heat extraction and its redirection to industrial consumers. In 
comparison to economic studies, the focus is not on the micro level (end consumers, 
companies), but on the entire economy of Upper Austria. In particular, the focus is on 
investment impulses resulting from the construction of the required infrastructure 
(decoupling, pipeline, storage and heat exchange/additional expenditure for the steam 
center) and balance of payments effects resulting from the substitution of imported gas by 
the recovered heat. 

Results  
As stated in the methodology section, the detailed results from the techno-economic 
analysis are confidential.  However, it can be said, that the results showed that economic 
viability can hardly be reached. Subsidies and the integration of further demand (an 
increased amount of gas savings lead to increased cost savings) are essential to get a 
positive NPV. 

The maximum investment costs and storage costs are shown in Figure 2. Depending on 
the size of the storage, the maximal investment costs are between €10.6 and €9.9 million. 
The maximum storage cost, also dependent on its size, are up to €0.7 million20. 

 

Figure 33: Maximum investment costs of storage and overall system for cement industry 
case study20 

The legal analysis showed that the construction of a high-temperature process heat 
pipeline does involve some hurdles. Firstly, it has to be clarified with the respective 
authorities if the pipeline is seen as a conventional district heating pipeline, or if a building 
permit is required. Secondly, construction areas that have a not the right designation, 
special use agreements must be concluded with the entitled parties. Thirdly, during the 
planning, construction and operation of the pipeline, the requirements of the Pressure 
Equipment Act are relevant and must be included in the planning, and a final acceptance 
and regular inspections by an appropriate testing body must be assumed. As a 
conclusion, it can be deduced that the legal requirements listed must be complied with 
and approvals and permits must be obtained. However, these aspects are common 
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procedures and do not represent legal restrictions which are case-specific for a high-
temperature pipe22. 

The stakeholder analysis revealed that administrative bodies and the local companies 
should be managed closely. Administrative bodies are mostly neutral towards the project, 
but can have a high influence on the project. There might also be stakeholders that are 
against the project, which should be given more than proportional attention. Stakeholders 
that have a positive attitude towards the project should be regularly informed about the 
progress and their benefits to maintain them as supporters. 

The preliminary macro-economic analysis shows a positive economic benefit in the form 
of an increase in gross regional product and employment within the period under 
consideration. The positive effects result from (i) investment impulses as a result from 
implementing the required technologies (heat extraction, heat exchangers, storage, etc.) 
and (ii) the reduction of imported gas. Investments and economic growth also have a 
positive impact on labor as a production factor, which generates additional employment. 
Additional employment in turn leads to higher consumption, which in turn boosts the 
national economy. Economic growth also causes an increase in the export ratio of non-
energy goods as a result of increased regional production. 

Conclusion  
The following is a summary of the key insights that have been gained in previous works 
and within the analyses of the Gmunden HTL project. They are also elaborated in the 
questions section. The saved energy (around 40 to 60 GWh yearly depending on the 
scenario and load profiles) and thus cost savings through utilizing the waste heat is low. 
As a result, the economic viability can hardly be achieved as high investment costs are 
required to recover heat from the dusty flue gases of the cement plant. Established fossil 
driven systems are still too inexpensive. Changes on legal, funding, political, etc. levels 
are needed to make such enormous waste heat potential economically viable19,20. 

Answers to the questions related to the subtask  
What are the most likely risks in excess heat projects? 

Informational barriers:  
In the beginning, it is important to find out who can provide waste heat and under which 
conditions (temperature, pressure, quantity, capacity). Thus, source and sink have to be 
identified. In addition, generation profiles and load profiles must overlap in order to utilize 
the waste heat potential. Otherwise, a secure supply system must be supported and 
guaranteed by storages or backup systems. 

Economical barriers: 

As soon as a waste heat potential has been identified and a possible customer has been 
found, initial studies will be carried out to evaluate the financial feasibility. Waste heat 
extraction always implies high investment costs and therefore involves a high risk. The 
demand for short payback periods in order to reduce existing risks in the form of 
uncertainties, as well as the additional measures usually required for the installation of 
backup systems, make financial viability more difficult. 
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Uncertainty in planning: 

The cost-intensive investment in waste heat recovery and utilization entails numerous 
risks for waste heat providers and consumers. Companies can go bankrupt or can 
relocate. A continuous supply or purchase of waste heat as initially planned may no longer 
be available and lead to a stranded investment. In addition, production processes can be 
adapted, which changes the waste heat potential or the quantity required. Changing 
prices (increase or reduction) of energy sources from fossil resources, possible CO2 
taxation, legal definition regarding whether waste heat may be counted as renewable and 
thus support decarbonization scenarios, imply doubt. All mentioned risks/barriers lead to 
planning uncertainty and thus can lead to hesitation in investment decisions. 

Did you deal with some, due to which ones did projects fail? 

All the risks listed under point a) have been discussed in the project. The project 
represents the preparatory phase for the full-scale implementation, including an initial 
feasibility study of the project. In this respect, it is not yet possible to make a general 
statement and this will continue over the next few years. This will depend very much on 
how the legal framework changes, how the gas price develops, and whether a possible 
CO2 tax is introduced in Austria. 

As of today, however, it can be concluded that the high investment costs required and the 
very low cost reductions through gas savings make the project economically infeasible. 
However, increasing efforts are being made to achieve an economic solution by 
integrating additional demand and thus achieving further gas and as a result cost savings. 
Subsidies will definitely be necessary to realize such a project. 

Who has to take care about risks at which time? 

The supplier, contractor and consumer at the point of investment decision. Therefore, a 
feasibility study (evaluating economic and technical conditions) is conducted in a first step. 
A risk contingency plan has to be elaborated if the project gets more detailed and 
contractual agreements between companies made. However, potential accompanying 
risks (e.g. site closing, regulatory changes, etc.) are already aware to everyone at the 
beginning of the feasibility study, but are becoming only more important when the 
technical and economic potential is positively pre-assessed. 

Are there strategies to overcome the barriers? 

The parameters for achieving technical, economic and legal-administrative feasibility were 
identified. Improving them was an intrinsic main objective of the project partners. There is 
no general strategy or plan for all waste heat problems, as there are different problems 
depending on the case. 

Experience with innovative business models and project design? 

The business model is still in elaboration and will need further discussions over the next 
years (who takes responsibility of which parts, who invests in which components, etc.). 

Are there innovative add on benefits to be included as KPIs? 

The results from the macro-economic effects represent an add-on for waste heat projects. 
Through investments in regional waste heat projects, a regional value creation and 
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additional jobs are created. The gross regional product is increasing. Furthermore, the 
dependency on gas decreases and CO2 emissions reduced. Therefore, avoided energy 
imports, CO2 avoidance, jobs created, and gross regional product could be indicated as 
KPIs.  

Real experience in excess heat project implementations? 

Some partners are experienced in using waste heat (even from a cement plant, too) and 
thus are experienced to cope with some of the mentioned challenges. 

Project Name: Envisioning and Testing New Models of Sustainable Energy Cooperation 
and Services in Industrial Parks (short name: S-PARCS), funded by the Horizon 2020 
programme (GA# 785134) 

Summary  
S-PARCS aims at analysing the theoretical aspects of industrial symbiosis with focus on a 
wide range of energy related cooperation solutions between companies located in 
industrial parks. To put the theories to test and validate them, five European industrial 
parks with different industrial branches are part of the consortium. This project description 
focuses on the Austrian industrial parks Ennshafen and Chemiepark Linz. 

At the demo sites (“lighthouse parks”), interviews were conducted with representatives of 
the most energy-intensive companies in order to get to know their processes, needs and 
expectations. Based on this, possible synergies between the companies were identified 
and preliminary feasibility studies were carried out to serve as inspiration for the 
companies or as a basis for new projects. Furthermore, in some parks, regular meetings 
were introduced to promote energy-focused information exchange and discussions, e.g. in 
Ennshafen. 

The aim is to use synergies at industrial park level to shape the energy supply of 
European industry in such a way that, on the one hand, the necessary change to a 
sustainable renewable energy supply is advanced and, on the other hand, economically 
sensible solutions are generated so that the competitiveness of the companies is 
strengthened. 

These so-called energy cooperation solutions range from the exchange of information to 
joint investments (e.g. in energy generation plants) to physical connections between 
companies (e.g. direct exchange of waste heat). 

In addition to the analysis of the lighthouse parks, a free online tool (https://www.sparcs-
community.eu/) was developed that provides comprehensive information on the topic, 
enables exchange with other companies and stakeholders as well as an initial 
assessment of individual cooperation potentials. 

Introduction  
Energy cooperation between companies in an industrial park offers possibilities to reduce 
total energy consumption, increase the share of renewables and reduce GHG and waste 

https://www.sparcs-community.eu/
https://www.sparcs-community.eu/
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emissions. An additional benefit and main driver for the industrial companies is saving 
costs, i.e. increase competitiveness. 

The S-PARCS project has received funding from the European Union’s Horizon 2020 
research and innovation program under grant agreement No 785134. The project 
analyses technical and non-technical aspects of the implementation of industrial and 
urban-industrial symbiosis in the areas of energy (cooperation solutions, business models, 
barriers and instruments to overcome the barriers). The analysis is carried out both 
theoretically and practically, the latter based on five “lighthouse parks”, i.e. industrial parks 
from Austria, Italy and Spain, which are part of the project consortium. The lighthouse 
parks considered in this overview are Ennshafen and Chemiepark Linz, both located in 
Austria. 

Aims and objectives  
There are four main objectives that drive the project: One goal is to increase the 
competitiveness of industrial parks/companies by developing, testing and deploying 
replicable instruments for energy cooperation. To realize such cooperation opportunities, 
replicable business models for joint contracting of energy services for industrial parks 
need to be developed, tested and deployed. Furthermore, another goal is to contribute to 
the creation of legal and regulatory frameworks that accelerate and facilitate the adoption 
of innovative instruments for energy cooperation. Finally, the project aims at building 
capacities and increasing the skills and competencies of practitioners and facilitators in 
terms of industrial energy cooperation implementation. 

These objectives lead to the following activities: The state of the art of energy cooperation 
in industrial parks as well as future opportunities and barriers are identified. Knowing 
these, innovative instruments and business models to enhance energy cooperation need 
to be identified. To make this information available to others and especially practitioners, 
the Industrial Park Service Initial Assessment Tool (IAT) and the Community platform are 
developed. This is also part of supporting industrial parks for enhancing energy 
cooperation, directly within the project and beyond. 

Content and methodology 
The methods to involve and get to know the lighthouse parks are based on three pillars: 1) 
the park managers or representatives were full members of the project consortium, 2) for 
each industrial park one dedicated scientific partner was available, 3) the companies in 
the parks were involved via bilateral expert interviews of 1-2 hours, workshops and direct 
communication. The semi-structured interviews were conducted based on a questionnaire 
jointly developed by the scientific partners. Aim of the interviews was to get an 
understanding of the companies’ business in general, their knowledge on own processes 
and energy / waste streams as well as on their neighbouring companies. Finally, their 
knowhow and expectations regarding energy cooperation were discussed. 

At Ennshafen, several energy cooperation opportunities were identified, of which some 
are multilateral, some bilateral. The ones aiming at several / all companies are mainly 
connected to joint investment and shared utilization of photovoltaics, e-charging points, 
shore side electricity for ships, revamping an old cooling water sewer and regular working 
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group meetings focusing on energy related topics. One of the bilateral solutions identified 
at Ennshafen, however, regards the waste heat exchange of two neighbouring 
companies. The potential cooperation was taken into consideration in S-PARCS, also 
detailed interviews with the companies were carried out. Additionally, the detailed 
assessment was carried out in a national project, for more details refer to “Industrial 
Microgrids”, testbed Ennshafen.  

At Chemiepark Linz, the park infrastructure and utilities are special, as the whole park 
formerly was part of one chemical company. The shared infrastructure, such as steam 
and cooling water supply, were maintained when it was split up. One of the main 
producers of steam is Borealis Agrolinz Melamine, due to exothermal chemical reactions 
of the production processes. Large amounts of the generated steam and other waste heat 
is already utilized at the park by various companies. However, especially in summer, but 
also during winter, there is excess heat (technical potential). Future developments are 
likely to lead to increasing excess heat in the upcoming years, i.e. new or alternative heat 
sinks have to be identified. Consequently, a pre-feasibility study was carried out within S-
PARCS that analysed the technoeconomic feasibility of a waste heat feed to the local 
district heating network (DHN). One scenario considered only winter feed-in, one 
considered an additional summer feed-in based on the assumption that rising summer 
cooling demands could be covered by heat-to-cold technology by the DHN operator, as 
first steps towards district cooling systems are already taken41.  

The Energieinstitut an der Johannes Kepler Universität Linz served as facilitator and 
project manager, RINA Consulting SPA and the Energieinstitut were responsible for pre-
feasibility studies (for the Austrian parks), the companies involved at the parks provided 
data and were involved in the joint discussion process. 

Results  
For Ennshafen, two specific design options for recovering the heat from the wastewater, 
the preparation via a heat pump, the supply line to the neighbouring company and the 
integration into the neighbouring company’s heating system were worked out. In short, it 
can be stated that both options would result in similar efforts and costs. Stakeholders are 
positive or neutral towards the project. More details can be found in the specific project 
description of “Industrial Microgrids”. 

For both scenarios (winter, winter and summer) analysed for Chemiepark Linz, the 
following main beneficiaries of the cooperation were identified: 

• Waste heat disposal, economic benefits, reputation: Borealis Agrolinz Melamine 
• Increased capacities of cooling water system: all Chemiepark Linz companies 

connected to the joint system 
• Substitution of fossil energy, economic benefits, reputation: DHN operator 
• Positive impacts on the local environment 

 

41 Alles Linz, Linz AG baut Fernkälte aus, https://alleslinz.at/linz-ag-baut-fernkaelte-aus/, accessed on 
15.06.2021  

https://alleslinz.at/linz-ag-baut-fernkaelte-aus/
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The pre-feasibility study found that - since environmental and climate are of increasing 
interest to the City of Linz, the Chemiepark and apparently also to the DHN operator - the 
basic idea of the pre-feasibility study should be further discussed in order to work out a 
satisfactory cooperation:  

The economic feasibility is given, assuming gas-based heat to be replaced with waste 
heat and considering capital expenditure, assuming the operational costs are comparable 
to the current OPEX of the DHN. Amortization period is a few years, though detailed 
technical design, business models and contract design were not evaluated in detail.24  

If natural gas could be substituted by waste heat, the non-renewable primary energy 
demand could be reduced by several gigawatt hours and several thousand tons of GHG 
emissions could be prevented, thus leading to significant environmental benefits. 24 

It was recommended that potential partners should focus on a joint project development to 
cover aspects that were not known at the time of conducting this study - such as 
development of heating/cooling demand, detailed expansion strategies for the DHN and 
contractual requirements, e.g. as there is no preferential treatment of waste heat feed-in 
nor specific regulations in Austria. There is no obligation for the DHN operator to allow the 
feed in, thus, individual contract negotiations are obligatory.42 

A generic list of 100 identified barriers towards energy cooperation categorized regarding 
their discipline (economic, social/managerial, framework, technical/engineering, 
informational) is provided in Rodin and Moser (2021)43. 

Conclusion  
The following is a summary of the key insights that have been gained in the previous work 
and analyses in the S-PARCS project, mainly focusing on Ennshafen and Chemiepark 
Linz: 

The companies in the lighthouse parks differ a lot in terms of size, core business, energy 
intensity and attitude towards data and information confidentiality. However, within the 
project data provision and sharing was rather uncomplicated. It should be noted that after 
a confidence-building initial phase, a deepening of data / information is necessary in order 

 

42 S-PARCS (2020), deliverable D5.4, Public report on the results from the feasibility studies for the most 
promising joint energy projects in the Lighthouse Parks, https://www.sparcs-h2020.eu/wp-
content/uploads/2020/11/D5.4-Public-report-on-the-results-from-the-feasibility-studies-for-the-most-
promising-joint-energy-projects-in-the-Lighthouse-Parks.pdf 

43 Rodin and Moser (2021) The perfect match? 100 reasons why energy cooperation is not realized in 
industrial parks, Journal of Energy Research and Social Science, volume 74, 101964, 
https://doi.org/10.1016/j.erss.2021.101964 

https://www.sparcs-h2020.eu/wp-content/uploads/2020/11/D5.4-Public-report-on-the-results-from-the-feasibility-studies-for-the-most-promising-joint-energy-projects-in-the-Lighthouse-Parks.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/11/D5.4-Public-report-on-the-results-from-the-feasibility-studies-for-the-most-promising-joint-energy-projects-in-the-Lighthouse-Parks.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/11/D5.4-Public-report-on-the-results-from-the-feasibility-studies-for-the-most-promising-joint-energy-projects-in-the-Lighthouse-Parks.pdf
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to be able to assess any risks (temperatures, quantities, etc.). The willingness to disclose 
must be given and internal inquires must also be possible. 

Focusing on Chemiepark Linz, the amounts of waste energy to be recovered by the 
energy cooperation are particularly high. The realization of such a large-scale project 
however is rather complex, from several points of views: The technical implementation 
affords an in-depth detailed assessment of each waste heat point source within the 
industrial park (quality, quantity, location, future existence, alternative valorisation 
pathways), possible piping routes, locations for transfer stations to the DHN etc. As 
several companies are connected to a joint steam and cooling water system, various 
contact persons are to be included. On the other hand, future developments of the local 
DHN (load profiles, expansion, temperatures etc.) have to be considered. Due to the size 
of the project, various stakeholders, e.g. the city of Linz should be involved in the project 
at a certain stage, as they are affected by the (positive) impacts. From an economic point 
of view, the project seems to be feasible, however, the carried out assessment bases on 
rough estimates, no detailed assessments was carried out. I.e., deviation in economic 
feasibility might be high.  

In a nutshell, positive impacts of the urban-industrial energy cooperation could be very 
high on several levels, however, project development is connected to various barriers due 
to manifold stakeholders as well as technical, economic and legal complexity. 
Consequently, successful implementation of such projects depends a lot on dedicated 
people, also industrial symbiosis facilitators can play a crucial role as they can focus on 
project development more easily than the industrial partners with other core businesses.  

Answers to the questions related to the subtask  
What are the most likely risks in excess heat projects? 

There is a high technical and therefore economic effort to combine thermal waste streams 
and thermal sinks with different physical/chemical qualities/needs, as transfer stations and 
possibly storage are needed. Furthermore, overcome managerial and social barriers, e.g. 
fulfill trust and information needs of all partners are significant barriers, too, although they 
apply to all cooperative projects. 

Did you deal with some, due to which ones did projects fail? 

In terms of Chemiepark Linz, the concrete project did not fail but as various utilization 
ways are possible, the project needs careful considerations and more detailed feasibility 
assessments. A follow-up project will take further steps into realization, a final statement 
however cannot be made. 

Who has to take care about risks at which time? 

The user has to take (future) price and technological developments into consideration 
when making an investment decision. The supplier has to consider alternative heat sinks 
in case the heat sink becomes unavailable. Eventually, all partners should take the 
various risks possible into account at each development or operational step. Classical risk 
assessment including solution identification should be carried out, including all partners. 

Are there strategies to overcome the barriers? 
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S-PARCS found that neutral facilitators, e.g. public or scientific consultants can take the 
lead in order to overcome some barriers, as the focus on the project development, taking 
a holistic perspective as far as possible and driving the project. Open communication 
between partners is crucial as well, regular meetings and non-disclosure agreements are 
potential instruments.  

Externally caused barriers often need the action of others, predominantly policy makers 
regarding regulation and subsidies. However, facilitators, the scientific community and 
also the industrial symbiosis practitioners are in duty to report legal obstacles and 
suggestions in order to resolve such barriers. 

Experience with innovative business models and project design? 

Various business models were worked out in theory within the S-PARCS project44. As 
most of the cooperation opportunities at Chemiepark Linz (or Ennshafen) are in early 
development stages at the end of the research project S-PARCS, so far no business 
models were implemented. Depending on further individual cooperation development the 
implementation of suitable business models is likely. 

Are there innovative add on benefits to be included as KPIs? 

Additionally to direct energy, environmental and economic effects, also more far reaching, 
less tangible benefits should be taken into consideration, e.g. social benefits, avoided 
energy imports and CO2 mitigation. A range of KPIs, covering different perspectives 
(technical, economic, social, legal, organizational, environmental), were developed within 
the S-PARCS project.45,46 

Real experience in excess heat project implementations? 

Based on the joint history of firms located there and the still existing joint provision of 
many utilities, companies in Chemiepark Linz are comprehensively experienced with 
(waste heat) cooperation. However, the S-PARCS project only assessed the feasibility 
and potential impacts to a certain stage, i.e. there were no additional implementations.  

 

44 S-PARCS (2019), deliverable D2.3, Guidance on contractual issues for joint services and energy 
cooperation, https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D2.3-
Contractual-Issues_SSSA_RESUB.pdf 

45 S-PARCS (2019), deliverable D4.1, Methodology and key performance indicators for the monitoring and 
assessment of the lighthouse parks, https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-
785134-D4.1_S-PARCS_RINA-C_RESUB_P.pdf 

46 S-PARCS (2018), Data Collection Guidebook, https://www.sparcs-h2020.eu/wp-
content/uploads/2019/05/D4.2-Data-Collection-Guidebook_SUBM_PUBLIC.pdf 

https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D2.3-Contractual-Issues_SSSA_RESUB.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D2.3-Contractual-Issues_SSSA_RESUB.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D4.1_S-PARCS_RINA-C_RESUB_P.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2020/01/S-PARCS-785134-D4.1_S-PARCS_RINA-C_RESUB_P.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2019/05/D4.2-Data-Collection-Guidebook_SUBM_PUBLIC.pdf
https://www.sparcs-h2020.eu/wp-content/uploads/2019/05/D4.2-Data-Collection-Guidebook_SUBM_PUBLIC.pdf
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Project Name: “Industrial MicroGrids”, testbed “Ennshafen” 

Summary  
The local energy cooperation between companies offers a possibility to reduce the total 
energy consumption, thus emitting less CO2 and saving costs. A large number of 
companies are in close proximity to each other in the Ennshafen Business Park. A 
concrete potential is the use of heat from the wastewater of a laundry. This heat should be 
made available to the neighbouring company for space heating purposes. The aim of the 
Ennshafen testbed is to carry out the specific design of waste heat recovery and reuse. 
An economic cost-benefit analysis is carried out based on this technical design. In 
addition, a stakeholder analysis and a macroeconomic analysis were carried out. Two 
specific design options for recovering the heat from the wastewater, the preparation via a 
heat pump, the supply pipe to the neighbouring company and the integration into the 
neighbouring company’s heating system were worked out. Due to the clearer and thus 
preferable spatial separation, the partners concentrated on one design option. The 
analysis of the economic efficiency showed that an economic feasibility can hardly be 
reached. The project would be close to profitability if government subsidies are included.  

The project’s initiation was based on rapidly flowing information and highly communicative 
people. Moreover, both partners are not energy-intensive companies and energy data is 
not considered confidential. It should be noted that after a confidence-building initial 
phase, a deepening of data/information exchange is necessary.  

An analysis of the potential stakeholders showed that they are almost exclusively positive 
or neutral (at least not negative) towards this (and this type of) project. The 
macroeconomic analysis clearly shows positive effects on the gross regional product and 
employment through the domestic added value in the construction and avoidance of 
imports of fossil energy. 

Introduction  
The local energy cooperation between companies offers a possibility to reduce the total 
energy consumption, thus emitting less CO2 and saving costs. As part of the Energy 
Showcase Region program of the Austrian Climate and Energy Fund, the industrial 
microgrids project is being carried out under the umbrella of the New Energy For Industry 
Showcase Region. The project analyses technical and non-technical aspects of the 
implementation of industrial and urban-industrial symbiosis in the areas of electricity and 
heat. The analysis is carried out both theoretically and practically, the latter based on 
three testbeds, whereby the testbed considered in this overview is the testbed Ennshafen. 

Aims and objectives  
A large number of companies are in close proximity to each other in the Ennshafen 
Business Park. The structure of the companies is very heterogeneous, from which many 
opportunities for cooperation can be derived. A concrete potential is the use of heat from 
the wastewater of a laundry. This heat should be made available to the neighbouring 
company for space heating purposes. In the project, the Energy Institute at the Johannes 
Kepler University Linz, the Salesianer laundry, the Biomontan company, the technology 
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provider and contractor Aigner and the Upper Austria University of Applied Sciences are 
working together to analyse the implementation possibilities of the project or to advance 
the implementation. The project is at an advanced stage, but the implementation has not 
yet been decided or completed. 

Content and methodology 
The aim of the Ennshafen testbed is to carry out the specific design of waste heat 
recovery and reuse. For this purpose, the current technical layout of processes and 
utilities at the companies, the wastewater volumes, the wastewater profiles and the 
wastewater temperatures were analysed. Expected fluctuations due to fluctuations of the 
laundry process on the one hand and possible reductions in heat demand on the other 
hand were discussed in workshops. It was already known that the temperatures of the 
wastewater, which is discharged into the sewer not far from the neighbouring company, 
were not high enough to be integrated directly into the heating system after a heat 
exchanger. The need for a heat pump was therefore always known, with a high COP 
being speculated due to the wastewater temperatures. The constant pollution of the 
wastewater is also a challenge and must be taken into account when designing the 
system and the heat exchangers. 

An economic cost-benefit analysis is carried out based on this technical design. The main 
benefit is the amount of gas saved on the part of the waste heat using company, which 
can and will keep the gas boiler as a backup system. This means that the ongoing gas 
savings must be compared with the gas price.47 

In addition, a stakeholder analysis and a macroeconomic analysis were carried out. For 
that, Energy Institute’s tools MOVE and SAMBA were applied. In the overall project, a 
legal analysis of business-to-business heating cooperation was also carried out. 

The Energy Institute at the Johannes Kepler University Linz served as mediator and 
project manager, the Upper Austria University of Applied Sciences was responsible for 
technical measurements and calculations, the technology provider and contractor Aigner 
carried out the technical design and the fundamental economic analysis, the two 
companies provided data and were involved in the joint discussion process. 

Results  
Two specific design options for recovering the heat from the wastewater, the preparation 
via a heat pump, the supply line to the neighbouring company and the integration into the 
neighbouring company’s heating system were worked out. In short, it can be stated that 
both options would result in similar efforts and costs. The analysis of the economic 
efficiency showed that, taking into account the saved gas costs through the provision of 

 

47 c.f. Moser et al. (2020) Designing the Heat Merit Order to determine the value of industrial waste heat for 
district heating systems, Energy,  https://doi.org/10.1016/j.energy.2020.117579; Puschnigg et al. (2021): 
Techno-economic aspects of increasing primary energy efficiency in industrial branches using thermal 
energy storage, Journal of Energy Storage, https://doi.org/10.1016/j.est.2021.102344 

https://doi.org/10.1016/j.energy.2020.117579
https://doi.org/10.1016/j.est.2021.102344
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heat recovered from the wastewater, a limited economic efficiency is given. The analysis 
shows clear economic inefficiency if standard installation costs and current savings (i.e. 
gas costs) are applied in the analysis. Expectedly, current government subsidies and 
assuming higher gas prices (either due to CO2 prices or higher gas market prices) leads 
to economic feasibility at some point; however, assuming government subsidies alone is 
not sufficient.  

An analysis of the potential stakeholders showed that they are almost exclusively positive 
or neutral (at least not negative) towards the project.48 The issue of the stakeholders does 
not appear primarily external, but internal: The integration of the different levels within the 
organizations and the exchange of information between the partners and within the 
organizations represents a particular challenge for the implementation of the project. It is 
not only relevant to convince all decision-making levels and to dispel concerns, but also to 
ensure that nobody feels left out. 

From a legal point of view, for the implementation of the described project, there are of 
course general specifications (for example reporting obligations to authorities, etc.), which 
are not to be regarded as specific to heat piping or the provision of heat. From a legal 
point of view, there are no particular obstacles to the heat connection between the two 
companies and the management by a contractor.49 

In order to obtain reliable information from the macroeconomic analysis carried out, the 
implementation in Ennshafen was scaled up to all of Upper Austria. The analysis shows 
clearly positive effects on the gross regional product and employment through the 
domestic added value in the construction and avoidance of imports of fossil energy.50 

Conclusion  
The following is a summary of the key insights that have been gained in the previous work 
and analyses in the Ennshafen testbed of the Industrial Microgrids project. 

The project’s initiation was based on rapidly flowing information and highly communicative 
people. This was decisive in the initiation phase and can be seen as a key driver in the 
direction of its implementation. Moreover, both partners are not energy-intensive 
companies and energy data is not considered as strictly confidential.51 Thus, the provision 

 

48 Müller, Fazeni-Fraisl (2020) Industrial Microgrids, Work Package 6 – Living Lab: Stakeholder Analysis – 
identification and categorization, Final Draft, November 2020. 

49 c.f. Holzleitner, Moser, Baumgartner, Winkler, Dimmler (2020) Rechtsaspekte der Errichtung einer 
Hochtemperatur-Prozesswärme-Leitung über Grund Dritter. Conference paper, Symposium 
Energieinnovation, Graz 2020. 

50 Goers, Rodin (2020) Industrial Microgrids, Work package 6 – Living Lab: Macroeconomic impact 
assessment. Energy cooperation example #1: waste water heat for space heating. Final Draft, November 
2020. 

51 Rodin, Moser (2021) forthcoming. 
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and exchange was uncomplicated. It should be noted that after a confidence-building 
initial phase, a deepening of data / information is necessary in order to be able to assess 
any risks (temperatures, quantities, etc.). The willingness to disclose must be given and 
internal inquires must also be possible. 

The amounts of energy to be replaced by the energy cooperation are not particularly high. 
To be clear, especially after the thermal insulation of the halls, the 280 MWh annual 
consumption is not on a classic industrial scale. Nevertheless, it can be attested that the 
project would be exemplary for many SMEs in the manufacturing sector. Governmental 
subsidies and the forward-looking behaviour of companies with regard to the likely 
increasing requirements for climate neutrality support implementation. 

There are no negative effects for the company providing waste heat being expected, 
especially not on its production. The only negative aspect is the need for provision of 
some space for the placement of a small container. Due to the low overall economic 
viability of the cooperation, no remuneration for the provision of waste heat is possible. In 
this indifferent situation, probably as a precautionary measure, it is likely no cooperation 
will be established due to too few benefits for both partners. 

Answers to the questions related to the subtask  
What are the most likely risks in excess heat projects? 

The clearest risks lie in the (especially at the beginning) inability to assess the cooperation 
partner. This includes the lack of information as to whether waste heat is available at short 
notice / constantly due to process fluctuations and whether this is available for the long 
term. The latter means whether there could be plans for a comprehensive process 
modification that would result in less / no usable waste heat. Other modifications that 
would eliminate the waste heat recovery facilities are also considered a risk. A significant 
risk is of course the possibility of bankruptcy, which is difficult to assess for the other 
company due to a lack of comprehensive insight. There are also similar risks on the part 
of the buyer: this is about a guaranteed purchase quantity, especially if the provision of 
waste heat is remunerated according to quantity.52 

Information deficits should not necessarily be mentioned as risks, but rather as barriers. 
The project has shown that the other partners were not aware of any waste heat potential 
or potential heat sinks in their proximity.34 

Did you deal with some, due to which ones did projects fail? 

All of the above risks were discussed in the project. At the beginning of the Industrial 
Microgrids project, there was the situation that the laundry went bankrupt and was taken 
over by another group. However, the research & implementation topic could be pursued 

 

52 Moser, Rodin (2021) The ‘Industrial Symbiosis Gap’: information asymmetries are the main challenge for 
industrial symbiosis – evidence from four Austrian testbeds with a focus on heat exchange,  Elektrotech. 
Inftech., https://doi.org/10.1007/s00502-021-00897-y 

https://doi.org/10.1007/s00502-021-00897-y
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unchanged after the end of the merger. However, the merger meant a period of waiting 
and uncertainty. 

Due to the quickly achieved harmony in the group, the discussions focused on potential 
reductions in the amount of waste heat due to the above-mentioned risks or reductions in 
heat demand.34 

The analysis has not yet been completed and a final decision on the project’s 
implementation has not yet been made. Should the project fail, one reason lies in the lack 
of profitability, which would have made remuneration possible for the company providing 
waste heat. 
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Who has to take care about risks at which time? 

In the specific case, the company using the waste heat has to assess the risks at the time 
of the investment decision. The contractor must assess these risks beforehand and take 
them into account when setting prices. 

Are there strategies to overcome the barriers? 

There are no large-scale strategies or clear guidelines for pursuing implementation 
projects of this type. The missing strategies include a local, connecting institution with a 
strong focus on energy cooperation. There is also no checklist for implementation. Case-
specifically applied strategies are a mediative unit, as in this case the research 
organization, awareness of the many barriers and their diverse disciplines, strong political 
support from the state government, awareness of the image effect within the framework of 
the national Energy Model Region program. 

Experience with innovative business models and project design? 

A previous analysis has shown that there are only three cases of bilateral inter-company 
heating cooperation in Austria. Therefore, there are only a few exemplary cases. 53 The 
business model, given by a contracting solution, should also be mentioned as innovative. 

Are there innovative add on benefits to be included as KPIs? 

The macroeconomic effects clearly represent an added value of the project. The 
investment leads to direct and, in multi-round effects, indirect positive effects on 
employment and the gross regional product. In addition, the reduction in energy imports 
also has a positive effect on these two parameters.54 Avoided energy imports, CO2 
avoidance, jobs created, and gross regional product could be indicated as KPIs. 

Real experience in excess heat project implementations? 

None of the companies has experience with excess heat project implementation.  

 

  

 

53 Moser, Lassacher (2020) External use of industrial waste heat - An analysis of existing implementations in 
Austria, Journal of Cleaner Production, https://doi.org/10.1016/j.jclepro.2020.121531  

54 Goers, Rodin (2020) Industrial Microgrids, Work package 6 – Living Lab: Macroeconomic impact 
assessment. Energy cooperation example #1: waste water heat for space heating. Final Draft, November 
2020. 

https://doi.org/10.1016/j.jclepro.2020.121531
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4.3. COUNTRY & INSTITUTION: FRANCE (GREENFLEX) 

Project Name: Risk Matrix for Excess Heat Recovery Projects 

Summary  
 

The project consists of the development of a tool to support the risk management for 
waste heat recovery projects. The main goals are to:  

• Develop a list of main risks linked to excess heat recovery projects, 
• Evaluate each risks in terms of probability and severity 
• Define mitigation measures for the main risks either for prevention or protection, 

This tool has been developed in partnership with ADEME (French Agency for Ecological 
Transition) and shared to the trainees of INVEEST program, which is a course dedicated 
to industrial chief financial officers and banks on energy efficiency and low carbon 
financing. It will help financers to evaluate and understand the risks and mitigation 
measures linked to waste heat recovery projects in the industry, which should increase 
their confidence for this type of solutions. 

Introduction  
 

Industrial heat recovery projects, by nature, are complex projects because they are often 
linked to industrial processes and require integration between heat production and need. 
Thus, it is important to identify and evaluate the specific risks that can occur on these 
projects, even at their earliest stage.  

As it was found out in previous studies, those risks are one of the reasons to the lack of 
heat recovery project financing, mainly because they are unknown or unclear to them. 
That is why part of the training program called INVEEST focuses on risk identification and 
evaluation. This program’s goal is to provide all the tools for decision-makers to 
understand the stakes and benefits of energy efficiency and heat recovery projects in the 
industry to ease their financing and implementation.  

This risk matrix is one of the tools provided to the trainees, to help them evaluate the risks 
and identify mitigation measures.  

Aims and objectives 
 

This tool is answering several objectives:  

• Provide a list of main risks linked to excess heat recovery projects in the industry, to 
help the users during identification phase, 

• Rank the risks based on probability and severity evaluation of each risk: the user 
can evaluate the risks according to its project characteristics, and then the tool ranks 
them to put forward the main risks, 
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• Suggest a few mitigation measures either as a prevention or as a protection when 
the risk occurs. Knowing that, the user can decide whether a mitigation measure 
should be implemented.  

Sharing this tool to INVEEST community, we aim at helping investors to evaluate heat 
recovery projects in the industry and thus providing confidence, needed for investment 
acceleration.  

Content and methodology 
 

First, the main risks have been listed during brainstorming sessions with experts of heat 
recovery project implementation in the industry. The risks have been categorized into 6 
groups: 

• Technical 
• Operation 
• Financial 
• Contract 
• Organization 
• Environment 

The full list is available in the table below:  

Nature Risk Mitigation (Prevention) Mitigation (Protection) 

Technical 

Non adapted technology ; 
complex system or equipment Benchmark / State of the art / 

Technical expect committee  
Adapted technology (double 

envelope, etc), filters 

Budget contingencies 
Preventive maintenance 
Curative maintenance 

Plan a Ramp up on phasable 
projects and : 

Define the number of failures 
allowed in the early stages, 

Make sure that the methodology 
for measuring the savings 

integrates a gap between the final 
objectives and those of the early 

stages 
Consider the reversibility and 
possible modification of the 

different elements of the project 
during the project 

Provide a quick backup solution in 
case the new facilities do not work 
in the early stages of the project 

Under performing equipment 

Agressive fluid 

Non adapted control metrology   

Under estimated risk on process 
fluid   

Non identified energy savings on 
excess heat source with energy 

efficiency solutions 
  

Lower energy need due to 
another stakeholder's connection 

to the grid 
  

Inadequate to site evolutions Make thirk party measurements / 
recordings  

Sensitivity study 
Failure scenario 

Shutdown scenario 
Inadequate to site needs 

Lack of visibility on process 
equipments at the start of the 

project (revamping, new process 
lines) 

    

Insufficient or inadequate energy 
consumption measures (and 

savings) 

Ensure communication and good 
understanding of the stakeholders 
regarding the instrumentation and 

measurement methodologies: 
agreement of all participants on 
the total duration of the project 

  

Operation Impossible to do the maintenance Contract with performance goal 
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Performance not achieved 
initial performance tests and 

regular verification of performance 
and consumption by a third party 

inspection company  
Experience from previous projects 

/ Benchmark 

Long term performance of 
equipments and technologies 

Under estimated operating costs 

Safety of operating personnel 

Quality over time 

Decrease in production or 
capacity     

Financial 

Variation of the energy produced 

Study of different technical 
scenarios 

Consideration of the long term 
production plan 

Sensitivity analysis (Capex / Opex 
/ Supply / Purchase) +/- disruptive 

Conditions and uncertainties 
related to obtaining the different 

types of grants 
Cash flow schedules according to 

the type of grants 

Insurance 
Contractualization with penalties,  

Price indexation on energy 
markets 

Review clause 
Coface guarantee 

Bank / parent company guarantee 
Do not include foreign exchange 

Solidarity mechanism (price 
variation within a certain range) 

Back testing (financial risks) 

Variation of the energy consumed 

Long-term inflation (10 years) 

Change in exchange rate 

Variation in energy prices 

Variation of indexes 

Non recovery of cash flow 

the heat consumer leaves and is 
not replaced 

Initial investment underestimated 

Amount of grants not validated 

Internal investment focus 
Too high profitability 

requirements 
No dedicated EE budget 

    

Prudence of credit committees - 
limited access to financing, 

especially third-party financing, 
particularly in core business 

areas 

    

Lack of stability in the regulatory 
framework     

Contract 

Failure to reach an agreement 

Identify the stakeholders 
Define the risks and opportunities 
of the different types of contracts  

Outsource to a specialized 
company 

Create new contracts 
Plan dedicated contractual articles 

Entry/exit clause 
Renegotiation clause 
Intellectual property 

Non disclosure agreement 
Data protection 

Partners' agreement (SPV)  
Separate contracts and durations 

(commercial / Operation 
Maintenance) 

Inconsistent SPV legal status 

Unexpected departure of a party 

Impossibility of renegotiation 

Poor operation & maintenance of 
the equipment/system 

Poor definition of hazards 

Organization 

Information asymmetry between 
partners 

Identify the different stakeholders 
Propose arrangements between 

actors, steering committee format 
Reflect on governance 

Cv Experience 

Inventory of training courses 

Lack of competent personnel 

Important turnover 

Stakeholder acceptance 

Not identifying the region and 
public stakeholders 

Environment 

Air pollution 
Impact studies 
Specific studies 

Research of the historical activity 
of the site 

Study of the subsoil 

Insurance 
Budgeting for contingencies 

Hide the installation 

Soil pollution 

Water pollution 

Excessive noise 

Existing pollution 
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Extreme weather 

Odors 

noise pollution of the installation 

Visual pollution of the installation 

Neighborhood Acceptability 

pollution related to the 
deconstruction phase 

 

Then, an Excel tool was developed to evaluate each risk in terms of probability and 
severity with a six-level grade: very high, high, medium, low, very low, no 
probability/impact. Using that evaluation, the highest risks (in terms of probability x 
severity) are put forward, as it can be seen on the figure below.  

Some mitigation measures are described in dedicated sheets to provide information to the 
user on how to handle those main risks.  

 

View of risk matrix tool 

Results  
 

The tool will be shared in July 2021 to INVEEST trainees. No feedback on its use is still 
available. However, the next synthetic sheets on mitigation measures for industrial excess 
heat recovery could be useful for many projects:  
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Conclusion  
 

This Excel tool aims to help financers, as well as project developers, to identify and 
evaluate the main risks linked to heat recovery projects on industrial sites. It should be 
used at the earliest stage of the project, during first studies, to ensure that mitigation 
measures can be implemented in time.  

Updating the analysis after detailed studies and during implementation also seems 
necessary as new issues could be discovered through these phases.  

A few synthetic sheets have been written to give an overview of the main mitigation 
solution that can be applied to these projects. 

Answers to the questions related to the subtask  
What are the most likely risks in excess heat projects? 

In this list, risks have been distributed into 6 categories: technical, operation, financial, 
contract, organization and environment. In our experience, the most likely are:  

• Technical: Aggressive fluid (if not adapted, the heat exchanger can be corroded or 
fouled) 

• Operational: Complicated maintenance (especially of the heat exchanger) 
• Financial: Variation in energy prices (if for example carbon price is not as high as 

expected, project profitability can be impacted) 
• Contracting: Unexpected departure of a party (for external heat usage) 
• Organizational: Lack of competent personnel 
• Environmental: Soil pollution 

 

Did you deal with some, due to which ones did projects fail? 

Two examples of failed projects: 

• On an electrical battery production plant: a newly installed heat exchanger worked 
for 2 weeks before being completely fouled and not working. The industrial site just 
bypassed it.  

• On a vegetable canning factory, the heat recovery system was under performing for 
several months before it was found out there was a leaking valve. A complicated 
system and lack of competent personnel because they were not trained to this new 
system caused this issue. 
 

Who has to take care about risks at which time? 

The risk analysis should be realized in the early stages of the project (feasibility study) by 
both the industrial and the engineering company, using a standard list as a starting point 
and adapting it to project specificities. 

It should be updated at each stage to ensure that the main risks (evaluated in 
probability/impact on the project) are mitigated.   
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Are there strategies to overcome the barriers? 

Each time there are solutions to reduce risk probability or gravity, before it occurs. For 
example: 

• Aggressive fluid: Adapted heat exchanger technology (wider section heat 
exchanger…) 

• Complicated maintenance: Considered during design to ease the access the heat 
exchanger 

• Variation in energy prices: Sensitivity analysis & price indexation on energy markets 
• Unexpected departure of a party: Entry/exit clause, renegotiation clause… 
• Lack of competent personnel: System documentation and training for the operators 
• Soil pollution: Impact study and specific design if necessary (retention container) 

 

Experience with innovative business models and project design? 

We have worked on a few project architectures that helps mitigating the risks: 

• Energy Performance Contract: commitment to reach determined savings. Need for 
precise perimeter and saving calculation/measurement rules.  

• SPV (Special Purpose Vehicle): the risk is shared inside the SPV, between the 
investors, the industrial, the service providers… 

 

Are there innovative add on benefits to be included as KPIs? 

In addition to energy and money savings, several indicators should be added: impact on 
GHG emissions, impact on operation and maintenance easiness, pollutant emission 
reduction, noise impact… 
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4.4. COUNTRY & INSTITUTION: NORWAY (SINTEF) 

Project Name: COPRO Competitive power production from industrial surplus heat 

Summary  
The COPRO project has made advancements in industrial waste-heat-to-power 
conversion for low-to-medium temperature heat sources. Through analysis and evaluation 
of industry-specific case studies, a better understanding has been brought forward on 
both cost considerations and the complex effects, practical constraints and interactions 
caused by integrating heat-to-power system into core processes. Industry partners Alcoa, 
Hydro, and Equinor represent end-user processes that the case studies were based on. 
GE Power Norway and FrioNordica contributed as technology providers, and SINTEF 
Energy Research, The Norwegian University of Science and Technology (NTNU) and the 
Royal Institute of Technology (KTH) in Sweden have been the research partners. 

The project's PhD candidate and his work on turbine modelling and development has led 
to broad international cooperation that includes research stays at the Technical University 
of Delft and Queen Mary University of London. There has also been collaboration with 
Politecnico di Milano and the Technical University of Munich. In addition, 5 MSc students, 
5 project students, and 3 summer-research internships have worked linked to the project. 

 

Introduction  
The rationale behind the project concept was the lack of attractive options for surplus heat 
utilization leading to vast amounts of industrial surplus heat being dumped to the ambient. 
The project has considered recovery of industrial waste heat in the range of 125-250 °C, a 
temperature range where profitable energy recovery currently is challenging. COPRO 
research efforts and results can be broadly categorized within: 

Why: understand why the techno-economics for typical projects are challenging 

What: identify the combination of required technology performance and industrial 
conditions needed for attractive cases 

How: define realistic industry scenarios, explore possibilities for technology optimization, 
and contribute to closing the identified gaps 

 

Aims and objectives  
The goal of the COPRO project has been to develop knowledge, tools and methods that 
can be used to improve the competitiveness of heat-to-power conversion in the industry, 
more specifically by: 

1) Identifying promising industry scenarios, and understand the impact energy recovery 
will have on the entire system 
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2) Optimize system and component designs for these specific industry scenarios, while 
considering heat-to-power performance, overall system impact, practical constraints and 
costs 

Research topics have included power cycle layouts and configurations, working fluids and 
mixtures, design optimization of heat exchangers, turbines and expanders, cost 
evaluations, and present and expected future industrial conditions. 

Content and methodology 
Industry cases were used actively in the project from the beginning. The definitions of 
individual case study originate back to the first consortium meeting, where researchers 
and industry representatives together specified scenarios, conditions and parameters of 6 
starting cases: 4 "Aluminium" cases and 2 "Oil & Gas" cases. These cases represent 
conditions found in current processes and conditions inspired by expected and/or possible 
changes in the near future. Together, these cases formed a terrain of possibilities, and the 
researchers could start identifying attractive opportunities for hypothetical implementations 
of the researched heat-to-power technologies. Focussing the research around specific 
case studies has served two main purposes: 

· Ensuring that developed technology obtains the highest possible relevance to the 
industry who will be future end-users, by including concrete industry specific conditions 
and constraints, 

· Enabling technology evaluation under realistic conditions and system boundaries, that 
are also familiar and relatable to the target industry. 

 

 

Five industry partners and three research institutes/universities were the core project 
group. The whole consortium gathered for workshop twice every year to present technical 
aspects, research results and further plans. The industry partners participated very 
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actively in the project, and two of the workshops were hosted at industry plants to allow for 
extensive tours of real industrial scenarios (Alcoa Mosjøen, Hydro Sunndalsøra). In 
addition, seminars on specific aspects were arranged;   

• KTH, Stockholm: "Fundamentals" – Fluid properties, methodologies, and 
modelling  

• KTH, Stockholm: "Innovative heat exchangers"  
• Obrist Engineering, Austria: "Novel expander development and practical 

optimization of design" 

The main research tasks and participants in the project were:  

WP1 Enabling technologies:   

• Properties, behaviour and selection of working fluids and mixtures (SINTEF, KTH, 
NTNU)  

• Expander and turbine design (NTNU, SINTEF subcontractor Obrist)  
• Heat exchanger modelling framework and concept design (SINTEF, KTH, GE)  
• Workflow from numerical heat exchanger model to 3D print (SINTEF)  

WP2 Power Cycles:  

• Power cycle modelling framework (SINTEF)  
• Rankine cycle layouts and configurations (SINTEF, KTH)  
• In-depth power cycle optimization for case studies (SINTEF)  

WP3 Innovations: 

• Understanding thermodynamic and practical potential for energy recovery from 
industrial surplus heat (All)  

• Industry case definitions and evolution (All)  
• Techno-economic considerations (SINTEF, GE, FrioNordica) 

Results  
Main takeways from case "Oil & Gas: Offshore export gas compression": A compact, relatively 
light, and high performing power cycle for this application has been investigated in a model-based 
approach. The final case study considered what was assumed to be major weight factors and 
realistic thermodynamic performance and resulted in an estimate of 8 MWel net power from a 
system weight of 20-25 tons. This is a significantly higher "power-to-weight" ratio than reported 
values for example from gas turbine bottoming cycles.  

Main takeways from case "Aluminium: Electrolysis smelter off-gas": System concepts for modular 
and centralized energy recovery was investigated. The power production potential appears to be 
very similar for both concepts. For a hypothetical plant used as basis in the case studies, an annual 
net electricity production of up to 40 GWhel/y was found to be possible. However, considering the 
trade-off between system size/cost and power output, around 32 GWhel/y appears more attractive. 
Component sizes and cost estimates were described for a modular concept. Energy recovery from 
the off-gas will likely have significant secondary benefits, such as increased stability of cell draft 
and gas treatment. 
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Main items of knowledge built include: 

• How changes in heat source conditions and industrial process constraints affect 
achievable power production: 

o Enables better indications of attractive implementation cases 
o What changes in process conditions would be needed to make cases more 

attractive 
 

• How much power can practically be produced from the specified industry cases
  

o As function of increasing system size, weight and/or cost 
o Including core process penalties and benefits 
o Online calculator for initial estimates: https://blog.sintef.com/h2p-

calculator/ 
 

• Techno-economic considerations 
o Maximized power output for restricted overall system 

weight/volume/footprint 
o Indicated major cost drivers for key equipment 
o Estimated total system equipment costs and benefits 
o Indicated profitable system cost limit/range 

 
• Enabling and fundamental development 

o Turbine design development and expander specifications 
o System analyses methodologies 
o Working fluids, fluid mixtures, and thermodynamic properties 
o Advanced simulation and optimization models 
o Heat exchanger designs 
o "3D print" workflow from heat exchanger design; work continues in FME 

HighEFF: https://blog.sintef.com/sintefenergy/additive-manufacturing-
of-heat-exchangers/ 

 

Conclusion  
The partners in COPRO have gained an expanded understanding of power generation 
from surplus heat in their own industrial processes. This understanding makes it possible 
to assess the utilization of surplus heat in conjunction with the impact on the core process, 
which enables potential and benefits to be maximized and the opportunities for practical 
implementation increased. The industry partners report that the project has highlighted the 
potential for improvement on their own plants and processes, and provided insight into 
potential opportunities, limitations, and effects from implementing the researched 
concepts. The contribution to educating a number of students and younger researchers on 
the specific topic is also highlighted as an important effect - new experts constitute a 
recruitment base for the industry and are very effective means for knowledge transfer.  

The research partners have built new capabilities, methods and tools that will be used in 
further development of energy efficiency technologies 

  

https://blog.sintef.com/h2p-calculator/
https://blog.sintef.com/h2p-calculator/
https://blog.sintef.com/sintefenergy/additive-manufacturing-of-heat-exchangers/
https://blog.sintef.com/sintefenergy/additive-manufacturing-of-heat-exchangers/
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4.5. COUNTRY & INSTITUTION: DENMARK (DTU) 

Here is the list and brief descriptions of relevant projects from Denmark in Subtask 4 
provided to IETS (for further information on projects, please contact the Danish Authors): 

PowerUp (Financed by EUDP; Project leader and partners: WEEL & SANDVIG ENERGI 
OG PROCESINNOVATION ApS (Leader), Akzo Nobel Salt; Arla Foods; Equinor Refining, 
Denmark and Nordic Sugar, Nykøbing; Project period: 2019-2020), Subtask 4 

This project aims at discovering the economic potential for electrification of the industrial 
sector by means of extensive high-temperature electro-mechanical heat pumping. The 
goal is to reduce CO2 emissions significantly by substituting heat or steam, generated 
from combustion of fuels, by upgrading excess heat in temperature by heat pumping. 

The experience in the project is that involved industry is concerned about the risk of 
installing heat pumps e.g. in terms of reliability and operability. Especially when it comes 
to processes where there is no or very limited experiences with using heat pumps. In 
addition the experience is that the industry is reluctant with trying heat pumps for instance 
in a smaller scale (in parallel) on part of the processes or in a test lab in order to achieve 
experiences and try to solve eventual hurdles or problems that might show up. This kind 
of reluctance means that the transition from fuel based heat supply to efficient 
electrification of industry by heat pumping goes slow and in many industries is not moving 
at all. 

When integrating heat pumping in an existing process plant supplied with heat from a 
steam plant (e.g. fuel fired boiler) the heat pump can often be integrated as an add on 
heat supplier in parallel with an existing steam plant, meaning that the production plant get 
an extra heat supply source. In many such cases the plant can be operated in both modes 
or even partly in both modes at the same time. When this is the case one can argue that 
the energy supply system is more redundant and that the risk of production failure or risk 
of being tied to one very costly heat source is lower than relying only on only one source 
of energy (fuel based). Until good, reliable long term experience with heat pumps in 
various type of industrial processes is documented a parallel installation to an existing 
steam plant can be a way to reduce the risk. 
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5. SUBTASK 5 PROJECT CONTRIBUTIONS 
5.1. COUNTRY & INSTITUTION: AUSTRIA (TU WIEN) 

Project Name: GmundenHighTLink – Gmunden High Temperature Heat Link R&D 

Summary  
The available results of the project show that the excess heat potential of the cement plant 
Gmunden of 10 MWth at 400°C cannot be used in total by the dairy plant. Depending on 
the overall configuration (storage capacity is a function of the number of cycles of the dairy 
plant) the cement plant can annually provide 70 – 80 GWh of waste heat, while the dairy 
plant uses 35 – 48 GWh. For the full use of the total waste heat potential additional 
consumers have to be found.  

From the technical point of view solutions are found for the heat extraction of the exhaust 
gas coming from the rotary kiln, the route of the pipeline between heat source and sink as 
well as the heat transfer fluid steam and piping.  

The development of a horizontal packed bed was conducted. The partial aspect of the 
thermal ratcheting for the mechanical design shows, that the storage vessel should be 
designed with a wall slope between 5° to 20° to the vertical to minimize the maximum 
mechanical stress during the operation.  

Numerical investigations about the thermal behaviour of the packed bed are done. 
Information about the cycling behaviour (hysteresis and the thermoclines) and the downtime 
phases of the storage unit with part load are available. The experimental validation is not 
finished at the time, because the test runs are still running.  

Introduction  
The cement plant in Gmunden has a waste heat potential of 10 MWth at 400°C. At the 
Rohrdorf site waste heat utilization by direct multi-pressure steam generation was 
successfully demonstrated in 2012. Due to dramatic changes in the electricity market and 
enhanced environmental regulation, an improved solution is needed for Gmunden. The 
objective of the project is to develop, engineer and implement a 10 MWth high temperature 
heat recovery from a cement plant and to allow the transport of the heat at a temperature 
level of 240 °C to 350 °C to industrial customers which are more than 1.5 km away from the 
heat source. Crossing public terrains with a heat transport piping at this temperature level 
has never been implemented before in Austria. The context calls for maximized standards 
of reliability and safety. As cement plants typically shut down for several weeks in winter, 
the question of heat storage is of key importance. Environmental compatibility is important 
in terms of emissions but also to water protection, as the site is situated in a touristic area 
next to a lake. Only environmentally benign fluids such as H2O or CO2 are acceptable as 
heat transport medium. Within the project two scientific – the Technische Universität Wien 
and the Energieinstitut an der Johannes Kepler Universität Linz – and six industrial partners 
– Kremsmüller Industrieanlagenbau KG, Zementwerk Hatschek GmbH, ste.p ZT GmbH, 
Energie AG Oberösterreich Vertrieb GmbH, Energie AG Oberösterreich Erzeugung GmbH, 
and Porr Bau GmbH. – are involved. The role of the Technische Universität Wien within the 
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project was the technical design (analysis of the different heat link options and of the 
different system integration concepts for the storage as well as the development of a 
horizontal packed bed regenerator) while the focus of the Energieinstitut an der Johannes 
Kepler Universität Linz was economic (techno-, macro-, and socio- economic) as well as 
the legal analysis of the concept.  

Within the Subtask 5 some technical details of the project will be described. For information 
about the techno-economic aspects of the project, please refer to Subtask 4.  

Aims and objectives  
The key objective of this research project is a detailed investigation of the key technical 
components of the intended waste heat recovery system. 

In more detail, this breaks down to: 

1. Performing of a detailed technical and economic comparison between different 
approaches for recovering heat from the cement kiln gas. 

2. Analyses, development, engineering and evaluation of a suitable and economically 
feasible bulk TES system that can store high temperature heat for up to one month 
with acceptable thermal losses and at acceptable cost. 

3. Elaboration of the most appropriate high temperature piping system between the 
cement plant and the heating station in Gmunden. 

4. Investigation of the technical and economic issues of different heat transfer fluids 
(air, water, steam, …) between the cement plant and the heating station. 

5. Minimization of the risk for subsequent funding and implementation of the project by 
conducting legal analyses, socioeconomic evaluations (including regional welfare 
effect, net import / export effect, regional labor market effect and life cycle analysis) 
and participation processes. 

6. Evaluation of the macroeconomic effects and conducting of a dissemination 
process, in accordance with the aims of the energy model region. 

The end result of the project is an application for an investment project for the actual 
implementation.  

Content and methodology 
As mentioned in the introduction, the cement plant has a waste heat potential of 10 MWth 
at a temperature level of 400°C.  This results in a waste heat potential of approx. 80-100 
GWh/year gas-equivalent (Ho). The cement plant operates stationary approx. 7000 hr/year. 
But in average there are 2 stops per week between 2 hr and a few days in which the dynamic 
of the shut-down can be very high. For example: if the torque tube stops, the waste heat 
stops within 60 s. Additionally the cement plant stops during winter time for several weeks. 
The operation of the dairy, which should use the waste heat, is quite different. Compared 
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to the cement plant the dairy has a fluctuating operation of  8760 hr/year with up to 3 cycles 
with +/-50% per hour and a gradient of 5%/min55.  

The annual energy balance show that the amount of waste heat is approx. 70-80 GWh while 
the steam requirement of the dairy is approx. 35-48 GWh. On the other side, the maximum 
of the exhaust heat is approx. 30% lower compared to the highest steam demand56. 

For using the waste heat in the dairy 26 concepts are evaluated57. These concepts are 
combinations of 4 primary heat storage fluids (YaraMost (Calcium-Potassium-Sodium-
Nitrate), water, steam, sCO2), 5 storage materials (Salt, gravel, sand, water, steam), and 3 
heat transfer fluids (Water, steam, sCO2) for the heat transfer from the cement plant to the 
dairy. The design calculations for the single concepts are done with the help of the 
commercial program IPSEpro. IPSEpro is a software system for calculating heat balances 
and simulating processes. 

The development of a novel bulk TES system within the project, a horizontal arranged 
packed bed, was done numerically and experimentally. The investigation includes the 
following items:   

• Layout of the storage for storage capacities of 70, 330, and 5500 MWh.  
• Numerical analysis of the cycling operation to get information about the hysteresis 

and the thermoclines. Additionally to the overall cycling behaviour the downtime 
phases of the storage unit with part load are evaluated. The numerical analysis was 
done for the plant erected in the laboratory as well as for the proposed real 
installation. 

• Analysis of the thermal ratcheting for the mechanical design. 
• Experimental validation of the numerical analysis and materials.  

The numerical analysis of the thermal behaviour of the TES was performed with the help of 
the commercial available software ANSYS FLUENT. As bulk material within the horizontal 
packed bed crushed gravel (Grain size approx. 8 to 16 mm)58 is used. The bulk material is 
modelled as a porous media.  

The analysis of the thermal ratcheting for the mechanical design was done in cooperation 
with the Department of Engineering Design and Material Handling of the TU-Wien. This 

 

55 Haider, M.: Gmunden High Temperature Heat Link: Projekt Zwischenstatus, 2019, 
https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf 

56 Haider, M.: Gmunden High Temperature Heat Link: Projekt Zwischenstatus, 2020, 
https://www.klimafonds.gv.at/wp-content/uploads/sites/16/Praesentationen_Highlights-New-Energy-for-
Industry.pdf 

57 For more information about the concepts please reffer to Haider, M.: Gmunden High Temperature Heat 
Link: Projekt Zwischenstatus, 2020, https://www.klimafonds.gv.at/wp-
content/uploads/sites/16/Praesentationen_Highlights-New-Energy-for-Industry.pdf 

58 Mitterlehner, T. „Untersuchung thermomechanischer Spannungen in den Schüttungen und Behälterwänden 
von Festbett-Wärmespeichern mittels DEM“, PhD, Technische Universität Wien, 2021 

https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf
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work was also done experimentally and numerically. For the numerical analysis of the 
thermal ratcheting the Discrete Element Method (DEM) was used. To use the correct 
material properties for the numerical simulations, the bulk material has to be calibrated. 
Simplifications in the DEM model are in particular the spherical mapping of the grain shape 
as well as the increase of the particle size and the reduction of the particle stiffness. Despite 
the simplifications required for DEM simulation, a calibration of the bulk material parameters 
is necessary in order to map the bulk material behaviour correctly.59 For this reason the 
angle of repose, the static and the rolling friction coefficient between the single particles 
(with the help of draw-down-tests) as well as the Young’s modulus are determined 
experimentally. For the numerical investigation of the thermal ratcheting different storage 
geometries (horizontal and vertical packed bed, with and without sloped wall as well as with 
and without additional interior cone located at the bottom of the storage unit (for more details 
see Mitterlehner, T. 2021)) are analysed. 

Figure 1 shows a sketch of the test rig for the horizontal packed bed TES, which was erected 
in the laboratory of the Institute for Energy Systems and Thermodynamics at the TU-Wien. 
The figure includes also the positions of the temperature and pressure sensors.  The test 
rig has a storage capacity of 300 kWh. As heat transfer fluid air with a temperature up to 
350°C is used.  

 
Figure 34: Laboratory test-rig of the horizontal packed bed TES60 

With the help of the test rig the temperature distribution as well as the pressure drop 
between the in- and outlet of the storage will be measured and compared with the numerical 
analysis. The measuring program includes cycle behaviour at full as well as under partial 
load operation conditions. The downtime phase of the storage is also of great interest and 
therefore part of the measurement program. 

 

59 Mitterlehner, T. Kartnig, G. and Haider, M.:„Analysis of the Thermal Ratcheting Phenomenon in 
Packed-bed Thermal Energy Storage using Discrete Element Method“, FME Transactions, 48,427-431, 2020 

60 Haider, M.: Gmunden High Temperature Heat Link: Projekt Zwischenstatus, 2019, 
https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf 

 

https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf
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Results  
The analysis for the heat transport from the cement plant to the dairy has shown, that the 
decision should be made for a direct steam pipeline (pressure 10 to 25 bar, temperature: 
inlet temperature 201-250 °C, return temperature 60 °C), because this variant shows the 
lowest cost for the piping and the lowest heat losses. The direct steam heat transfer shows 
also the highest flexibility in the operation of all analysed scenarios. Additionally, no 
supplementary steam boiler is necessary by the use of direct steam. 

Depending on the overall configuration (the storage capacity is a function of the number of 
cycles of the dairy plant) the cement plant can annually provide 70 – 80 GWh of waste heat, 
while the dairy plant uses 35 – 48 GWh. Therefore the need for additional consumers is 
given.  

The analysis of the two alternative concepts for the heat extraction of the exhaust gas 
coming from the rotary kiln  

• a ceramic filter (hot gas filter) plus finned tube heat exchanger and  
• a dust-gas plain tube heat exchanger 

has shown, that the techno-economic advantages for the hot gas filter with finned tube heat 
exchanger is lower than originally hopped. Based on the technological readiness level the 
decision was made for the dust gas plain tube heat exchanger. 

The analysis of the thermal ratcheting for the mechanical design has sown that the 
horizontal arranged packed bed with a wall slope between 5° to 20° (from the vertical) has 
the lowest maximum stress. But, the structural complexity of the horizontal, packed bed is 
higher compared to the vertical packed bed. If a wall slope between 20° and 35° is used a 
reversed behaviour can be found. In this case the vertical packed bed shows smaller values 
for the maximum stress7 (see also Figure 2).  
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Figure 35: Comparison for the maximum stress61 

The numerical simulations for the thermal behaviour of the horizontal packed bed are 
completed. As an example, the temperature along different streamlines for the heat transfer 
fluid air during the charging process is presented in Figure 3. 

 

Figure 36: Temperature of the heat transfer fluid air during the charging process62 

Information about the cycling behaviour (hysteresis and the thermoclines) and the downtime 
phases of the storage unit with part load are available. A validation of the numerical results 
is outstanding, because the experimental investigation is not done at the moment. 

Conclusion  
The available results of the project show that the excess heat potential of the cement plant 
Gmunden of 10 MWth at 400°C cannot be used in total by the dairy plant. Depending on 
the overall configuration (storage capacity is a function of the number of cycles of the dairy 
plant) the cement plant can annually provide 70 – 80 GWh of waste heat, while the dairy 
plant uses 35 – 48 GWh. For the full use of the total waste heat potential additional 
consumers have to be found.  

From the technical point of view solutions are found for the heat extraction of the exhaust 
gas coming from the rotary kiln, the route of the pipeline between heat source and sink as 
well as the heat transfer fluid steam and piping.  

The development of a horizontal packed bed was conducted. The partial aspect of the 
thermal ratcheting for the mechanical design shows, that the storage vessel should be 

 

61 Mitterlehner, T. „Untersuchung thermomechanischer Spannungen in den Schüttungen und Behälterwänden 
von Festbett-Wärmespeichern mittels DEM“, PhD, Technische Universität Wien, 2021 

62 Haider, M.: Gmunden High Temperature Heat Link: Projekt Zwischenstatus, 2019, 
https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf 

https://nachhaltigwirtschaften.at/resources/nw_pdf/events/20191009_highlights/haider_nefi-gmunden.pdf
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designed with a wall slope between 5° to 20° to the vertical to minimize the maximum 
mechanical stress during the operation.  

Numerical investigations about the thermal behaviour of the packed bed are done. 
Information about the cycling behaviour (hysteresis and the thermoclines) and the downtime 
phases of the storage unit with part load are available. The experimental validation is not 
finished at the time, because the test runs are still running.  
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5.2. COUNTRY & INSTITUTION: DENMARK (DTU) 

Project Name: SuPrHeat – Sustainable process heating with high-temperature heat 
pumps using natural refrigerants 

Summary  
This project aims at developing three high-temperature heat pump systems for process heat 
supply at temperatures of up to 200 °C. The three systems are based on steam (water), 
hydrocarbons, and CO2 as working fluids, and they are optimized for different industrial 
applications. The technologies are supplementing each other, and altogether this heat 
pump portfolio implies the potential to cover all kinds of process heat demands up to 200 
°C at highest efficiencies. Thereby, the technologies enable electrification and 
decarbonization of a wide share of the process heat demand of the industry and constitute 
a key-technology for reaching the Danish climate targets, especially when considering the 
increasing share of renewables in the power generation and the respective potentials 
through sector coupling. 

Introduction  
Heat pumps are proven technologies for electricity-based heat supply by recovering excess 
heat from the same processes. Thereby, heat pumps yield considerable increases in overall 
energy efficiency, a reduction of primary energy consumption and an additional reduction 
of CO2 emissions by replacement of combustion-based processes. 

However, despite the considerable potential for contributing to the political and industrial 
ambitions in reducing GHG emissions with heat pumps for the range between 100 °C to 
200 °C, there is a lack of suitable heat pump technologies for supply temperatures above 
90 °C. Exploiting this potential requires technologies that reach highest performances in a 
variety of applications. 

Reaching highest performances does however require an application-specific design of the 
heat pump system. Therefore, this project aims to develop a modular and flexibly 
combinable heat pump portfolio, which comprises a wide range of solutions with the 
possibility for further application-specific modifications. 

Aims and objectives  
This project aims at developing and demonstrating high-temperature heat pump solutions, 
which are able to supply heat at up to 200 °C. The developed technologies imply the 
potential to have an immediate impact on the electrification and decarbonization of industrial 
heat supply and thereby constitute a direct contribution to fulfilling the Danish climate 
ambitions. 

The main objectives of the project are: 

1. Development of a modular and flexibly combinable concept of high-temperature 
heat pump technologies, which is able to cover the wide majority of industrial 
process heat demands at up to 200 °C 
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2. Enabling a higher number of HTHP installations by advanced methods for process 
integration: 

a. Development of advanced methods to find the optimal integration of heat 
pumps in existing process facilities under consideration of technical and non-
technical aspects 

b. Integration of high-temperature heat pumps in new process equipment for 
heat-intensive processes incl. a reassessment of process parameters and a 
simultaneous optimization with the heat pump  

1. Development, function and performance testing and demonstration in operating 
environment at end-user of the high-performance heat pump portfolio in three 
demonstration racks with a heating capacity of each 500 kW  

2. Increasing the awareness for the potential of high-temperature heat pump solutions 
with respect to decarbonizing the process heat demand of industries  

Content and methodology  
During the project, a high-temperature heat pump solutions, which are able to supply heat 
at up to 200 °C, will be developed and demonstrated at the end users. The solutions will 
operate at highest efficiencies and enable an electrification and decarbonization of a 
considerable share of the industrial process heat demand of the Danish industry. The 
technology development and demonstration activities will be supplemented with activities 
that develop advanced methods for supporting the optimal integration process of high-
temperature heat pumps. These activities comprise methods for finding the most optimal 
placement under consideration of various technical and non-technical aspects and the 
development of conversion strategies to facilitate and support the transition towards 
electricity-based process heat supply. 

Based on pre-studies, a combination of three technologies was identified as a promising 
portfolio of high-temperature heat pump technologies with the potential to provide high-
performance solutions for the majority of the industrial process heat demand at up to 200 
°C. These three technologies comprise the natural working fluids water (R718), 
hydrocarbons, and CO2 (R744). 

The project comprises various R&D activities on component and system level, and it aims 
at demonstrating the three technologies, each with a heat supply capacity of 500 kW in an 
operational environment. Within the first step, a concept will be developed, which provides 
a basis for the most optimal exploitation of the technical potential of the technology portfolio. 
This will comprise the derivation working domains for each technology as well as the 
identification of promising combinations of the different technologies. 

The technology developments will accordingly be based on the identified working domains 
and comprise the following activities: 

• System design and component development: the system design comprises the 
cycle design and optimization, and it constitutes the basis of the component 
development. The components will to a large extent be based on existing 
components, which will be modified with respect to utilization at higher temperatures 
and pressures. 
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• System testing at a variety of operating conditions and potentially required 
modifications: the systems will be assembled and tested with respect to function and 
performance at a variety of operating conditions. The tests will focus on 
demonstrating the performance and include a close monitoring of the most critical 
components 

• Long-term testing at end-users: the demonstrations racks will be demonstrated at 
large scale end-users representing the food industry with respect to long-term 
performance 

Results  
The project has been started in 09/2020 and will continue up to 08/2024.  There is no 
results available yet, however the expected outcome of the project will be providing:  

• Novel high-temperature heat pump solutions that will prove technically and 
economically feasible  

• Novel methods for industrial process integration, which will allow complete 
integration of heat demands, excess heat and electric power for heat pumping  

• Mapping of industrial heating technology which may be equipped with high-
temperature heat pumps for direct unit-operation electrification  

• Component designs that will allow high efficiency and feasibility of high temperature 
heat pumps  

Conclusion  
The project will approach the potential and the challenges related to making industry’s high 
temperature demands part of the green transition of society by allowing high-efficient 
electrification in terms of heat pumps also for these demanding conditions. Heat pumps are 
commercially mature for conventional purposes and heat demands, while supply 
temperatures at levels higher than 100 °C targeted in this project, are only available to 
limited extent. 

Answers to the questions related to the subtask  
• Actual demonstration of industrial heat pumps for high temperature applications in 

collaboration between industry, equipment suppliers, process experts and research 
institutions 

• Development of novel process integration approaches accounting for cycle, 
refrigerant, process integration and electrification options 

 

Project Name: Digital Twins for large scales heat pump and refrigeration systems 

Summary  
Heat pump and refrigeration systems are key components of future energy systems. The 
systems are receiving a growing attention, especially with respect to integration into smart 
grids and sector coupling. Digitalizing heat pump and refrigeration systems and integrating 
them in the Internet of Things (IoT) imply the possibility to improve the long-term 
performance of the systems as well as using them for sector coupling by operating them 
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flexibly according to demand side management. However, an integration into the IoT does 
require an enhanced knowledge about the system during operation, which may be difficult 
and costly to determine when using conventional approaches.  

So called digital twins imply the possibility to analyze existing measurements and to obtain 
insights about the system during operation by numerical modelling. Digital twins are a virtual 
representation of a physical system in the form of numerical models, which are constantly 
adapting to the current operating conditions. Such models are adapted by measuring 
selected operating parameters and by enabling the possibility of identifying inherent 
operating conditions of the entire system. This implies different services with a range of 
benefits, such as:  

• Advanced system monitoring  
• Optimized system operation through: 

o Optimized system control with a possibility to operate the system flexibly  
o Optimized operation scheduling under consideration of periods for 

production, supply of flexibility, predictive maintenance, and other purposes  
• Fault detection and diagnosis  

This project aims at reducing the modelling effort associated with digital twins by developing 
reusable, modular and self-learning models as well as advanced methods for analysing the 
system, which are specifically developed for the intended services. This enables not only 
an efficient implementation process and thereby decreased investment cost of digital twins, 
but it also enables an enhanced exploitation of the system potentials.  

The project targets two technological implementation areas; large-scale heat pump systems 
primarily for district heating and supermarket refrigeration systems. The Digital Twin 
technology will be demonstrated within both areas. One case study will take place in the 
supermarket refrigeration field and two case studies will focus on heat pumps for district 
heating at two different areas of Denmark. 

Introduction  
Large-scale heat pumps provide the possibility to exploit natural and excess heat sources 
for heating purposes using electricity and driving power. Refrigeration systems are well 
established systems for large-scale cooling applications, such as in supermarket. Both 
systems are based on the same thermodynamic cycle, which makes it a promising 
approach to look at the optimization of these systems in a combined way. The systems are 
receiving a growing attention, especially with respect to integration into smart grids and 
sector coupling. Digitalizing heat pump and refrigeration systems and integrating them in 
the Internet of Things (IoT) implies the possibility to improve the long-term performance of 
the systems, as well as using them for sector coupling by operating them flexibly according 
to demand side management. An integration into the IoT does however require an 
increased knowledge about the system during operation, which may be difficult and costly 
to determine using conventional approaches.  

So-called digital twins imply the possibility to analyse the existing measurements and obtain 
insights about the system during operation by use of advanced computer models.  
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Therefore, This project aims at developing methods to reduce the modelling effort 
associated with obtaining digital twins and the requirements for specific services.  

Aims and objectives  
The project aims at reducing the modelling effort associated with digital twins by developing 
reusable, modular and self-learning models as well as advanced methods for analysing the 
system, which are specifically developed for the intended services. This enables not only 
an efficient implementation process and thereby decreased investment cost of digital twins, 
but it also enables an enhanced exploitation of the system potentials.  

The project targets two technological implementation areas; large-scale heat pump systems 
primarily for district heating and supermarket refrigeration systems. The Digital Twin 
technology will be demonstrated within both areas. One case study will take place in the 
supermarket refrigeration field and two case studies will focus on heat pumps for district 
heating at two different areas of Denmark. 

The main objectives of the project are: 

• The role of digitalization in the energy transition 
• Digital twins for large-scale heat pump and refrigeration systems 
• The potential of digital twins for heat pump and refrigeration systems 
• Bringing digital twins into application and demonstrating the benefits 

Content and methodology  
Digital twins are a set of numerical models, which mimic the real, physical system. They are 
continuously adapting to the current status of the system to ensure an ongoing accuracy 
with regard to the system status. The numerical models may be based on different 
approaches and differ in complexity. Currently, the creation of digital twins is associated 
with a considerable effort, which prevents their wide adoption in this kind of applications. 
Therefore, this project focuses on decreasing the effort for creating digital twins by 
developing service-oriented models, which fulfill the intended services while being modular, 
reusable, and with limited complexity. 

The operating plant is producing much data, which is mainly used to ensure the provision 
of the key services such as heating and cooling. However, through sophisticated analyses, 
it is intended to valorize this data in order to provide additional or improved services. This 
is done by analysing the data in various ways, including the direct analysis as well as a 
model-based analysis. In addition, the use of numerical models allows for the consideration 
of external data forecasts such as weather data, and consumer profiles of variable electricity 
tariffs.  

The data analyses create additional insights about the system and how to use it, which is 
the basis for exploiting the technical potential most optimally with respect to various 
services: 

Advanced system monitoring:  

http://digitaltwins4hprs.dk/digital-twins/numerical-modelling/
http://digitaltwins4hprs.dk/digital-twins/services/
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In a first step, it is important to monitor the system and gain insights, which may not be 
concluded directly from measurements. This implies: 

• Analysis of functionality and performance of systems and components 
• Performance benchmarking of systems and components 
• Soft sensors 

These services enable conclusions about the system performance during operation and 
enable the possibility of comparison to simulated benchmarks and other systems. In 
addition, parameters may be estimated which enables redundancy of sensors by soft 
sensors as well as estimation of parameters, which are difficult to measure. 

Fault detection and diagnosis:  

The continuous data analysis enables the possibility to detect and analyse fault 
mechanisms at an early stage and to take respective precautions. 

• Fault mechanism monitoring including early stage warning and predictive 
maintenance 

• Model-based interpretation of system alerts 

Optimized system operation: 

 Limited knowledge about the system and its status leads to conservative and sub-optimal 
operating set-points. Based on the numerical models, set-points for optimal operation may 
be determined under consideration of various aspects such as supply of heating and 
cooling, variable electricity tariffs, and required downtime. Possible services comprise: 

• Continuous set-point tuning 
• Scheduling of production times and downtime. 

The optimized system operation has a direct feedback on the plant operation and thereby 
a direct feedback on the creation of new measurement data. 

The digital twins may be located and structured on different levels. This comprises data 
handling on sensor and actuator level, system level, or cloud level. 

There are various projects that are related to the suggested project and to some extent 
correspond to the state of the art that is to be extended. In the following, an overview of the 
relations to the most relevant R&D projects is presented. 

Experimental development of electric heat pumps in the Greater Copenhagen DH 
system (SVAF) - phase 2 (Status: Ongoing, Period 2016-2022) 

The aim of the project was to accelerate the use of large electric heat pumps for district 
heating through industrial cooperation, research and experimental development. Large 
heatpumps (HPs) face a number of barriers preventing large-scale introduction. One is the 
feasibility of the investments – in particular in areas with low alternative heat costs as in 
Greater Copenhagen Area (GCA). Also lack of knowledge and operation experiences, 
especially use of natural refrigerants (required by Danish law) and supplying heat above 70 
degrees, are important. This project addressed the main barriers in order to accelerate the 
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use of HPs for system integration with improved cost efficiency and with potential for scaling 
up concepts to 50-100 MW. The overall project consists of three phases. The purpose of 
the present Phase 2 project was to develop and demonstrate two electric 5 MW HPs based 
on: 

• Sea water and waste water 

The SVAF project aimed, besides the analysis of seawater and sewage water as heat 
sources, to develop methods for improving the thermodynamic performance by set point 
optimization and to develop simple fault detection algorithms. Both approaches were based 
on data that was generated with the plant before the commencement of commercial 
operation.  

This approach requires to conduct a series of experiments with the existing plant, which is 
both time consuming and only possible during times without commercial operation. The 
conclusions that may be drawn from this approach are limited to the conditions of the 
components and the system at the point of the experiments.  

The results indicated that a model-based approach would be more practicable. Therefore, 
the project comprised first studies in which a none-adaptive steady state model was used. 
These activities indicated that the numerical models should become easier to implement, 
numerically more robust and imply an adapting character in order to fully exploit the 
potentials of online set point tuning. The suggested project aims to reduce both the 
modelling effort while increasing the level of detail to being suitable for the specific services. 

Energylab Nordhavn – New urban energy infrastructures (Status: Finished, Period 
2015-2019) 

The Energylab Nordhavn project demonstrated various energy technologies for applications 
in highly integrated energy systems. It was formed as a triple helix bringing together 
academia, industry, utilities, and local government to pursue solutions for the design and 
operation of a cost – efficient and integrated energy system for the future – all based on 
living lab in Nordhavn in Copenhagen and the innovation power that such a physically 
integrated place can offer. The project builds on Copenhagen power grid and district heating 
network, but also ventures far into the built environment and private dwelling to co-model 
and co-simulate these in order to unlock their flexibility potential. Among others, the project 
comprised the analysis of a large-scale heat pump (FlexHeat) that is able to provide 
frequency power reserves as well as a supermarket refrigeration system that is able to 
supply district heating as a secondary service. The project demonstrated the general 
suitability of these technologies to provide several services including the socioeconomic 
benefits.  

The project did however also indicate that exploiting the potential of supplying several 
services by one unit requires sophisticated control structures. This aspect will be covered 
by the suggested project, with a focus on optimal operation with respect to multiple services. 

Results  
The project is an interdisciplinary R&D project involving eight partners, which cover the 
entire range from research and development to final applications. The project is structured 
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in nine work packages and runs four years from February 2020 until January 2024. There 
is still no results from the project available, however all the activities, news and reports 
related to project can be found in Digital Twins (digitaltwins4hprs.dk) 

Conclusion  
The project will develop reusable, modular and self-learning models and advanced methods 
for analysing the system to reduce the modelling effort associated with obtaining digital 
twins and the requirements for specific services. This enables not only an efficient 
implementation process and thereby decreased investment cost of digital twins but also an 
enhanced exploitation of the system’s potentials 

Answers to the questions related to the subtask  
• Advanced dynamic models 
• Integration with/intophysicalplant in operation 
• Combination with useof data-driven models 

 

• Provision of services as: 
o Sectorcoupling 
o Optimizedoperation 
o Predictivemaintenance 
o Faultdetection  

Project Name: THERMCYC - Advanced thermodynamic cycles utilising low-temperature 
heat sources  

Summary  
The project aimed at solutions for thermal plants, for power generation, heat pumping and 
cooling by use of low value sources as waste heat and renewable sources at high efficiency. 
The project developed the design of both processes and working fluids to achieve significant 
energy savings. Energy sources at a low temperature level are available from a variety of 
sources ranging from waste heat from ships, industry and refrigeration plants, to renewable 
energy in the form of biomass, geothermal and solar. 

There is significant potential for improving the use of these sources in developing new 
cycles based on new multi-component fluid mixtures. These improvements will not only 
increase the efficiency of today's technology, but they will also make it possible to use low-
temperature sources which, due to lack of technical feasibility or economy is not used today.  

The overall outcome of the project provided a scientific basis for choosing the future use of 
low-temperature resources in Denmark. This may contribute significantly to the 
development of the future society using no fossil resources, but large amounts of fluctuating 
renewable energy.  

As a part of the results of this project presented in (High performance heat pump systems; 
PhD  Thesis; Benjamin Zühlsdorf, 2019), it is indicated that there is a potential for 
considerable improvements in both thermodynamic and economic performance, if the 

http://digitaltwins4hprs.dk/
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working fluid is selected among pure and zeotropic working fluids for the specific 
application. Zeotropic mixtures have the potential to increase the performance of heat 
pumps considerably, especially in applications in which the heat source and heat sink 
experience temperature glides. The performance improvement potentials are case specific 
and exploiting these potentials requires a sophisticated procedure for selecting the working 
fluid and designing the heat pump cycle. The interdependencies between the working fluid, 
the components and the system were studied for enabling a system design for fully 
exploiting the peculiarities of zeotropic mixtures. Exergy analysis revealed that the majority 
of the performance improvement resulted from matching the temperature profiles of the 
working fluid and the secondary fluids. Without major adjustments of the cycle, increases in 
the coefficient of performance (COP) of more than 30 % were obtained for a beneficial fluid 
choice. In addition, different technologies were studied with respect to their techno-
economic feasibility for the supply of process heat at temperatures above 150 °C. A 
reversed Brayton cycle using R-744 and a cascade system with a multi-stage cycle using 
R-718 showed high potentials in applications with large temperature glides. The reversed 
Brayton cycle was cost-effective and less complex, while the cascade system had a higher 
flexibility with respect to the process integration. Both systems were found to be promising 
for extending the possible supply temperatures to 300 °C or higher, while the economic 
potentials were highest when combined with own renewable electricity generation. 

Introduction  
Low-temperature heat sources are available in many applications, ranging from waste heat 
from marine diesel engines, industries and refrigeration plants to biomass, geothermal and 
solar heat sources. There is a great potential for enhancing the utilization of these heat 
sources by novel cycle design and use of multi-component working fluids. These 
advancements will not only improve the performance of existing technologies, but also 
enable the utilization of low-temperature heat sources, which are currently not utilized due 
to technical or economical infeasibility. 

Aims and objectives  
The project aimed at devising innovative thermodynamic cycles that utilize low-temperature 
heat sources with performances superior to state-of-the-art. It addressed advancements in 
cycle and component design, and the use of new multi-component working fluids. Power, 
heat pump and cooling plants were considered, with focus on efficient power production 
and heat pump applications that utilize intermittent power sources efficiently. The goal was 
to derive solutions that result in significant energy savings in Danish industry and marine 
vessel consumption. 

Content and methodology  
The THERMCYC project was an interdisciplinary research project focusing on the analysis 
of using working fluid mixtures in heat pump and power cycles.  The outcome of project 
should not only improve the performance of existing technologies, they should also enable 
the utilization of low-temperature heat sources that are not used currently due to technical 
or economical infeasibility. Examples of possible, new applications include power 
production using small-scale solar and biomass, and geothermal heat sources. Moreover, 
high-efficient heat pumps can be developed. By providing the scientific basis needed for 
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implementation of technologies utilizing low-temperature energy sources in Denmark, the 
project contributed to the development of the future society with no consumption of fossil 
fuels and high shares of intermittent, renewable energy sources 

The project comprised analysis on cycle level for both heat pump and power cycles, 
component analyses of compression and expansion machines and heat exchangers as well 
as computer aided molecular design of working fluids. the characteristics of working fluids 
using Multi-criteria database search and Molecular Design principles to generate, test and 
evaluate promising pure component/mixture candidate as process fluids to help optimize 
cycle design and performance were studied. 

The main work packages of THERMCYC were: 

• Thermodynamic cycles for pure and mixed working fluids  
o Power cycles, e.g., Organic Rankine Cycles (ORC)  
o Heat pump cycles 

• Component design 
o Heat exchangers 
o Compression and expansion machines 

• Novel working fluids 
o Computer aided molecular design (CAMD) 
o Property uncertainty analysis 

• Experimental validation 
o Experimental validation of suggested concepts 

• Implementation in industry 
o Analysis of the business potential of the developed solutions 
o Conduction of four case studies to numerically analyse and demonstrate the 

practicability of the suggested solutions 

Results  
The project developed solutions that result in significant energy savings and reduction of 
CO2 emission in Danish industry and marine vessel consumption.  A lot of reports, PhD 
thesis, and conference and peer review papers published in high impact journals should be 
mentioned as part of the outcomes of the project. The papers cover wide range of topics 
such as: 

• Design and optimization of components such as compressors, heat exchangers, 
turbines for heat pumps and organic Rankine cycles 

• Design and optimization of a novel cycles 
• Optimization of pure and mixed working fluids for heat pumps and organic Rankine 

cycles 
• Guidelines for optimal selection of working fluid for heat pumps organic Rankine 

cycles 

A complete list of reports, presentations and publications is available on 
https://www.thermcyc.mek.dtu.dk/publications 

https://www.thermcyc.mek.dtu.dk/publications
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Conclusion  
The work covered a development of a systematic approach to the design and optimization 
of  components and cycles as well as the working medium in the power, heat pump and 
cooling plants. The focus was efficient power production and heat pump applications that 
utilize intermittent power sources efficiently. 

This project leaded the way to innovative thermal system for electricity generation, heat 
pumping and cooling by utilization of low value sources, at efficiencies that surpasses 
today's level significantly. The project developed software tools to support the systematic 
selection of working fluids.  

As a part of the results of this project presented in (High performance heat pump systems; 
PhD  Thesis; Benjamin Zühlsdorf, 2019), it is indicated that there is a potential for 
considerable improvements in both thermodynamic and economic performance, if the 
working fluid is selected among pure and zeotropic working fluids for the specific 
application. Zeotropic mixtures have the potential to increase the performance of heat 
pumps considerably, especially in applications in which the heat source and heat sink 
experience temperature glides. The exergy analysis revealed that the majority of the 
performance improvement resulted from matching the temperature profiles of the working 
fluid and the secondary fluids. Without major adjustments of the cycle, increases in the 
coefficient of performance (COP) of more than 30 % were obtained for a beneficial fluid 
choice. 

Answers to the questions related to the subtask  
• Collaboration between industry, equipment suppliers, process experts and research 

institutions 
• Focus on heat utilization for both power and heat pumping 
• Focus on power cycles, heat pump cycles, working fluids including mixtures, and 

components – both machinery and heat exchangers 
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5.3. COUNTRY & INSTITUTION: FRANCE (GREENFLEX) 

Project Name: Heat Recovery and Storage at Tegulys 

Summary  
The project consists of implementing a heat recovery system on a furnace’s exhaust fumes 
combined with an innovative heat storage solution made from refractory ceramic spheres. 
The initial energy savings target was 616 MWh per year. 

Element Value 

T° max 500 °C 

Storage capacity 2 MWh 

P max 750 kW 

Overall budget 200 k€ 

Annual net income 20 k€ / year 

Payback period 5 years 

CO2 reduction 100 t / year 

Project start date 2018 

Summary of the project 

Introduction  
Tegulys is a manufacturer of tiles and bricks in France. In particular, the company develops 
products for the restoration of historical monuments and ceramic cladding. Although 
artisanal (9 employees), the cooking of tiles is very energy-intensive (more than 5,000 MWh 
in 2019). 

Tegulys needs heat to supply its drying and cooking. However, more than 50% of the heat 
consumed in the baking oven is lost (waste heat). The company has found an opportunity 
to recover and use this heat, increasing productivity while reducing its energy bill. 

Aims and objectives 
The project consists of implementing a heat recovery solution on a furnace’s exhaust fumes 
combined with heat storage. The storage technology was proposed by a young startup from 
the Occitanic Region at the forefront of heat storage processes based on various recycled 
raw materials as well as in financial engineering. The chosen Eco-stock® solution is made 
from refractory ceramics spheres. 
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The recovered heat is used for drying and preheating purposes. Due to the time difference 
between heat production and need, more than half of the heat recovered need to be stored 
in heat storage units. Thanks to that system, site productivity will increase by 30%. The 
temperature inside the two storage units reaches 500°C.  

 

The project, supported by ADEME (French agency for ecological transition) and the 
Nouvelle-Aquitaine region, had the following objectives: 

• Allow Tegulys to recover the heat from its oven to increase productivity. 
• Allow Eco-Tech Ceram (ETC) to prove the commercial feasibility of its technology 

and its business model and therefore gain credibility in the energy efficiency market. 
• More generally, to prove to any size of industry - and particularly a small one - that 

investing in energy efficiency is within their reach. 

The initial energy savings target was 616 MWh per year, or 12% of the energy required to 
manufacture one ton of tiles, while avoiding the emission of 150 ton of CO2eq. 

 

Content and methodology 
The solution extracts the waste heat from exhaust fumes by triggering a fan. The fumes 
pass through the ceramics contained in the Eco-Stock®. In contact with fumes, ceramics 
capture calories up to 600 °C:  

 

Eco-Stock® charging cycle 

The storage capacity is up to 2 MWh (the equivalent of the daily heat consumption of 250 
homes): 
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Eco-Stock® storage capacity 

The energy can then be recovered at any time in the form of hot air up to 600 ° C.  

 

Eco-Stock® discharge cycle 

In summary, the fully autonomous Eco-Stock® unit charges and discharges with great 
flexibility to provide low-carbon and competitive energy. 
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3D view of heat storage installation – Eco-Stock® 

 

Storage units once implemented 

 

The Project started in early 2018. Studies and implementation took 18 months. The 
mobilized workforce was more than 3,000 people. This project was the first implemented 
solution by Eco-tech Ceram (ETC) at the industrial level.  

 

The overall budget was around 200 k€. The annual net gain is evaluated at 20 k€/yr. 

 

This solution could be adapted to industries with high-temperature excess heat that cannot 
be valued instantly. For example, steel factories such as Arcelor Mittal are highly interested 
in this technology.   
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Results  
After 12 months of operation by Tegulys, the result was positive. The Eco-Stock® device 
brings a good array of results: 

• 10% improvement in energy efficiency 
• 140 MWh of natural gas saved 
• 35 tons of CO2 saved 
• Productivity gain of around 10% 

Aware of the economic and environmental profitability of such a project, the Nouvelle 
Aquitaine region in France as well as ADEME subsidized part of the infrastructure, the rest 
of the infrastructure was financed through a financial lease. The energy savings achieved 
exceed the leasing rents, the result being an increased operating margin for the company 
in the first fiscal year after the installation of the Eco-Stock®. 

Conclusion  
Thanks to this showcase, ETC will be able to establish commercial partnerships with 
furnace manufacturers and integrators, with heat distributors and third-party funders. 

This project demonstrates the importance of the development and industrial implementation 
of new energy storage technologies at different temperature levels. In the same way, this 
case study shows that the recovery and storage of fatal heat allows increasing productivity 
and reducing the operating costs of companies, also having a positive impact on the 
environment. 

Institutional support is crucial for the development of this type of innovative projects in order 
to reduce the risks for the actors involved and to follow up on the results of the first case 
studies. This, in order to be able to replicate the results to different companies with the same 
needs or potential and thus achieve a large-scale impact at the national and international 
level. 
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Project Name: TransPAC 

Summary  
The project consists of the industrial implementation of a transcritical heat pump coupled 
to a dryer from the Greenfield paper company. 

Element Value 

Temperature level >150°C 

CAPEX 2.3 M€ 

Fossil energy 
savings 

7.7 GWh / year replaced by 
1.6 GWh of electricity / year 

GHG reduction 1 800 tCO2eq / year 

Project start date 2017 

Technical summary of the project 

Introduction  
The paper industry in France, which concerns the manufacture of pulp, paper, and 
cardboard, consumes 3.7 million tons of oil equivalent (toe) per year or 43 TWh / year. This 
figure, established in 2006 by ADEME, represents 10% of energy consumption in French 
manufacturing industry, making France the 10th largest producer of paper and cardboard 
in the world. 

In several industrial sectors, in particular the paper industry, the energy contained in 
exhaust air can be recovered and exploited using heat pumps operating within the 
temperature ranges of the process. The exergy analysis of this type of process shows that 
transcritical heat pumps are particularly well suited to recovering heat at low temperature 
and to meet a need at high temperature. In addition, optimization and integration studies of 
high-temperature heat pumps have shown that transcritical cycles are well adapted to heat 
consuming processes with great temperature difference, such as industrial drying. In a 
transcritical cycle, the fluid can be above and under its critical point. Using this technology, 
the heat pump’s COP can be multiplied by 2 compared to usual cycles.  

 

Aims and objectives  
After a first pilot, TransPAC project’s goals are the design, realization, and implementation 
of a large scale transcritical heat pump for an industrial dryer. The heat pump will ensure 
energy savings and CO2 emission reduction on a Greenfield’s paper mill. 
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The project to install this transcritical heat pump will result in fossil energy savings of 
around 7.7 GWh / year which will be replaced by electricity consumption of around 1.6 
GWh / year. The reduction in CO2 emissions will be around 1 800 tCO2eq / year. 

 

Content and methodology 
The mechanical vapour compression high temperature heat pump for industry using 
electricity is one of the most effective innovative technologies to recover the industrial waste 
heat at low and medium temperature (<90°C). However, given the current industrial heat 
needs, the heat pump target temperature levels remain too low which strongly slows its 
implantation. Overwhelmingly, the drying processes reject saturated moist air at middle 
temperature (50°C-90°C) and have heat needs at high temperature (110°C-150°C). The 
large temperature difference between the source and the heat need makes the heat pump 
integration in such processes an interesting energy and technological challenge, whose 
economic stake is considerable. 

Pilot project 

A 30 kW transcritical heat pump running on R-32 was designed at the Energy Efficiency of 
Systems Center (CES - Mines ParisTech /ARMINES) in partnership with EDF R&D to 
validate its high energy performance. 

The sizing of the machine was carried out to meet the standard operating conditions of a 
drying plant where the ambient air, after having been preheated to 60 ° C by a recovery 
exchanger, must reach the target temperature of 120 ° C. The effluents (humid air) are 
available at 50 ° C. 

 

Scheme of Heat Pump integration in drying process 
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The 4 main components of the heat pump (evaporator, gas cooler, transcritical compressor 
and transcritical expansion valve) are shown in the figure. 

For the correct operation of the heat pump, an anti-blow bottle of liquid to avoid sending 
liquid to the compressor suction has been installed as well as a pressure switch (mandatory 
safety measure, to avoid breaking components), a filter drier (used to prevent the formation 
of non-condensable substances in the refrigerant circuit) and lubricating oil for the 
compressor, specifically chosen according to the temperature levels in the cycle. 

The choice of lubricating oils for compressors is made according to the temperatures 
reached during compression, the refrigerant used and the technology of the compressor. 
This is because the oil must be viscous enough at high temperature to allow efficient 
lubrication and not to damage the compressor. 

The choice of compressor is a real problem. Indeed, transcritical compressors have been 
designed and studied to work with the R744 (CO2). The data provided by the manufacturers 
are therefore adapted to thermodynamic cycles operating with R-744. There are 
thermodynamic differences between this fluid and HFC type fluids, in particular R32. It was 
necessary to analyze the transcritical cycles of R-744 proposed by the manufacturers and 
to compare them with a transcritical cycle of R32. 

The structure of the exchanger has been optimized to minimize the production of entropy 
of external and internal flows in the exchanger. It was also necessary to integrate the 
technical constraints imposed by the manufacturer due, among other things, to the high 
internal pressure (tube diameter, tube thickness, spacing, etc.). The sizing of the evaporator 
was carried out analogously to that of the gas cooler. 

In conventional heat pump systems, a liquid reservoir is present at the outlet of the HP heat 
exchanger. In conditions far from its nominal point, the tank ensures greater stability of the 
operation of the heat pump, but being assimilated to a buffer volume, it attenuates the 
influence of the load on the performance of the system. However, in the case of the PAC T-
THT R32, the influence of the load must be observed in order to understand all the physical 
phenomena. The liquid reservoir has therefore not been installed. 

Tests carried out 

The optimum charge for a heat pump is defined as the refrigerant charge required for the 
system to have the best energy performance. Researchers have studied the influence of 
the refrigerant charge on the energy performance of a subcritical heat pump and have 
shown, through experimentation, how the COP changes when the system charge 
increases. The same experimental procedure was carried out here, in order to optimize the 
energy performance of the PAC R32. The first tests were therefore carried out to determine 
the optimal load of the system. The load was increased step by step, starting from an initial 
load. The tests stopped when the energy performance of the heat pump began to decline. 
Thus, the optimal COP could be observed around a load of 8160 grams. This load was fixed 
for the rest of the tests. The second test was devoted to the analysis of the behavior of the 
CAP under different operating conditions. Additional tests were carried out in order to 
characterize the COP for lower relative humidities, in the cold loop. The decrease was made 
in 10% steps. Finally, the tests were carried out at a lower humid air temperature. 
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30 kW pilot system 

 

Following on from this work, the TransPAC project consists of designing, building, and 
installing a scale 1 industrial transcritical heat pump demonstrator on a paper mill dryer. 

 

The installation of this innovative transcritical PAC will result in fossil fuels savings and 
CO2 emissions reductions at the paper mill site. 

 

Preliminary tests will be carried out, under previously defined industrial conditions, on the 
30 kW model in order to choose the optimum fluid / oil pair. At the end of these tests, 
specifications will be drawn up for the demonstrator. The key points are the choice of the 
compressor and the sizing of the gas cooler.  

 

After costing of the demonstrator and evaluation of energy and environmental gains, it will 
be installed on the pulp dryer of the company Greenfield (Château Thierry). The innovation 
is based on the association of the transcritical cycle with very high temperature levels (> 
150 ° C). The demonstrator will be installed on the Greenfield dryer to validate its technical, 
economic, and environmental performance under industrial production conditions. 

 

The overall budget is around 2.3 M€. The project began in July 2017 and was estimated to 
last 4 years. 

 

Results  
For a load of 8160 grams the measured coefficient of performance (COP) of the pilot system 
is 3.69 with an uncertainty of ± 0.10. The exergy efficiency is 63%. 
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The second series of tests analyzed the impact of the humidity of the heat source on the 
COP. These tests showed that the COP dropped from 3.61 to 3.31 when relative humidity 
rose from 60% to 90%. It has been noticed here that the vapor content is a good indicator 
of the quality of the system charge. 

The proof of concept has shown that the use of components, designed for CO2 and available 
on the market, allows the realization of a transcritical heat pump. This innovative technology 
has been patented by the industrial partner EDF. Industrial development is deemed feasible 
within a short period of time. 

The installation of this innovative transcritical heat pump constitutes a first industrial 
reference and will be the starting point for the dissemination of this technological offer to 
other industrial sites in different market segments. 

 

The technology is protected by a patent. 

 

Conclusion  
The results of the project could be transposed to all industrial sectors, in particular the 
food industry and chemicals, whose energy consumption linked to drying operations is 
also significant in France: 

• About 11 TWh / year for the food industry. 
• About 6.3 TWh / year for chemicals. 

As a first step, DALKIA (EDF) plans to design, install, and operate transcritical heat pumps 
on the French market, which will serve as a control market. Then, DALKIA will roll out the 
marketing of the product internationally. 
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Project Name: MISTRAL - Energy savings in an iron ore sinter plant by flue gas 
recirculation 

Summary  
The project consists of implementing recirculation of fumes from a sinter plant 
of ArcelorMittal plant to reduce energy consumption and environmental impact from heat 
recovery. It is suitable to Subtask 5 due to the innovative aspect of selective fumes 
recirculation to avoid corrosion. To date, apart from this installation, there is no known heat 
recovery on sinter plant exhaust fumes due to the high corrosivity of this type of fumes. 
Thus, the installation requires the design of specific devices to channel the fumes.   

The performance objective of the MISTRAL demonstrator is an energy gain of 606 TJ / year. 

Element Value 

Target energy gain 606 TJ / year 

GHG reduction 
target 

72,000 tCO2eq / year 

Overall budget 18 M€ 

Project start date 2016 

Summary of the project 

Introduction  
In 2014, France was the second European steel producer.  

Integrated steelworks (or casting plants) manufacture steel products from ore and coal. 
These sites are particularly energy-intensive and are among the industrial sites emitting the 
highest air pollutant flows in the industry. 

The blast furnace is the central element of these complex sites. From sintered ore 
(agglomeration of iron ore and coke) the blast furnace produces molten iron which is then 
transformed into steel. The production of molten iron in the integrated steel industry is very 
energy-intensive (around 15 GJ/tons of molten iron). 

ArcelorMittal seeks to reduce its environmental footprint, by reducing fuel consumption, 
greenhouse gas emissions and reducing polluting emissions. The Fos-sur-Mer plant is 
strongly committed to this approach with a series of environmental investments made in 
recent years. The iron ore sintering generates more than 50% of the site's polluting 
emissions. 

The project consists of implementing selective recirculation of fumes from a sinter plant 
of ArcelorMittal plant in Fos-Sur-Mer to reduce energy consumption and environmental 
impact from fumes sensible heat recovery.    
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Aims and objectives 
The objective of the project is to test on an industrial installation (iron ore sintering plant in 
Fos-sur-Mer), an innovative process of selective flue gas recirculation to achieve the 
following objectives: 

• A 5% reduction in the consumption of solid fuel in the sintering process (i.e., 15,000 
tons per year). 

• A 0.4% reduction in solid fuel consumption at blast furnaces (i.e., 8,200 tons / year). 
•  A reduction of over 25% in polluting emissions in the agglomeration. 
• A significant reduction in the flow of atmospheric pollutants (particles, NOx, SO2 and 

dioxins). 

The performance objective of the MISTRAL demonstrator is an energy gain of 606 TJ / year. 
This energy gain corresponds to a reduction in CO2 emissions from the ArcelorMittal site in 
Fos-sur Mer by 72,000 t / year, or 0.1% of emissions from the French manufacturing 
industry. 

Content and methodology 
In collaboration with ArcelorMittal's R&D and the Liège Metallurgical Research Center, an 
innovative flue gas recirculation process to achieve industrial and environmental 
objectives has been developed. 

The industrial-scale installation was built on the Fos-sur-Mer site by the SME Azur 
Industries. Industrial production started in April 2016. Commissioning and ramp-up started 
in July 2018.  

The MISTRAL process differs from existing flue gas recirculation processes by the targeted 
selection of recycled fumes to avoid corrosion and the location of valorization points. The 
installation requires the design of innovative parts (valves, duct, hood) to channel the flow 
of fumes.  
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3D view of fume recirculation installation  
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Photos from the construction phase  

This technology will allow a reduction in energy consumption of at least 5% as well as a 
significant reduction in the flow of atmospheric pollutants (particles, NOx, SO2 and dioxins), 
while improving the competitiveness of the site. 

Results  
The overall budget was around 18 M€.  The first results are still being analyzed.   

Conclusion  
The MISTRAL project is an industrial first on an ArcelorMittal sinter plant, demonstrating 
gains in terms of reduced energy consumption and environmental impacts. This technology 
is developed in France. It could eventually be duplicated on other steel sites in France and 
Europe, allowing reductions in energy consumption and air pollutant emissions on a large 
scale. 

Azur Industries will develop new technological know-how in this project and create a 
benchmark in flue gas recirculation processes, allowing it to position itself favorably on the 
market for competitive environmental solutions for French and European sinter plants. 

This project helped Azur Industries to maintain or even develop employment in the Fos-sur-
Mer region. For ArcelorMittal, it strengthens the site's competitiveness. 
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5.4. COUNTRY & INSTITUTION: ITALY (ENEA) 

Project Name: GICO (Gasification Integrated with Carbon capture and ValOrisation)  

Introduction 
One of the objective of the GICO project is the use of the heat excess from a calciner to 
feed a biomass gasification integrated with CO2 capture (see panel (a) of figure 1). Such a 
novel process named Sorption Enhanced Gasification (SEG) will demonstrate the H2 
production via steam gasification intensified with CO2 capture process with less than half 
of the cost of the actual capture process: 40 €/t vs 90 €/t, generating brick from spent 
sorbents. The essential feature of the SEG process is the use of a high temperature solid 
sorbents for the simultaneous separation of CO2 during conversion of untreated and pre-
treated feedstocks into high H2 content synthetic fuel gas. SEG process demonstrated in 
GICO provides a step-change in efficiency because it separates the CO2 at elevated 
temperatures (>550°C) providing for more efficient heat integration options not available in 
technologies (e.g. ammine) where the separation occurs at lower temperatures. 

 

Status 

Ongoing: start date 01/12/2020 – end date 30/11/2024 

 

Responsible organization for the project 

University Guglielmo Marconi 

Prof. Enrico Bocci e.bocci@lab.unimarconi.it 

 

Principles of the project and reason(s) for choosing it in Subtask 5 

The key GICO’s target is to enhance the H2 purity production by means of biomass steam 
gasification intensified with high temperature CO2 capturing process via solid sorbent. The 
essential feature of the Sorption Enhanced Gasification (SEG) process is the use of a high 
temperature solid sorbents for the simultaneous separation of CO2 during conversion of 
untreated and pre-treated feedstocks into high H2 content synthetic fuel gas. SEG process 
demonstrated in GICO provides a step-change in efficiency because it separates the CO2 
at elevated temperatures (>550°C) providing for more efficient heat integration options not 
available in technologies (e.g. ammine) where the separation occurs at lower temperatures. 
The CaO in the calcined form of limestone and dolomite shows a high reactivity within a 
temperature range from 550 to 750 °C, that largely fits with the temperature of the SEG 
process (600 – 650 °C). The biogenic feedstock is gasified at lower temperature, 600 °C; at 
that temperature water gas shift occurs with the increase of the CO2 and H2 content with a 
simultaneous CO2 uptake with CaO which is converted into CaCO3. 

mailto:e.bocci@lab.unimarconi.it
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𝐶𝐶 + 𝐻𝐻2𝑂𝑂 → 𝐶𝐶𝑂𝑂 + 𝐻𝐻2  (𝑏𝑏𝑏𝑏𝑏𝑏𝑚𝑚𝑏𝑏𝑏𝑏𝑏𝑏 𝑏𝑏𝑠𝑠𝑠𝑠𝑏𝑏𝑚𝑚 𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏𝑔𝑔𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑔𝑔) 

𝐶𝐶𝑂𝑂 + 𝐻𝐻2𝑂𝑂 ⇄ 𝐶𝐶𝑂𝑂2 + 𝐻𝐻2  (𝑤𝑤𝑏𝑏𝑠𝑠𝑠𝑠𝑤𝑤 𝑔𝑔𝑏𝑏𝑏𝑏 𝑏𝑏ℎ𝑏𝑏𝑔𝑔𝑠𝑠) 

𝐶𝐶𝑏𝑏𝑂𝑂 + 𝐶𝐶𝑂𝑂2 → 𝐶𝐶𝑏𝑏𝐶𝐶𝑂𝑂3 (𝑔𝑔𝑏𝑏𝑤𝑤𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑔𝑔) 

  

The spent solid sorbent is subsequently regenerated by releasing CO2 in a calcination 
step according to equation: 

𝐶𝐶𝑏𝑏𝐶𝐶𝑂𝑂3  → 𝐶𝐶𝑏𝑏𝑂𝑂 + 𝐶𝐶𝑂𝑂2  (𝑔𝑔𝑏𝑏𝑐𝑐𝑔𝑔𝑏𝑏𝑔𝑔𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑔𝑔) 

The net reaction of the SEG process is:and  

𝐶𝐶 + 2𝐻𝐻2𝑂𝑂 → 2𝐻𝐻2(𝑝𝑝𝑝𝑝𝑤𝑤𝑠𝑠) + 𝐶𝐶𝑂𝑂2 (𝑝𝑝𝑝𝑝𝑤𝑤𝑠𝑠) (𝑔𝑔ℎ𝑠𝑠𝑚𝑚𝑏𝑏𝑔𝑔𝑏𝑏𝑐𝑐 𝑐𝑐𝑏𝑏𝑏𝑏𝑝𝑝𝑏𝑏𝑔𝑔𝑔𝑔 𝑔𝑔𝑏𝑏𝑏𝑏𝑏𝑏𝑔𝑔𝑏𝑏𝑔𝑔𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑔𝑔) (e) 

Looping medium: 𝐶𝐶𝑏𝑏𝑂𝑂 ⇄ 𝐶𝐶𝑏𝑏𝐶𝐶𝑂𝑂3  

carbon dioxide) leave the looping process in two highly concentrated 
streams.  

The novelty of the SEG process is its potential to be used for the recovery of thermal waste 
from energy-intensive industrial processes (e.g. production of steel from blast furnaces, 
production of cement from rotary kilns) for the regeneration of the CO2 sorbent.  

Project description 

GICO project aims to develop renewable energy technologies that will form the backbone 
of the energy system by 2030 and 2050 strengthening the EU leadership on renewables. 
Indeed, there is no renewable energy technology with higher commercial potential; lower 
environmental impacts and greenhouse gases emissions; better resource efficiency, social 
acceptance and cross-fertilisation with many sectors. GICO, will develop: 

• intermediate bioenergy carriers; 
• CO2 sorbents; 
• high temperature inorganic sorbents for sulphur removal; 
• catalysts and filter candles; membranes for oxygen separation and for methanol 

production 
• technologies for CO2 conversion based on cold plasma, 

in order to demonstrate the technical feasibility of low cost waste biomass small to medium 
fuel and CHP plants with more than 50% cost reduction as well as more than 50% efficiency 
increase, and negative-zero emissions 

Photos or schemes (if available) 



ANNEX 15 – TASK3, INDUSTRIAL EXCESS HEAT RECOVERY 

IETS, Industrial Energy-Related Technologies and Systems 

292 

 

Figure 37 GICO concept 
Experiences in the design or operational phase 

A work plan of experimental tests are being prepared covering all key stages of the GICO 
process making available experimental data for the performance evaluation of each main 
components of the SEG process Each component will be tested and demonstrated in a 
single loop in a continuous H2 production process under representative operating 
conditions. The most effective process parameters will be changed in a restricted range of 
values, and assessed, in order to identify the optimised operating conditions to adopt for 
achieving the best gasification performances in the SEG reactor. Specifically, the 
experimental campaign will be started by operating the SEG process with the integrated 
gas cleaning and conditioning system for a limited number of feedstocks and exploring 
process parameters such as: 

• equivalence ratio for O2 in the combustor (ER: 0.25-0.45); 
• steam/biomass ratio (S/B: 0.5-1.0);  
• gasification/carbonator temperature (600-700 °C);  
• combustor/calcinatory temperature (850-950 °C); 

Economics (if available - present or calculated future) 

In particular, GICO, will develop new biogenic feedstocl treated via hydrothermal 
carbonization obtaining: (i) a cost lower than 20 €/t = 5 €/MWh vs 15 €/MWh and (ii) high 
quality gaseous (10 €/MWh vs 40 €/MWh) as intermediate bioenergy carriers. The CO2 
capture during SEG process will be used for fuel production with more than 50% cost 
reduction (i.e. methanol 33 €/MWh vs 75 €/MWh and electricity 100 €/MWhe vs 220 
€/Mwhe) so reaching competitive cos for biofuel production <35-50 €/MWh. GICO increases 
technology performance of gasification/gas conditioning: bio-syngas with 90% of H2, flue 
gas with 90% of CO2, 90% cold gas efficiency, 90% carbon conversion efficiency, 5 g/Nm3 
of tar owing to the primary tar reduction, almost negligible tar and inorganic compounds 
content after Hot Gas Conditioning for all kind of residual biomass and permanent CO2 
storage with cost removal <40€/t versus >90 €/t (amines) 
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GHG emissions or mitigation, compared with conventional design (if applicable or 
available) 

Via SEG process, it is possible to convert renewable energy sources into energy vectors 
with the highest efficiency and lowest greenhouse gases emission and cost. In fact, using 
e.g. CaO sorbents instead of the inert material in an indirectly heated fluidised bed steam 
will not only shift the thermodynamic equilibrium towards more H2 (from around 40% H2, 
23% CO and CO2 and 13% CH4, the volume fraction dry syngas composition become 90% 
H2, 5% CO, 3% CH4 and 2% CO2) but also will decrease the gasifier temperature (allowing 
the use of biomass with low ashes melting point) and the energy to be transferred to the 
gasifier.  

Conditions, in which the project could be of interest 

GICO could be of interest if renewables, mainly biomass and in particular low-cost biomass 
or biomass waste, are becoming increasingly important having attained at least 20% of the 
market. As an economically viable means to increase grid penetration of solar and wind, 
power generation from biomass is expected to continue to increase significantly, on the 
small, medium and large scales. The bioenergy contribution for heating and cooling has 
currently the largest share (88%) of all RES used for heat and cooling with 76 Mtoe, not far 
from the 2020 Member States plan of 90 Mtoe. 

Future plans for this type of project (if available) 

The project will participate to the European Technology & Innovation Platform (ETIP) for 
knowledge exchange to involve all the actors of the bioenergy supply chain, conversion and 
use. The consortium of the GICO process will pay a big effort in enabling greater end-user 
and stakeholders’ participation in the setting of goals, the definition of activities, and the 
evaluation of results.  

 

Project Name: SFERO (Systems for Flexible Energy Reusing CarbOn) 

Introduction 

The progressive decarbonisation of the Italian economy requires the research and 
development of new technologies for the safe and efficient use of renewable sources, 
together with the sustainable use of conventional fuels. Carbon intensive industries as steel, 
iron and cement industries make Italy one of the main economy in Europe. These production 
processes have already reached very high levels of efficiency in the use of resources and 
it is estimated that the additional technological options for a more efficient use of energy 
would allow a limited reduction in CO2 emissions. A substantial reduction in carbon dioxide 
emitted by industrial processes could be, however, obtained through the implementation of 
technologies for the capture, removal, use and storage of CO2. Calcium looping (CaL) 
process as inherently circular process is a good candidate for capturing CO2 from hard-to-
abate sectors as steel and cement industries. The spent calcium based material used as 
CO2 acceptor can be reused as flux in steel making process and raw material in cement 
industries. In the SFERO (Systems for Flexible Energy Reusing carbon) project optimal 
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integration of the calcium oxide-based capture process for the decarbonisation of steel and 
cement making processes on a large scale will be presented. Different processes will be 
defined and, for each configuration, the mass and energy balances along with carbon 
footprint will be evaluated with particular attention to the thermal integration between the 
CaL process, the energy-intensive industry and energy production, in order to maximize 
energy recovery. In this document preliminary results for cement production will be 
presented.The main goal of SFERO project is the advancement of the technological 
readiness level (TRL) of carbon capture and valorisation processes. In particular, the result 
is the advancement of the TRL: (i) from 5 to 7 for H2 production processes and simultaneous 
CO2 capture; (ii) from 3 to 5 for processes of CO2 valorisation that make use of electricity 
excess. The process of H2 production and simultaneous capture of CO2 (Sorption 
Enhanced Steam Methane Reforming (SE-SMR), Sorption Enhanced Water Gas Shift (SE-
WGS)) will be carried out in the ECCSEL-ERIC Research Infrastructure named ZECOMIX 
(Zero Emission of Carbon with MIXed technologies) installed in the research centre of 
ENEA Casaccia. These processes, if integrated in the carbon-intensive industrial sectors, 
will lead to an increase in the efficiency of industrial processes by means of the recovery of 
excess energy and materials (e.g. renewable electricity and carbon surplus). Innovative 
processes aimed at (i) CO2 capture through the use of eco-sustainable solid material will 
be analyzed, (ii) valorisation of the captured CO2 via cold plasma reactor. 

Status  

Started in January 2019 – End date: December 2021 

Responsible organization for the project 

Project leader: ENEA 

Contact person: Stefano Stendardo 

Principles of the project and reason(s) for choosing it in Subtask 5 

The activities on carbon capture activities will be integrated with experimental studies aimed 
at the development of innovative systems for the valorisation of CO2 through two methane 
reforming processes: Dry Methane Reforming, (DRM) and reverse water gas shift (RWGS) 
for the production of building blocks (eg CO and H2) and the subsequent synthesis of 
renewable fuels . These objectives will be achieved by means of the development of new 
materials and through simulation and modelling of hard-to-abate industry, also allowing an 
assessment of the technical and economic feasibility of the entire process. 

Project description 

The CaL process exploits the reversible reaction between CaO and CO2 at high 
temperature and it is composed by two reactors, a carbonator operating at about 650°C, 
where CO2 is put into contact with the sorbent and the exothermic carbonation reaction 
occurs, and a calciner, where the endothermic calcination reaction takes place at around 
900-920 °C. The heat needed to maintain the calciner temperature around the set value is 
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usually provided with combustion of fossil fuel with oxygen, for example coal or natural gas. 
One of the advantages of CaL over other carbon capture technologies is that it is possible 
to recover part of the energy supplied in the calciner as high temperature heat that can be 
converted in electricity with, for example, a conventional steam Rankine Cycle. CaL can be 
integrated, for example, with the clinker production process, the most energy and carbon 
intensive step in the cement production process. In one of the possible configurations, “Tail 
End CaL”, CaL is operated as an end of pipe sorption unit and it captures CO2 from the flue 
gas exiting the clinker kiln. For a typical clinker kiln size of 2825 t/d, the estimated thermal 
power that could be recovered from the carbon capture system is around 170 MW. This 
energy is assumed to be converted in electric energy in a single turbine steam Rankine 
Cycle characterized by maximum pressure and temperature of 100 bar and 530°C at the 
turbine input and condenser pressure of 0,07 bar. Having defined the heat sources, a 
suitable heat exchanger network, that recovers the excess heat from the CaL system and 
produces steam, can be designed applying the pinch analysis method. As shown in Figura 
1 the exchangers removing heat from the CaL process are: 

• Carb HEX: which maintain the temperature of the carbonator at 650 °C, removing 
the heat produced by the exothermic carbonator reaction. 

• Flue HEX: which cool down the decarbonized flue gas exiting the carbonator at 
650°C till 430°C. 

• Purge HEX: which cool down the exhausted sorbent purged form the CaL system 
from 920°C till 120°C. 

• HT CO2 HEX 1, HT CO2 HEX 2, LT CO2 HEX 1, LT CO2 HEX 2: the CO2 rich gas 
stream exiting the calciner at 920°C must be cooled down to the input temperature 
of 80 °C of the CO2 Purification and Compression Unit (PCU). This gas stream is 
first cooled down to 400 °C in HT CO2 HEX 1 and HT CO2 HEX 2, then part of the 
obtained flow is recirculated into the calciner and used as temperature moderator, 
while the rest is further cooled down in LT CO2 HEX 1, LT CO2 HEX 2 and the 
oxygen preheater. 

Pinch analysis method was used to design an optimal heat exchanger network and 
maximize the heat recovery for all the CaL application studied in cement and steel industry. 
In detail, the main hard-to-abate industrial processes studied were: 

• Clinker production process, that can be integrated with CaL with two different 
configurations, Tail End CaL and Integrated CaL. 

• Blast furnace process for production of Hot Metal (HM). 
• Midrex process for production of Direct reduced iron (DRI). 

Furthermore, Calcium Looping technology can be used as thermochemical energy storage 
system for solar energy coming from a Concentrated Solar Power plant (CSP). In this 
configuration the concentrated solar plant provides the thermal energy required in the 
calciner, then the CaO and CO2 exiting the reactor are stored away in suitable tanks. 
Therefore, during the discharge phase, CaO and CO2 are sent to the carbonator where 
thermal energy is discharged and used in a steam Rankine cycle for power production. In 
this configuration, as in the carbon capture application, pinch analysis can be used to design 
a suitable network of heat exchangers for the heat transfer between the CaL system and 
the Rankine cycle. Table 2 shows an overview of the different configuration studied and the 
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main results obtained in term of thermal energy recovered from the CaL system and the 
electric energy produced from the steam Rankine cycle. 

Table 11 – Overview with CaL applications detailing the heat recovered and electricity 
produced in the Rankine cycle. 

CaL 
application 

Calciner 
fuel 

Size 

decarbonized 
system 

Thermal 
energy 

recovered 

Rankine cycle 
efficiency 

Electric 
energy 

produced  

Clinker kiln 

Tail End CaL 
Coal 2.825 tclinker/d 172 MW 34,3 % 59 MW 

Clinker kiln 

Integrated CaL 
Coal 2.825 tclinker/d 61 MW 28,7 % 17 MW 

Blast Furnace Coal 12.895 tHM/d 2.477 MW 37,4 % 927 MW 

Midrex process Natural gas 8.517 tDRI/d 278 MW 37,9 % 106 MW 

CaL with CSP 
Solar 

energy 
320 MWel 17.877 MJ/d 43,7 % 7.818 MJ/d 

 

Photos or schemes (if available) 

 

Figura 1 – Integration of CaL into the Cement production process 

Energy streams/balances 
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Table 12 – Fluxes details of the heat exchanger network for heat recovery and power 
production for CaL application in cement plant, Tail End CaL configuration. 

Flow 

number 
Description 

Input 

temperature 

Output 

temperature 

Mass 
flow 

Thermal 
power 

exchanged 

1 Water flow in the Rankine cycle 40 °C 530 °C 53 kg/s 172,4 MW 

                     
2 

Oxygen flow entering the 
calciner 

15 °C 150 °C 18 kg/s 2,2 MW 

3 CO2 flow sent to the PCU 400 °C 80 °C 48 kg/s 16,6 MW 

4 CO2 flow exiting the calciner 920 °C 400 °C 71 kg/s 46,1 MW 

5 
Sorbent purged from the CaL 
process 

920 °C 120 °C 5 kg/s 3,9 MW 

6 Decarbonized flue gas 650 °C 430 °C 42 kg/s 10,7 MW 

7 Carbonator  650 °C 650 °C - 97,3 MW 

 

Figure 38 – Heat exchanger network for heat recovery and power production for CaL 
application in cement plant, Tail End CaL configuration. 

Economics and GHG mitigation compared with conventional design (if available - present 
or calculated future) 

Below a comparison of Economics and GHG mitigation compared with conventional design: 

 
CO2 emissions CO2 reduction SPECCA 

CO2 avoided 
cost 

Decarbonisatio
n cost 
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[kgCO2/tprod(1)] [%] [MJLHV/kgCO2] [€/tCO2] [€/tprod(1)] 

Cement 

Unabated 
(benchmark) 

886 - - - - 

Tail End 39 95,6% 4,4 69,1 58,6 

Integrated 73 91,8% 2,8 54,3 44,2 

Settore acciaio: BF and BOF 

Unabated 
(benchmark) 

2009 - - - - 

Configuration 
1 

262 87,0% 5,0 23,5 41,1 

Configuration 
2 

122 93,9% 4,9 22,1 41,7 

Configuration 
3 

46 97,7% 4,0 23,3 45,7 

Steel: DRI and EAF 

Unabated 
(benchmark) 

563 - - - - 

Configuration 
4 

188 66,6% 4,3 71,3 24,4 

Configuration 
5 

127 77,4% 3,4 63,0 25,1 

Conditions, in which the project could be of interest 

With the steadily increase of the cost of CO2 emissions, the integration of a calcium 
looping system could make valuable CO2 capturing with a lower cost compared with the 
scrubbing systems.  

Future plans for this type of project (if available) 

The project will continue in the next Italian Research Framework funded by the Ministry of 
ecological transition named ”Ricerca di Sistema elettrica 2022-2024”  
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5.5. COUNTRY & INSTITUTION: NORWAY (SINTEF) 

Project Name: HighEFF – Case: "Integrated high temperature heat pumps and thermal 
storage tanks for combined heating and cooling in the industry" 

Summary  
This project concerned the installation of an integrated heat pump system of a green-field 
dairy and the investigation of its energy consumption and system performance. The dairy 
is situated in Bergen, Norway and features a novel and innovative solution of a fully 
integrated energy system, employing high temperature heat pumps such as the hybrid 
absorption-compression heat pump (HACHP) with natural refrigerants to meet all 
requirements for heating and cooling. The performance of the novel system was 
evaluated based on available process data for a relatively energy-intensive week in 
February. The results showed that the system was able to meet the occurring demands 
and that the specific energy consumption with 0.22 kWh/L product can outperform the 
annual average value of the replaced dairy even under difficult conditions. The specific 
energy consumption is expected to be further reduced when based on an annual average. 
Through measures such as the extensive use of waste heat recovery accounting for 
32.7% of the energy used, energy consumption was reduced by 37.9% and greenhouse 
gas (GHG) emissions by up to 91.7% compared to conventional dairy systems. 
Simultaneous, the process achieves a waste heat recovery rate of over 95%. 
Furthermore, demand peaks were compensated and a system coefficient of performance 
(COP) of 4.1 was achieved along with the identification of existing potential for further 
improvements. 

Introduction  
To achieve environmentally friendly, cheap and sustainable energy systems, it is globally 
recognized that there is a necessity to increase the energy efficiency of industrial 
processes and reduce direct GHG emissions, e.g. from the burning of fossil fuels. A 
promising approach to achieve these goals, which has been increasingly investigated in 
recent years, is the integrated use of high temperature heat pumps in combination with 
thermal storage tanks for combined heating and cooling demands in industrial 
applications. Food processing plants in particular offer great potential for initial 
improvement measures due to the simultaneous cooling and heating requirements in 
achievable temperature ranges for heat pump solutions that are currently ready for the 
market. In a conventional dairy the heating demand is traditionally covered by fossil fuel 
boilers, while the cooling demand is covered by a separate refrigeration system. By 
integrating an industrial heat pump that can deliver both process cooling and heating, the 
need for fossil fuel is eliminated and in this study the energy consumption and system 
performance of a fully integrated heat pump system of a new dairy in Bergen, Norway is 
investigated. 

Aims and objectives  
The present work aimed to support the trend in the scientific field focusing on integrating 
high temperature heat pumps with a high degree of waste heat recovery to minimise 
external energy consumption and greenhouse gas emissions of food processing plants. 
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Unlike previous work based on simulations and theoretical case studies, this study was to 
demonstrate the performance of a fully integrated energy system of a green-field dairy 
with real operational data. The concept of the integrated heat pump energy system was 
suggested by R&D in 2016 and realized on TRL7-8 by the industry partner in the 
subsequent years. This included to demonstrate that high temperature heat pumps using 
natural refrigerants could provide further improvements even for comparatively good 
systems and thus substitute conventional fossil fuel-based solutions. Furthermore, the 
demonstration of possible applications and operating data of integrated high temperature 
heat pumps in combination with thermal storage tanks would increase confidence in such 
systems among plant owners and key decision makers. Moreover, the present work 
aimed to reduce non-technical barriers due to uncertainties based on a lack of experience 
among the potential users. 

For this reason, this study objective was to investigate the energy consumption and 
system performance of the fully integrated heat pump system of the new dairy. By using 
available operational data for one energy-intensive production week from the process 
instrumentation, an energy analysis was to be performed in order to evaluate the 
performance. For an environmental analysis, the results were to be evaluated and 
compared with conventional reference dairy systems. Based on the process integration 
and system performance, further optimisation potentials would be identified. 

Content and methodology 
System description 

The dairy has a size of 20,000 m2 and a forecasted annual production of 43.4 million 
litres, divided into fluid milk (83.1%), cream (3.7%) and juice (13.2%), with fluid milk 
dominating the production. On the roof 6000 m2 of photovoltaic (PV) solar panels are 
installed, generating approximately 0.5 GWh of electricity annually. The dimensioning was 
based on a replaced dairy in Minde, Norway, with an annual energy consumption of 10.1 
GWh (6.8 GWh electricity and 3.9 GWh district heating) resulting in a specific annual 
energy consumption of 0.24 kWh l−1 product for the year 2015. The targeted specific 
energy consumption for the new dairy was defined at 0.15 kWh l−1 product on an annual 
average, with production taking place only on weekdays and not at weekends. This value 
is a realistic target based on the experience of the plant owner on branch-typical energy 
demands. In the following, the specific energy consumption for the investigated dairy is 
calculated and benchmarked against the targeted and reference values. 

Production processes within the dairy can be divided into several consumers at different 
temperature levels. The dairy uses the excess heat from cooling processes provided by 
ammonia chillers and upgrades this heat to supply usable process heat for heating 
demands. This enables process heat at different temperature levels of 40 °C, 67 °C and 
95 °C. The integrated heating and cooling system of the dairy is visualized in Fig. 1, 
including three different heat pump systems and six temperature levels provided to the 
different consumers. 
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Fig. 1. Integrated energy supply system including heat pump systems 
and thermal storage tanks. 

Ammonia chillers supply cold glycol at −1.5 °C to the building and storage cooling and via 
a heat exchanger to the ice water circuit at 0.5 °C, which provides cooling to different 
consumers, such as pasteurizers, filling area and milk intake. On the condenser side, the 
chillers produce hot water at 40 °C, which is accumulated in a storage tank. From the 
40 °C tank, the hot water is distributed to the snow melting, the preheating of domestic hot 
water (DHW) and to the ammonia heat pumps (NH3 HPs). The return water enters another 
storage tank at 20 °C before being heated by the condenser side of the chillers. From the 
20 °C tank, cooling is provided to the compressed air system, rinse milk cooler and cream 
pasteurizer. If the NH3 HPs are unable to provide sufficient cooling for the 20 °C/40 °C 
circuit, the dry cooler ensures the required deficit. 

Using the 20 °C/40 °C circuit as heat source, the NH3 HPs produce hot water at 67 °C, 
which is then accumulated in a storage tank. The 67 °C tank supplies heating for the 
building heat system, DHW heating and the high temperature heat pump. Eventual 
capacity deficits are compensated using district heating (DH). The installed hybrid 
absorption/compression heat pump (HACHP), operating as high temperature heat pump, 
produces hot water at 95 °C for a further storage tank. The tank distributes the hot water 
to consumers, such as the cleaning-in-place (CIP) processes, pasteurizers and filling 
area. In case of a heat deficit in the 95 °C circuit, an electric heater serves as reserve 
source. 

The heat pump systems are designed to be able to provide nearly all required cooling and 
heating demands at the dairy, with the dry cooler, electric heater and DH as backup 
resources. Table 1 contains a detailed overview of the installed heat pump systems 
including refrigerant, number of units, heat source and sink temperatures and total 
capacities. 

Table 1. Overview of installed heat pump systems. 
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System Refrigerant Units Source Sink Total capacity 

Chillers NH3 3 4 °C/−1.5 °C 20 °C/40 °C 2400 kW (cooling) 

NH3 HPs NH3 2 40 °C/20 °C 60 °C/67 °C 1577 kW (heating) 

HACHP NH3-H2O 1 67 °C/60 °C 73 °C/95 °C 940 kW (heating) 

 
The chillers and NH3 HPs are designed as single stage vapour compression heat pump 
systems with ammonia as refrigerant. Ammonia is a popular working fluid for both 
industrial refrigeration systems (chillers) and large NH3 HP systems due to excellent heat 
transfer properties and high volumetric heat capacity, which reduces the required 
compressor swept volume. The HACHP system uses the zeotropic ammonia/water 
mixture as refrigerant and is based on the Osenbrück cycle, which extents a vapour 
compression cycle with an additional solution circuit. This extension offers the typical 
features of HACHP systems, such as high achievable sink temperatures at comparably 
low-pressure levels in combination with non-isothermal heat transfers. The volumes of the 
storage tanks (see Fig. 1) were selected in relation to the required and available process 
demands and the objective of efficient operation with continuous supply to all process 
consumers. 

Data collection and evaluation methods 

The data used in this analysis were collected for one week in the period from February 
10th (00:00 CET) to February 17th (00:00 CET) 2020. The period of one full week was 
selected to identify cross-production influences that would not be noticeable in a daily 
analysis. At the same time, due to the comparatively short time from commissioning and 
the resulting constant changes in the operation control, it was not meaningful to conduct 
an analysis of a longer period including different seasonal influences. This increases to a 
certain degree the uncertainty regarding the full-year values and reduces the possibility of 
a direct comparison with annual values. During the installation of the dairy, a significant 
number of sensors were installed, which made it possible to closely monitor the process. 
For all heat pump systems, thermal energy storages and consumers, the inlet and return 
temperatures were determined using PT100 temperature sensors (iTHERM TM411, Class 
A, ± 0.15 + 0.002 · T [°C]). Volume flows measurements in each fluid line were conducted 
using Coriolis flow sensors (Promass F300 Hart, ± 0.1%) and electromagnetic flow 
sensors (Promag H300 ProfiNet, ± 0.2%). Values for total power consumption and specific 
power consumption for the various heat pumps and the electric heater were determined 
using power meters (PowerLogic PM3000, ± 0.5%). From this information, an average 
relative uncertainty was determined for each measurement point. These values were then 
used to determine the combined relative measurement uncertainty of the various system 
parameters including all contributing variables by applying the Root Sum of Square 
method. 
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For size reduction of measurement data, the value at a certain time is only logged by the 
measurement system if it differs from the value in the previous time step within a defined 
range. Since the time steps for the different measurements consisting of temperatures, 
flow rates, and power consumption were not the same, this led to many empty cells when 
merging the logged values. Linear interpolation between two known values was used to fill 
all empty cells. For the further use, the recorded data was resampled, and the average 
values were calculated on a minute basis. The programming language Python was used 
for data collection, data handling and energy balance calculations. Specifically, the data 
analysis library Pandas was used for data processing, while the CoolProp package was 
used to calculate energy balances. 

 

Energy analysis 

The conducted energy analysis is based on the logging values from the heating and 
cooling distribution system. It does therefore not consider any inefficiencies of the 
processing equipment itself, but merely studies how much energy is required to operate 
the dairy. Due to the absence of energy meters within the system, the specific thermal 
loads, �̇�𝑄𝑏𝑏 [kW], are determined using the specific energy balance for each consumer, i, as 
shown in Eq. (1).  

1) �̇�𝑄𝑏𝑏 = �̇�𝑚𝑏𝑏 ∙ (h𝑏𝑏𝑝𝑝𝑠𝑠,𝑏𝑏 − h𝑏𝑏𝑔𝑔,𝑏𝑏) ± 3.0% 

Pressures for water streams at all temperatures were assumed as 1 bara and glycol 
streams as 3.5 bara based on information from the dairy. Since flow measurements were 
volumetric, mass flow rates were calculated using the densities for constant temperatures 
based on the mean values of the respective temperature levels (see Table 1). The specific 
enthalpies at the inlet and outlet of each component or process were determined using the 
respective measured inlet and outlet temperatures and assumed pressures. The average 
value of the calculated measurement uncertainty [%] based on the measurement system 
used is presented in the equation. 

Environmental analysis 

To provide an environmental perspective of the benefits of the integrated energy system, 
energy savings and GHG emissions were investigated. Based on the energy analysis a 
comparison between the energy system of the investigated dairy and a reference system 
with separated cooling and heating systems has been made, using the same energy 
requirement for each process. Here, cooling is provided using the chillers and dry cooler 
against the ambient temperature. It can be assumed that the power demand for a 
refrigeration system rejecting all its heat to the ambient will be lower than for a system 
rejecting heat to an integrated heat pump system (IHPS) due to lower condensing 
temperatures. The supply of the heating demand was divided into two scenarios: 1. 
EB + DH scenario with electric boiler (EB) for 95 °C consumers and DH for the remaining 
heating demands; 2. NGB scenario with natural gas boiler (NGB) for all heating demands. 
A thermal efficiency of 95% was assumed for the heat transfer to process heat from 
electricity, gas and DH. For a comprehensive consideration of the GHG emissions 
savings, these have been determined for Norwegian (NO) and EU emission cases. For 
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electricity, an equivalent CO2 emission factor of 17 g CO2,eq kW/h is assumed in the NO 
case, based on the Norwegian energy mix for electricity consumption in 2019. In the EU 
case, the emission factor for electricity is 295.8 g CO2,eq kW/h, based on the EU energy 
consumption in 2016. For DH, the emissions factor is 23.4 g CO2,eq kW/h, based on the 
energy mix of the local district heating provider BKK in 2019. This value does not include 
CO2 emissions associated with the combustion of bio waste, which in most cases can be 
justified as it is part of the natural carbon cycle. The emission factor associated with 
natural gas consumption is 205 g CO2,eq kW/h. 

Performance analysis 

The performance of the individual heat pump systems is evaluated through the respective 
coefficient of performance (COP). It relates the total amount of heat supplied to (for 
heating) or extracted from (for cooling) a system to the total amount of work required to 
achieve that effect, hence indicating the efficiency of the heat pump or refrigeration 
system: 

 𝐶𝐶𝑂𝑂𝑃𝑃𝐻𝐻e𝑏𝑏𝑠𝑠𝑏𝑏𝑔𝑔𝑔𝑔 =( ∑|𝑄𝑄 ̇𝐻𝐻𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏𝑔𝑔𝑔𝑔| /∑ 𝑊𝑊 ̇ 𝑠𝑠𝑐𝑐) ± 3.6% 

 𝐶𝐶𝑂𝑂𝑃𝑃Cooling =( ∑|𝑄𝑄 ̇Cooling| /∑ 𝑊𝑊 ̇ 𝑠𝑠𝑐𝑐) ± 3.6% 

where 𝑄𝑄 ̇𝐻𝐻𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏𝑔𝑔𝑔𝑔 is the useful heat supplied to the system and 𝑄𝑄 ̇Cooling is the useful heat 
removed from the system. For the work required, the value determined by the power 
meters is used, which includes losses in the inverter, motor, and compressor. Other 
values for auxiliary equipment such as pumps are not included. The theoretical maximum 
for the COP of a heat pump or refrigeration system operating between heat source and 
sink with constant temperatures is defined by the Carnot process, which is given by 
 𝐶𝐶𝑂𝑂𝑃𝑃𝐶𝐶𝑏𝑏𝑤𝑤𝑔𝑔𝑏𝑏𝑠𝑠 𝐻𝐻𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏𝑔𝑔𝑔𝑔 = 𝑇𝑇𝑏𝑏𝑏𝑏𝑔𝑔𝑠𝑠 / (𝑇𝑇𝑏𝑏𝑏𝑏𝑔𝑔𝑠𝑠−𝑇𝑇𝑏𝑏𝑏𝑏𝑝𝑝𝑤𝑤𝑔𝑔e)  

 𝐶𝐶𝑂𝑂𝑃𝑃𝐶𝐶𝑏𝑏𝑤𝑤𝑔𝑔𝑏𝑏𝑠𝑠 Cooling = 𝑇𝑇𝑏𝑏ource / (𝑇𝑇𝑏𝑏𝑏𝑏𝑔𝑔𝑠𝑠−𝑇𝑇𝑏𝑏𝑏𝑏𝑝𝑝𝑤𝑤𝑔𝑔e) 

where 𝑇𝑇𝑏𝑏𝑏𝑏𝑔𝑔𝑠𝑠 and 𝑇𝑇𝑏𝑏𝑏𝑏𝑝𝑝𝑤𝑤𝑔𝑔e are in [K], respectively. In this case there is a small temperature 
difference between the input and output of the heat source and heat sink, and the 
temperatures are not constant, so the average output temperatures are used for the 
calculation. To evaluate the system performance, the Carnot efficiency, is determined as 
the ratio of the COP to the theoretically achievable Carnot COP, as shown in Eq. (6). 
 

            𝜂𝜂𝐶𝐶𝑏𝑏𝑤𝑤𝑔𝑔𝑏𝑏𝑠𝑠 = 𝐶𝐶𝑂𝑂𝑃𝑃 / 𝐶𝐶𝑂𝑂𝑃𝑃𝐶𝐶𝑏𝑏𝑤𝑤𝑔𝑔𝑏𝑏𝑠𝑠 

The overall system COP is defined as the ratio of the sum of the useable thermal heating 
and cooling loads to the total electricity consumption of the heat pump systems, using Eq. 
(7): 
 

 𝐶𝐶𝑂𝑂𝑃𝑃𝑏𝑏𝑠𝑠𝑏𝑏𝑠𝑠𝑠𝑠𝑚𝑚 = (∑|�̇�𝑄𝐻𝐻𝑠𝑠𝑏𝑏𝑠𝑠𝑏𝑏𝑔𝑔𝑔𝑔|+∑|�̇�𝑄𝐶𝐶𝑏𝑏𝑏𝑏𝑐𝑐𝑏𝑏𝑔𝑔𝑔𝑔|) /  ∑ �̇�𝑊 𝑠𝑠𝑐𝑐 ± 8.7% 
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Results  
The obtained results show a specific energy consumption of 0.22 kWh/L product for the 
investigated week, allowing the integrated dairy to outperform the annual average of the 
replaced dairy despite challenging conditions. The energy analysis indicated that 33.0% of 
all energy sources in the new dairy already come from either waste heat recovery or solar 
energy, while the process achieves a waste heat recovery rate of over 95%. 

By using the determined energy demand of the dairy for the week, the external energy 
consumption and GHG emissions for a corresponding reference system were calculated. 
The integrated dairy achieved external energy savings of up to 37.9%, while GHG 
emission reductions of 23.2% to 91.7% are achievable, depending on the respective 
scenario and case. The continuing trend towards an increasing share of renewable energy 
in the electricity mix has a positive effect on the competitiveness of the integrated system. 

The detailed evaluation of the process integration revealed a good match between the 
heat supply from cooling processes and the heat demand from heating processes both in 
terms of overall load and the simultaneousness between supply and demand. Thermal 
storage tanks cover peak loads and provide useful heat storage, especially for the 95 °C 
circuit. A very modest use of backup resources in the process supports these findings, 
while further improvement potential was identified for the operation of these. 

Conclusion  
The results obtained clearly demonstrate that the integrated energy system with high 
temperature heat pumps and thermal storage tanks is suitable for providing all cooling and 
heating demands of the investigated dairy. The achieved performance despite an energy-
intensive operation period can certainly compete with conventional solutions. Thus, a 
further reduction of the specific energy consumption to the target value of 0.15 kWh/L 
product on an annual average appears feasible. 
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