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Statement from the Project & Scientific Coordinators

As we close the REGEN-BY-2 journey, the University of Pisa (UNIPI), as Project Coordinator, and
TIFEO, as Scientific Coordinator, look back on a project defined by technical resilience and
pioneering spirit. Building on an innovative Combined Cooling, Heating and Power (CCHP)
concept conceived and patented by TIFEO — enabled by two-phase flow machines — and
leveraging the same technological platform that underpins other complementary high-effi-
ciency solutions we have conceived and patented (including a high-temperature heat
pump and an energy storage system), our role as coordinators was to ensure that a diverse
group of 13 partners could translate a bold patented concept into a functioning lab-scale
reality. We are proud to have steered this project from early-stage research through to com-
prehensive experimental validation.

Key Advantages and Innovations

REGEN-BY-2 is a breakthrough in energy infrastructure. By moving away from traditional
single-phase cycles towards two-phase flows, we have unlocked:

* All-in-One Multi-Generation: A single device capable of simultaneously providing elec-
tricity, heating, and cooling.

» High Efficiency: Leveraging a thermodynamic cycle that combines multiple Carnot
cycles to approach theoretical efficiency limits.

« Operative Flexibility: Enabling predictable and dispatchable energy supply to multiple
typologies of end-users with different energy demands.

« Versatility and RES Penetration: Converting any type of renewable thermal source —
from solar, aerothermal, geothermal and biomass to low-grade waste heat — into usable

energy vectors.
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REGEN-BY-2 development process

REGEN-BY-2 has developed a first-of-its-kind lab-scale prototype of a flexible, highly
efficient thermodynamic cycle and related plant for the revalorisation of any typology of RES
thermal sources Z/e.g., solar, aerothermal, geothermal, hydrothermal), including waste heat.
The result is a turnkey, flexible multi-generation system: all-in-one Combined Heating and
Power (CHP), Combined Cooling and Power (CCP), and Combined Cooling, Heating and
Power (CCHP) device, driven by novel two-phase fluid machines (scroll expander and scroll
compressor), capable of operating in the bi-phasic region of working fluids. This patented
technology is highly efficient as the related thermodynamic cycle is constituted by a proper
combination of Carnot cycles at different temperature levels., One of the targets of the proj-
ect has been to select the most appropriate two-phase working fluid for achieving higher
operational flexibility than other multi-generation systems.
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The project progressively transitioned through three critical phases to move the technol-
ogy from TRL 2 to TRL 4: design, construction and testing of the prototypes.

«  Phase 1 - Design: Defining the geometry of the two-phase fluid machines (scroll
expander & compressor) and simulating the whole plant via mathematical models
and Computational Fluid Dynamics (CFD) analysis, selecting the most appropriate
working fluid and performing a thermodynamic sensitivity analysis.

: Building first-of-their-kind prototypes of scroll expanders,
compressors, and the integrated plant, based on the defined technical specifications.

*  Phase 3 - Test: Rigorous experimental testing at our partner facilities to validate the
efficiency and reliability of the lab-scale prototypes, as well as the overall multi-gen-
eration system, including the control system, under controlled real-world operating
conditions.



Designing the Prototypes and Selecting
the Working Fluids

Technology Design: Bridging Science and Engineering

The initial phase focused on transforming a patented concept into a viable technical design. TIFEQO,
as the primary patent licensee, led this effort by developing simulation models to define the optimal
configuration of the operating units. This work was essential to ensure the plant could satisfy simul-
taneous electricity, heating, and cooling demands in a decentralized setting.

* Process Parameters: Defining how the cycle integrates power, heating, and cooling within a
single thermodynamic loop.

e System Layout: TIFEO developed the integrated lab-scale prototype layout, addressing chal-
lenges associated with the operation of two-phase volumetric machines.

¢ R&D Impact: This work establishes the foundation for industrial-scale deployment and future
scaling towards TRL 6+.

Working Fluid Selection

A critical achievement was the multi-criteria selection of the working fluid. CNRS and the University
of Lorraine performed an extensive screening of over 67,000 potential fluids using their proprietary
ThermeProp package.

» Safety First: While many fluids offered higher thermodynamic performance, the consortium
selected HCFO-1233zd(E). Why? This fluid is non-flammable and non-toxic, making it ideal for
widespread adoption in urban and industrial environments without compromising safety.
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The Technical Backbone — Two-phase Fluid Machines

The heart of REGEN-BY-2 lies in machines capable of working with fluids in both liquid and vapor phases.
The transformation of conceptual designs into functioning hardware was achieved through the core development of two-phase scroll machines.

Experimental campaigns were run at the National Technical University of Athens (expander test bench) and at the University of Liége (compressor test
bench) to evaluate the performance of the machines in two-phase conditions and to validate the deterministic models.

The Expander: Converting Renewable Thermal Energy into Useful Work
The expander is the heart of the power generation process.
Led by the National Technical University of Athens (NTUA), this work moved a novel concept into the realm of functioning hardware.

e Beyond Theory: NTUA developed deterministic models and built a dedicated ORC test rig to evaluate how commercial and prototype expanders
perform when dealing with various vapor qualities (a mixture of liquid and vapor) and different rotational speeds

» Key Learning: Experimental results identified a performance drop at low vapor qualities and lower rotational speed — a finding conventional models
missed — allowing the team to refine the prototype design for higher TRL systems.

The Compressor: Driving the Efficiency of the Multi-Generation Cycle
The compressor is the primary source of power consumption in the cycle, making high efficiency essential.
To reach high system efficiency, the University of Liége (ULiége) focused on making this component as reliable as possible.

* Feasibility Demonstrated: ULiege designed a first-of-its-kind scroll two-phase compressor prototype which was then built by EXOES. ULiege
experimentally found that scroll technology is effective for two-phase compression, and that design improvements can further enhance its efficiency.

« Experimental Capabilities: A custom test bench allowed for the measurement of vapor quality at the compressor inlet and the oil circulation ratio.

* Open Access Modeling: A major project outcome is the release of their validated deterministic compressor model as open source, supporting future
research in positive-displacement machines globally.

Manufacturing Excellence

Contributing to both machines, EXOES applied its expertise in volumetric machine manufacturing to provide four two-phase expander prototypes and
three two-phase compressor prototypes. Their focus on wet compression has not only benefited REGEN-BY-2 but has also opened up hew opportunities
for high-efficiency heat pumps for electrical vehicles thermal management.

Numerical Excellence

To support the physical testing, LSTME Busan performed advanced numerical simulations. Using high-performance computing, they analyzed complex
fluid phenomena like condensation and evaporation within the machines, providing valuable insights to optimise the internal dynamics of the
prototypes.




Prototype Construction and Testing

Turning Concepts into Operational Systems: Manufacturing and Assembly

Translating a lab-scale design into an industrial-grade plant requires specialized process engi-
neering. HYSYTECH was responsible for the final construction of the lab-scale integrated facility.

The company bridged the gap between conceptual design and a real operational system. Lead-
ing the engineering and construction activities, the company transformed a novel thermody-
namic concept into a reliable physical prototype.

r—» Engineering Integration: HYSYTECH integrated multiple components developed by differ-
ent partners—including the two-phase expanders, compressors, and heat exchang-
«—J ers—into a coherent and fully engineered lab-scale facility.

Technical Documentation: The team produced the full technical backbone of the proto-
type, including detailed 3D CAD models, Process Flow Diagrams (PFD), and Piping and
Instrumentation Diagrams (P&ID).

Safety & Commissioning: Beyond procurement and manufacturing, HYSYTECH led the
@ safety and risk assessments, ensuring compliance with all technical requirements prior to

factory acceptance testing and final commissioning.

Future Scaling: The experience gained in component compatibility and control architec-
ture provides a clear roadmap for optimizing system performance and improving the
reliability of future industrial designs.

Model of the lab-scale integrated facility

Experimental Validation: Demonstrating the Concept

Once assembled, the prototype underwent extensive testing at the University of Pisq, translat-
ing theoretical models into a physical test rig capable of emulating various renewable heat
sources.

» Simulating the Real World: The test rig used a biomass boiler to mimic the behavior of
renewable sources like solar energy.

¢ Results: These tests confirmed that the REGEN-BY-2 technology could achieve its targeted
energy utilization factors (EUF), proving the feasibility of integrating power, heating, and
cooling in a single cycle.

Intelligent Control

The multi-generation plant’s flexibility depends on its control system. CARTIF led the design of
the regulation architecture (PLC and SCADA), defining how the plant is expected to respond to
shifting energy demands. This work aims to ensure stable operation of the REGEN-BY-2 tech-
nology under variable renewable inputs, pending full system validation during the commis-
sioning phase.



Roadmap to Market and Society

Bridging the Gap to Commercialization

Moving from a lab prototype to a market product requires more than technical suc-
cess alone. RINA Consulting (RINA-C) and Dr. Jakob Energy Research (JER), together
with UNE and R2M Solution, spearheaded the efforts to ensure REGEN-BY-2 is ready for
real-world deployment.

These activities were complemented by standardisation and exploitation efforts,
ensuring alignment with market requirements and long-term impact.

Market and Regulatory Insight

Innovative technologies often struggle with non-technical hurdles. RINA-C focused
on the path to marketability and identified how REGEN-BY-2 meets the needs of the
EU market.

« Barriers Analysis: RINA-C mapped the regulatory landscapes in Italy, Spain, and
Germany.

+ Enabling Deployment: One major insight was the alignment of technology devel-
opment(s) to standarization and regulatory constrains as key enabling factors
for the successful commercialisation of the REGEN-BY-2 solution.

« Accelerated Deployment: By identifying these gaps early and providing a strate-
gy to move from the current TRL 4 toward TRL 9, RINA-C has reduced future invest-
ment risks and the expected time-to-market.
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Standardization

To facilitate global acceptance, UNE (the Spanish Association for Standardization) led
efforts to align REGEN-BY-2 with European standards. By contributing to current and
future standardization work, UNE has ensured that our results can be easily adopted by
international industry.

Business Innovation and System Evaluation: Strategic Use
Cases

REGEN-BY-2 is a specialized system that excels in specific
scenarios. JER focused on the practical adoption and evalu-
ation of the multi-generation unit and identified that indus-
tries with simultaneous heating and cooling needs—such as
food processing—represent the most promising early
adopters.

« Use-Case lIdentification: Highlighting the technology's
effectiveness for simultaneous heating and cooling
requirements.

« Financial Innovation: To reduce risk and overcome high
upfront costs, JER applied the Initial-Aid Cashback (IAC)
model, a novel financing strategy designed to make the
technology attractive to private investors.

« Dynamic Modeling: Using simulation to study perfor-
mance in different global environments and industrial
waste-heat scenarios.
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Maximizing Impact and Future Opportunities

As the project reached its final stage, the role of R2M Solution Spain (R2M) as the lead for Communication, Dissemination, and Exploitation has played a key
role in ensuring scientific excellence translated into industrial impact. Acting as a bridge to the market, R2M managed the REGEN-BY-2 project's outward-facing
strategy.

+ Result Management: R2M led the identification and analysis of 12 distinct Key Exploitable Results (KERs), ranging from simulation models and specialized
control algorithms to physical prototypes.

« Business Modeling: Developing comprehensive business plans for the CCHP unit, prioritizing high-impact sectors like the Food & Beverage industry.

* IPRManagement: Defining strategies for protecting the project's innovations to create a secure competitive advantage for the long-term exploitation of the
project's foreground.

» Stakeholder Engagement: Through social media presence and technological workshops, R2M has built a stakeholder network of over 100 members, ensur-
ing the project's findings continue to influence the energy sector long after its official end.

* Data Management: R2M ensured all research data followed Open Science and FAIR principles.

« Legacy Preservation: Established the project’s repository on Zenodo, ensuring that scientific publications and results remain a permanent "common good”
for the global research community.

Technological Workshops: Organized a series of high-impact workshops to validate technical designs with external experts and foster project clustering with
other EU initiatives like NGEL.
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Summary of REGEN-BY-2 Key Exploitable Results

Lessons learned and Expected Impact Beyond 2026

Across the project, several key lessons have emerged. Regulatory and standardisation considerations must be embedded from the start of the design process,
while close collaboration across scientific, engineering, and industrial teams is essential for successful innovation. Technically, mastering two-phase machines
— expanders and compressors — has proven critical for overall system performance.

Looking forward, the work performed lays a solid foundation for:
(I‘%n‘ Industrial Decarbonization: Efficiently utilizing untapped industrial waste heat to generate power and cooling.

( Future pilot demonstrations: Bridging the gap between research, commercialization, and societal impact.

@ Investment Readiness: TIFEO is already engaging with venture capital firms to scale the two-phase flow turbomachinery toward TRL 9 by
2030, and subsequently the next-generation high-efficiency energy plants enabled by the same turbomachinery
toward TRL 9 by 2035.



Scientific Legacy: Key Publications Emerging from
REGEN-BY-2

The project has generated a significant body of scientific publications, providing insights into fluid selec-
tion, system design, modeling, and experimental testing of two-phase CCHP systems. Key publications
include:

«  Pifia-Martinez, Andrés; Lasala, Silvia; Privat, Romain; Falk, Véronique; Jaubert, Jean-Noél (2021). Design of Promis-
ing Working Fluids for Emergent Combined Cooling, Heating, and Power (CCHP) Systems. ACS Sustainable
Chemistry & Engineering. DOI: https://doi.org/10.1021/acssuschemeng.1c03362

«  Leclercq, Nicolas; Lemort, Vincent (2022). Modeling, Simulation and Experimental Testing of a Two-phase Scroll
Compressor. 26th International Compressor Engineering Conference. DOI: https://doi.org/10.5281/zeno-
do.7334263

« Leclercq, Nicolas; Vega, Javier; Lemort, Vincent (2023). Investigations on a Heat Pump Using Two-Phase Refrig-
erant Compressions. 36th International Conference on Efficiency, Cost, Optimization, Simulation and Environ-
mental Impact of Energy Systems (ECOS 2023). DOI: https://doi.org/10.52202/069564-0073

+  Lyu, Wenjing; Luzi, Giovanni; Gatternig, Bernhard; Delgado, Antonio (2023). CFD Analysis of a two-phase fluid flow
compressor. 4th International Conference on Fluid Flow and Thermal Science (ICFFTS23). DOI: https://-
doi.org/10.11159/icffts23.138

« Leclercq, Nicolas; Bederna, Benedikt G.; Lemort, Vincent (2024). Experimental Testing of a Scroll Compressor with
Two-Phase Refrigerant Flows. 13th International Conference on Compressors and Their Systems. DOI: https://-
doi.org/10.1007/978-3-031-42663-6 _19

«  Lyu, Wenijing; Luzi, Giovanni; Gatternig, Bernhard; Delgado, Antonio (2024). CFD Analysis of a lab-scale prototype
two-phase fluid flow scroll expander. 9th World Congress on Momentum, Heat and Mass Transfer (MHMT 2024).
DOI: https://doi.org/10.11159/icmfht24.160

+  Lyu, Wenjing; Luzi, Giovanni; Delgado, Antonio; Schellin, Thomas E. (2025). CFD Analysis of lab-scale prototypes
two-phase fluid flow twin-scroll compressor and expander. Energy, Volume 314, 134192. DOI: https://-
doi.org/10.1016/j.energy.2024.134192

«  Jakob, Uli; Strobel, Michael; Ziegele, Luca (2025). Energetic and Economic Assessment of a Solar Thermally
Driven Innovative Tri-Generation Unit for Different Use Cases and Climates. Sustainability, 17(24), 10924. DOI:
https://doi.org/10.3390/su172410924

«  Strobel, Michael; Jakob, Uli; Ziegele, Luca (2026). Characterisation of use-cases and theirimpact on an innova-
tive tri-generation unit. Open Research Europe, 6(32). Sustainable Places 2025 collection. DOI: https://-
doi.org/10.12688/openreseurope.22607.1

+  Hueber, Benjamin; Jakob, Uli; Strobel, Michael (2026). Novel Financing Model for Renewable Cooling, Heating and
Electricity: The Initial-Aid Cashback Model. Energies, 19(4), 868. DOI: https://doi.org/10.3390/en19040868

«+  Briolg, Stefano; Strobel, Michael; Jakob, Uni; Calogero, Dario (2026). Novel system architectures for tri-genera-
tion, high-temperature heat pumps, and long-term electric energy storage enabled by two-phase expansion
and compression: a review. Next Energy. (under review)

More publications are forthcoming!

All publications and public deliverables are available via the REGEN-BY-2 open access repository on
Zenodo: https:/[zenodo.org/communities/regen-by-2

Zen0do


https://doi.org/10.1021/acssuschemeng.1c03362
https://doi.org/10.5281/zeno-do.7334263
https://doi.org/10.52202/069564-0073
http://doi.org/10.11159/icffts23.138
http://doi.org/10.1007/978-3-031-42663-6_19
https://doi.org/10.11159/icmfht24.160
http://doi.org/10.1016/j.energy.2024.134192
https://doi.org/10.3390/su172410924
http://doi.org/10.12688/openreseurope.22607.1
https://www.mdpi.com/1996-1073/19/4/868
https://zenodo.org/communities/regen-by-2

Project facts

Title: Next renewable
multi-generation technology
enabled by two-phase fluids

machines /
Acronym: REGEN-BY-2 NS Vit # LIEGE
s v université
Funded under H2020-EU.3.3.2. - Low-cost, SOLUTION ' j
low-carbon energy supply
Budget: € 5.419.327,50
Type of action: Research and Innovation
Action ) energy
~ research
Duration: 48 months
Start date: 1 September 2020
End date: 28 Februa ry 2026 The REGEN-BY-2 consortium is composed of 13 partners from 6 EU

countries (ltaly, France, Spain, Germany, Belgium and Greece) and 1
> international partner (South Korea), including 3 universities, 3
research organizations, 5 SMEs, 1 corporation and 1 standardization

HYSYTECH | Podv

This project has received funding from the European Union's Horizon 2020

research and innovation programme under grant agreement N° 851541




