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Abstract:

Renewable hydrogen produced via electrolysis powered by renewable energy sources such as wind and solar
is a critical enabler of industrial decarbonisation. Despite its environmental benefits, its large-scale deployment
is hindered by high production costs, primarily driven by electricity prices. Improving system efficiency and
reducing energy consumption are therefore essential to enhance its economic viability. This study investigates
the integration of waste heat recovery through Organic Rankine Cycle (ORC) technology in an industrial
alkaline electrolysis (AEL) system within a refinery environment. The work is conducted under the EU-funded
EPHYRA project, which aims to demonstrate large-scale renewable hydrogen production and industrial
symbiosis. Two configurations are evaluated: (i) direct coupling of the ORC with the electrolyser to recover
heat from the electrolyte loop and (ii) indirect coupling, where the ORC exploits medium-temperature waste
heat from refinery processes, such as Hydrodesulfurisation (HDS) unit rundown streams, to generate zero
carbon electricity that can be supplied virtually to the electrolyser. The results show that direct coupling can
recover up to 90-100% of the electrolyser waste heat, producing up to 527 kWe for a 50 MW electrolyser
system, while reducing cooling water consumption. However, operational constraints and cooling risks limit its
practical implementation. In contrast, the indirect configuration demonstrates higher ORC efficiency (up to 8%)
due to higher temperature heat sources and improved operational stability. The selected optimal scenario
achieves net power outputs of up to 228 kWe, annual CO, emissions reductions of approximately 1,100
tonnes, and a levelised cost of energy as low as 20 €/ MWh under subsidised conditions. Overall, the integration
of ORC systems with electrolysis and refinery waste heat streams enhances energy efficiency, reduces
operational costs, and supports circular economy principles. The findings provide a scalable and replicable
pathway for improving the competitiveness of renewable hydrogen and accelerating industrial decarbonisation.
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1. Introduction

Renewable hydrogen has emerged as a key solution for industrial decarbonisation, fuelled by the pressing
need to combat climate change and shift towards a sustainable, low-carbon economy. Renewable hydrogen
is produced through electrolysis powered by renewable energy sources, such as wind and solar, and is a
crucial vector in reducing the carbon footprint of energy-intensive sectors. Electrolysis processes, the most
matured being the alkaline electrolysis (AEL), has emerged as a promising technology to scale up the
production of renewable hydrogen and contribute to meeting these ambitious climate targets [1].

Despite its significant environmental advantages, the cost of renewable hydrogen remains considerably higher
compared to fossil-based hydrogen and low-carbon hydrogen alternatives, posing economic challenges for
large-scale adoption. The primary cost driver for renewable hydrogen production remains the price of
electricity, which is often volatile and can significantly impact the overall feasibility of projects. As a result,
ensuring that the power used in electrolysis is both affordable and certified as renewable is fundamental to
achieving widespread adoption and realising genuine emissions reductions [2], [3].

To address the dual challenge of high-power costs and the need for verifiable renewable energy, the
integration of waste heat recovery systems presents a promising solution increasing the industrial energy
efficiency [4]. Specifically, by harnessing waste heat from electrolysis process, the overall system efficiency is
increased. Literature indicates that increased electrolyser system efficiency by up to 15% via waste heat
utilisation is achievable, making this approach highly attractive [5]. Another study [6], showed via process
simulations in Aspen Plus that utilising PEM electrolyser's waste heat through an ORC system can increase
first law efficiency from 78% to 98% (considering thermal and electrical conversion efficiencies). This enhanced
efficiency translates into lower electricity demand from external sources, reduced carbon footprint, and
improved competitiveness for renewable hydrogen in the market. However, the technoeconomic feasibility of
such integration has not been yet investigated in an industrial relevant environment.

Waste heat recovery can be achieved with Organic Rankine Cycle (ORC) technology. ORC systems recover
low-grade waste heat to generate power without emissions [6] using an organic working fluid instead of water.
Figure 1 shows the ORC concept and the principle of operations. ORC systems suit applications like industrial
processes, geothermal, or biomass where temperatures are below 300—400°C. Therefore, such systems
constitute a potential solution to valorise waste heat from electrolysers, where the heat source temperature is
typically between 70-90°C increasing the overall system energy efficiency. The ability of ORC technology to
convert otherwise unused thermal energy into valuable power provides a direct means to reduce the net energy
cost for hydrogen production, while also save in cooling water consumption. Consequently, coupling renewable
hydrogen production with ORC systems provides a strategic pathway to maximise decarbonisation benefits,
enhance industrial competitiveness, and accelerate the transition to a sustainable energy future.

Organic Rankine Cycle: The Technology in the efficiency PACK
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Figure 1. Organic Rankine Cycle concept and principle of operation by ORCAN Energy AG

Furthermore, in industrial settings, such as refineries, significant quantities of waste heat are routinely
generated from various processes [7], [8]. Harnessing this waste heat through an ORC system not only
improves the overall energy balance of the facility but also aligns with circular economy principles by
maximising resource utilisation and minimising environmental impact. When this generated electricity supplies
virtually the electrolysis system there is an indirect coupling of the ORC with renewable hydrogen production
with cost and environmental benefits.

In this paper, a comprehensive study has been performed to explore the benefits of integrating an ORC system
with waste heat streams in an electrolysis system and other industrial processes specifically from refinery
sources, i.e. high flow-rate rundown heat streams currently cooled against air and/or cooling water. More
specifically, the study investigates direct coupling of the ORC system with the electrolyser stack to recover
heat from the lye solution, and utilisation of waste heat from other refinery operations, such as rundown diesel



streams from HDS units. These approaches are evaluated in terms of technical feasibility, energy recovery
potential, and cost-effectiveness, providing valuable insights for future industrial decarbonisation initiatives.

The work has been conducted in the framework of the EPHYRA project (101112220 — HORIZON-JTI-
CLEANH2-2022-2), an EU-funded project by Clean Hydrogen Joint Undertaking (CHJU). The main scope of
EPHYRA is to demonstrate the integration of a first of-its-kind renewable hydrogen production facility at
industrial scale in South-East Europe by constructing and operating a renewable hydrogen electrolysis plant
within MOH’s Corinth refinery, originally designed at 30 MW and now being implemented at 50 MW capacity.
EPHYRA also introduces the concept of industrial symbiosis through a series of innovative solutions and
synergies. Industrial symbiosis aims to make renewable hydrogen competitive to fossil hydrogen by utilizing
optimal energy management strategies, oxygen by-product utilization, utilization of non-fresh water sources
and waste heat recovery. The integration of waste heat recovery system in the industrial electrolysis plant and
other refinery sources and the demonstration of its benefits is the scope of this paper.

2. Methodology

As part of the EPHYRA project, the industrial coordinator (MOH) with the support of the technology supplier
(ORCAN) conducted a study to explore the feasibility of integrating an Organic Rankine Cycle (ORC) system
to a 30 MW alkaline electrolyser (AEL) and its upscale to 50 MW and/or other units within the industrial
environment (refinery) to valorize their waste heat, utilize generated zero carbon electricity to virtually supply
the electrolyser and boost the overall efficiency.

The AEL system is co-located in MOH industrial complex (refinery) enabling synergies and industrial
symbiosis. The ORC is conceptualized and modelled in proprietary simulations tools to harness waste heat
from both the proposed AEL module as well as existing refinery operations [9, 10].

The industrial AEL system has an optimal operational temperature within a range of 80-90 °C. Since,
electrolysis is an exothermic reaction, the lye solution is continuously recycled, separated from the gases and
cooled externally at 70-72 °C before going back to the electrolyser cells. At base case, its thermal management
is achieved through a dedicated cooling water circuit, wherein water enters the system at 32 °C and exits at
42 °C which is subsequently cooled in a cooling water tower. In this scenario the ORC is directly coupled with
the electrolyzer stack via a closed loop system to recover heat from the electrolyte solution instead of this
being cooled with open loop cooling water. Effective thermal recovery is feasible through integration of the
ORC evaporator with the lye solution. This way the ORC system utilizes the waste heat from the AEL module
and at the same time replaces cooling water that would be used to cool down the AEL stacks.

In addition, the integration of other waste heat sources from the industrial asset was studied either
complementary to the electrolyser or on a stand-alone basis with respect to its performance and cost efficiency.
Their waste heat recovery potential was evaluated based on both temperature and mass flow rate. Among the
identified streams, two rundown diesel streams from an HDS unit were selected as the optimal heat source
due to their relatively high mass flow rate, which translates into greater recoverable thermal energy. These
streams exhibit temperatures between 100 °C and 130 °C.

The two scenarios assessed are depicted in Figure 2 and are described below:

e Scenario-A: Electrolyser cooled by an ORC with air-cooled condenser (Figure 2-A). The ORC is directly
coupled with the electrolyser stack via a closed loop water system to recover heat from the lye solution.
The ORC system utilizes the waste heat from the AEL module replacing the cooling water.

e Scenario-B: Electrolyser cooled by cooling water and ORC using another source of waste heat available in
the refinery to provide electricity to electrolyser (Figure 2-B). Two rundown diesel streams from a HDS unit
were selected as the optimal heat source for this solution due to their relatively high thermal flow rate (100
°C and 130 °C). The zero-carbon electricity produced by the ORC is virtually allocated to the Electrolyser
via an advanced energy management system.
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Figure 2. Proposed Waste Heat Valorization concepts via ORC integrated with electrolysis system.



3. Results and Discussion

The ORC system vendor (ORCAN) offers a compact, plug and play solution with containerized modules (ISO
669 40’HC container). The system has an intermediate closed water loop as the heat transfer medium and the
condenser is air-cooled offering a fully standardized solution that minimizes safety risks. This standardized
system is called “The Efficiency Pack” and is shown in Figure 3.

Figure 3. A schematic of “The Efficiency Pack” (left) and a photograph from a reference site (right).

Based on the modelling performed by the vendor, the integration of an ORC system with the Electrolyser
(Scenario-A) can effectively utilize the majority of the Electrolyzer waste heat (90-100%). The ORC system in
Scenario-A is able to generate 406-580 kWe gross power from 10 efficiency packs (58 kWe gross power output
per unit), utilizing 90-94% of a 30 MW electrolyser’'s waste heat at Beginning of Life (BOL) and End of Life
(EOL) conditions accordingly. Accounting the power consumption of the ORC system, e.g. pumps, the net
power output is 217 — 310 kWe (31 kWe net power output per unit) for the 30 MW electrolyser. Similarly, for a
50MW electrolyser system the gross generated power is 754-986 kWe and the net generated power is 403 —
527 kWe from 17 efficiency packs utilizing 96%-100% of its waste heat at BOL and EOL conditions. In both
cases the ORC net efficiency is ~3%, driven by the low inlet temperature.

Scenario-A would benefit from reducing the cooling water consumption in the electrolyser, while also supply
carbon-free energy. On the other hand, this configuration may present a major risk with regards to the effective
ability to cool the electrolyser during summer operation. Mitigating this risk requires a major overdesign of the
heat exchanger dedicated to cooling the electrolyser, with an impact on the investment cost for this component.
Also varying AEL conditions between BOL and EOL may lead to underutilized ORC asset.

Scenario-B considers decoupling the electrolyser from the ORC: the electrolyser will be cooled with a cooling
water loop (or air cooling) while the ORC will be installed in other unit within the refinery to exploit medium-
grade waste heat (100-130°C) and increase its efficiency. In this case the ORC will be integrated to the
electrolyser in-directly by supplying its produced energy through the energy management system. It also allows
the ORC to work with heat sources that are normally stable throughout the year, unlike the waste heat from
the electrolyser which is more variable throughout the year as it depends directly on the load of the electrolyser.
This solution is preferred from the standpoint of ORC operation, performance efficiency and demonstrating
such a system in an industrial environment for further deployment.

In Scenario-B utilizing the waste heat from the refinery HDS unit rundown diesel streams, the ORC can produce
228 kWe net output from 2 efficiency packs by using the medium temperature hot diesel stream (127°C),
and/or 209 kWe net output from 3 efficiency packs by using the low temperature (110°C) hot diesel stream.
Both streams could also be combined in a cascade configuration of 5 efficiency packs to increase the net
power output to 437 kWe. This solution would however lead to reduced ORC efficiency, increased plot plan
and capital intensity that would exceed the plot limitations in the non-ATEX area of the HDS unit and the
EPHYRA budget limitations, respectively. Therefore, this solution is not further considered in current analysis.

The integrated system for renewable hydrogen production within the EPHYRA project is depicted in Figure 4.
Figure 4 introduces also the concept of the digital twin (open loop) that is being developed within the EPHYRA
to optimize the electrolyser operations formulating also the thermal energy integration strategy and the
electrical energy management strategy.
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Figure 4. Schematic representation of the integrated hydrogen production system.

The scenario assessment results are shown in Table 1. The results indicate that Scenario B1 is the most cost-
effective solution with the highest achieved ORC efficiency (Figure 5). Therefore, this solution was selected
for implementation within the framework of the EPHYRA project. With this scenario 967 tonnes of CO: are
saved annually from the energy production, assuming an emission factor of around 500 gCO:2 per kWh of
existing power plant (gas turbine) in the refinery. Additional CO:2 savings of 127 tpa are achieved from the by-
pass of the air coolers of the rundown stream. The Levelized Cost of Electricity (LCOE) from the proposed
system is estimated at 126 EUR/MWh unsubsidized” and 20 EUR/MWh subsidized with EPHYRA grant.
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Figure 5. Proposed solution to be implemented within the EPHYRA project.

* With CAPEX on installed basis.



Table 1. Comparison of the ORC integration scenarios.

Scenario A1

30 MW

Scenario A2

50 MW

Scenario B1

Scenario B2

Temperature In/Out 85/70 °C 85/70 °C 127/110 °C 110/80 °C
Overall Heat Removal 7651 kWih 14209 kWi 2770 kWin 4947 kWi
(BOL) (BOL)

10930 kWi 18581 kWi
(EOL) (EOL)

Electricity gross 406 kWe 754 KWe
generation (BOL) (BOL)
580 kWe 986 kWe
(EOL) (EOL)
Electricity net generation 217 kWe 403 kWe 228 kWe 209 kWe
(BOL) (BOL)
310 kWe 527 kWe
(EOL) (EOL)
# Efficiency Packs 7-10 13-17 2 3
ORC Efficiency 3% 3% 8% 4%
Capital Cost per net Power 12900 €/kWe 12900 €/kWe 3500 €/kWe 5700 €/kWe
Output
Capital Cost per Heat 366 €/kWin 366 €/kWin 289 €/kWin 243 €/kWh
Abated '
Payback Time 7yrs /4 yrs 9yrs/6yrs 6yrs/1yrs 9yrs/4yrs
(unsubsidised/subsidised)?

'Capital Costs indicated on Equipment E&P basis (uninstalled)

2 The payback time is estimated with CAPEX assumption on installed basis. Subsidised payback time
considers the EPHYRA subsidy

The payback time is calculated considering the total capital costs on installed basis with and without the
EPHYRA subsidy. The revenue stream consists of the revenues from the produced power plus the CO:
emission savings compared to its counterpart, i.e. the refinery’s power plant, and the savings due to the
reduced need for cooling water for the electrolyser.

4. Conclusions

A comprehensive techno-economic analysis was conducted within the EPHYRA project to evaluate the
potential of utilizing waste heat from Electrolyser and other medium-temperature heat streams within the
Refinery via an Organic Rankine Cycle (ORC) system to generate carbon free power and increase industrial
efficiency.

A key finding is the ORC unit’s capacity to recover the majority of waste heat produced by the electrolysis unit-
up to 90-100%. This significantly reduces the cooling water demand. The investment cost is around 370
EUR/kWth and the co-generated power output is 0.03 kWe/kWth (3% efficiency).

However, the analysis has identified as the optimal configuration to be implemented within the project the ORC
system, utilising a medium-temperature (127°C) diesel rundown stream. This solution is the most viable and
cost-effective for integration within the available EPHYRA budget, fitting also the available plot plan.

The proposed ORC system offers a compact solution, making it suitable for sites with limited available space.
It produces carbon-free energy, saving approximately 1,100 tonnes of CO2 per annum in respect to its
counterpart, i.e. the refinery power plant, with a LCOE of 126 EUR/MWh, which is considerably reduced to 20
EUR/MWh when the EPHYRA subsidy is accounted. Its higher efficiency (~8%), attributed to the higher inlet
temperatures, sets a benchmark for future ORC integrations in similar industrial environments. By virtually
integrating the power generated by the ORC system with the electrolysis system through advanced energy



management, the project underscores the potential for seamless symbiosis between these technologies,
paving the way for enhanced operational flexibility and energy optimisation.

Looking forward, the successful demonstration of ORC-electrolyser integration within the EPHYRA project
provides a replicable framework for other industrial settings. Future research and development should focus
on further optimising system efficiency, exploring additional waste heat sources, and enhancing the scalability
of the technology. The insights gained here are expected to inform policy, investment, and technological
strategies for the widespread adoption of integrated waste heat recovery solutions in renewable hydrogen
production.
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