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1. CONTEXT

The European Green Deal aims for a climate-neutral Europe by 2050, focusing on full econom-
ic decarbonization through advanced technologies that boost energy efficiency, especially in 
energy-intensive industries with significant waste heat.

Industrial processes in 
the EU consume around 
1,820 TWh of energy 
annually (Eurostat 2015), 
with 20–50% of this 
energy lost as waste 
heat through gases, 
liquids, or solids, often 
requiring extra resources 
to cool before release.

Electric arc 
furnaces (EAFs), 
which produce 
steel from scrap, 
are increasingly 
used - making 
up 42% of 
EU steel 
production. 

The steel 
sector alone 
uses nearly 
30% of EU 
industrial 
heat.

While low-to-mid temperature waste heat recovery is mature, high-temperature or “dirty” 
streams (e.g. with pollutants or particles) remain challenging due to technical and cost barri-
ers, requiring further innovation.

Energy-intensive industries (EIIs) like steel, cement, and foundries have high untapped recov-
ery potential. Studies suggest up to 15% of energy losses could be saved.
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LIFE HI4S

1,820 
TWh/years

from these 
assumptions 
LIFE HI4S 
project 
was born

A typical EAF consumes 704 kWh per tonne of steel, with 260 kWh lost as hot exhaust gases. Glob-
ally, 28% of steel (1,816 Mt in 2018) is made via EAFs, highlighting major potential for heat recovery and 
efficiency improvements.

In addition, iron and steel industries are highly intensive not only in energy but also in materials con-
sumption, which leads to a great amount of solid waste (e.g. steel slag). The landfilling of slags is a sig-
nificant source of pollution of air, water and soil, since it may release heavy metals for a long time.
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2. WHAT IS 
LIFE HI4S PROJECT?

The LIFE HI4S project focused on the design, construction and validation of innovative, cost-ef-
fective plant that produces both heat and electricity by using waste heat from an Electric Arc 
Furnace (EAF) steelmaking, and steel slag as thermal energy storage (TES) material and ener-
gy balance optimization to reduce energy use. The goals is to achieve several impacts:

REDUCE
STEEL SLAG 
WASTAGE

REDUCE
ENERGY

 CONSUMPTION

REDUCE
CO2

 EMISSIONS

The designed LIFE HI4S system integrates several key technologies:

HIGH-TEMPERATURE 
CERAMIC FILTERING 
SYSTEM

to which the dirty waste heat stream is re-directed to re-
move solid particles and obtain a hot clean stream;

THERMAL ENERGY 
STORAGE SYSTEM 
(TES)

Inspired by the H2020 Reslag project, it uses steel slag as a 
thermal storage material to turn the variable nature of off-
gas heat into homogeneous source of energy;

SCRAP 
DRYER

a container where steel scrap humidity is reduced using 
hot off-gas before it enters the furnace. This reduces the 
natural gas consumption associated with the convention-
al preheating of the scrap;

ORGANIC 
RANKINE CYCLE 
(ORC)

which is the equipment that converts the recovered ther-
mal energy into electricity using a low-impact working flu-
id, supplying power to the steelmaking plant itself.

PARTNERS
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START
DATE

2021
07/01

END
DATE

2025
09/30

BUDGET

2.7M
EU LIFE 

PROGRAMME 
CONTRIBUTION

PROJECT 
CODE

LIFE20 
CCM/

ES/001733

MONTHS

51
COUNTRIES 
INVOLVED
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HIGH 
TEMPERATURE 

FILTER

ORGANIC
RANKINE

CYCLE

SCRAP
PRE-HEATER

MAIN
DUCT

THERMAL
ENERGY 

STORAGE

MAIN
DUCT

DISCHARGING AIRATTEMPERING AIR

BLOWER

COLD WET SCRAP HOT DRY SCRAP
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BIG MILESTONE FOR THE LIFE HI4S PILOT PLANT

The LIFE HI4S project has hit an exciting milestone, the successful start-up of the pilot plant 
at ArcelorMittal Sestao. This commissioning phase included both cold tests (to make sure all 
systems and components worked properly) and hot tests (to confirm the technology performs 
well under real operating conditions).

These first test runs proved that the plant can capture and use the energy from Electric Arc 
Furnace (EAF) off-gases, something that’s never been done this directly or efficiently before, 
either in research or in industry.

During the first trials, the team was able to recover the heat from EAF exhaust gases and put 
it to good use in downstream processes. For the first time ever, heat that used to go to waste 
has been successfully directly captured and transformed into valuable resource.

The pilot plant also dried three tonnes of scrap metal — removing all moisture and heating it 
up to around 140 °C before it went into the furnace. This not only saves a lot of energy in the 
melting stage but also helps the furnace run more smoothly and efficiently.
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3. RESULTS   3.1 ENVIRONMENTAL RESULTS

A Life Cycle Assessment (LCA) has been performed in order to analyse the energy and environmental 
benefits of using LIFE HI4S technology, by evaluating the environmental impacts associated with the 
project along its production, integration and operational stages, forming, together with the LCC and 
s-LCA, a comprehensive life cycle sustainability assessment framework. 

The analysis compared two scenarios
•	 A conventional steelmaking process using an Electric Arc Furnace (EAF);
•	 A steelmaking process fully integrated with the LIFE HI4S technology, considering both a small 

scale pilot plant, and an industrial-scale system.

Energy consumed 
for crude steel 
production of 
750.000 ton/year 
considering 100% 
of the scrap is pre-
heated

RECOVERED 
THERMAL 

ENERGY

Net avoided 
Impact

Net avoided 
Impact

338,837 MWh/y

50,660 MWh/y

-14 KG CO2eq

-10,470 ton CO2 e/y

299,618 MWh/y -11.6%

CONVENTIONAL 
EAF 

SCENARIO

LIFE HI4S 
INDUSTRIAL

SCALE 
SYSTEM

PER TON OF 
CRUDE 
STEEL 

PRODUCED

Energy reused 
in the LIFE HI4S 
system

After the LIFE HI4S project, 
partners will continue 
to operate and monitor 
the pilot plant while 
exploring replication 
opportunities within 
ArcelorMittal’s European 
sites and other energy-
intensive industries, with 
the major challengue 
being the upscaling of the 
technology.
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  3.2 ECONOMIC RESULTS   3.3 SOCIAL RESULTS

The Social Life Cycle Assessment (S-LCA) aims to evaluate the social implications of the LIFE HI4S pilot 
system, both by highlighting its potential benefits and drawbacks for stakeholders directly or indirectly 
affected by the innovation, and by providing an overview of the risks and opportunities along the value 
chain involved in the development, implementation, and operation of the technology. 

The system under analysis includes not only the production and use of the pilot plant, but also the 
broader industrial and organizational context represented by the consortium.

In conclusion, the LIFE HI4S innovation demonstrates limited but relevant social impacts. While it does 
not significantly alter working conditions or offer direct benefits in terms of workplace environment, it 
enables local employment opportunities and maintains safety standard levels through appropriate 
risk mitigation. 

The achievement of TRL 8 without patent restrictions supports broad industrial uptake, fostering inno-
vation dissemination across the European steel sector.

PAYBACK PERIOD 
OF THE LIFE HI4S 

INDUSTRIAL-SCALE SYSTEM
4.1 years

VALUE OF LIFE HI4S SYSTEM 
INVESTMENTS THROUGHOUT 

ITS LIFETIME (25 YEARS)
17.5 M€

YEARLY SAVING BY USING 
THE LIFE HI4S SYSTEM 
INSTEAD OF CONVENTIONAL 
EAF STEELMAKING PROCESS

1.6 M€
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4. DISSEMINATION

During LIFE HI4S partners have been actively involved in communication and dissemination 
activities. News, posters, newsletters, press releases, technical articles and social media 
posts have been produced and published in order to reach general audience, stakeholders 
and targets. Through its activities the partners have reached more than 6,000 visits on LIFE 
HI4S website (https://www.hi4s-life.eu), 2,076 active users and more than 8,000 impression per 
year on LIFE HI4S LinkedIn profile.
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 4.1 GENERAL AUDIENCE

SOCIAL MEDIA NEWS FROM WEBSITE

NEWSLETTERS NOTICEBOARD
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The LIFE HI4S project focuses on pioneering waste heat 
recovery in the steelmaking industry by developing 
and validating an innovative, cost-effective system that 
transforms off-gas from electric arc furnaces (EAFs) into 
combined heat and electricity.

PROJECT
OBJECTIVE

European Goals 
in Energy Policy: 

Achieve a minimum 
of 11.7% reduction in 
energy consumption 

by 2030

The process industry 
sector is responsible 
for more than one 
third of the total 

energy consumption 
worldwide

Heat accounts for 
+50% of the total 

worldwide energy 
consumption

Once the heat 
finishes its mission 

in a process industry, 
somewhere between 

20 to 50% of the 
energy input is lost as 

waste heat

WASTE HEAT RECOVERY IN THE PROCESS INDUSTRY 

COMPONENTS DESCRIPTION
HIGH TEMPERATURE FILTERING SYSTEM: Advanced high-temper-
ature ceramic filtering system, engineered for exceptional efficiency 
and low operational costs, capable of withstanding extreme operat-
ing temperatures of up to 450°C 

SCRAP PRE-HEATING SYSTEM:  A scaled-down mock-up of our 
innovative system, designed to efficiently reuse waste heat for 
preheating scrap before it enters the EAF, optimizing energy use 
and boosting sustainability 

ORGANIC RANKINE CYCLE:  Leverage cutting-edge ORC technology 
for electricity production, powered by a state-of-the-art screw 
expander, designed to operate with low-GWP fluids for maximum 
efficiency and minimal environmental impact 

THERMAL ENERGY STORAGE SYSTEM: A revolutionary 1MWh high-
density, low-cost thermal energy storage system, uniquely designed 
to utilize steel slag as an innovative thermal energy storage material, 
setting new standards in efficiency and sustainability

LIFE HI4S PILOT PLANT

HIGH 
TEMPERATURE 

FILTER

ORGANIC
RANKINE

CYCLE

SCRAP
PRE-HEATER

2500 Kg

MAIN
DUCT

THERMAL
ENERGY 

STORAGE

MAIN
DUCT

DISCHARGING AIRATTEMPERING DUST

BLOWER

COLD WET SCRAP HOT DRY SCRAP

ELECTRICITY
4500 m2/h
150-750°C

5000 m2/h
450°C

425MWh/year

8.4MWh/year

1MWh

SAVINGS AT REAL SCALE

LIFE
PARTNERS

World’s leading steel and mining company, known for producing high-quality steel products for various in-
dustries, including automotive, construction, and energy. With operations in over 60 countries, it is commit-
ted to sustainability through innovative technologies and reduced carbon emissions in steel production.

LIFE HI4S MAIN KPIs START 
VALUE

END 
VALUE

BEYOND 
END VALUE

Project area/lengh affected [km2] 0 0.18 3.6

People impacted by the project 0 139 2,780

Steel slag landfilled/year [tons/year] 19,500 19,499 19,480

Electric consumption/year [MWh/year] 390,000 389,758 227,040

10 production plants scenario [Tons of CO2emitted/year] 1,500,000 1,499,930.5 1,453,230.5

Involvement of public non-governmental organisations 
(NGOs) and other stakholders in project activities 0 4 6

Involvement of private non-governmental organisations 
(NGOs) and other stakholders in project activities 0 20 30

Website visits 0 2,000 3,500

Networking actions 0 250 1,000

New jobs created 0 1 5

Running cost/operating costs during the project and expected in 
case of continuation/replication/transfer after the project period 0 € 2,867,761 € 17,867,761

10 kt CO2/year
CO2 emissions reduction

50.66 GWh/year
Total recovered energy

1 M€/year
Invoice savings

< 4 years
Payback time

1

1

4

2

3

4

3

2

https://www.hi4s-life.eu
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  4.2 POTENTIAL USERS AND STAKEHOLDERS

LIFE HI4S dissemination activities have also been targeted to potential users to spread project 
results to grow partners’ business. More than 1,500 experts from industry, research centers, and 
academia were reached through congresses participation and workshops organized by LIFE 
HI4S partners.

WORKSHOPS

WHEN 9th November 2023
WHERE Durango at Azterlan facilities
AUDIENCE 51 attendees

 

WORKSHOP 

JORNADA TÉCNICA 
 
 

 

 
 

9th Nov 
Centro Tecnológico 

AZTERLAN 

MEJORANDO LA EFICIENCIA ENERGÉTICA MEDIANTE LA 
RECUPERACIÓN DEL CALOR RESIDUAL: 

OPORTUNIDADES Y RETOS 
 

MAXIMIZING ENERGY EFFICIENCY THROUGH WASTE 
HEAT RECOVERY: OPPORTUNITIES AND CHALLENGES 

ORGANIZA /ORGANIZER COLABORA / COLLABORATORS 

https://www.hi4s-life.eu/ 

WORKSHOPS

WHEN 19th-20th February 2025
WHERE Alava Technology Park Central Building, in Vitoria-Gasteiz
AUDIENCE 91 attendees
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CONGRESS CONGRESS
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WHEN 12th-16th June 2023
WHERE Dusseldorf
EVENT 1st CONGRESS – METEC ESTAD attended by Erika Garitaonandia from Azterlan

WHEN 9th-11th August 2023 
WHERE Brunel University in London
EVENT 3rd CONGRESS – ICERT’23  attended by Daniel Bielsa from CIC energiGUNE

WHEN 17th-21st July 2023 
WHERE Muğla University (Convention Center), Akyaka, Muğla, Turkey
EVENT 2nd CONGRESS – INESS attended by Jaime Lozano from CIC energiGUNE

WHEN 23rd-26th September 2025  
WHERE Almeria in Spain
EVENT 4th CONGRESS – SolarPACES  attended by Ivan Torrano from CIC energiGUNE
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Article

Characterization of the Ratcheting Effect on the Filler Material of
a Steel Slag-Based Thermal Energy Storage
Erika Garitaonandia 1 , Peru Arribalzaga 2, Ibon Miguel 1 and Daniel Bielsa 2,*

1 AZTERLAN, Basque Research and Technology Alliance (BRTA), Aliendalde azunea, n◦6,
48200 Durango, Spain; egarita@azterlan.es (E.G.); imiguel@azterlan.es (I.M.)

2 Centre for Cooperative Research on Alternative Energies (CIC energiGUNE),
Basque Research and Technology Alliance (BRTA), Albert Einstein 48, 01510 Vitoria-Gasteiz, Spain;
parribalzaga@cicenergigune.com

* Correspondence: dbielsa@cicenergigune.com

Abstract: Thermocline thermal energy storage systems play a crucial role in enhancing energy
efficiency in energy-intensive industries. Among available technologies, air-based packed bed
systems are promising due to their ability to utilize cost-effective materials. Recently, one of the
most intriguing filler materials under study is steel slag, a byproduct of the steel industry. Steel
slag offers affordability, ample availability without conflicting usage, stability at temperatures up to
1000 ◦C, compatibility with heat transfer fluids, and non-toxicity. Previous research demonstrated
favorable thermophysical and mechanical properties. Nonetheless, a frequently overlooked aspect is
the endurance of the slag particles, when exposed to both mechanical and thermal stresses across
numerous charging and discharging cycles. Throughout the thermal cyclic process, the slag within
the tank experiences substantial loads at elevated temperatures, undergoing thermal expansion and
contraction. This phenomenon can result in the deterioration of individual particles and potential
damage to the tank structure. However, assessing the extended performance of these systems is
challenging due to the considerable time required for thermal cycles at a relevant scale. To address this
issue, this paper introduces a specially designed fast testing apparatus, providing the corresponding
testing results of a real-scale system over 15 years of operation.

Keywords: electric arc furnace; packed bed; steel slag; thermal endurance tests; thermal energy storage

1. Introduction

The energy transition represents a strategic shift in the global energy sector, aiming
to shift away from fossil fuels and achieve a carbon-neutral state by the latter half of this
century. Its primary objective is the reduction of CO2 emissions associated with energy
production to combat climate change and advance toward a decarbonized economy [1].
In this transformation, the responsible utilization of various renewable energy sources
(including bioenergy, geothermal, hydropower, ocean, solar, and wind energy) and the
adoption of energy storage technologies are of paramount importance. These measures
are essential to ensure a clean, reliable, cost-competitive energy supply, as well as the
sustainable management of the energy market. Furthermore, in accordance with projections
for societal and industrial development, the Energy Information Administration (EIA) has
forecasted a 25% increase in energy demand for Organization for Economic Cooperation
and Development (OECD) countries and an 88% increase for non-OECD countries by
2040 [2].

Solar thermal electricity, often referred to as Concentrated Solar Power (CSP), was
one of the pioneers in the integration of high temperature Thermal Energy Storage (TES)
systems, resulting in exceptional dispatchability, enhanced operational flexibility, and
overall plant efficiency [3]. From here on, TES systems introduce an innovative concept

Energies 2024, 17, 1515. https://doi.org/10.3390/en17071515 https://www.mdpi.com/journal/energies
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Steelx2
6th September 2025

El Canal Maritimo y Logistico
21st February 2025
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Retema – EnergÍas
18nd June 2021
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