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Summary

The HERCCULES project: CO, capture and purification requirements in
different industrial sectors

CO, emissions sources and carbon capture technologies portfolio
Role of impurities in the CCUS chain
CO, capture and purification integration: examples

» Solvent-based systems - role of contaminants
» MCFCs + CPU - role of contaminants

HERCCULES Horizon Europe project

» Project overview
» HERCCULES CO, capture and purification systems and demonstration sites
» Next steps

Funded by the European Union. This project has received funding from the European

Union's Horizon Europe research and innovation programme under grant agreement

No. 101096691. Views and opinions expressed are however those of the author(s)

only and do not necessarily reflect those of the European Union or European Climate, 2
Funded by Infrastructure and Environment Executive Agency (CINEA). Neither the European 25.06.2025
the European Union Union nor the granting authority can be held responsible for them.

3 HERCCULES (G LEAP ¢ ZEP

full CCUS chain demonstration




CCS technologies

CO, capture in cement

Cement - chemical absorption
Cement - calcium looping
Cement - oxy-fuelling
Cement - physical adsorption
Cement - direct separation
CO, capture from air
Direct air capture - solid

Direct air capture - liquid

CO, capture in chemicals

Ammonia - chemical absorption
Ammonia - physical absorption
Methanol - chemical absorption
Methanol - physical absorption
Methanol - physical adsorption

High-value chemical - physical
absorption

High-value chemical - chemical
absorption

Ammonia-physical adsorption

CO, capture in iron and steel

Direct reduced iron - chemical
absorption

Smelt reduction - oxygen rich -
physical adsorption

Blast furnace - process gas
hydrogen enrichment - chemical
absorption

Direct reduced iron - physical
adsorption

CO, capture in fuels production

Natural gas processing

Hydrogen from gas with
carbon capture

Biomethane with carbon
capture

Ethanol from sugar/starch with
carbon capture

Ethanol from lignocellulose with
carbon capture

Hydrogen from coal with
carbon capture

CO, capture in power generation
Coal - chemical absorption
Coal - oxy-fuelling
Coal - pre-combustion

Natural gas - chemical
absorption

Biomass - chemical absorption

LARGE
PROTOTYPE

DEMONSTRATION

EARLY ADOPTION

from IEA - Energy technology perspectives 2020 -Special Report on Carbon Capture
Utilisation and Storage - CCUS in clean energy transitions
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Post combustion

Chemical absorption (amine & solvents) & n""’f
Physical separation (adsorption/MOF/cry LE
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Supercritical CO, power cycles

Direct Air Capture systems
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CC technologies - selection

Flue gas properties (CO, concentration, impurities)
Emission Source process (cement industry, steel, power, oil and gas, glass, etc.)

Efficiency
Primary energy consumption for CO2 avoided
Process integration with the hosting plant
TRL & Scalability
Costs
CAPEX & OPEX
Cost of CO, avoided
Footprint and logistic/operational aspects
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CO, emission sources - impurities

CO, - free gas

Impurities + Impurities Impurities Impurities
- " ‘ CO, (+residual
W S impurities) to T&S

! Flue Gas ! co, i COprich co,
i treatment capture :o 988 ] compression &
: ' : treatment purification

€O, +FG [ . — COx e €O
impurities - + Impurities ., + impurities
Chemicals Ché-rlr'{i'cals Chemicals

(e.g. NH3) (e.g. MEA) (e.g. H2504)

Power: 3-15% CO,, NO,, SO,, particulates -
Cement: 15-20% CO,, dust, CO, NO,, So, HCI,..
WTE: 7-12% CO,, HCl, NO,, CO, SO,, VOCs, Hg, metals, dust, dioxines..| L |1 non-condensable
Steel: 10-25% CO,, Dust, NO,, SO, CO, Hz (N Oy Ar.)

Glass: 12-20% CO,, Alkali vapors, SO,, particulates

YV V|V V|V

—_
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The impact of impurities - CO, T&S'S
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A oo - : : L s - - Many differences among specifications, that are
Carboxylic acids & amides . =1 - - - - <1 . . . . . 1

{ppm)

iy g : - S a - -~ periodically updated (ongoing process):

compounds (ppm)

B SRR S A -~ > Need for standardization to connect different CCUS
ramr S oo s s o - o networks, ensuring safety and storage integrity;
. T S S = Balance between purification and transport costs;
B i e S L dm L = - Some projects still reserve the right to conduct
e oo - S o ___additional risk assessments for any species not
e o mae e e -~ included in the specifications

E.G. Nikolaidou et al, “The role of impurities in CCS from pilot capture plants to sequestration sites—A review”, International Journal of Greenhouse Gas Control
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An example - Solvents

| i CO, — free gas | ” »
mpurities + Impurities mpurities Impurities

* oo
* *
* o

CO, (+residual
impurities) to T&S

i Flue Gas co, Cozr'Ch ; Coz.
i treatment : capture gas | compression &
: 5 treatment : purification T p—

impurities  _." s, i e CO, stream »:’-"
------------- + Impurltles Chem|cals

Chemicals Chemicals
Solvent-baced cut TP N T e Impgrltles .removal eff|C|chy depends on
olvent-based systems Capture Stripper configuration, use of auxiliary treatments (e.qg.,
3 e NOx 3-250 mg/Nm? 0.5-10 mg/Nm? water/acid washes, filters), solvent type and
" TN 9 9
SOx 0.5-250 mg/Nm*®  0.1-10 ppm operational conditions.
NH; 1-100mg/Nm® ' 1-20mg/Nm* «  Solvent systems are generally effective for many
% e HOT AT et contaminants, but less for some volatile compounds
. 7HO S el 1= Vel (NHj3, aldehydes, degradation products)
o, sever Aldheydes - 4-200 mg/Nm?

process improvements and post-treatment

voLs : sl upgrades are essential to meet CO, purity standards
*Values extracted from E.G. Nikolaidou et al, “The role of impurities in CCS from pilot capture ) P9 . .. 2P y
plants to sequestration sites—A review”, International Journal of Greenhouse Gas Control in all the operatl ng conditions.
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An example - MCFC - operating princip

CATHODE (+)

Flue gases
o, 1 _ S CO,-Free
Tocathode > [/ 02+ CO, + 2e~ —(CO3 aas
electrolyte p E@
FUEL to anode » | H, +(CO%")— H,0 + CO, . 2e~

Residual Syngas (CO

ANODE (-) + Hy)

High electrical efficiency (up to 50% LHV)
Ready for CCS applications in the power and industrial sectors (cement, steel, petrochemical)
Commercially available: in the market there are modules ranging from 1.4 MWe to 4 MWe

Internal reforming: The high operating temperature (650°C) and the presence of catalytic materials allow for
internal fuel conversion (direct and indirect reforming) on various hydrocarbon fuels (e.g., biogas)

MCFCs can operate as an active NO, separation, owing to secondary electrochemical reactions
Capability to produce blue hydrogen in addition to low-carbon electricity

Main drawbacks include corrosion/degradation of materials and low tolerance to contaminants
Investment costs are high, mainly due to the need for periodic stack replacement

QOO O OO
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An example - MCFCs as active NOx separa

The MCFC separates NO, fed to the cathode: the

—
o
(@)

. . . . L
catalytic materials in the cell actively promote the T £ 80 ..
NOx separation via side electrochemical < & S Lo
reactions, followed by the transfer of NO,” and © = 60 °-. .
NOs™ ions through the electrolyte (from cathode ® = ol
to anode). Experimental tests have shown O 8 0 11—
promising NO, removal efficiencies (70%), < 20 S o |
achieved with inlet concentrations > 200 ppm o =
C—~—— 0
0 40 80 120 160 200 240
MCFC separates NO, NOx @ cathode INLET, ppm
CO; + S5H; CO3 + 5H O+N, CO, + 3H, CO3 + 3H,0+N,
CO,-rich gas«
2 . (-) ANODE: | «— Fuel to anode (CH,)
ELECTROLYTE CO," D
M.
Low NO, gas <« (+)CATODE:" High NOy exhausts
L0, +2N0, + 05 > +, ; L - 3 _
502 2 3 2 5 505+ 2NO + CO;3 + (0, ; >0z + 2NO + C0;3 0,
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CO, cryogenic compression & purification'process: sinergy

The MCFC must be integrated with a CO,-rich stream purification system to meet the required specifications
for downstream storage or utilization, and to recover unconverted fuel (residual syngas from the anode).

N CO, poor Electricity
Electricity output gases to stack

E.g: WTE Plant I MCFC

> Cathode
ANV €05 SV CO, rich
— Anode Gases

i I,M .
+H,+CO
K( Unconverted fuel

Air - waste Natural gas & CO, to Storage
steam
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HERCCULES Project Concept

« Coordinator: LEAP
 Partnership: 25 partners + 5 affiliated
E ' S « Topic: HORIZON-CL5-2022-D3-01

— « Duration: 1 Jan, 2023 - 31 Dec, 2027
- | - Budget total: € 39.627.208,00

= 20 men —3 — == - UE Contribution: € 29.632.076,48
I CsiIC J |

ENERGEAN) 22 TITAN & 2%

HERCCULES NUMBERS

3 CO, capture pilot plants
L 3 CO, use pilot plants
@airtquide @A  BOG 2 Storage sites

3
o — u Buzzi Unicem
£S5 LEAP o TB=

W= il onpe aza >10.000 test hours

>3500 ton CO, captured
>1000 ton CO, stored
>8000 ton of low-carbon concrete

56 Deliverables,18 Milestones / Pre-feed and Hazop studies
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HERCCULES - CO, capture in cement & EfW

Other Gas from Caiciner: 75,4 Nm3 (33,0 %)
Nm3. CO2 Recycle: 48,0 Nm3 (21,0 %)
4499Nm3  CO2 -C

CO2 vented from CPU: 15,0 Nm3
Other gas venfed from CPU: 14,9 Nm3

50,0 Nm3 (21,9 %)
> ent): 43,7 Nm3 (19,1 %)
CO2 from Calciner - Calcination (CaCO3 make-up): 11,1 Nm3 (4.9 %)

CARBONATOR CALCINER

R

Storage / utiization

< &
Atmosphere

LC02 1o CPU: 1048 Nm3 (87,0 %)

) 1:7-;9»\: 1.7 Nm3 (330 %)

Process modeling, design
and construction of the
pilot units

Other Gas from EFW: 40,8 Nm3 (90,7 %)
CO2 From EFW: 45,2 Nm3 (9.3 %)

‘Other Gas Recycled: 10.0 Nm3

CO2 Recycle: 50,0 Nm3
CO2 From Kiln: 25,0 Nm3 (19,2 %)
Other Gas from Kiln. 105,0 Nm3 (80,8 %)

CO2 vented from CPU: 10,5 Nm3
Other gas vented from CPU: 9,1 Nm3

iy CO2to
Gy 3 ¥ STORAGE
Y CO2 produced: 100 Nm3

CO2 captured: 94.3 Nm3
CO2 purity. 99.9 %

0210 Calciner: 35,0 Nm3 Aif  ArrtoKiln 125,0 Nm3

% %)
“Optyred 7
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CO2 vented from CPU: 15,0 Nm3
Other gas venfed from CPU: 14,9 Nm3

Storage / utiization

i‘:’f‘:ﬁ

CO2 Recycle: 50,0 Nm3

d
0210 Calciner: 35,0 Nm3 Al Airto Kiin- 125,0 Nm3

Atmosphere

to atmosphere: 5,5 Nm3

Other Gas from Calciner: 75,4 Nm3 (33,0 %)
OOQRecyc(e 48,0 Nm3 (21,0 %)

gas

from EFW; 440,8 Nm3 (90,7 %)

Other Gas. Ef
CO2 From EFW: 45,2 Nm3 (9.3 %)

449.9 Nm3

CARBONATOR

CO2 vented from CPU: 10,5 Nm3

50,0 Nm3 (21,9 %)

CALCINER

I

Other gas vented from CPU:9.1 Nm3 h Water

i CO2to
STORAGE

cozwmm
CO2 captured: 94.3 Nm3
CO2 purity. 99.9 %

) 43,7 N3 (19,1 %)
02 frog Caicines - Caicination (CaCO3 make-up): 11,1 Nm3 (4.9 %)

co: avu 1048 Nm3 (67,0 %)
1© CPU:51,7 Nm3 (330 %)

mmbmm

PCC (post combustion unit) pilot plant has been
designed and built (= commissioning ongoing)
The design of the oxyfuel calciner is completed
(= Hybrid configuration for cement, in Greece)
Design and procurement of the CaL demonstrator to be

integrated in EfW plant in Milan is ongoing

The design and procurement of the CPUs (CO,
purification units for hybrid and CaL systems) is ongoing

HERLCLCLULES

full CCUS chain demonstration

= LEAP

qj‘ Tt o LN

(2 )

zep

|H|\
PLATFORM

to sto

Highp! cpg Carbonator

Funded by
the European Union

Process modeling, design

and construction of the
pilot units

onyid <
|_calcin CFB Calciner
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CO, capture in cement - PCC unit, oxyfuel andhybrid

» PCC pilot plant has been designed (= Under commissioning) ﬁa:’

CAPT
» Treats 250-300 Nm3/h of cement flue gases (2.5-3 ton,/day)
« Capture rate >95%
« Tests with MEA & improved solvent
* Innovative design, considering: 1) HERCCULES  POST COMBUSTION CO, CAPTURE SYSTEM (PCC) Q) Buzzi Unicem

The unit is a movable skid-mounted system

W ——

provided by TPI, to be tested in - e
—-mz—~_? SSSSS -

* Vernasca cement plant (ltaly) in the
standalone PCC mode (flue gas at
the stack), and

* in Thessaloniki cement plant (Greece)
to test the novel Hybrid concept (flue zo=
gas from rotary kiln mixed with CPU

horr i —
Seac Lo oot

.“_

=y e i NN

Towtne 0D G, SToAGE
- k=
I\t .
1
s J |
|
|

A

T —

u
Reboller
duty reduced

@ Lenp [ TPIE.

ﬂ ’ @ POLITECNICO
MILANO 1863

e —— — -
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Ca-Looping in Herccules - Cal operating principle

High temperature CO, sorption with CaO as sorbent S
Sorbent regeneration by high temperature heat supply (coal/biomass/waste oxycombustion)

CO,-rich gas to
CO,-lean flue gas sequestration

CARBONATION CALCINATION
< Heat 1 Ca0+C0O,->CaCo, CaCO,->Ca0+CoO,

~1 bar, ~600°C

~1 bar, ¥ 950°C | | €—————

Solid fuel + O,

caco, Ca0

Flue gas (CO,) make-up  purge
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Ca-Looping in Herccules — CaL+CPU applic

¢ad2d «® Sumitomo

HERCCULES will demonstrate at TRL 7-8 for Bt s s | Coutean SHI/FW
the first time the CaL process coupled EfW SECTION | ERY Flue CO, CAPTURE SECTION

with CPU, with CPU vent gas gases . [w]
recirculation > the integration allows to — CARBONTOR CALCINER CO:to
achieve both: . \R

High Carbon Capture Rate (CCR) (>95%) 1

High purity of liquid CO2 (>99.9%vol) - { ty Ash
About 4000 cumulative hours of test ”
_ . . . Msw [ & CO;-rich
Preliminary lab experiments will characterize EPW EFW Flue
the Ca-based sorbent exposed to EfW flue —V |BOILER Bases |
g ases | é< B _:Z I Z_Z_Z_:_Z_Z_Z_Z_Z_Z_Z_Z_Z_Z\Z o ) ___ASh _ | _.
. . Lo . Grate } : ﬁ Water to : OXYGEN |
The CFB (Circulating Fluidized Bed) CaL pilot Il Ai L_ﬂ—;wﬁ?mb}l?tﬂr - economizers |
will be operated with solid recovered fuel [T “EKE\ I @FlirLiquide
. ) ) L Ly | cpu ¥
(SRF), burnt in the calciner with . @ o L i i

oxycombustion BotomAsh |1 Vent gas
_____________________ 1 Deareator recycle
NIT . : feed STEAM CYCLE, TECND

Possibility to achieve negative CO, emissions = 3 SECTION _{ =¥= p’mmT €O, to
(<-400 kgco,/t,,aste) thanks to capture of Primary[ ----------oomm e > "‘L r i) G e EstOrage or
biogenic CO, Alr R = utilisation
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Ca-Looping and EfW impurities

Silla 2 - flue gas treatment section of Line 1
Sodium Stack
WHE bicarbonate + o . .
L1 Boiler # Fctvated # rebrictiter - >R Test site: Silla 2
Hot Flue gas CO, poor ’ injection

First optic

Second option

A2A WHLE plant in Milan

: ri ; S

- <
First option: flue gas after ESP :
. . Scrubber co
Second option: clean flue gas CO, rich flue gas Fabric - d/ = High purity CO,
: ctiva ? p| COMPIESSION |y -
Filter Carbon Fixed and Totransport
Bed liquefaction storage and/or
5 utilization
3 ® 5
g5 S 5 ;o Liquid CO, tank
Flue gasfrom WTE 3 1-2 838 Makegup
L]
@Purge css Touser Liquid 0, tank
provided by Airliquide
a CPUvent gasrecyclke

[ Provided by SFW
—/ Provided by TP

» Test with clean and dirty flue gases will be executed to evaluate the Cal capability of capturing SO, (->CaSO,)
but also HCI and HF will be verified, as well as the effects of those contaminants on the sorbent reactivity.

« CSIC will carry out complementary lab experiments to evaluate the impact of such contaminants on the
sorbent performance along multiple carbonation/calcination cycles.
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CO, capture in EfW - Cal engineering

CFB Carbonator } '! _ . .
(@, = 590 mm; H = 12.3 m) p Basis of design conditions and
[] 0 N N , parameters
| oV Conceptual design
‘@ g Dual-CFB hot loop

Auxiliary systems
Basic engineering and detail design
Performance engineering
Heat and material balance

Carbonator

Calciner FG

vertical empty pass calculations
CFB Carbonator . A Component dimensioning
Mechanical design area and layout
i g IV Automation, Electrification,
Fuel hopper G Instrumentation engineering

Civil and steel structure

i System and equipment
1 S ket engineering
Leftside s | Front side o 25 PIDs
CaL unit axonometric view (left to front side CFB Calciner: 10 System descriptions
view) 2 (@, = 540 mm; H = 12.3 m) Operational strategy
CFB carbonator and calciner system 3D layout Risk Assessment
view
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CO, capture in EfW - CPU engineering (TPI)
Task 3.1 C\PU Section TPI: Layout ‘é&’

] i ———————— - — — —

LLL L CW Dry cooler I
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IJF ij E : /1/_ N\

CO, Compressor
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il
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CO, Pre-treatment Units

s

\ zs;u,' £ 110 ‘?ﬁuu
. e
CO, Liquid Tank T ofsio] |
= g pa——
] g =E,
T:’_’ VENT £02
o= ||| g
o [ 1EET 1D Ll s
é)f% Foo— b o] J 7 6 E:
L i Nl
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COZ Gas Analyser \\ 1600 ‘ ':'U % ‘ 3200 1600 E]:J'D - 2090 2150
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Dryer and
Liquefaction
SKID
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HERCCULES - Other activities

Testing and :
demonstration Of CEMIA- C(}zmpmand. HERCCULES CEMII A LL 42.5 CO; capture and geological

- LL425R ?xefln‘ijmlsmge CELITEMENT storage (****)
demolished-concrete T e s o S~

CO, mineralization : Sl A e [ —
comentmeking | carbonnewal CaO | mineral carbomation. | (CiROPHIoLe) COx

and production of low RS el page (PO e (VP4

(WP
40 kg COn weated. | 40 kgim® COn wreated

carbon concrete " R EATE M

240kg/m’® with biomass 100 kg/ny’ negative emission negative COy emission
finng)
80€m*** | 125€mT 70 €/ (*%) 110 €’ 110 €/m’
ETS COn storage Innovation cement EfOz storage and €O, stomge and SCMs
SCMs
Mass - -
Scale factor: . Mass Production | Mass production: Mass production
production

F EfW plant
Wctory)
» €0, captured

el Design and optimization
i g study of CO,

< 1mtly ‘: 3 R 5 > - - and
Sl e, transportation in permanent storage in
Ak Northern Italy

e e > - Ravenna and Prinos sites

North Italian cluster | (2 YORTEY o AR ”
- o & 5 ? _Pot
C:f““"le:r:..sl&t,mem[yy ; - i _‘ N b 18 ¢ g Cement plant
5 v ‘ ; G

Demonstration of captured
CO, transport, injection

Padova
170 kt/y

id process N 2 + partial oxyfuel
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HERCCULES - Other activities

Exploitation & Business plan
Guidelines for citizen
engagement

Definition of high-level
economics

LCA and CBA of CCUS chain

WP10: Communication, dissemination and knowledge sharing
WPS8: Social perception and community engagement

HERLCLCLULES

full CCUS chain demonstration

& LEAP

S o mano

€3 %P
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Dissemination event on CO, Capture, Transpor

and Storage (CCUS), 13th June 2024, Tallinn

09:00 — 09:20 Registration of the participants and coffee

REGISTRATION: X
DEADLINE: 31.05.2024 il

Session 1. Introduction of Horizon Europe projects and CCUS technology
Convener: Martina Fantini {EUCORE-HERCCULES)

Introduction to Horizon Europe HERCCULES project

09:30 - 11:00

« Dissemination Event on CO, Capture, Transport, Use and T _
Storage (CCUS) took place in on 13t June 2024, the Tallinn o e

Maurizio Spinelli, Proje
Coordinator (LEAP)

Romain Viguier {SCCS
CCUS ZEM)

Adrizno Carrara (A2A

10030 - 11:00 | CO: Capture in Waste to Energy plants SpiA-HERCCULES)

University of Technology in Estonia. TET e - Coffee break .
. 11:30 - 13:00 | Zession 2. CCUS ‘é’:ﬁi‘fﬁgf"d ’”*“’ngj‘;”;;‘;j
onverner: Flierre = -
* It was organised by partner SHOGenergy 2 120y | Tactucires for e sramsport and seoge Roberio Frrari (EN1 -
' B Examples of Projects sites in Europe HERCCULES)
company and the TalTech Department of Geology ( 12.00 - 12:30 | Tochne-economic modeling ofthe Glic CCUS Scanario | Leandro-Henriaue Sousa
project partner) bl [vor bt I o< 500
13.00 — 14.00 Lunch
14.00 - 15:30 | Session 3. Regulations, public acceptance and policies
. ’ Convener: Alla Shogenova (TalTech-CCUS ZEN, SHOGenergy-HERCCULES)

d d .00 — 14 . - Lena Wammer Ostgazrd
Even t hl hll h tS 14:00 - 14:30 | Regulatory aspacts: Obstacles/barmiers to overcome (10M LAW- CCUS ZEN)
14:30 - 15:00 | Public acceptance and the role and the potential Anne Kantel (Fraunhofer
' ! contribution of the policy makers ISI - HERCCULES)

Panel discussion invelving CCUS ZEN networking Anne Kantel (Fraunhofer
partners, HERCCULES and local stakeholders ISI - HERCCULES)

Alla Shogenowva

» More than 50 participants in presence and 40 connected
online, including consortium members, relevant |- wreprup e ittt
stakeholders and the general public from HERCCULES and 4 E
CCUS ZEN projects

> 3 main sessions and the Panel Discussion including
Global CCS Institute, Bellona Europe and industrial
experts from the projects.

» The takeaway messages, public slides, flyer, agenda and
video of the event are available in HERCCULES Zenodo
community: link:

15:00 - 16:00
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Second Dissemination event on CCUS in Italy

]

CLUST-ER
ENERGIAESOSTENIBILITA
SAVE THE DATE!!!
2nd Dissemination event
CCUS in Italy: overview and perspectives
October 22nd, 2025
znd D 1 1 t 1 E t
v Registrations
l HERE W \\\\\
- N AN S
The Program includes:
Funded by
the European Union www.herccules.eu
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An example - MCFCs - effect of SO,/H,S

MCFC
CO,-freegas <— 0;+2C0;+4e92C0;>~ CATHODE |[«— Oxidantstream
. €O~ ——— Electrolyte containing CO,
CO,-rich gas and ‘&2\/ : 2 B
exhaust syngas == 2H,+2C0;°>2H,0+2C0,+4e" ANODE (+DIR) [ Partially reformed
Fuel + steam  —»| Reforming laver (IIR) fuelto anode
1 - — [Exposure to 10 ppm (minutes) 1 10 30 60 400 35 1000 170
$0; + 50, + €03 = CO, + SO; oo | | | | ”-
H,S + C03 =C0, + S~ + H,0 — | i
S o8 F - D
5C0, + SO + H,0 + 8¢~ = H,S + 5C03 Loss of Loss of g '
31 electrolyte catalyst S orl
ENL+S‘:EN1352+26‘ S
1 m SO,
06 1 = > Constant CO, Flux
| Tog50C
05 M M I S S S SR
600 700 800 900 1000 1100

Time (Hours)
MCFC continuos operation with 1 ppm SO, gas
and 10 ppm (short transients): voltage drop f(t)
Provided by Fuel Cell Energy Inc.

Corrosion effect due to sulfur
compounds, Bosio et al.

Similar irreversible effects observed for H2S
Other limits for MCFC operation (examples): HClI<200 ppbv, Hg<250 ppbv.

Funded by the European Union. This project has received funding from the European

Union's Horizon Europe research and innovation programme under grant agreement

No. 101096691. Views and opinions expressed are however those of the author(s)

only and do not necessarily reflect those of the European Union or European Climate, 26
Funded by Infrastructure and Environment Executive Agency (CINEA). Neither the European 25.06.2025
the European Union Union nor the granting authority can be held responsible for them.

HERLCLCLLES & 5LEAP ¢ zep

full CCUS chain demonstration




CPU model validation by TPI

Main assumption:

VG-101 vent gas CPU top condenser temperature -37°C
CPU stripper at 20 bar

O, in liquid CO, < 9.5 ppm,,,

Self-refrigeration system decreasing the minimum

temperature of the system to -46°C and the vent
gas

N
]
V|
N

AN

gy

§
:

crccas
%

—_——
M Ik : :HDH6GH

—_ s
M IHHNN

z
o

ARB (Carbonator)

eeeeeee

FG-101 from WtE

CalL model validation by SFW
Main assumption:
Carbonator temperature 650°C
Fo/Fcox = 0.2
Fr/Fcox = 12
Calciner temperature 900°C
Calciner duty 1 MW,,
O, in the oxidant flow 40%,,,
3.2%,,, excess of oxygen
3% of air leakage

Refrigerant
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CPU (self-refrigerated, 2-steps)

Vent gas: 2-10% CO, loss

Vent gas Cryogenic CO, purification
Valve 3
Heat
exchanger 3 Heat Heat 20_30 bar

|mpU re COZ miXtU re exchanger 1 exchanger 2
m Separator 1 _W _52°C
(>80% COZ + Oz/Nz/Hz) .| Dehydraton 7] WV AN

AN IT‘ =-’VW‘\-""-— e Separator 2

1 23 17
-l-d AN |17 ]
Valve 1 b"i

A 4

Y
W — WA
[20
Dust Dust Recycle Valve 2
removal 18
}
[21]
Intercooled compression with water condensation and removal ,
Low pressure Medium
CO; pressure CQO- 1 1 O 1 50 b
- ar

Compressor 1

v,

Purified
COs

C C C P £ .
OMPressor ompressor amp;assor um P u |"| fl e d C O 2 .

5 2 3

| Final intercooled compression 96-99999% p u I’Ity

Compressor
14

Compressar
1.2

Water l

Funded by the European Union. This project has received funding from the European
Union's Horizon Europe research and innovation programme under grant agreement

H E H E E LI L E E é‘:‘i LEI:]D ' ‘ zep No. 101096691. Views and opinions expressed are however those of the author(s)
full CCUS chain demonstration ?yj‘ e LaNe E only and do not necessarily reflect those of the European Union or European Climate, 28
Funded by Infrastructure and Environment Executive Agency (CINEA). Neither the European 25.06.2025
Union nor the granting authority can be held responsible for them.

the European Union




CO, capture in cement — Hybrid (full scale)

k.

Heat recovery for PCC ot ° A
» CO, recovery from CPU vent storage/ | [

utilization

Solvent- L COy-lean
Based PCC Flue gases

gases +
vent gas

A

=2 >99.9% CO, purity
- >98% CO, capture

Steam For
regeneration

I Air—

©

C PU Vent gas: 2-10% CO, loss o, -] \\
Vent gas ? Cryogenic CO; purification rEEYEIE 1 H eat recovery
i = Clinker Coole
Impure CO, mixture amme Wn;;w‘_l Mu:;mu 20-30 bar ‘;,E xllr:a: ;tsc;cl_:rtr
Q, [oornn] [16 | Separator 1 ol 12 _520(:
(>801A') C02 + OZ/NZ/HZ) —»| Dehydration NWE A e b
WA e 28 D-QE AWWTE ]
Recyde Iy e o L sy Oxyfuel coolertr ]
71 o Pre-calciner - Kiln Flue exhaust air- - vented
[2a 1 I
i densat = = gases recycled
with water and removal Low pressure Medium -
I e o proeegre o 110-150 bar ASU Rotary kiln i

Compr i c Compressor Conpsy ™ Purified C02 I:I DK‘{{UEI sections

13 14 : 2 3

I v ¥ Final intercooled compression 96 99999% purity

I Faed P S 111 Air
}E: &;@—g LT: -? /—CJ %_@—@cc?ﬁo d \\:_\_H_— E[ g I Clinker cooler
o ~

[ ] Air-fired/ Post-combustion sections
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CO, utilization - mineralization (WP4)

Construction and demonstration of a TRL7-scale,
zeolite-based CO, (natural and syntetic)
mineralization plant

Integrated with cement plant of Vernasca (Buzzi)

2 tons of CO, enriched Zeolite as SCMs for casting
50m3 of HERCCULES - Zeolite concrete with low

carbonfootprint

EHT = 20.00 kV e = 100 pA Vacuum Mode = High Vacuum  Mag = 5.00 K X
WD = 9.0mm  Detector = SEI Chamber = 2.78¢-004 P Reference Mag = Out Dev.

SAMM

%ﬁ”@ MILANO 1863

T

o
(55 POLITECNICO

0_5 /XAFITIDEK
Zeolite - CO, #x

No-regenerative technology patent, that will be installed in G reen binder
the Vernasca cement plant will exploit natural zeolites
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Manuele Gatti, Lia Tagliavini, Matteo Romano and
Riccardo Cremona from POLIMI organized a didactic
workshop with Sabrina Scuri and team from POLIMI
School of Design and with Martina Fantini (EUCORE).

The aim was to provide knowledge on CCUS to the
students of the School of Design for them to develop
and create in 5 working days multimedial CCUS

content within the framework of an academic course.

|
a / 0fF C0, 055 ON] -

THE THIRTSENTH FATIGUL OF
HERCCULLS

HERLCLCLULES t"'" LEAP ¢ 2 zep

full CCUS chain demonstration

Funded by
the European Union

Video

) to be ready for transport.
motion
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The CO, is subsequently compressed

THE THIRTEENTH FATIGLIC

OF HERCCULLS

nopeinesor.
ks
o Therearedifferent possibilties for COzbutonly
7 8%of COzcanbereused for new products,
| underground for the years tocome.
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https://zenodo.org/records/12206880

Questionnaire on CCUS for National Policy

In the HERCCULES project, the Italian and Greek
questionnaires were developed specifically for
national and regional policymakers, including 12
questions in 6 described areas and options to
explain the answers.

e Six Italian and two Greek policymakers answered the
questions.

e Italian policymakers were better informed regarding
regulatory issues and national plans than Greek

The target: s : policymakers. : L

> to investigate the policymakers' approach ' i © A higher percentage of [talian politicians gave
concerning the international and national CCUS positive answers about possibly to implement
regulations influencing the implementation of Date 27 Februay 2028 industrial-scale CCUS, and CCS-related regulations

compared to negative or uncertain answers.
e Some policymakers from both countries mentioned
that CCUS was not yet a priority in their country.

CCUS clusters and hubs in the targeted regions
(Climate Strategies, London Protocol, EU CCS
Directive, EU ETS Directive, national CO, tax,

infrastructure, CCUS permits) Example ,
> the regulatory situation and the political 1) Do you expect that CCUS 2) Does your government activety
strategies for implementing integrated-chain 129 G ETIEE 47 (6s work on supporting CCUS cluster and
; on a wider industrial scale by hub projects in [Italy?
CCUS at European, national (Italy and Greece) 20507
and regional levels.
The collected answers are included and analysed

in the Report D8.1 Analysis of policy alignment
including country case studies
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CO, capture in cement - Oxyfuel calciner (WPZ2)

> Design of the oxyfuel calciner (- Hybrid)

* Raw meal feed >2.5 t/h - 80%
. o ’: L d
« CO, purity to CPU - 85% (after CPU 70% .'*; s oo mfa .

purity>99.9%, >7 tpd of liquid CO, in hybrid
; * . ; ‘s ‘ 8
50% s ':flr'hu g
- |'!::‘ e ’

mode)
40% {{
30%

« 0O, concentration 21-50%

CO, fraction at calciner outlet [%

Challenge: to build and operate an entrained
flow calciner capable of working with 50%
different O, concentrations in the oxidant - °
stream, while minimizing air in-leakages: fr 10%
. . , €
» High O, concentration reduces the CO, - 0%
o
recycle flow rate (->lower energy penalty)
> Low air in leakages reduce the downstream 0 2000 4000 6000 8000
CPU consumption Total raw meal fed to the calciner [kg/h]
: Fur_wde'd by t_he European Union. This p_roject has received funding from the European
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Impurities — non condensable gases

Table 2 Effect of impurities on C0); storage capacity re po rt I EA — K effe Ct Of i m p u r‘iti eS LD

Depth | P T Tgrad | Ea Smrag:f: Fb
Cases (m) (MPa) | (o (°C/m) | (- Capactty (-) it [ ' ] ]
) Sl K e — Impurities influence the CO, thermodynamic properties, such as density, the

,Sr’z;ih“"]‘“w 895 | 92 | 33 | 0020 | 007 |647.68 | 253.96 | 0.392 viscosity and the a4 itical P ant,' o
sm:iw — Non-condensable impurities (N2, O2, Ar, CH4, H2, CO and HZ2S) significantly

Arow= 895 | 92 | 38 | 0025 | 0.10 |540.97 | 231.20 | 0.427 .
Temp decrease the stream density.
Shallow-High i . .
Temp | 895 | 92 | 45 | 0033 | 009 3644820872 | 0573 | Stydies reported by IEA evaluated the density of a CO, stream with 10-15 %
ﬂ‘:ﬁf“"ﬂw 2338 | 24 | 62 | 0.020 | 012 |750.04 | 55035 | 0.734 vol. impurities (N2, O2, Ar) and found that it can be reduced by 35-60 %
?ﬂi‘i;""'“’“d 2338 | 24 | 75 | 0.025 | 0.3 |675.00 | 493.67 | 0.731 compared to pure COZ.

. . [ )

?ﬂi‘i“"“'mgh 2338 | 24 92 | 0033 | 013 |584.92| 43223 | 0.739 extra compression Work.(espeaally H2) .
S — * reduced storage capacity of the reservoir from 20% to 60%

cep-LOw 3802 | 388 | 92 | 0.020 | 0.15 [777.66 | 611.13 | 0.786 . . . . .
Temp _ depending on the depth (higher impacy in the shallow, decreasing

eep-Ivil .
Te;‘; 3802 | 388 | 113 | 0025 | 0.16 |700.29 | 551.25 | 0.787 with depth
Eew'ﬂlgh 3802 | 38.8 | 141 | 0.033 | 0.17 |611.35 | 485.19 | 0.794

emp

* Storage coefficient.
* Capacity factor given as the ratio of the €0, storage capacity in the presence of impurities to that in the

absence of impurities.

This shows the greatest effect from a high impurity stream of 15% non-condensables could
potentially be a reduced capacity of around 40% at pressures and temperatures found in
relatively shallow, low temperature CO, storage reservoirs. As the depth of the formations
increase, the effect of impurities on CO; storage capacity decreases; at a depth of 3800 m, the
capacity approaches 80% of that for pure CO;.
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Selection criteria and CO, purity constraint
CO, specifications (T&S) ISBT specifications

Product quality according EIGA (70/17 Annex A) and Coca Cola standard (WER-SU 100 -August 2019
and BP-SP11 O - 07.01.2018)

Parameter Specification Methods
Purity 99,9% v/v min. CGA/EIGA/NSBT
Qualitativo — differenze tra le specifiche 20bom wh max AT
p Oxygen 30 ppm v/v max. CGA/EIGANSBT
Carbon Monoxide 10 ppm v/v max. CGA/EIGA/NSBT
Sieca ; Ammonia 25 ppm viv max. CGA/EIGA/ISBT
- - - pecifications Comparison - g -
e I I I ! I I I I I I 'l Nitrogen Monoxide 2.5 ppm viv max. CGAEIGA/ISBT
E; — _ ! ‘ Nitrogen Dioxide 2,5 ppm viv max. CGAEIGAISBT
r J I— |
T | ‘ — } j——] ! Non-volatile residue 10 ppm w/w max. CGA/EIGA/ISBT
G Mgy ECS(: — 1 1 I _ d ¥ Non-volatile Organic Residue 5 ppm w/w max. CGA/EIGANSBT
§g§ Methanol 10 ppm viv max. CGA/EIGA/ISBT
N%‘: I i T — i T T — d B Acetaldehyde 0,05 ppm wiw max. CGA/EIGA/ISBT
H,S+COS + SO_+DMS + T T T T + ! 1 1! {
? * 5162 ; Ethil Acetate 0,05 ppm wiw max. CGA/EIGA/ISBT
E A%":’qu 50 ppm v/v max. (including
o 3 — S— 3 - -
5 i 1 ! Total v?;i“ﬁetﬁ:;g)camons 20 ppm viv max as total CGAEIGA/ISBT
g Phosphovus-conlaiﬁﬁ’gbg:glgo%%;ig : non-methane hYdFOCﬁFbOHS)
Cadmium + Thall H{g : 2
edmum* hoe I I 1 T T T T T T d | Acetaldehyde 0,2 ppm viv max. CGA/EIGANSBT
Methanol | ! | | i | — | -
53523 i Aromatic Hydrocarbon 20 ppb viv max. CGA/EIGA/ISBT
MEG | | ] | | [ [ I ] I ] 15
i : : : : ! : : ‘ 1K Total Sulfur Content (as S):
Ethylene I | | E— ] (Total sulfur-containing
1 1 I 1 I ] ] ] ] . - . 0,1 ppm viv max. CGAEIGA/ISBT
Aedmate :;gﬁggﬂi L E _1 1 T _ - - 7]7 ] ] | ' 1, im puntlesdﬁ)xxcigued)lng sulfur
) PElhane —— | i 1 ‘ l 1 1 \[7 { 1 I |
ropane 1 1 | | | 1 | B .
\‘\0‘9\6\ (ﬁ\\(\e\ 3 S6° . e\-\‘\(7,\ 9'?4\6\6\ J e\«\e\ ?e\\(\e\ ) Qz\\‘\e\ ve\\“e\ Qe\\‘\e (ﬁ\\(\e\ 568 o o o \o"ag \0‘%9 @ @ o o @Oﬁk\ SUH:UT Dioxide 1 ppm ij vV imax. CGA/EIGA/ISBT
G50 @€ 0 o€ €T (O T O GET (O €T (e e 2 T ot L o W& Odor of Solid CO2 (Snow) No foreign odor CGA/EIGAISBT
o o @ o o O 9T G T o o ¢ o @@ (o¥” o F . Appearance of Solid CO2
K% ¢ Q) & & O T o \w\‘\oe &o\ﬂe\ \\\)Q‘,e‘\ Ge\\,\v“‘ O g0t PP (Snow) No foreign appearance CGAEIGA/ISBT
@ o R & &
@‘ﬁ‘p @0”‘00 o ¢ Odor & Taste in Water No foreign odor or taste CGA/EIGA/ISBT
Projects Appearance in Water No color or turbidity CGA/EIGA/ISBT
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CO, Impurities - HERCCULES Pilot Plants -

HERCCULES-> ISBT specifications » Pilot plants

Product quality according EIGA (70/17 Annex A) and Coca Cola standard (WER-SU 100 -August 2019

and BP-SP11 O - 07.01.2018)

design

Symbol|Description

XX |Found and abated/vented back

- |Pilot plant not designed to abate it (design based on the FG received)

-X  |Not found (or data not available), but able to abate/vent back

-/X |Not found (or data not available), but able to partially abate

COMPONENT (->ISBT)

Reference - ISBT

target (in principle)
ppm unless otherwise not
specified

CalL+CPU in WTE

MEA/CPU in CEMENT

full CCUS chain demonstration

POLITECNICO DI MILANG

)

Parameter Specification Methods
Purity 99,9% v/v min. CGA/EIGA/NSBT
Moisture 20 ppm v/v max. CGA/EIGA/ISBT
Oxygen 30 ppm v/v max. CGA/EIGA/ISBT
Carbon Monoxide 10 ppm v/v max. CGA/EIGA/NISBT
Ammonia 2.5 ppm viv max. CGA/EIGA/ISBT
Nitrogen Monoxide 2,5 ppm viv max. CGA/EIGANISBT
Nitrogen Dioxide 2,5 ppm viv max. CGA/EIGAISBT
Non-volatile residue 10 ppm wiw max. CGA/EIGA/ISBT
Naon-volatile Organic Residue 5 ppm wiw max. CGA/EIGA/ISBT
Methanol 10 ppm v/v max. CGA/EIGA/NISBT
Acetaldehyde 0,05 ppm wiw max. CGA/EIGA/ISBT
Ethil Acetate 0,05 ppm wiw max. CGA/EIGA/ISBT
) 50 ppm viv max. (including
Total Volatile Hydrocarbons | 55’01 vy max as total CGAEIGA/ISBT
(as Methane)
non-methane hydrocarbons)
Acetaldehyde 0,2 ppm viv max. CGA/EIGA/NISBT
Aromatic Hydrocarbon 20 ppb v/v max. CGA/EIGA/ISBT
Total Sulfur Content (as S):
(Total sulfur-containing
impurities excluding sulfur 0.1 ppm viv max. CGARIGA/ISBT
dioxide)
Sulfur Dioxide 1 ppm v/v max. CGA/EIGA/ISBT
Odor of Solid CO2 (Snow) No foreign odor CGA/EIGA/ISBT
Appearance of Solid CO2 No foreign appearance CGAEIGAISBT
(Snow)
Odor & Taste in Water No foreign odor or taste CGA/EIGANISBT
Appearance in Water No color or turbidity CGAEIGAISBT
L
HERCCULES ¢ LeApP "_zep

At tank inlet After MEA extraction| At tankinlet

Carbon dioxide (CO2) 99,9%

Water (H20) 20 XX XX XX
Oxygen (02) + Ar 30 XX XX XX
Carbon monoxide (CO) 10 XX XX -
Ammonia (NH3) 2,5 - - -
Nitrogen monoxide (NO) 2,5 - - -
Nitrogen dioxide (NO2) 2,5 - - -
Non-volatile residue 10 - - -
Non-volatile organic residue 5 - - -
Methanol (CH30H) 10 - - -
Acetaldehyde (CH3CHO) 0,2 - - -
Ethil Acetate 0,05 - - -
total volatile Hydrocarbon (as CH4) 50 -/X - -
total volatile Hydrocarbon (not as CH4) 20 -/X - -
Aromatic Hydrocarbon (BTEX) 20 ppb -/X -/X -X
Total Sulfur content (as S no SO2) 0,1 - -/X -
Sulfur dioxide (SO2) 1 XX XX -

Funded by
the European Union
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CO, Impurities — HERCCULES Pilot Plants -
HERCCULES-> ISBT specifications

the European Union

Union nor the granting authority can be held responsible for them.

Reference - ISBT CalL+CPU in WTE MEA/CPU i
Product quality according EIGA (70/17 Annex A) and Coca Cola standard (WER-SU 100 -August 2019 OTHER COMPONENTS (EU table) [target (in pr|n<.:|ple) . After MEA .
3 _ ppm unless otherwise not At tank inlet . At tank inlet
and BP-SP11 0 - 07.01.2018) th extraction
specified
Parameter Specification Methods Hydmgen (HZ) X XX XX
Purity 99,9% viv min. CGA/EIGA/ISBT Sulphur trioxide (SO3) XX XX -
Moisture 20 ppm viv max. CGA/EIGA/ISBT Sulphur oxides (SOx) XX -/X -
Oxygen 30 ppm viv max. CGA/EIGA/ISBT Nitrogen oxides (NOx) 5 - -
Carbon Monoxide 10 ppm v/v max. CGA/EIGA/NISBT Hydrogen sulphides (st) —/X XX -
Ammonia 2.5 ppm viv max. CGA/EIGA/ISBT Carbonyl sulphide (COS) _ _ _
Nitrogen Monoxide 2,5 ppm viv max. CGA/EIGANISBT Dimethyl squhide (OIVIS) _ _ _
Nitrogen Dioxide 2,5 ppm viv max. CGA/EIGAISBT A
_ - Total sulphur-contained comp. - - -
Non-volatile residue 10 ppm wiw max. CGA/EIGA/ISBT Total aldehvd d
Non-volatile Organic Residue 5 ppm wiw max. CGA/EIGA/ISBT ota’ aldeny e compoun .S _ _ _
Methanol 10 ppm v/v max. CGA/EIGA/ISET Total carboxylic acids, amide c. - - -
Acetaldehyde 0,05 ppm wiw max. CGA/EIGA/ISBT Total phosphorus-contained c. . . .
Ethil Acetate 0,05 ppm wiw max. CGAEIGA/ISBT H2 + N2 + Ar + CH4 + CO + 02 XX XX XX
Amine/ total amine compounds - - XX
) 50 ppm viv max. (including _ _ _
Total V?Ellastlll\ielglg:r:g-):arbons 20 ppm viv max as total P Formaldehyde (CH20)
non-methane hydrocarbons) Mercury (Hg) XX - -
Cadmium (Cd) + Thallium (TI) XX - -
Acetaldehyde 0,2 ppm viv max. CGA/EIGA/NISBT
: Methane (CH4 -X XX XX
Aromatic Hydrocarbon 20 ppb v/v max. CGA/EIGA/ISBT - ( )
Nitrogen(N2) -X XX XX
Total Sulfur Content (as S): Argon (Ar) X XX XX
(Total sulfur-containing 0.1 N CGAEIGAISET
impurities excluding sulfur /| PPM VIV max. Ethanol (C2H50H) - - -
dioxide) Total volatile organic comp. (VOC) -/X . XX
Sulfur Dioxide 1 ppm viv max. CGA/EIGA/ISBT Mono-ethylene glycol (MEG) - - s
Odor of Solid CO2 (Snow) No foreign odor CGA/EIGANSBT Tri-ethylene glycol (TEG) - - -
Appearan{%igl?olld coz No foreign appearance CGA/EIGA/ISBT Aromatics (incl. BTEX) -/X - -/X
Odor & Taste in Water No foreign odor or taste CGA/EIGA/ISBT Ethylene - - -
Appearance in Water No color or turbidity CGA/EIGANSBT Hydrogen cyanide (HCN) & - -
Heavy metals XX - -
Solids / full removal cut-off diam. XX - -
FUNAea Dy UNE EUTOpedrt UTMoM. TTS ProjJect Nas TECEIVEd TUnaing ITor tNe EUropean
Union's Horizon Europe research and innovation programme under grant agreement
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CO, capture in EfW - Ca-Looping (CalL) + CPU(WPS3)

Focus on the influence of critical
parameters on the overall performances
Demonstrate that the integration of CaL and
CPU allows to achieve both high CCR levels
and high purity of liquid CO, (>99.9%,,,)
Air infiltration in CalL pilot and minimum
CPU temperature significantly affect the CPU
performance in terms of CO, recovery

Without the vent gas recirculation:
Flue gases treated in the carbonator
~1350 Nm3/h
Overall CCR ~75%

Gross liquid CO, produced ~640kg/h

With the vent gas recirculation:

Flue gases treated in the carbonator
~690 Nm3/h

Overall CCR ~94%

Gross liquid CO, produced ~650kg/h

HERCCLULLES g,’;sl_enp ) zep

full CCUS chain demonstration

EfW SECTION CO;-lean CO, CAPTURE SECTION

EFW Flue

Grate

Funded by
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CARBONATOR

[(w]

CO; to

CALCINER &) _

N
YVy

Fly Ash

CO,-rich
EFW Flue

.
' : é Water to
! economizers

\Rur'rficatiun

______
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