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Introduction e Qe

Salman et al.

Why Cement?
O A hard-to-abate sector, central to infrastructure and development
O Responsible for ~7-8% of global CO, emissions
O Emissions arise from both:

Calcination (process emissions from limestone decomposition)
Fossil fuel combustion (heat for kilns)

What Are the Key Challenges?

O Highly energy- and carbon-intensive process
O EU ETS price increases can impact competitiveness
O Risk of industrial relocation (carbon leakage & deindustrialisation)

What Do We Need to Do?

O Conduct a systematic evaluation of various carbon capture options levers
O Identify cost-effective and low-risk options
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®  Post Combustion MEA-based Chemical Absorption Capture
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Why Electrify? "+3 PEPs <$

o o @ ENGINEERING 4

Electrification is emerging as a key pathway for industrial decarbonisation.

Beyond direct process electrification, carbon capture itself can be electrified.

Fully electrified capture avoids fossil fuel use and eliminates additional emissions.

Electrification lowers the energy penalty of capture systems.

With renewable electricity, emissions are further reduced while supporting flexibility and
integration with intermittent supply.
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Questions o &

What are the options for electrification of PCCC?

Can these options compete with conventional CC-MEA
from a techno-economic point of view?

Where different electrification options lie in the future
energy scenarios?
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4-step Methodology of the Analysis
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Superstructure of Carbon Capture Options

For the Cement Industry
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Capture Options B &

@ ENGINEERING

No. Configuration Abbreviation Validation

1 Coal fired kiln (Base-case with no capture) Base case Schorcht et al., (2013)

Kim & Léonard (2025),

2 MEA Chemical Absorption Capture for Kiln CC_MEA Salman, M. et al. (2024).

MEA Chemical Absorption Capture for Kiln w/ Heat

3 CC_MEA_HP Zihlsdorf, B. (2023).
Pumps

4 MEA Chemical Absorption Capture w/ Electric Boilers CC_MEA EL HP Zuhlsdorf, B. (2023).,
and Heat Pumps Lyons et al. 2018

c Coal-oxy-fired kiln with cryogenic CO, compression CC Ox Costa et al. (2024), Jamali
and purification unit (CPU) - et al. (2018) (CEMCAP)

6 Vacuum swing adsorption capture CC_VSA Zanco, S. E., et al. (2021)

7 Membrane-based capture CC_Membrane Rellmalimamadianizes

et. al (2023)

22/09/2025 =10



o -0 >
Parameters & assumptions B &

Parameter Value / Source

Plant capacity 5000 tpd clinker — 1.3 Mtpa CO,

Flue gas CO, concentration 20 mol% air-fired, 79 mol% oxy-fired

Emissions Impact Direct (combustion + process) + Indirect (fuel/electricity)

CCS Cost Capture + compression (110 bar) + T&S

Commaodity prices Commodity prices (electricity, NG, coal, CO, tax, T&S; 2025-2050)
OPEX Raw materials, energy, CO, tax & T&S cost

CAPEX Greenfield, 40 yrs lifetime, 6% discount

Heat pumps 25 MW max. condenser capacity (Zihlsdorf, B. (2023)).
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Energy Consumption Analysis

Energy Consumption (GJ/t of Cement)
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= Total CAPEX +2 PEPs U
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Assumed Scenarios "3 PEPs iy ¥
(benchmarked to VITO, IEA, ENTSO, Roussanaly et al. CCSA, CATF) « o Boneenc 4
Variable Unit 2025 2040 2050
Electricity (€/MWh) 100 65 30
Natural Gas (€/MWh) 35 35 35
Coal (€/MWh) 13 12 12
CO, tax (€/tCO,) 80 140 200
CO, T&S (€/tCO,) 60 40 20
Electricity Impact (kgCO,/MWh) 139 56 49
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cEE = 100 €/MWh, cNG = 35 €/MWh, cCoal = 11 €/MWh, ¢CO,Tax = 80 €/tCO,, cCO,TnS = 60 €/tCO,,
Indirect Emissions Electricity = 138 kgCO,/MWh
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cEE = 65 €/MWh, cNG = 35 €/MWHh, cCoal = 11 €/MWh, cCO,Tax = 140 €/tCO,, cCO,TnS = 40 €/tCO,

Indirect Emissions Electricity = 60 kgCO,/MWh
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cEE = 30 €/MWh, ¢NG = 35 €/MWh, cCoal = 11 €/MWh, cCO,Tax = 200 €/tCO,, cCO,TnS = 20 €/tCO,
Indirect Emissions Electricity = 57 kgCO,/MWh
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= Question: How to test the robustness??? o :l/

"Your energy scenarios are not realistic bro”
“This price of electricity is too low”
“CO, tax (or ETS price) is way too high”



Regret Analysis — to evaluate robustness of options

Quantifies the performance loss of a given option compared to the best-performing option
under each scenario.

Purpose

O Evaluates robustness of technologies under uncertainty.
O Highlights solutions that consistently perform well across many scenarios.

4 N
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Regret Analysis RHES 2y P

Variables
Electricity: 10 — 200 €/MWh
Natural Gas: 10 - 100 €/MWh (2.78 - 27.8 €/GJ)
Coal: 10 — 100 €/MWh (0.08 - 0.82 €/kg)
CO, emissions: 75— 250 €/1CO,
CO, T&S: 20 - 100 €/tCO,

1024 Scenarios
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Conclusion - Electrification is decisive. S, <$

Integrating Heat pumps with MEA cuts capture cost by ~54-59% in different scenarios, while
it results in 60% total energy.

Oxyfuel is the most robust option. It reaches ~45 €/tCO, by 2050 (-64% vs 2025), delivers the
lowest energy requirement, and shows the lowest regret across 1000+ scenarios.

Membranes are highly competitive as the grid decarbonizes: ~49 €/tCO, by 2050 (-65%);
~35% lower total CAPEX than MEA today.

Standalone MEA lags: -36% capture-cost improvement by 2050 and the widest regret,
because the reboiler remains the dominant penalty.

VSA is rarely optimal: even with cheaper power its capture cost is ~89 €/tCO, in 2050 (still the
highest), and total CAPEX is +56% vs MEA.

Decision support:

O Near-term: Deploy MEA+HP (-EL) where oxycombustion integration is constrained, 2-4% lower total
CAPEX than MEA and much better OPEX/emissions;

O Medium/long-term: Oxyfuel can be priortised; consider Membranes where electricity is cheap/clean
or for incremental retrofits. Improve TRL of membranes.
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