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2 Definition and acronyms

Acronym Definition
AChrc Incremental cost for HRC (€/thrc)
ACO; Incremental CO; emission HRC (kgcoz/tHrc)
ACCR Annualised Capital Charge Ratio (-)
ASU Air Separation Unit
BFG Blast Furnace Gas
CASOH Calcium Assisted Steel-mill Off-gas Hydrogen
cC Combined Cycle
CccC Cost of CO; capture (€/tco2)
Cco Contingencies cost (M€)
CCR Carbon capture rate (%)
CCUs Carbon Capture Utilisation and Storage
Cepc Engineering, procurement and construction cost (M€)
CF Capacity factor (%)
Cruel Fuel cost (M€/y)
CGE Cold Gas Efficiency (%)
Coc Owner Cost (M€)
COG Coke Oven Gas
DCF Decarbonised Fuel
DISPLACE ggxzitgjzzrgizzepiza::d Steel Production with
AT Temperature difference (°C)
EAF Electric Arc Furnace
f Scaling factor
FCF Fixed charge factor (-)
Foam Fixed operating cost (€/MWh)
HP/IP/LP High-Pressure, Intermediate-Pressure, Low-Pressure
HRC Hot Rolled Coil
HRSG Heat Recovery Steam Generator
HS Hot Stoves
IPT Intermediate-pressure Turbine
LCODF Levelised cost of decarbonised fuel (€/t)
LCOE Levelised cost of electricity (€/MWHh)
LHV; Lower heating value (MJ/kg)
LPT Low-pressure Turbine
m Mass flow rate, (kg/s)
PU Page 5

Version 1.0

This project has received funding from the European Union’s Horizon 2020 research and innovation

programme under the Grant Agreement No 884418



D3.4 - Parametric performance of the C4U technologies for the cluster optimization

MDEA Methyl diethanolamine
MEA Mono-ethanolamine
n Time (years)
OEE Overall energy efficiency (%)
PEC Primary Energy Consumption
Q Heat rate, (MW)
r Interest rate (%)
RO Reheating Oven
SC Steam Cycle
SP Sinter Plant
SPECCA Specific primary energy consumption for CO; avoided
(MJ/kgco2)
TAC Total Annualised Cost (M€/y)
TDPC Total Direct Plant Cost (M€)
TEC Total Equipment Cost (M€)
TGRBF Top Gas Recycling Blast Furnace
TIC Total Installation Cost (M€)
TPC Total Plant Cost (M€£)
Voam Variable operating cost (€/MWh)
Weons Power consumption (MW)
WGS Water Gas Shift
Whet Net power output (MW)
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3 Executive Summary

The steel industry is widely recognised for its high consumption of energy and significant
CO; emissions, quantified at 20 GJ/tcrude steel [1] and 1.8 tcoa/terude steel [2], [3], respectively.
This sector significantly contributes to the global CO; emissions issue and commands a
substantial share of energy demand. Within the realm of steel production, there exist
two primary approaches: the Blast Furnace-Basic Oxygen Furnace (BF-BOF) integrated
steelworks and the Electric Arc Furnace (EAF) method [4]. Notably, the BF-BOF route
takes the lead, imposing roughly 70% of the global steel output [5].

This deliverable compiles the thermodynamic analysis of the two selected processes of
the H2020 C?U project and their effect on energy and environmental performance.

The analysis is carried out under a set of common key performance indicators (KPIs)
aiming to compare the new technologies with respect to existing benchmark processes
that are based on solvent CO; separation. In the case of the Calcium Assisted Steel-mill
Off-gas Hydrogen (CASOH), the comparison is carried out with respect with pre-
combustion capture. The high-temperature sorption-displacement process for CO;
recovery (DISPLACE) process is studied using flue gases from different part of the steel
mill and therefore the CO; capture used as reference is a post-combustion plant. In the
case of DISPLACE and the benchmark post-combustion CO, capture technology, the
study is carried out neglecting the techno-economic implications related to the
modifications needed to be implemented in the still mill, such as oxy-fired units, larger
ASUs, etc.

The performance of the plant with respect to the benchmark technologies is carried out
in terms of energy conversion using the specific primary energy consumption for CO;
avoidance (SPECCA) and CO; capture rate. The CASOH process is not compared from an
economic point of view since the CAPEXs of the plant haven’t been estimated yet and
will be included in the D3.5. The DISPLACE process is already developed and therefore
the process has been compared also from an economic point of view.

In the analysis carried out, the CO, transport and storage have been neglected.
Therefore, the CO; avoidance just refers to externalities of the plant and does not
include the costs and the CO; emissions related to the transport and storage.

The four key achievements of this deliverables are listed as follows:

1) A calcination stage at 0.5 bar introduced in CASOH-Enhanced case,
eliminating one regeneration stage (out of two) in the CASOH-Base case and
the necessity of further CO; purification stage.

2) CASOH cases are competitive with MDEA in terms of energy consumption
(3.1 MJinv/kgco2 and -0.7 MIinv/kgeoz vs. 3.4 Mlinv/kgeoz) and specific
emission (155.9 tcoz/turc and 63 tcoz/turc for CASOH vs. 125.6 tcoz/tre for
MDEA).

3) Theintegration of DISPLACE allows to reach a carbon avoidance at least equal
to 75%, higher than the one of the MEA case. Working at 400°C leads to the
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PU

best performances due to the lower steam consumptions and better heat
integration with respect to lower working temperatures.

4) The cost of CO; avoided in the case of DISPLACE is equal to 80.07 €/tco,
almost 20 €/tcoz cheaper than the MEA case. The high temperature streams
at the outlet of DISPLACE allow to exploit the heat to generate the steam,
lowering the cost of the carbon capture.
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4 Technical Section

4.1 Scope and Objectives of the Deliverable

This deliverable aims to assess the process performances of the C*U technologies
integrated within the steel mill.

The technologies studied have been developed and tested in WP1 and WP2 moving their
development up to TRL7.

The main objectives of this deliverable are listed as follows:

1) Process design and thermodynamic assessment of the CASOH technology to
decarbonise blast furnace gas and produce hydrogen-rich syngas;

2) Compare two different process CASOH layouts in terms of key performance
indicators, and with respect to the solvent-based option presented in the
deliverable D3.1;

3) Compare the energy and environmental KPIs in using different level of
integration within the steelmill by reducing the amount of BFG processes in the
CASOH process;

4) Provide detailed mass and energy balances of the most promising layout;

5) Process design and techno-economic assessment of the DISPLACE technology to
decarbonise the flue gases generated after oxyfiring part of the BFG in the
reheated ovens, sinter plant and hot stoves;

6) Design DISPLACE technology and assess the expected CAPEX

7) Compare the energy, environmental and economic KPIs of the DISPLACE process
at different operating conditions and with respect to the use of MEA plant for
post-combustion

8) Provide detailed mass and energy balances of the most promising layout

The analysis in the terms of CO, avoidance is carried within the boundaries of the
steelmill, therefore additional costs for transport and storage, offsite boundary limits
and externalities are not included or considered.

In addition, possible solution that would include the integration of both technologies to
assess the complete steelmill decarbonisation will be considered in the deliverable D3.6
by the end of the project when costs for the CASOH are consolidated and the expected
performance of the demonstration plant in WP2 will be available.

4.2 Calcium Assisted Steel-mill Off-gas Hydrogen (CASOH)

Calcium looping has been extensively explored for its potential to facilitate post-
combustion CO; capture from conventional power plants and biomass-driven systems.
Furthermore, the efficacy of calcium looping has been proposed for hydrogen
production within reforming processes, showcasing significant merits such as
remarkable CH4 conversion efficiency and the generation of high-purity hydrogen. These
outcomes are achieved at relatively modest temperatures below 650°C [6], [7].
However, it is essential to acknowledge that a pivotal challenge resides in the economic
viability of regenerating CaCOs, a vital step in the calcium looping process. This
regeneration process necessitates elevated temperatures, surpassing 850°C. It demands
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either a supply of pure oxygen sourced from an Air Separation Unit (ASU) [8], [9] or the
integration of thermal storage mechanisms to effectively transfer heat from the
carbonator to the calciner [10]. Consequently, addressing the cost-intensive and energy-
demanding nature of CaCOs3 regeneration is imperative to pave the way for the effective
deployment of calcium looping technology.

An attractive alternative approach emerges by integrating calcium and chemical looping
techniques, utilising a copper-based oxygen carrier (OC). This method, the calcium-
copper (Ca-Cu) looping process, has been suggested by Abanades et al. [11] as a
potential solution for addressing the energy demands tied to calcination. An inventive
system configuration called Calcium Assisted Steel-mill Off-gas Hydrogen production
(CASOH) incorporates Ca-Cu looping with the Sorption Enhanced Water Gas Shift
(SEWGS) reaction. Fernandez et al. [12] have explored this configuration, highlighting its
potential to achieve energy efficiency.

However, it is essential to acknowledge that the original version of the CASOH
configuration deals with two important limitations that have been recorded and
assessed in D3.3. Firstly, only a third of the BFG resource is used for hydrogen
production, while the rest predominantly generates high-temperature heat within a
substantial recycled gas stream. Secondly, due to the notable N2 content within BFG, a
thorough CO purification process remains an obligatory requirement [13]. These
acknowledged limitations restrict the overall efficiency of the CASOH process,
necessitating strategic measures for optimisation.

Therefore, in this deliverable, the original configuration (referred to as CASOH-base
case) is compared with an enhanced configuration of the CASOH process (referred to as
the CASOH-enhanced case) and we conduct a thorough comparative analysis against
both the CASOH cases, and the BFG upgrade with MDEA (assessed previously assessed
in Deliverable 3.1). The two conceptual configurations are represented in Figure 1.
Aspen Plus® V12 is used to develop the process simulation of all mentioned cases. A
technical evaluation is conducted in terms of carbon cold gas efficiency, capture rate,
and specific primary energy consumption for CO, avoided (SPECCA). Moreover, the
effect of different carbon capture rates is partially evaluated through bypassing BFG.
The results obtained from the technical performance of the CASOH cases will be used
for economic feasibility evaluation that will be available later by Wood PLC.
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Figure 1. Diagram for CASOH-Base case (left) and CASOH-Enhanced case (right)

4.3 DISPLACE technology

The DISPLACE process, Downstream Integrated Steel Production with advanced CO;
capture, is based on the adsorption site characteristics of the mixed base-metal oxide
adsorbent derived from hydrotalcites. In the process, the CO; is adsorbed onto the
sorbent due to high partial pressures of CO,. Afterwards, steam is used to desorb the
CO; by lowering partial pressures of COz and displacement of CO; by H,O adsorption on
shared adsorption sites. The process is a cyclic operation at constant total pressures.
The process adopts hydrotalcite materials which simultaneously absorbs CO, as
demonstrated in previous process where the Sorption-Enhanced Water-Gas Shift
technology was developed (see STEPWISE project). The general process scheme for
DISPLACE is represented in Figure 2 and follows a sequential/cyclic operation of reactors
with well-established principles in commercial adsorptive swing processes. With respect
to the typical SEWGS operating strategy, the DISPLACE process operates at lower and
constant pressure, therefore leading to different design strategies. The main advantages
of the absence of a pressure swing are production of a CO; product at increased
pressure, absence or reduced feed pressurization work and potentially simpler cycle

designs.
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Figure 2. DISPLACE process scheme (left side) and example of cyclic operations (right side)
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5 Process Description

5.1 CASOH-Base Case

Figure 3 is the schematic of the CASOH base case, outlining three primary phases: CASOH
for decarbonised fuel conversion, oxidation, and regeneration with inherent calcination.
In the CASOH stage, a segment of one-third of the BFG is subjected to pressurisation,
reaching 10 bar, and subsequently combined with steam before being introduced into
the CASOH reactor. Conversely, the remaining fraction is directed towards the
regeneration phase. In the CASOH reactor, the CO component within the BFG undergoes
a conversion process resulting in the formation of CO; and H,. This conversion is driven
by the calcium-assisted Water Gas Shift (WGS) reaction and employs a steam-to-CO ratio
of 1.2. Concurrently, a carbonation reaction involves the interaction of the CaO sorbent,
the CO;, generated through the WGS reaction, and the initial CO, present in the BFG. The
occurrence of this carbonation reaction supports fostering the development of CaCOs3,
thereby amplifying the conversion of CO by favouring heightened CO. production.
Within this stage, Cu-based catalyst particles play a catalytic role, promoting the WGS
reaction and facilitating the generation of hydrogen-rich syngas.

The following phase, referred to as oxidation, emerges under high pressure and
moderate temperature conditions to avoid the occurrence of CaCOs calcination. During
this phase, air is introduced into the reactor, converting Cu into CuO and yielding air
with a reduced oxygen content. The elevated operational pressure restricts the risk of
CO; leakage, subsequently minimising the likelihood of partial calcination of CaCOs. The
calcination process occurs in the regeneration step, producing CO; and CaO. This step
entails the combustion of the BFG through the utilisation of CuO as an oxygen carrier,
consequently affecting the reversion of CuO to Cu. The output generated from this
process is a stream enriched with CO,. The concurrent occurrence of the redox and
calcination processes within the solid bed eliminates the necessity for an external heat
source, thus satisfying the energy demand of the calcination process. In this
regeneration phase, the carbon and hydrogen components within the BFG engage with
CuO, forming a product gas comprising CO2, H,0, and N3, followed by a condensation
process.
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Figure 3. Schematic of CASOH-Base case
5.1.1 CO; Purification by Partial Condensation

Since the gas from the regeneration phase with 53.8% purity, requires further
purification; it is subjected to compression through a multi-stage compressor, leading to
a pressure of 25 bar, and subsequently cooled to -49°C. It is then introduced into the
initial flash separator to partially recover CO,. Subsequently, the resulting vapour
undergoes further cooling to -51°C before being directed into the second flash
separator, where additional CO, is partially recovered. This vapour stream s
compressed to 60 bar, and further temperature reduction to -55°C is achieved using a
refrigeration system. After cooling, the cold stream is sent into a third flash vessel to
facilitate additional CO; recovery. An extra flash separator is employed to enhance the
purity of the recovered CO;. Finally, the retrieved CO; is pressurised to 110 bar, as
stipulated for proper storage, Figure 4. A detailed description of the process is presented
by Khallaghi et al. in [13].
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Figure 4. Schematic of CO, purification by partial condensation

5.2 CASOH-Enhanced Case

In the CASOH-EC configuration, Figure 5, a new component is introduced by
incorporating calcination at a pressure level of 0.5 bar. This effectively expands the
process into a four-step sequence that includes CASOH the newly integrated calcination,
and short oxidation, reduction phases to prepare the bed before the new CASOH process
starts again. This contrasts CASOH-BC, where only a third of the BFG is allocated to the
CASOH phase to generate a hydrogen-rich stream. In the CASOH-EC setup, the
hydrogen-enriched syngas is essential for the reduction stage. The incorporation of
supplementary calcination stages serves to reduce the energy demand associated with
the reduction process. This adjustment results in 15% of the hydrogen-enriched gas
being directed towards the reduction phase. A notable advantage arising from the
introduction of this supplementary calcination stage is its capability to produce a CO;
stream that achieves a desired level of purity. This development eliminates the
requirement for an additional purification system.
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Figure 5: Schematic of CASOH-Enhance case
5.3 DISPLACE

The decarbonisation of three different flue gas streams through the DISPLACE
technology has been investigated. Beyond the composition and the mass flow rate, the
flue gas streams differ for their temperature. The flue gas from the reheat oven, being
available at 300°C, can be exploited to generate steam while the flue gas from the hot
stoves and from the sinter plant are exploited only to preheat the water being their
temperature limited to 140°C and 120°C respectively (see Table 1). For the above
mentioned reason two different plant configurations have been investigated.

In the first one (Figure 6), considered for the case of flue gas from the reheat oven, the
flue gas are cooled to 35°C before being compressed and fed to the DISPLACE. Similarly,
the DISPLACE outlet gas streams, the CO3-rich streams and the lean gas stream, are
cooled and exploited for the steam generation. The presence of a natural gas burner has
been considered to heat the flue gas at the outlet of the compressor and to super-heat
the steam to the DISPLACE working temperature. The natural gas and the air fed to the
burner are preheated exploiting the residual heat available in flue gas from the natural
gas combustion or from the lean gas stream. The CO,-rich stream after being cooled, is
compressed up to 78 bar in a multistage compressor, liquefied by cooling to 25°C and
pumped to 110 bar.

In the case of flue gas from the hot stoves and from the sinter plant (Figure 7), the plant
scheme is quite similar to the one previously described. The main difference, as already
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underlined, is the temperature at which the flue gas to be decarbonised are available.
In this case, the relatively low temperature of the flue gas allows to pre-heat some
water, simultaneously cooling the gas to 35°C before the compression. Similarly, to the
other case, the DISPLACE outlet gas streams are cooled and exploited to generate steam.
A natural gas burner is installed to heat the flue gas and super-heat the steam to the
DISPLACE working temperature.

Table 1: Composition and thermodynamic properties of the flue gas

Parameter Unit RO HS SP
Mass flow rate kg/s 190.35 87.88 123.99
Molar flow rate kmol/s 5.45 2.57 4.22
Temperature °C 300 140 120
Pressure bar 1.01 1.01 1.01
CO2flow rate kg/s 102.87 47.47 31.25
Specific CO2 kgcoz2/tHre 0.924 0.426 0.281
Composition
- Ar %vol 1.03 0.04 0.05
- H20 %vol 0.66 6.25 14.69
- H2 %vol 0.00 0.00 0.00
-Co %vol 0.00 0.00 0.32
- CO2 %vol 42.90 41.90 16.84
- N2 %vol 55.41 50.81 64.11
-02 %vol 0.00 1.00 4.00
- Ar %wt 1.18 0.04 0.06
- H.0 %wt 0.34 3.30 9.00
- H2 %wt 0.00 0.00 0.00
-CO %wt 0.00 0.00 0.31
- CO2 %wt 54.05 54.02 25.20
- N2 %wt 44.43 41.70 61.08
-02 %wt 0.00 0.94 4.35
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5.4 MEA post-combustion carbon capture

In this work a benchmark post-combustion technology, i.e. MEA scrubbing, has been
investigated. The flue gas before being sent to the absorber column is first cooled to
40°C. In the absorber the lean solvent reacts with the CO,, decarbonising the flue gas
that exits the top of the absorber. A rich solvent stream exits the bottom of the column
and it is heated to 105°C before entering the stripper column where the solvent
regeneration takes place. The heat for regeneration is provided by condensation of
steam in the reboiler. The lean solvent exits the stripper bottom and it is recirculated
back to the absorber. The CO;-rich stream exiting the top of the stripper is first sent to
a condenser. The condensed water is then mixed with the lean solvent and recycled. The
CO;-rich stream is then compressed to 80 bar in a 3-stage intercooled compressor and
finally pumped to 110 bar after being cooled down.
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water

Absorber
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Figure 8: MEA post combustion carbon capture section
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6 Methodology

6.1 Model Development — CASOH technology

The CASOH cases are simulated using the Peng-Robinson property model. Table 2
provides a summary of the parameters utilised for various components. For an in-depth
understanding of the model’s creation and validation concerning the MDEA carbon
capture system, refer to the deliverable D3.1 [14].

Table 2. Aspen plus components used in the process modelling

Description
Reactors Aspen Plus ID
CASOH-BC CASOH-EC

CASOH RStoic 9.5 bar, 753°C 9.7 bar, 750°C
Heat recovery Heater 10 bar, 750°C 10 bar, 600°C
Calcination Heater - 0.5 bar, 833°C
Oxidation Sep 10 bar, 765°C 10 bar, 400°C
Reduction RStoic 1.5 bar, 850°C 7 bar, 676°C

Detailed heat and mass balance data for CASOH-enhanced case is provided in Appendix.

6.2 Model Development — DISPLACE technology

For the DISPLACE simulations, the RKS-BM method is used for all the streams except for
the steam line where the STEAMNBS has been selected. The main assumptions adopted
to perform the thermodynamic assessment have been resumed in Table 3. The
performances of the DISPLACE at different operating conditions have been computed
by TNO. The DISPLACE is then simulated in Aspen Plus using conventional components,
such as a mixer, a separator and a heat exchanger in order to reproduce the data from
TNO simulations.

Table 3: Assumptions for the thermodynamic assessment

Parameter Unit Value
NG boiler efficiency - 0.94
NG LHV MJ/kg 46.87
Electricity production efficiency % 0.45
Electricity CO2 emissions kgco2/MWh 250
Water recovery from CO; stream % 90
Plant availability h/y 8200
Plant capacity Mthre/y 3.16
Heat Exchangers

Minimum AT gas-gas heat exchanger °C 15
Minimum AT gas-liquid heat exchanger °C 10
AT subcooling in the economizers °C 5
Turbomachines

Pumps hydraulic efficiency % 75
Pumps mechanical efficiency % 95
Compressor polytropic efficiency % 85
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Compressor mechanical efficiency % 95

Heat exchanger pressure drop % 3

CO2 compression train

Compressor number of stages - 3
Compressor discharge pressure bar 80
Compressor polytropic efficiency stage 1,2 % 80
Compressor polytropic efficiency stage 3 % 75
Compressor mechanical efficiency % 95
Pump discharge pressure bar 110
Pump hydraulic efficiency % 75
Pump mechanical efficiency % 95
NG composition

- CHa %vol 83.9
- C2Hs %vol 9.2
- C3Hs %vol 3.3
- C4H1o %vol 1.2
- CsHi2 %vol 0.2
- CO2 %vol 1.8
- N2 %vol 0.4

6.3 Model Development — MEA post-combustion carbon capture

The MEA post-combustion CO; capture process has been simulated in Aspen Plus V11
using the unsymmetric electrolyte NRTL property method (ENRTL-RK). The model
includes the following key features:

e True species including ions

e Activity-based reaction kinetics

e Rate-based models for columns with structured packing

The electrolyte solution chemistry has been modelled with a CHEMISTRY model. This
CHEMISTRY is used as the global electrolyte calculation option in the simulation.
Chemical equilibrium is assumed with all the ionic reactions in the CHEMISTRY.

Chemistry
Equilibrium MEA* + H,0 = MEA + H;0% (1)
Equilibrium MEACCO™ + H,0 & MEA + HCO3 (2)
Equilibrium CO, + 2H,0 = H30* + HCO3 (3)
Equilibrium HCO3 + H,0 = H;0% + CO%~ (4)
Equilibrium 2H,0 = H;0" + OH™ (5)

The equilibrium constant of the reactions (1)-(5) is calculated adopting equation (6) with
the constants listed in Table 4 while the assumptions used to model the carbon capture
section in Aspen Plus are shown in Table 6 [15].

In(Kp) =A+B/T+C-In(T)+D-T+E-((P—Pres)/Pres) (6)
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Table 4: Constants used in equation (6).

Reaction A B C D E
MEA* + H,0 = MEA + H;0* -3.038325 | -7008.36 0 -0.00313489 0
MEACCO~ + H,0 = MEA + HCO3 | -0.52135 -2545.53 0 0 0
CO, + 2H,0 = H;0* + HCO3 231.465 -12092.1 -36.7816 0 0
HCO3 + H,0 = H;0" + C0%~ 216.049 -12431.7 -35.4819 0 0
2H,0 = H;0* + OH™ 132.899 -13445.9 -22.4773 0 0

In addition, a REACTION model has been created and used to model the reactions
occurring in the absorber and in the stripper. All reactions are assumed to be in chemical
equilibrium except those of CO; with OH and CO; with MEA.

Reaction
Equilibrium MEA* + H,0 = MEA + H;0% (7)
Equilibrium 2H,0 = H;0" + OH™ (8)
Equilibrium HCO3 + H,0 = H30% + CO%~ (9)
Kinetic CO, + OH™ = HCO3 (10)
Kinetic HCO3 = CO, + OH™ (12)
Kinetic MEA + CO, + H,0 = MEACCO™ + H;07 (12)
Kinetic MEACCO~ + H;0* = MEA + CO, + H,0 (13)

The power law expressions are used for the rate-controlled reactions:

r=kT"exp (— If_T) ﬁ(xiyi)ai (14)
i=1

Where:

r = rate of reaction; k = pre-exponential factor; T = absolute temperature; n =
temperature exponent; E = activation energy; R = universal gas constant; N = number of
components in the reaction; xi = mole fraction of component i; yi = activity coefficient of
component i; aj = stoichiometric coefficient of component j in the reaction equation.

In equation (14), the factor nis zero, k and E are given in Table 5.

Table 5: Parameters used in equation (14)

Reaction k E [cal/mol]
CO, + OH™ = HCO3 1.33e+17 13249
HCO3 = CO, + OH™ 6.63e+16 25656
MEA + CO, + H,0 = MEACCO™ + H;07 3.02e+14 9855.8
MEACCO~ + H;0" =& MEA + CO, + H,0 5.52e+23 16518
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Table 6: Assumptions adopted in the Aspen model of the MEA carbon capture sections.

Unit Aspen Plus model
Absorber RadFraq Rate-Based; 25 stages; MELLAPAK 250Y; Condenser: None; Reboiler: None
Stripper RadFrag  Rate-Based; 20 stages; MELLAPAK 250Y; Condenser: Partial-Vapor-Liquid; Reboiler: Kettle

Heat exchanger

HeatX Pinch point AT = 25°C

Pump

Pump Discharge pressure = 2.5 bar; i, =0.75; 17,,, = 0.95

CO, compression

Mcompr 3 stages; Discharge pressure = 80 bar; 7,1, = 0.8; 11,3 = 0.75; 1, = 0.95; Tintercooling = 28°C

Pump Discharge pressure = 110 bar; , = 0.75; n,,, = 0.95

6.4 Economic assessment — DISPLACE and MEA cases

In this section the methodology adopted to perform the economic assessment is
described. General assumptions are shown in Table 7 [16].

Table 7: Assumptions for the economic assessment

Parameter Unit Value
Natural gas price €/MWh 50
Electricity price €/MWh 125
Discount rate % 8.00
Lifetime years 25
Fixed Charge Factor % 9.37
Water cost €/m3 1
N° additional employees per CC section - 6
Annual salary €ly 60000
O&M costs % TPC-FCF 5

The total equipment cost (TEC) of the additional components (i.e. compressors, NG
burner, heat exchangers, etc.) was computed according to the bottom-up methodology
described in [16] using equation (15) and the reference costs (Co), sizes (So) and scaling
factors (f) reported in Table 8. Considering then the values indicated in Table 9 and the
equations (17)-(19) the total plant cost of the additional equipment is computed.

Cei =1 Coj (
n

TEC = Z Cei
i=1

TDPC = TEC + TIC

EPC = TDPC + IC

TPC = EPC+ Co + OC

M€
TAC I:T] = TPC " FCF + Cel + CNG + CHZO + Cf + CO&M
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r(1+n"

FCF = ————
Q+nr-1

(21)

The Total Annualized Cost (TAC) is computed considering the Total Plant Cost (TPC),
annualised through the Fixed Charge Factor (FCF), the variable (Cy) and the fixed (Cs)
costs. Tis the plants’ availability, r the interest rate and n the plants’ lifetime.

The cost estimation of the DISPLACE technology is described in the Appendix. In the case
of the MEA post-combustion carbon capture section the above described methodology
has been adopted and the values listed in Table 8 have been used.

Table 8: Equipment reference cost

Component Scaling parameter Co [M€] So f Ref.
CO2 compressor and condenser Power, MW 9.95 13 0.67 [17]
Compressor Power, MW 8.1 15.3 0.67 [18]
NG Boiler Heat duty, MW 0.25 1 0.67 [18]
Heat exchanger Heat transfer, MW 6.1 828 0.67 [18]
CO:z capture unit (MEA) CO2 mass flow rate, kg/s 28.95 38.4 0.8 [14]

Table 9: Methodology used to compute the total plant cost of the additional equipment [16]

Cost

Total Installation Cost (TIC) % TEC 104
Indirect Costs (IC) % TDPC 14
Contingency (Co) % EPC 10
Owner’s Costs (OC) % EPC 5

6.5 Techno-economic Performance Indicators

The comparison between all the different cases is made through techno-economic Key
Performance Indicators (KPIs). The technical indexes considered in this study are the
Primary Energy Consumption (PEC), the specific CO2 emissions (ecoz), the CO, capture
rate (CCR), the Specific Primary Energy Consumption for CO, Avoided (SPECCA) and CO;
Avoidance (CA). The SPECCA indicator is the additional primary energy required (in GJ)
to avoid the emission of 1 ton of CO; producing the same amount of product.

PEC [G]LHV] _ r'nfuell-‘HVfuel + V.Vel(V.Vfuel/v.vel) + Qreq/nth (22)
tHRC thRC
t m
turcl Myre
Mo
CCR[%] ={1- M 100 (24)
(mcoz)in
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G]LHV PECca ture — l)ECno capture
SPECCA[ = P P (25)
eCOz,no capture eCOZ,capture
€c0,,no capture — €c0,,capture
Al%] = ( 20 20 2P 1100 (26)
eCOz,no capture

The economic performance is assessed in terms of Levelised Cost of Hot Rolled Coil
(LCOHRC) and Cost of CO, Avoided (CCA).

TAC .
LCOHRC [ -10 (27)
HRC mHRC 8760 -t
CCA [ ] TACcapture - TAcno capture (28)
tCOZ eCOz,no capture eCOz,calpture
PU Page 24 Version 1.0

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 884418



D3.4 - Parametric performance of the C4U technologies for the cluster optimization

7 Results and Discussion

7.1 CASOH Technology

The technical comparison between MDEA, CASOH-BC and CASOH-EC cases is
summarised in Table 10. In the MDEA case, the thermal output associated with the
decarbonised fuel (DCF) is 267.4 MW, resulting in a cold gas efficiency of 90.6%. The
operational requirements encompass 33.6 MW, of power, primarily allocated for CO;
compression for storage. A heat demand of 142.6 MW is also attributed to the
regeneration boiler’s heat duty (91.5 MW,) and the steam generation for the WGS
process (66.5 MWe|). Notably, a heat recovery potential of 15.3 MW+, is achievable
through the cooling process of the shifted gas stream before entering the absorber
column. Integrating BFG pre-combustion with MDEA results in a captured CO; flow rate
of 66.4 kg/s, achieving a purity level of 98.2%. This corresponds to a carbon capture rate
of 83.1% and a specific CO2 emission of 125.6 tcoz/turc.

In the CASOH-BC configuration, a thermal output of 77.6 MW, is achieved due to the
utilisation of only one-third of the BFG in the CASOH reactor, contributing to the
production of the hydrogen-enriched stream. This leads to a cold gas efficiency of 26.3%.
The power requirement for the CASOH-base case is 44.5 MW Notably, it’s important
to consider that the CASOH-BC only (without purification) power requirement is 4.9
MWel. Within the CASOH reactor, a steam production demand of 70.0 MWt is necessary
for the WGS process. However, a substantial portion (2/3) of the BFG contributes to
generating high-temperature heat, resulting in a net heat recovery of 135.9 MW and
establishing the entire process as exothermic. The relatively lower thermal output linked
to the CASOH-based case leads to a significantly higher specific CO, emission than the
MDEA case (155.9 tcoz/tHrc and 125.6 tcoa/thre, respectively).

A notable highlight in the CASOH-EC performance is the substantial increase in thermal
output compared to the CASOH-based cases (224 MW, and 77.6 MW4). This significant
enhancement is attributed to utilising the entire BFG for generating the hydrogen-
enriched stream. In contrast, only a minor fraction (approximately 15%) of the
hydrogen-enriched stream is allocated for regeneration. The steam production for the
WGS process within the CASOH reactor and calcination requires 57.4 MW, of heat. The
primary power consumption is centred around CO; compression. The CASOH-EC, with
its higher capture efficiency compared to the MDEA case (91.5% and 83.1%,
respectively), along with the application of a lower calcination pressure (0.5 bar) in
contrast to the stripper pressure (6 bar), demands a higher net power requirement (75.2
MW, compared to 33.6 MW, for MDEA). Notably, the CASOH-EC, benefiting from its
higher capture efficiency and improved thermal output over the base case, achieves a
substantial reduction in specific CO, emissions (63.0 tcoz/tirc compared to 155.9
tcoa/thre for the base case).
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Table 10. Thermodynamic performance of the discussed cases

Unit No capture | MDEA | CASOH-BC | CASOH-EC

Total BFG Input [MWhv] 295.2 295.2 295.2 295.2
Thermal energy output [MWinv] 295.2 267.4 77.6 224.5
Cold gas efficiency [%] 100.0 90.6 26.3 76.0
Net power consumption [MWel] - 33.6 44.5 75.2
Heat requirement/ (Production) [MWin] - 142.6 (135.9) 57.4
CO: flow rate for storage [kg/s] - 65.8 62.6 72.5
CO: purity for storage [%] - 98.2 97.2 99.8
CO: emission [kg/s] 79.2 13.4 16.6 6.7

CO: capture efficiency [%] - 83.1 79.0 91.5
Specific CO2 emission [kgco2/GJinv] 268.4 50.1 213.9 29.8
Specific CO2 emission [tco2/tHre] 742.6 125.6 155.9 63.0
PEC [GJinv/thrc] 2.8 4.9 2.3 4.9

SPECCA [MJinv/kgcoz] - 3.4 -0.7 3.1

Regarding energy required per unit of CO; avoided, CASOH-EC outperforms MDEA with
the SPECCA of 3.1 MJinv/kgco2 compared to MDEA's 3.4 MJinv/kgco2. This advantage is
attributed to the higher capture efficiency of the CASOH-EC case than the MDEA (91.5%
83.1%). It is worth noting that the negative SPECCA for CASOH-BC is associated with the
135.9 MW heat recovery.

A sensitivity analysis was conducted to assess the performance of the CASOH-enhanced
case concerning the BFG sent to the capture plant. This analysis focused on scenarios
where partial CO; capture is employed. To achieve varying capture rates, a portion of
the BFG is separated before entering the CASOH reactor. This separation is
accomplished using a splitter, and the separated portion (bypass stream) is then
combined with the H;-rich gas; Figure 9.
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Figure 9. Schematic of CASOH-enhanced case for different CCR

The sensitivity analysis considered split fractions (SF) of 5%, 10%, and 15%, Table 11. As
the SF increased from 0% to 15%, the following noteworthy trends emerged:

1. Higher Thermal Output: The thermal output increased from 224.5 MWy to
235.1 MW\ny. This rise in the thermal output improved cold gas efficiency,
increasing from 76.0% to 79.6%.

2. Reduced Compression Work: With a higher SF, less BFG enters the system,
reducing the need for compression work. This reduction is attributed to the
lower flow rate of CO, for storage, decreasing from 72.6 kg/s to 61.7 kg/s.
Consequently, there is lower net power consumption at higher SF.

3. Lower Heat Requirement: A lower BFG input into the system necessitates less
steam production, as the heat requirement is linked to steam generation.
Therefore, less heat is needed at higher SF.

4. Increased Specific Emissions: However, it’s important to note that as the SF
increases, specific emissions also rise, increasing from 63.0 tcoz/thrc to 164.4
tcoz2/ture. This is due to the lower capture rate, which decreases from 91.5% to
77.9% at higher SF.

Table 11. The technical performance of CASOH-enhanced cases based on different CCR

Unit 0% 5% 10% 15%
Total BFG Input [MW . nv] 295.2 295.2 295.2 295.2
Thermal energy output (DCF) [MW . nv] 224.5 228.0 231.5 235.1
Cold gas efficiency [%] 76.0 77.2 78.4 79.6
Net power consumption [MWel] 75.2 723 71.3 68.4
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Heat requirement [MWih] 57.4 54.5 53.6 52.7
CO: flow rate for storage [kg/s] 72.6 68.9 65.3 61.7
CO: purity for storage [%] 99.8 99.8 99.8 99.8
CO: capture efficiency [%] 91.5 86.9 82.4 77.9
Specific CO2 emission [tco2/tHre] 63.0 96.9 130.6 164.4

7.2 DISPLACE Technology

For all the three gas streams analysed, i.e. the flue gas from the reheat oven, the flue
gas from the hot stoves and the flue gas from the sinter plant, different DISPLACE
working pressures and temperatures have been simulated to identify the optimal
configuration. Working pressures equalto 5, 6, 7, 10 bar and temperatures equal to 300,
350 and 400°C have been considered. In general, increasing the working temperature
decreases the steam demand of the DISPLACE, while increasing the working pressure
allows to design columns with a smaller diameter. The simulation of the DISPLACE
technology was performed by TNO and the results are resumed in Table 12, Table 16
and Table 20. The minimum target to be reached for each case is CP = 95% and CCR =
90%; however, some cases where the minimum target was not reached were simulated
as well. Furthermore, the assessment is carried out considering different fractions of the
flue gas sent to the DISPLACE, from 30% to 100% of its mass flow rate, supposing to vent
to the atmosphere the rest.

7.2.1 Flue gas from reheat oven

In this paragraph the DISPLACE performances at different working pressures and
temperatures, for the case of the flue gas from the reheat oven are shown in Table 12,
Figure 10 and Figure 11.

Table 12: Reheat oven - DISPLACE performances

Case 1 2 3 4 5 6 7 8 9 10 11 12
Pressure bar 5 5 5 6 6 6 7 7 7 10 10 10
Temperature °C 300 350 400 300 350 400 300 350 400 300 350 400
Diameter m 3 3 3 3 3 3 2.75 2.75 2.75 2.5 2.5 2.5
cp % 94.96 | 95.32 | 95.43 | 95.68 | 95.34 | 95.54 | 94.88 | 95.28 | 95.44 | 95.69 | 95.11 | 96.88
CCR % 90.35 | 90.04 | 90.32 | 90.03 | 92.84 | 92.18 | 89.45 | 91.09 | 91.57 | 88.29 | 90.16 | 90.10
S/C mol/mol 2.70 2.40 2.25 2.76 2.54 2.22 2.70 2.40 2.30 2.85 2.51 2.32
N° trains - 8 8 8 8 8 8 8 8 8 8 8 8
N° columns per train | - 6 6 6 6 6 6 6 6 6 6 6 6
Column height m 16 16 16 16 16 16 16 16 16 16 16 16
CO; stream kmol/s 3.61 3.41 3.25 3.29 341 3.16 3.39 3.37 3.49 3.21 3.18 3.21
CO; stream composition

- Ar %vol 0.06 0.06 0.06 0.05 0.06 0.06 0.06 0.06 0.05 0.05 0.06 0.04
- H,0 %vol 38.31 | 35.19 | 31.97 | 33.15 | 33.32 | 28.65 | 35.00 | 33.77 | 35.77 | 32.74 | 30.41 | 32.18
- Hz %vol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-Co %vol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-CO2 %vol 58.58 | 61.78 | 64.92 | 63.96 | 63.58 | 68.16 | 61.67 | 63.10 | 61.31 | 64.36 | 66.18 | 65.70
- N2 %vol 3.05 2.98 3.05 2.83 3.05 3.12 3.27 3.07 2.87 2.85 3.34 2.08
-0 %vol 0.06 0.06 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Figure 10: Steam to carbon, columns diameter for different values of DISPLACE working pressure and temperature
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The main KPIs are shown in the following tables and figures. For the sake of clarity, in
the graphs only three cases are shown, the best one (red), the worst one (green) and
the one in the middle (yellow).

Table 13: Carbon Avoidance for different fractions of the flue gas from reheat oven sent to the DISPLACE

Carbon avoidance
Case | P[bar] | T[°C] | 100% 90% 80% 70% 60% 50% 40% 30%
1 5 300 73.75 | 66.37 | 59.00 | 51.62 | 44.25 | 36.87 | 29.50 | 22.12
2 5 350 75.13 | 67.62 | 60.10 | 52.59 | 45.08 | 37.56 | 30.05 | 22.54
3 5 400 76.29 | 68.66 | 61.03 | 53.40 | 45.77 | 38.14 | 30.52 | 22.89
4 6 300 73.08 | 65.77 | 58.46 | 51.15 | 43.84 | 36.54 | 29.23 | 21.92
5 6 350 77.06 | 69.35 | 61.64 | 53.94 | 46.23 | 38.53 | 30.82 | 23.12
6 6 400 78.29 | 70.46 | 62.63 | 54.80 | 46.97 | 39.14 | 31.31 | 23.49
7 7 300 72.84 | 65.55 | 58.26 | 50.98 | 43.70 | 36.42 | 29.13 | 21.85
8 7 350 76.07 | 68.46 | 60.85 | 53.25 | 45.64 | 38.03 | 30.43 | 22.82
9 7 400 77.17 | 69.45 | 61.73 | 54.02 | 46.30 | 38.58 | 30.87 | 23.15
10 10 300 70.74 | 63.63 | 56.56 | 49.49 | 42.42 | 35.35 | 28.28 | 21.21
11 10 350 7452 | 67.05 | 59.60 | 52.15 | 44.70 | 37.25 | 29.80 | 22.35
12 10 400 75.60 | 68.02 | 60.47 | 52.91 | 45.35 | 37.79 | 30.23 | 22.67

Figure 12: Carbon Avoidance for different fractions of the flue gas from reheat oven sent to the DISPLACE
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Table 14: Cost of CO; avoided for different fractions of the flue gas from reheat oven sent to the DISPLACE
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Cost of CO; avoided [€/tco2]

Case | P[bar] | T[C] 100% 90% 80% 70% 60% 50% 40% 30%
1 5 300 79.46 | 79.75 | 79.97 | 80.22 | 80.53 | 80.92 | 81.62 | 82.43
2 5 350 7225 | 7253 | 7273 | 7298 | 73.27 | 73.65 | 7431 | 75.09
3 5 400 68.26 | 68.52 | 68.72 | 68.96 | 69.25 | 69.61 | 70.26 | 71.02
4 6 300 82.36 | 82.60 | 82.81 | 83.06 | 83.37 | 83.81 | 84.51 | 85.31
5 6 350 7449 | 7470 | 7490 | 75.18 | 75.49 | 75.85 | 76.50 | 77.26
6 6 400 67.08 | 6732 | 67.51 | 67.74 | 68.02 | 68.38 | 68.98 | 69.71
7 7 300 81.89 | 82.17 | 82.38 | 82.64 | 82.95 | 83.33 | 84.06 | 84.86
8 7 350 73.18 | 73.40 | 73.60 | 73.83 | 74.12 | 7453 | 75.15 | 75.91
9 7 400 70.06 | 70.25 | 70.45 | 70.68 | 70.96 | 71.37 | 71.97 | 72.71
10 10 300 89.20 | 89.50 | 89.72 | 90.00 | 90.31 | 90.71 | 91.43 | 92.26
11 10 350 78.81 | 79.06 | 79.28 | 79.53 | 79.82 | 80.21 | 80.89 | 81.66
12 10 400 73.77 | 74.02 | 74.22 | 74.47 | 74.76 | 75.12 | 75.79 | 76.54
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Figure 13: Cost of CO, avoided for different fractions of the flue gas from the reheat oven sent to the DISPLACE
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Table 15: SPECCA for different fractions of the flue gas from reheat oven sent to the DISPLACE

SPECCA [GJ/tco2]

Case | P[bar] | T[°C] | 100% 90% 80% 70% 60% 50% 40% 30%
1 5 300 4.82 4.82 4.82 4.82 4.82 4.82 4.82 4.82
2 5 350 4.33 4.33 4.33 4.33 4.33 4.33 4.33 4.33
3 5 400 4.05 4.05 4.05 4.05 4.05 4.05 4.05 4.05
4 6 300 4.99 4.99 4.99 4.99 4.99 4.99 4.99 4,99
5 6 350 4.47 4.47 4.47 4.47 4.47 4.47 4.47 4.47
6 6 400 3.97 3.97 3.97 3.97 3.97 3.97 3.97 3.97
7 7 300 4.96 4.96 4.96 4.96 4.96 4.96 4.96 4.96
8 7 350 4.38 4.38 4.38 4.38 4.38 4.38 4.38 4.38
9 7 400 4.17 4.17 4.17 4.17 4.17 4.17 4.17 4.17
10 10 300 5.42 5.43 5.43 5.43 5.43 5.43 5.43 5.43
11 10 350 4.73 4.73 4.73 4.73 4.73 4.73 4.73 4.73
12 10 400 4.39 4.39 4.39 4.39 4.39 4.39 4.39 4.39

SPECCA [G/tcoyl

> |
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Figure 14: SPECCA for different fractions of the flue gas from reheat oven sent to the DISPLACE

PU Page 32 Version 1.0

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 884418




D3.4 - Parametric performance of the C4U technologies for the cluster optimization

7.2.2 Figure 15: Flue gas from hot stoves

The DISPLACE performances at different working pressures and temperatures, for the
case of the flue gas from the hot stoves are shown in Table 16, Figure 16 and Figure 17.

Table 16: Hot stoves - DISPLACE performances

Case 1 2 3 4 5 6 7 8 9 10 11 12
Pressure bar 5 5 5 6 6 6 7 7 7 10 10 10
Temperature °C 300 350 400 300 350 400 300 350 400 300 350 400
Diameter m 3 3 3 3 3 3 2.75 2.75 2.75 2.5 25 25
CcpP % 95.41 | 95.27 | 95.72 | 95.26 | 95.22 | 95.27 | 95.22 | 95.24 | 95.27 | 95.16 | 95.30 | 95.32
CCR % 91.20 | 90.71 | 92.58 | 90.20 | 90.25 | 90.35 | 90.27 | 90.11 | 90.17 | 90.12 | 90.05 | 90.19
S/C mol/mol 2.70 2.40 2.30 2.82 2.48 2.26 2.9 2.53 2.07 3.06 2.76 2.31
N° trains - 4 4 4 4 4 4 4 4 4 4 4 4
N° columns per train | - 6 6 6 6 6 6 6 6 6 6 6 6
Column height m 16 16 16 16 16 16 16 16 16 16 16 16
CO2 stream kmol/s 1.56 1.45 1.51 1.38 1.32 1.27 1.62 1.48 1.28 1.51 1.50 1.36
CO; stream composition
- Ar %vol 0.06 0.07 0.06 0.07 0.07 0.07 0.06 0.06 0.07 0.06 0.06 0.07
- H0 %vol 33.89 | 29.15 | 30.73 | 26.07 | 22.28 | 19.76 | 36.85 | 30.81 | 20.16 | 32.26 | 31.93 | 24.73
- Hz %vol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-Co %vol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-CO2 %vol 63.08 | 67.50 | 66.31 | 70.43 | 74.01 | 76.45 | 60.13 | 65.89 | 76.07 | 64.46 | 64.87 | 71.75
- N2 %vol 2.97 3.29 2.90 3.43 3.64 3.72 2.96 3.23 3.70 3.22 3.13 3.46
-0 %vol 0.39 | 0.362 | 0.376 | 0.35 0.33 0.32 0.40 0.37 0.32 0.38 0.37 0.34
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Figure 16: Steam to carbon, columns diameter for different values of DISPLACE working pressure and temperature
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Figure 17: CO; purity and carbon capture ratio for different values of DISPLACE working pressure and temperature

The main KPIs are shown in the following tables and figures. For the sake of clarity, in
the graphs only three cases are shown, the best one (red), the worst one (green) and
the one in the middle (yellow).

Table 17: Carbon Avoidance for different fractions of the flue gas from the hot stoves sent to the DISPLACE

Carbon avoidance
Case | P[bar] | T[°C] 100% 90% 80% 70% 60% 50% 40% 30%
1 5 300 72.74 | 65.47 | 58.20 | 50.92 | 43.65 | 36.37 | 29.10 | 21.82
2 5 350 73.93 | 66.54 | 59.15 | 51.76 | 44.36 | 36.97 | 29.57 | 22.18
3 5 400 76.61 | 6895 | 61.29 | 53.63 | 45.96 | 38.30 | 30.64 | 22.98
4 6 300 71.10 | 63.99 | 56.88 | 49.77 | 42.66 | 35.55 | 28.44 | 21.33
5 6 350 73.05 | 65.74 | 58.44 | 51.13 | 43.83 | 36.52 | 29.22 | 2191
6 6 400 74.63 | 67.17 | 59.71 | 52.24 | 4478 | 37.32 | 29.85 | 22.39
7 7 300 70.83 | 63.74 | 56.66 | 49.57 | 42.49 | 35.41 | 28.33 | 21.25
8 7 350 72.69 | 65.42 | 58.15 | 50.88 | 43.61 | 36.34 | 29.07 | 21.81
9 7 400 75.50 | 67.95 | 60.40 | 52.85 | 45.30 | 37.75 | 30.20 | 22.65
10 10 300 70.07 | 63.03 | 56.03 | 49.02 | 42.02 | 35.02 | 28.01 | 21.01
11 10 350 7160 | 64.41 | 57.26 | 50.10 | 42.94 | 35.79 | 28.63 | 21.47
12 10 400 7438 | 66.93 | 59.49 | 52.06 | 44.62 | 37.18 | 29.75 | 22.31
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Figure 18: Carbon Avoidance for different fractions of the flue gas from the hot stoves sent to the DISPLACE

Table 18: Cost of CO, avoided for different fractions of the flue gas from the hot stoves sent to the DISPLACE

Cost of CO; avoided [€/tcoz]

Case | P[bar] | T[°C] 100% 90% 80% 70% 60% 50% 40% 30%
1 5 300 99.36 | 99.54 | 99.84 | 99.90 | 100.32 | 100.53 | 101.16 | 102.10
2 5 350 92.35 | 92,53 | 92.80 | 92.95 | 93.28 | 93.49 | 94.10 | 95.13
3 5 400 87.85 | 88.07 | 88.28 | 88.42 | 88.75 | 88.98 | 89.56 | 90.56
4 6 300 104.01 | 104.26 | 104.56 | 104.63 | 105.05 | 105.19 | 105.90 | 106.82
5 6 350 95.26 | 9544 | 95.72 | 95.80 | 96.20 | 96.41 | 97.02 | 97.94
6 6 400 89.12 | 89.29 | 89.58 | 89.66 | 90.05 | 90.26 | 90.86 | 91.76
7 7 300 106.06 | 106.32 | 106.59 | 106.70 | 107.09 | 107.28 | 107.95 | 108.93
8 7 350 96.37 | 96.61 | 96.88 | 96.99 | 97.37 | 97.55 | 98.20 | 99.15
9 7 400 84.43 | 8466 | 8492 | 85.00 | 85.38 | 85.54 | 86.17 | 87.04
10 10 300 110.67 | 110.95 | 111.16 | 111.34 | 111.67 | 11192 | 11253 | 113.57
11 10 350 102.79 | 103.03 | 103.26 | 103.43 | 103.76 | 104.02 | 104.61 | 105.64
12 10 400 91.00 | 91.24 | 91.52 | 91.60 | 91.99 | 92.16 | 92.80 | 93.67

PU Page 35 Version 1.0

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 884418




D3.4 - Parametric performance of the C4U technologies for the cluster optimization

105

100 \\\.\

95

e
p

90

CCA [€/tconl

85

80
. \

70

)

30 40 50 60 70 80 90 100
FLUE GAS to DISPLACE [%]

—8—9 [7 bar - 400°C] 5[6bar-350°C] —@—10[10 bar - 300°C]

Figure 19: Cost of CO; avoided for different fractions of the flue gas from the hot stoves sent to the DISPLACE

Table 19: SPECCA for different fractions of the flue gas from hot stoves sent to the DISPLACE

SPECCA [GJ/tco2]

Case | P[bar] | T[°C] 100% 90% 80% 70% 60% 50% 40% 30%
1 5 300 4.28 4.28 4.28 4.28 4.28 4.28 4.28 4.28
2 5 350 4.45 4.45 4.45 4.45 4.45 4.45 4.45 4.45
3 5 400 4.54 4.54 4.54 4.54 4.54 4.54 4.54 4.54
4 6 300 4.72 4.72 4.72 4.72 4.72 4.72 4.72 4.72
5 6 350 4.76 4.76 4.76 4.76 4.76 4.76 4.76 4.76
6 6 400 4.96 4.96 4.96 4.96 4.96 4.96 4.96 4.96
7 7 300 5.07 5.07 5.07 5.07 5.07 5.07 5.07 5.07
8 7 350 5.25 5.25 5.25 5.25 5.25 5.25 5.25 5.25
9 7 400 5.50 5.50 5.50 5.50 5.50 5.50 5.50 5.50
10 10 300 5.57 5.57 5.57 5.57 5.57 5.57 5.57 5.57
11 10 350 5.71 5.71 5.71 5.71 5.71 5.71 5.71 5.71
12 10 400 6.03 6.03 6.03 6.03 6.03 6.03 6.03 6.03
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Figure 20: SPECCA for different fractions of the flue gas from hot stoves sent to the DISPLACE

7.2.3 Flue gas from sinter plant

The DISPLACE performances at different working pressures and temperatures, for the
case of the flue gas from the sinter plant are shown in Table 20, Figure 21 and Figure 22.

Table 20: Sinter plant - DISPLACE performances

Case 1 2 3 4 5 6 7 8 9 10 11 12
Pressure bar 5 5 5 6 6 6 7 7 7 10 10 10
Temperature °C 300 350 400 300 350 400 300 350 400 300 350 400
Diameter m 3 3 3 3 3 3 2.75 2.75 2.75 2.5 2.5 2.5
cP % 95.74 | 95.68 | 95.05 | 95.2 95.1 95.1 95.2 95.4 95.4 95.3 95.1 95.1
CCR % 90.18 | 90.29 | 90.43 | 90.0 90.3 90.1 90.2 90.1 90.6 90.4 90.0 90.6
S/C mol 4.19 3.76 3.59 4.57 4.03 3.53 4.42 4.0 3.46 4.66 3.95 35
N° trains - 3 3 3 3 3 3 3 3 3 3 3
N° columns per train | - 6 6 6 6 6 6 6 6 6 6 6 6
Column height m 16 16 16 16 16 16 16 16 16 16 16 16
CO; stream kmol/s 1.52 1.38 1.45 1.48 1.37 1.25 1.52 1.49 1.35 1.51 1.33 1.30
CO; stream composition
- Ar %vol 0.11 0.12 0.14 0.13 0.14 0.16 0.13 0.12 0.14 0.12 0.15 0.15
- H20 %vol 55.13 | 50.68 | 52.39 | 53.79 | 49.79 | 45.19 | 54.84 | 53.99 | 49.12 | 54.58 | 48.68 | 47.01
- Hz %vol 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
-Co %vol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
- CO2 %vol 4296 | 47.19 | 45.25 | 43.99 | 47.73 | 52.14 | 43.01 | 43.90 | 48.53 | 43.30 | 48.83 | 50.37
- N2 %vol 1.79 2.00 2.21 2.09 2.33 2.51 2.03 1.98 221 2.00 2.34 2.47
-0 %vol 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Figure 21: Steam to carbon, columns diameter for different values of DISPLACE working pressure and temperature
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Figure 22: CO; purity and carbon capture ratio for different values of DISPLACE working pressure and temperature
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The main KPIs are shown in the following tables and figures. For the sake of clarity, in
the graphs only three cases are shown, the best one (red), the worst one (green) and
the one in the middle (yellow).

Table 21: Carbon Avoidance for different fractions of the flue gas from the sinter plant sent to the DISPLACE

Carbon avoidance
Case | P[bar] | T[°C] | 100% 90% 80% 70% 60% 50% 40% 30%
1 5 300 60.17 | 54.17 | 48.15 | 42.13 | 36.11 | 30.09 | 24.08 | 18.06
2 5 350 63.53 | 57.20 | 50.84 | 44.49 | 38.13 | 31.78 | 25.42 | 19.07
3 5 400 64.87 | 58.40 | 51.91 | 45.42 | 38.93 | 32.45 | 25.96 | 19.47
4 6 300 58.76 | 52.89 | 47.01 | 41.14 | 35.26 | 29.38 | 23.51 | 17.63
5 6 350 61.56 | 55.42 | 49.26 | 43.11 | 36.95 | 30.79 | 24.63 | 18.47
6 6 400 64.64 | 58.19 | 51.73 | 45.26 | 38.80 | 32.33 | 25.86 | 19.40
7 7 300 59.53 | 53.56 | 47.61 | 41.66 | 35.71 | 29.76 | 23.80 | 17.85
8 7 350 61.44 | 55.31 | 49.17 | 43.02 | 36.88 | 30.73 | 24.58 | 18.44
9 7 400 65.35 | 58.83 | 52.30 | 45.76 | 39.22 | 32.68 | 26.15 | 19.61
10 10 300 57.25 | 51.49 | 45.77 | 40.05 | 34.33 | 28.61 | 22.88 | 17.16
11 10 350 61.39 | 55.25 | 49.11 | 42.97 | 36.83 | 30.69 | 24.55 | 18.42
12 10 400 64.96 | 58.46 | 51.97 | 45.47 | 38.97 | 32.48 | 25.98 | 19.49
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Figure 23: Carbon Avoidance for different fractions of the flue gas from the sinter plant sent to the DISPLACE
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Table 22: Cost of CO;, avoided for different fractions of the flue gas from the sinter plant sent to the DISPLACE

Cost of CO: avoided [€/tco2]

Case | P[bar] | T[°C] | 100% 90% 80% 70% 60% 50% 40% 30%

5 300 192.29 | 192.79 | 193.50 | 194.40 | 194.89 | 196.22 | 197.97 | 199.55
2 5 350 172.09 | 172.59 | 173.21 | 174.06 | 174.58 | 175.80 | 177.46 | 179.01
3 5 400 170.78 | 171.29 | 171.92 | 172.77 | 173.31 | 174.53 | 176.20 | 177.78
4 6 300 209.06 | 209.67 | 210.43 | 211.25 | 211.86 | 213.26 | 215.07 | 216.71
5 6 350 187.93 | 188.34 | 189.10 | 189.89 | 190.43 | 191.80 | 193.53 | 195.06
6 6 400 173.99 | 174.42 | 175.14 | 175.98 | 176.42 | 177.73 | 179.35 | 180.87
7 7 300 205.11 | 205.77 | 206.51 | 207.36 | 207.92 | 209.21 | 211.08 | 212.71
8 7 350 190.08 | 190.64 | 191.37 | 192.19 | 192.76 | 194.02 | 195.84 | 197.44
9 7 400 173.85 | 174.38 | 175.06 | 175.81 | 176.38 | 177.65 | 179.25 | 180.81
10 10 300 250.22 | 250.97 | 251.78 | 252.75 | 253.27 | 254.73 | 256.50 | 258.34
11 10 350 196.48 | 197.10 | 197.76 | 198.63 | 199.21 | 200.45 | 202.10 | 203.87
12 10 400 182.26 | 182.83 | 183.44 | 184.30 | 184.86 | 186.05 | 187.63 | 189.33

210

200 / o

190

)
[ ]
[ ]
L

180

170

CCA [€/t o]

160

150

140 g———"2" L g

130
30 40 50 60 70 80 90 100

FLUE GAS to DISPLACE [%]

—&— 3 [5 bar - 400°C] 5 [6 bar - 350°C] —@—10[10 bar - 300°C]

Figure 24: Cost of CO, avoided for different fractions of the flue gas from the sinter plant sent to the DISPLACE
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Table 23: SPECCA for different fractions of the flue gas from sinter plant sent to the DISPLACE

SPECCA [GJ/tco2]

Case | P[bar] | T[°C] 100% 90% 80% 70% 60% 50% 40% 30%
1 5 300 8.52 8.49 8.45 8.41 8.35 8.28 8.16 7.98
2 5 350 8.69 8.66 8.63 8.58 8.52 8.44 8.33 8.14
3 5 400 8.70 8.67 8.64 8.59 8.54 8.46 8.34 8.15
4 6 300 8.95 8.92 8.88 8.84 8.78 8.69 8.57 8.38
5 6 350 9.29 9.26 9.22 9.17 9.11 9.03 8.90 8.70
6 6 400 9.93 9.89 9.85 9.80 9.73 9.63 9.49 9.27
7 7 300 10.08 | 10.04 | 10.00 9.95 9.88 9.78 9.64 9.41
8 7 350 10.22 10.18 10.14 10.08 10.01 9.91 9.76 9.53
9 7 400 10.47 10.43 10.39 10.33 10.26 10.16 10.01 9.78
10 10 300 11.01 10.98 10.93 10.87 10.79 10.68 10.52 10.27
11 10 350 11.21 11.17 11.12 11.05 10.97 10.86 10.70 10.43
12 10 400 12.50 12.46 12.40 12.33 12.24 12.11 11.92 11.62
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Figure 25: SPECCA for different fractions of the flue gas from sinter plant sent to the DISPLACE

7.2.4 MEA Carbon capture section results

The technical results obtained for the MEA carbon capture section are shown in Table
24. For each case a carbon capture ratio of 90% was addressed.

The energy requirement for the solvent regeneration in the case of the sinter plant is
higher with respect to the reheat oven and the hot stoves because of the lower CO;
concentration in the flue gas. This implies a slightly lower carbon avoidance. The steam
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necessary for solvent regeneration in the reboiler of the stripper column is supposed to
be generated in a natural gas boiler.

Table 24: Results of the MEA post-combustion carbon capture section

Parameter Unit Reheat Oven Hot Stoves Sinter Plant
Carbon capture ratio [%] 90.8 90.5 90.5

CO: to storage [t/h] 336.2 154.8 101.8
Amine/H20 in lean solvent [%owt] 30.3/64.6 30.0/65.0 30.0/65.0
Lean solvent/COz,in [(kg/h)/(kg/h)] 21.4 20.8 23.4

Lean solvent CO: loading [molcoz/molmea] 0.237 0.231 0.232
Rich solvent CO: loading [molco2/molmea] 0.431 0.433 0.411
Reboiler duty [MW] 307.6 142.0 103.9
Energy consumption [G)/tco2] 3.29 3.30 3.68
Power consumption [MW] 41.65 19.20 15.26
(including CO2 compression)

Natural gas consumption [ke/h] 22518 11623 8504
Carbon avoidance [%] 71.7 69.5 67.5

7.2.5 Aggregated results

In the case of DISPLACE, for each flue gas analysed, the case with the lowest CCA has
been selected. The aggregated results are presented in Table 25.

Table 25: Aggregated results for the DISPLACE case

T P cP CCR Weons NG €co2 €co2 SPECCA CA Cost CCA
[°C] | [bar] [%] [%] [MW] | [kg/h] | [kg/s] | [tcoa/trrc] | [GJ/twre] [%] [€/ture] | [€/tco2]

RO 6 400 95.54 | 92.18 68 12935 22.33 0.21 3.97 78.29 50.47 67.08
HS 7 400 95.27 90.17 31 6534 11.63 0.11 4.28 75.50 24.39 72.86
SP 5 400 95.05 | 90.43 38 7123 10.98 0.10 8.52 65.53 27.80 142.60
Global 137 26593 44.94 0.42 4.74 75.33 102.67 80.07

In Table 26 the aggregated results for the MEA case are shown.

Table 26: Aggregated results for MEA case

CcpP CCR Weons NG €co2 €co2 SPECCA CA Cost CCA

[%] [%] [MW] [kg/h] [kg/s] [tcoa/thre] | [GJ/tre] [%] [€/thrc] [€/tco2]
RO 99.30% 90.78% 42 22518 29.12 0.27 5.23 71.69 63.35 91.95
HS 99.31% 90.52% 19 11623 14.48 0.14 5.88 69.50 31.25 101.39
SP 99.19% 90.46% 15 8504 10.36 0.10 6.73 67.45 24.64 122.76
Global 76 42645 53.97 0.50 5.65 70.38 119.24 99.54

As can be observed from the results shown in Table 25 and in Table 26, the DISPLACE
case globally performs better than the MEA case. Indeed, the carbon avoidance is 5%
higher than the MEA case while the cost of CO; avoided is almost 20 €/tco2 lower. The
main advantage of the DISPLACE is given by the fact that the outlet streams (i.e. the CO»-
rich stream and the sweet flue gas) can be exploited to generate part of the steam
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necessary for the carbon capture process, decreasing in this way the demand for natural
gas and the related CO, emissions. On the other hand, the power consumption in the
case of the DISPLACE is higher because of the higher working pressure with respect to
the MEA system.

Considering the single flue gas streams, the DISPLACE performs better than the ammine
scrubbing system, in the case of reheat oven (RO) and hot stoves (HS), namely the cases
with the higher CO; concentration in the feed. When this parameter decreases, as in the
case of the flue gas from sinter plant, the benchmark technology shows better KPIs.
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8 Conclusions

This deliverable investigates the technical performance of a novel BFG decarbonisation
technology called CASOH compared to the MDEA case. Two different CASOH cases were
considered: the CASOH-base case and the CASOH-enhanced case. The results
underscore a significant enhancement in CASOH-EC compared to CASOH-BC, particularly
in thermal energy output (77.6 MW uy versus 224.5 MW y). This improvement arises
from the fact that in CASOH-EC, all the BFG contributes more effectively to the
production of the hydrogen-enriched stream than in CASOH-BC, where only one-third
of BFG enters the CASOH reactor. Both CASOH cases outperform the MDEA (3.1
MJiiv/kgco2 and -0.7 Miav/kgco2 compared to 3.4 MJiuv/kgeo2) regarding specific energy
consumption per unit of CO; avoided. In terms of CO, emissions, the application the
CASOH technology could achieve 155.9 tcoa/thre and 63 tcoz/thre for the Base case and
Enhanced case, compared to 125.6 tcoz/thrc of the MDEA case.

The sensitivity analysis on the capture rate showed that increasing the SF from 0% to
15% reduces the power and heat requirement by 9.9% (from 75.2 MW, to 68.4 MW4)
and 8.9% (from 57.4 MW, to 2.7 MWh4). On the other hand, these changes in the SF
increase the specific CO; emission dramatically from 63.0 tcoz/thrc to 164.4 tcoa/tHre.

The performances of the DISPLACE have been computed considering different working
temperatures and pressures and three different cases: flue gas from reheat oven, flue
gas from hot stoves and flue gas from sinter plant. For each case, the optimal operating
temperatures and pressures have been identified and the global KPIs have been
computed. A benchmark technology, MEA post-combustion carbon capture, has been
simulated and the results have been compared.

The techno-economic analysis carried out shows the advantages of the DISPLACE
technology with respect to the benchmark. The integration of this technology permits
to achieve a carbon avoidance of 75.3% corresponding to a reduction of emissions from
1.7 tcoz/thre to 0.42 tcoa/ture With an overall SPECCA of 4.74 GJ/tco2 and a cost of CO>
avoided equal to 80.07 €/tcoz. The competitor MEA carbon capture shows a carbon
avoidance of 70.38%, a SPECCA of 5.65 GJ/tco2 with a cost equal to 99.54 €/tco>.

The analysis also shows that the DISPLACE performs better at high CO, concentration in
the feed while for low values of this parameter the MEA case shows better results.

A further abatement of the emissions could be achieved using renewable electricity
and/or considering an alternative way of superheating the steam necessary for the
DISPLACE.

PU Page 44 Version 1.0

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 884418



D3.4 - Parametric performance of the C4U technologies for the cluster optimization

9 Bibliography / References

[1]

(2]

3]

[4]

(5]
(6]

[7]

(8]

[9]

[10]

[11]

[12]

[13]

PU

L. D. D. Harvey, “Iron and steel recycling: Review, conceptual model, irreducible
mining requirements, and energy implications,” Renewable and Sustainable
Energy Reviews, vol. 138, no. November 2020, p. 110553, 2021, doi:
10.1016/j.rser.2020.110553.

F. Zhang, Y. Zhou, W. Sun, S. Hou, and L. Yu, “CO2 capture from reheating
furnace based on the sensible heat of continuous casting slabs,” Int J Energy Res,
vol. 42, no. 6, pp. 2273-2283, 2018, doi: 10.1002/er.4020.

World Steel Association, “Steel’s contribution to a low carbon future and
cclimate resilent societies,” Brussels, 2018.

M. A. Quader, S. Ahmed, R. A. R. Ghazilla, S. Ahmed, and M. Dahari, “A
comprehensive review on energy efficient CO2 breakthrough technologies for
sustainable green iron and steel manufacturing,” Renewable and Sustainable
Energy Reviews, vol. 50, pp. 594—614, 2015, doi: 10.1016/j.rser.2015.05.026.
IEA, “Energy Technology Perspectives 2017- Tracking Clean Energy Progress,”
2017.

S. Masoudi Soltani, A. Lahiri, H. Bahzad, P. Clough, M. Gorbounov, and Y. Yan,
“Sorption-enhanced Steam Methane Reforming for Combined CO2 Capture and
Hydrogen Production: A State-of-the-Art Review,” Carbon Capture Science &
Technology, vol. 1, no. September, p. 100003, 2021, doi:
10.1016/j.ccst.2021.100003.

Y. Yan, V. Manovic, E. J. Anthony, and P. T. Clough, “Techno-economic analysis
of low-carbon hydrogen production by sorption enhanced steam methane
reforming (SE-SMR) processes,” Energy Convers Manag, vol. 226, no. August,
2020, doi: 10.1016/j.enconman.2020.113530.

J. Strohle, M. Junk, J. Kremer, A. Galloy, and B. Epple, “Carbonate looping
experiments in a 1 MWth pilot plant and model validation,” Fuel, vol. 127, pp.
13-22, 2014, doi: 10.1016/j.fuel.2013.12.043.

B. Arias et al., “Demonstration of steady state CO2 capture in a 1.7MWth
calcium looping pilot,” International Journal of Greenhouse Gas Control, vol. 18,
pp. 237-245, 2013, doi: 10.1016/j.ijggc.2013.07.014.

M. Astolfi, E. De Lena, F. Casella, and M. C. Romano, “Calcium looping for power
generation with CO2 capture: The potential of sorbent storage for improved
economic performance and flexibility,” Appl Therm Eng, vol. 194, p. 117048,
2021, doi: 10.1016/j.applthermaleng.2021.117048.

J. C. Abanades, R. Murillo, J. R. Fernandez, G. Grasa, and |. Martinez, “New CO2
capture process for hydrogen production combining Ca and Cu chemical loops,”
Environ Sci Technol, vol. 44, no. 17, pp. 6901-6904, 2010, doi:
10.1021/es101707t.

J. R. Fernandez, V. Spallina, and J. C. Abanades, “Advanced Packed-Bed Ca-Cu
Looping Process for the CO2 Capture From Steel Mill Off-Gases,” Front Energy
Res, vol. 8, no. July, pp. 1-13, 2020, doi: 10.3389/fenrg.2020.00146.

N. Khallaghi, S. Ahmed, M. Malekshahian, and V. Spallina, “Preliminary Techno-
Economic Evaluation of Blast Furnace Gas Utilisation with Ca-Cu looping Cycle

Page 45 Version 1.0

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 884418



D3.4 - Parametric performance of the C4U technologies for the cluster optimization

[14]

[15]

[16]

[17]

[18]

PU

Integrated with CO2 Separation by Partial Condensation,” SSRN Electronic
Journal, no. October, 2022, doi: 10.2139/ssrn.4280447.

N. Khallaghi, V. Spallina, G. Manzolini, and E. De Coninck, “Advanced Carbon
Capture for steel industries integrated inCCUS Clusters- Report on assumptions,
base case technology and methodology for the CO2 capture integration in the
considered industrial application Work,” 2021.

N. Zecca, P. D. Cobden, L. Liicking, and G. Manzolini, “SEWGS integration in a
direct reduction steelmaking process for CO2 mitigation,” International Journal
of Greenhouse Gas Control, vol. 130, p. 103991, 2023, doi:
https://doi.org/10.1016/].ijggc.2023.103991.

G. Manzolini, A. Giuffrida, P. D. Cobden, H. A. J. van Dijk, F. Ruggeri, and F.
Consonni, “Techno-economic assessment of SEWGS technology when applied to
integrated steel-plant for CO2 emission mitigation,” International Journal of
Greenhouse Gas Control, vol. 94, Mar. 2020, doi: 10.1016/].ijggc.2019.102935.
R. Anantharaman et al., “European best practice guidelines for assessment of
CO2 capture technologies,” 2011.

N. Khallaghi, S. Z. Abbas, G. Manzolini, E. De Coninck, and V. Spallina, “Techno-
economic assessment of blast furnace gas pre-combustion decarbonisation
integrated with the power generation,” Energy Convers Manag, vol. 255, no.
January, p. 115252, 2022, doi: 10.1016/j.enconman.2022.115252.

Page 46 Version 1.0

This project has received funding from the European Union’s Horizon 2020 research and innovation
programme under the Grant Agreement No 884418



D3.4 - Parametric performance of the C4U technologies for the cluster optimization
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m T P n VF Compositions (%mol)

Stream | o/s) | (€) | (bar) | (kmol/s) | () | co | co, Ha H20 N; CaHa 0,

1 125.1 35.0 3.0 4.1 1.0 22.7 21.2 2.4 0.0 535 0.2 0.0

2 125.1 175.3 10.4 4.1 1.0 22.7 21.2 2.4 0.0 535 0.2 0.0

3 158.3 193.0 10.4 5.9 1.0 15.6 14.6 1.7 31.2 36.8 0.1 0.0

- 4 158.3 535.2 9.9 5.9 1.0 15.6 14.6 1.7 31.2 36.8 0.1 0.0
a 5 158.3 720.3 9.7 5.9 1.0 15.6 14.6 1.7 31.2 36.8 0.1 0.0
g 6 85.8 749.5 9.2 4.3 1.0 1.6 2.0 23.4 22.3 50.7 0.0 0.0
7 85.8 243.0 8.7 4.3 1.0 1.6 2.0 23.4 22.3 50.7 0.0 0.0

8 85.8 154.8 8.2 4.3 1.0 1.6 2.0 23.4 22.3 50.7 0.0 0.0

9 85.8 139.9 7.7 4.3 1.0 1.6 2.0 23.4 22.3 50.7 0.0 0.0

10 73.8 139.9 7.7 3.7 1.0 1.6 2.0 234 22.3 50.7 0.0 0.0

11 12.0 139.9 7.7 0.6 1.0 1.6 2.0 234 22.3 50.7 0.0 0.0

12 12.0 483.1 7.2 0.6 1.0 1.6 2.0 234 22.3 50.7 0.0 0.0

13 12.0 600.0 7.0 0.6 1.0 1.6 2.0 234 22.3 50.7 0.0 0.0

14 14.4 676.0 6.5 0.6 1.0 0.0 3.6 0.0 45.7 50.7 0.0 0.0

15 14.4 180.0 6.2 0.6 1.0 0.0 3.6 0.0 45.7 50.7 0.0 0.0

16 14.4 93.2 5.7 0.6 0.6 0.0 3.6 0.0 45.7 50.7 0.0 0.0

17 10.4 93.2 5.7 0.4 1.0 0.0 5.7 0.0 13.2 81.1 0.0 0.0

18 18.2 221.7 5.7 0.7 1.0 0.0 3.3 0.0 7.5 89.2 0.0 0.0

19 18.2 46.6 1.0 0.7 1.0 0.0 3.3 0.0 7.5 89.2 0.0 0.0

20 4.0 93.2 5.7 0.2 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0

21 30.6 25.0 1.0 1.7 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0

22 54.6 31.9 0.6 3.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
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23 54.6 31.9 4.0 3.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
24 54.6 43.0 3.5 3.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
25 54.6 88.2 3.0 3.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
26 56.6 108.8 13 3.1 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
27 35.8 108.8 13 2.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
28 35.8 109.0 12.5 2.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
29 35.8 170.0 11.5 2.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
30 7.5 170.0 11.5 0.4 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
31 7.5 190.0 11.2 0.4 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
32 33.2 2334 11.0 1.8 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
33 20.0 108.8 1.3 1.1 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
34 20.0 108.9 4.0 1.1 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
35 20.0 129.9 3.5 1.1 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
o 36 14.8 129.9 3.5 0.8 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
o, 37 14.8 134.8 3.0 0.8 0.9 0.0 0.0 0.0 100.0 0.0 0.0 0.0
§_ 38 20.0 134.8 3.0 1.1 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
g' 39 20.0 404.1 2.5 1.1 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
2 40 20.0 719.6 2.3 1.1 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
8 41 92.5 832.8 0.5 2.8 1.0 0.0 59.8 0.0 40.2 0.0 0.0 0.0
;f'w 42 92.5 584.0 0.5 2.8 1.0 0.0 59.8 0.0 40.2 0.0 0.0 0.0
_g 43 92.5 533.1 0.4 2.8 1.0 0.0 59.8 0.0 40.2 0.0 0.0 0.0
o 44 92.5 430.0 0.4 2.8 1.0 0.0 59.8 0.0 40.2 0.0 0.0 0.0
g. 45 92.5 160.0 0.4 2.8 1.0 0.0 59.8 0.0 40.2 0.0 0.0 0.0
= 46 92.5 134.7 0.4 2.8 1.0 0.0 59.8 0.0 40.2 0.0 0.0 0.0
47 92.5 30.0 04 2.8 0.7 0.0 59.8 0.0 40.2 0.0 0.0 0.0
48 72.6 30.0 04 1.7 1.0 0.0 99.8 0.0 0.2 0.0 0.0 0.0
49 72.6 30.0 1.0 1.7 1.0 0.0 99.8 0.0 0.2 0.0 0.0 0.0
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50 72.6 156.4 79.9 1.7 1.0 0.0 99.8 0.0 0.2 0.0 0.0 0.0
51 19.9 30.0 0.4 1.1 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
52 19.9 30.0 1.0 1.1 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
53 2.2 2334 11.0 0.1 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
54 10.3 25.0 1.0 0.4 1.0 0.0 0.0 0.0 0.0 79.0 0.0 21.0
55 10.3 182.9 3.3 0.4 1.0 0.0 0.0 0.0 0.0 79.0 0.0 21.0
56 10.3 60.0 3.2 0.4 1.0 0.0 0.0 0.0 0.0 79.0 0.0 21.0
57 10.3 2354 10.6 0.4 1.0 0.0 0.0 0.0 0.0 79.0 0.0 21.0
58 10.3 400.0 10.1 0.4 1.0 0.0 0.0 0.0 0.0 79.0 0.0 21.0
59 7.9 601.9 9.0 0.3 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
60 7.9 398.2 8.5 0.3 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
61 5.2 129.9 3.5 0.3 0.8 0.0 0.0 0.0 100.0 0.0 0.0 0.0
62 5.2 135.0 3.0 0.3 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
63 15.5 170.0 11.5 0.9 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
64 15.5 190.0 11.0 10.9 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
65 12.8 170.0 11.5 0.7 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
66 12.8 311.8 11.0 0.7 1.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
67 195.4 785.0 9.2 7.0 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
68 195.4 650.0 8.9 7.0 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
69 195.4 266.9 8.6 7.0 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
70 1954 189.1 8.2 7.0 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
71 1954 170.0 8.2 7.0 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
72 1954 213.2 10.5 7.0 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
73 1954 600.0 10.2 7.0 1.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0
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DISPLACE equipment cost estimation

In the case of the DISPLACE technology, the following methodology was adopted. The
steel selected to manufacture the DISPLACE is carbon steel P355GH. The following
equations have been used to compute the DISPLACE columns cost.

Taesign[°C] = Twoking + 30 (29)
Pgesign[bar] = Pyoking + 2.2 (30)
f4[MPa] = min (Rpl().';/T; R;ZO> (31)
Rpo2/r[MPa] = 0.0007 * Tesign — 0.7794 * Tgesign + 403.69 (32)
Rm/z0[MPa] = 510 (33)
z[mm] = 0.85 (34)
CA[mm] = 3.00 (35)
t,,p[mm] = I;desfign/lo D, - 1000 (36)
“fa ' Z + Pyesign/10
SF = 1.50 (38)
tyessel wall [Mm] = tyay - SF + CA (39)
tyessel head [MM] = themispherical head * SF + CA (40)
Di[m] = D¢ — 2 * tyessel wall (41)
Vyessel[m®] = m/4 - (DZ — DY) - H (42)

Vhemispherical head [mg] = 4’/31T ’ ((De/2)3 - (De/z — tyessel head/1000)3) (43)
Meolumn [kg] = 7850 [kg/mg] ’ (Vvessel + Vhemispherical head) (44)

Ccolumns [€] = Csteel[€/kg] *Meotumn * Neolums per train * Ntrain (45)

In addition the cost of the valves have been taken into consideration.

Umax[m/s] = ’122/pgas (46)
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v[m/s] =5

v[m/s] = Vmax —Va

Mmip

Voas[m®/s] =
gas 2- Pgas " Mtrain

Avave [mz] = I.{qas/v

Dyaive [m] =2 Avalve/T[

Cyave €] = 10000 + 2500 - (2 -round_up(D,,alve/0.0Z5/2))

n

Cyalves [€] = Z(Cvalve,i *Nyalves per column,i * Ncolums per train ntrain)

i=i
The quantity of valves per each vessel is shown in Table 27.

Table 27: Number of valves per column

(47)

(48)

(49)

(50)
(51)

(52)

(53)

Valve N° valves
Feed valve 1
Recycle valve 2
CO:z product valve 1
Lean product valve 1
Steam purge valve 1

The total plant cost of the DISPLACE columns and valves is computed with the following

equations:
TECDISPLACE [€] = Ccolumns + Chulk material and freight + Cyalves (54)
Chulk material and freight [€] =0.77- Ccolumns (55)
TDCpisprace [€] = TEC + cconstruction T Cother (56)
TPCDISPLACE [€] = TDCDISPLACE + EPCMservices + Ccontingency (57)

Table 28: Assumptions for the DISPLACE economic assessment

Cost
Construction works % Ceolums 170
Other costs % TEC +Ccostruction 3.5
EPCM services % TDCoispLAcE 17.5
Contingency %TDCoispiace + EPCM 15
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