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Background

O,-depleted air Flue gas

A A

MeO/Me Me/MeO

 CLOU utilizes oxygen carriers u\ + Char
Char
that can release molecular O, at (+ MolMieO)

high temperatures

Air reactor Me/MeO Fuel reactor
e/Me
(+ Char) Cgrbon
2MeO (s) <> 2Me (s) + O, (g) stripper
« Conversion of char and volatiles ——== Coal
in the presence of gaseous O, P
Air Flue gas recirculation

# Higher char combustion rate - Reduced OC inventory/reactor size

* To generate steam for the steam cycle, CLOU reactors substitute the boiler
of a conventional power plant

* Possible operational issues related to reactor parameters and their unknown
performances

Lappeenranta University of Technology



Objectives

* Integration of a CuO/Cu,0O-based CLOU process Iin a
complete full-scale (1500 MW,,) steam power plant

- Assessment through detailed reactor modelling and power
plant simulation

« Sensitivity analysis for relevant operating parameters
- Reactor temperatures
-+ Solid inventories
* Flue gas recycle rate
« Carbon stripper efficiency
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Modelling approach

CLOU reactor system model (LUT)
* 1-D dual fluidized bed model frame implemented in Matlab/Simulink [1].

« Time-dependent continuum equations combined with semi-empirical correlations for
fluidized bed hydrodynamics, chemical reactions and heat transfer.

« Modified suitable for CLOU: oxygen coupling/uncoupling kinetics, coal
devolatilization followed by char and gas species conversion, flue gas recirculation

2].

CLOU-integrated power plant model (Polimi)

« Developed with the Polimi in-house code GS, a modular code widely used to
assess a number of complex energy systems [3].

«  QOutputs from the CLOU reactor system model used as inputs for the power plant
model, allowing the calculation of the overall mass and energy balances

[1] Peltola et al. (2013). International Journal of Greenhouse Gas Control, 16, 72—-82.
[2] Peltola et al. (2015). Fuel, 147, 184-194.
[3] Villani et al. (2014). In: 3rd Int. Conference on Chemical Looping, Gothenburg.
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Ultra-supercritical steam cycle (270 bar, 600°C/60 bar, 620°C)

- Boiler feedwater
Chemical Island > > T=306.1°C
[9]
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Base case operating conditions

CLOU reactor system Parameter _____|Value JUnit ___
Fuelreactor

Coal input 59.6  kg/s

Height ~~ [ELEEL

Freeboard cross-section 202 m?2

¢ OC: 50 wt% CuO/Cu,0 on TiO,, ross
p:4650 kg/ms’ d=100 um (Geldart B) Oxygen carrier inventory 213 kg/MW,,

Target average temperature 920 °C
Recycle gas input 220 kg/s

Recyclegast t 385  °C
* AR and FR are CFBs and operated ecycegas emperature

at high-velocity regime, u,,,=5-6 m/s Airreactor

Air-to-fuel ratio 1.1 -
] Air input rate 574 kg/s
¢ BUbblmg bed CS, ugas:]- m/s Air temperature 252 °C
Oz-depIAeted air Flue“gas m 40 m
' > Freeboard cross-section 306 m?
MeO/Me _ 'Vieé '\:']Z? Oxygen carrier inventory 259 kg/MW,,,
Char \/ Temperature 920 °C
(+ Me/MeO) ]
Air reactor Fuel reactor _
xe/c '\f]‘;g Carbon Cross-section 202 m?
OC make-up stripper Recycle gas input 40 kg/s
e 385
B Coal R Char separation efficiency 095 -
Ash+OC/char loss 4, Fie gas redirculation Total flue gas recirculation ratio = 0.68
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Reactor system performance

Fuel reactor « Feasible hydrodynamic operating
Chiar conversion range, considering pressure

OC decomposition rate

Oxygen release rate losses, gas velocities and solid

OC conversion degree at outlet CifCUlation rates
Cooling duty

Flue gas flow rate

Outlet gas velocity
Solids circulation rate « Somewhat Ilower heat release

Solids residence time rates than in  commercially

Total pressure drop . : .

Seat reloace rate 53 operated CFB boilers with 3.0-4.5
MW/m?

Air reactor _
Char slip from C 21 ke/s Carbon stripper I

OC oxidation rate 17.7 %oc/Min Temperature drop 9 °C

Oxygen uptake rate 117.2 kg/s Solid inventory 184 kg/MW,,
OC conversion degree at outlet - Total pressure drop 17.0 kPa
Cooling duty 640 MW

Flue gas flow rate 458.5 kg/s Purgestream | | |
Outlet gas velocity 5.3 m/s 8.1 kg/s

Solids circulation rate kg/m?/s OC loss 0.08 kg/s

Solids residence time S Char loss 0.7 % of inlet
Total pressure drop kPa _ char

Heat release rate MW/m?2
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Reactor system performance — Flue gases

COMIITIRTE | . oo ouriy of 95.2% in dry basis
CO, (vol%) [ 66.64

1.18 29.99

2.160 2.22 >+ With Cg, any higher, separation and
94.70 0.45 recycling of O, would be needed,
1.15 - resulting in a more complex plant
19470 configuration
350
89 _
55 * In spite of the low-sulfur coal (0.52 wt%),
1 Cso, became high due to flue gas recycle
1
0

* Only minor fractions of combustibles left,
thus, no need for "oxy-polishing”

The higher the C,,, the higher the stack losses. For example, A=1.3 gives C,,=6 vol%.

Char conversion of 93.6% in FR — Char slip into AR — CO, capture rate of 95.6%
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Power plant performance

Air-fired CFB, | Oxy-fuel CFB, CLOU base

Specific primary energy

814.1 717.4 743.01 consumption for CO, avoided:

26.99 23.04 24.41

6.29 -6.28 -6.23

0.96 0.83

12.04 -9.87 3600 (Y5, = Yurer)
e eref

5.75 3.53 SPECCA =

11.94 10.92 Erer —E

2.04 .71 179

0.2 0.17

Ash handling -1.16 -1.03 -0.84

------ —===== Electrif: eﬁiqier}cy, Ne

CO, compression o _ _ _ _ _-55.07 _ _ _ -54.68 _' SpelelC emissions, E
Net electric power, MW, 759.63 531.59 629.91 Ref. p|ant w/o capture, ref
Heat input, MW,,,, _ _1707.8_ _ _ 14363 _ _ _ 1500 _
| Grossefficiency, %,y [ERZAY 49.95 49.53 |
| Netefficiency, %y [WEZRE 37.01 Ca1.99 |
| Net efficiency decay, % points | 7.47 C2.49 D1
| Carbon captureratio, % | 91.57 95.56 |
LT e s 0 sse 1 emarkably low SPECCA
: 788.4 79.36 : compared to competitive
| 89.93 techno|ogies!
| CO, purity, %mol. B 97.02

SPECCA, MJ/kgo,
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The effect of reactor temperature (Trg = Tegr)
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The effect of solids inventory
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The effect of carbon stripper efficiency
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Conclusions (1/2)

* Integration of a CLOU reactor system in a state-of-the-art USC power plant
was evaluated by detailed reactor modelling and comprehensive power
plant simulation.

- Efficient combustion and gas species conversion, thus a high purity of
compressed CO, (>95 vol%), can be achieved with a proper reactor design
and carefully set operating conditions.

« The hydrodynamic operating range of the reactor system was found feasible
and within the normal commercial experience regarding CFBs.

« Net plant efficiencies higher than 42%,,,, and carbon capture efficiencies of
the order of 95% or higher were obtained.
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Conclusions (2/2)

« An efficiency penalty of only 2.5 %-points with respect to the benchmark
power plant w/o CO, capture was obtained. To compare, oxy-combustion
plant with capture: —7.5 %-points.

 For CLOU, the additional primary energy consumed (i.e. associated to the
efficiency decay) to obtain a reduction of 1 kg of CO, emitted to the
atmosphere was only 0.63 MJ. To compare, oxy-combustion plant: 2.3 MJ.

« The assumptions regarding the CS efficiency, disposal of ash and
separation of OC particles from the ash are highly uncertain at this point.
Thus, there are future research needs that involve component design
aspects and their CAPEX (carbon stripper size, OC-ash separator, solids
iInventory in ancillary systems).
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Thank you!

Detailed analysis will be presented
in an upcoming journal publication




