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Project: Biomass to Power with CCS

Title: WP2 High-level Engineering Study: member dissemination event slide
pack

Abstract:

This presentation was used to brief ETI members and advisors on the outcomes of the high level engineering
study carried out by the Biomass to Power with CCS project team. It should be read in parallel with the full
report: D2.1 Report on Selected Technology Combinations.

Context:

The Biomass to Power with CCS Phase 1 project consisted of four work packages: WP1: Landscape review of
current developments; WP2: High Level Engineering Study (down-selecting from 24 to 8 Biomass to Power with
CCS technologies); WP3: Parameterised Sub-System Models development; and WP4: Technology
benchmarking and recommendation report. Reports generally follow this coding. We would suggest that you do
not read any of the earlier deliverables in isolation as some assumptions in the reports were shown to be invalid.
We would recommend that you read the project executive summaries as they provide a good summary of the
overall conclusions. This work demonstrated the potential value of Biomass to Power with CCS technologies as
a family, but it was clear at the time of the project, that the individual technologies were insufficiently mature to
be able to ‘pick a winner’, due to the uncertainties around cost and performance associated with lower
Technology Readiness Levels (TRLS).

Disclaimer:

The Energy Technologies Institute is making this document available to use under the Energy Technologies Institute Open Licence for
Materials. Please refer to the Energy Technologies Institute website for the terms and conditions of this licence. The Information is licensed
‘as is’ and the Energy Technologies Institute excludes all representations, warranties, obligations and liabilities in relation to the Information
to the maximum extent permitted by law. The Energy Technologies Institute is not liable for any errors or omissions in the Information and
shall not be liable for any loss, injury or damage of any kind caused by its use. This exclusion of liability includes, but is not limited to, any
direct, indirect, special, incidental, consequential, punitive, or exemplary damages in each case such as loss of revenue, data, anticipated
profits, and lost business. The Energy Technologies Institute does not guarantee the continued supply of the Information. Notwithstanding
any statement to the contrary contained on the face of this document, the Energy Technologies Institute confirms that the authors of the
document have consented to its publication by the Energy Technologies Institute.
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Re-cap: Landscape Review of biomass to power with CO, capture technologies

 WP2: High level Engineering Case Studies — 3 examples

 Techno-economic outcomes

* Model development and sub-model parameterisation — 2 examples

* Next steps: WP4 - Recommendations
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Biomass-CCS: UK context

* |EAGHG, 2011: Despite its strong GHG reduction potential, there is a considerable
dearth of information for biomass CCS as compared to that for fossil based CCS

 ETI's ESME toolkit’s least-cost options for meeting the UK’s energy demand and
emissions reduction targets to 2050, identify biomass CCS as vital with large,
negative emissions, a high option value and high persistence

 APGTF, 2011: RD&D strategic themes and priorities
- whole system : focus on virtual system simulation and optimisation

- capture technologies: focus on economics, efficiency penalty, emissions,
co-fired biomass, 2"¥ and 3" generation technologies

 TESBIC addresses the key technical and economic barriers of biomass CCS, and
identify UK deployment potential to 2050
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Summary of the TESBIC approach

* Landscape review of 28 biomass based power generation combined with carbon capture
technology combinations. Based on the assessment criteria, 8 technology combinations
were shortlisted

* High-level Engineering Case Studies were performed focusing on the material and energy
balances, capital and operating expenditures, emissions and environmental performance,
process control strategies, current gaps and development needs

*  Models were formulated for individual technology combinations to simulate

the impact of inputs: co-firing %, carbon capture extent, nameplate and operating
capacities

on the outputs: CAPEX, OPEX, Generation efficiency, CO,, SO,, NO, emissions.

 These models can be seamlessly integrated within ETI’'s modelling toolkits, namely, the
Biomass Value Chain and the ESME.
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TESBIC: information flow

WP1: Technology combinations
Landscape Review 28 > 8 l
WP2:
Case Studies Techno-economic
Sensitivities
Parameterised Models
WP3: Interfaces with ESME/BioVCN
Model Parameterisation l

_ _ WPA4:
Time-line (not to scale) S Sraerrede e
Kick-Off SGR WP2 complete WP3 complete WP4 deliverable
01 Apr.11 13 Jun.11 12 Dec.11 27 Mar. 12 31 May 12
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Risks vs. rewards
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Shortlisted technology combinations
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Co-firing Dedicated Co-firing Dedicated Co-firing Dedicated Co-firing Dedicated
amine biomass with oxy-fuel biomass carbonate looping biomass IGCC biomass
Criteria scrubbing amine oxy-fuel chemical BIGCC
scrubbing looping
Likely TRL in 7to8 6to7 7 6 5to6 5to6 7 5to6
2020
Key technical Scale-up, Scale-up, 0, energy 0, energy Calciner firing, Lossin Complex Complex
issues amine amine costs, slow costs, solid degradation, activity, operation, operation,
degradation, | degradation, response slow large purge of CaO reaction slow slow
response rates, response, tar | response, tar
dual bed cleaning, cleaning,
operation retrofit retrofit
impractical impractical
Suitability for Low High Low High Low High Low High
small scale
Plant OK Low OK Low Good Good High, Good
efficiency
with capture
Capital costs OK Expensive OK High OK Low cost OK Expensive,
with capture ASU costs
UK Immediate retrofit retrofit retrofit capture retrofit Likely first No current No current
deployment capture opportunities | opportunities | opportunities opportunities, demosin UK plants, UK plants,
potential retrofit high long- , long-term , highlong- | cementintegration | Europe, UK in several demo
opportunities term doubtful term ~2020. High demos by unlikely by
, potential potential long term 2020 2020.
potential Long-term High long-
doubt term
potential
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WP2 High level Engineering Case Studies

* Assessment and evaluation criteria

* Post-combustion example: co-firing biomass with amine scrubbing
* Pre-combustion example: co-firing IGCC with physical absorption

* Oxy-fuel example: dedicated biomass chemical looping combustion

* Knowledge outcomes
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WP2 criteria

* An overview of the total process and the relevant engineering standards
e A preliminary process flow diagram with mass and energy balance

* Alist of the major equipment items with performance specifications covering all
the key aspects

* A high level process control philosophy

e An environmental performance summary

* An estimate of project and plant capital costs for both new build and retrofit
* A summary of the production costs

* A characterisation of how costs and other parameters [e.g. efficiencies] vary with
scale

* An overview of the evaluation of systems performance and critical identification
of knowledge gaps, technical risk areas
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8 technology combinations: Case Study examples
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Co-firing Dedicated Co-firing Dedicated Co-firing Dedlcated Co-firing Dedicated
amine biomass with oxy-fuel biomass carbonate looping biomass IGCC biomass
Criteria scrubbing amine oxy-fuel chemical BIGCC
scrubbing looping
Likely TRL in 7t08 6to7 7 6 5to6 5to6 7 5to6
2020
Key technical Scale-up, Scale-up, 0, energy 0, energy Calciner firing, Lossin Complex Complex
issues amine amine costs, slow costs, solid degradation, activity, operation, operation,
degradation, | degradation, response slow large purge of CaO reaction slow slow
response rates, response, tar [ response, tar
dual bed cleaning, cleaning,
operation retrofit retrofit
impractical impractical
Suitability for High Low High Low High Low High
small scale
Plant Low OK Low Good Good High, Good
efficiency
with capture
Capital costs Expensive OK High OK Low cost OK Expensive,
with capture ASU costs
Immediate retrofit retrofit retrofit capture retrofit Likely first No current No current
deployment capture opportunities | opportunities | opportunities opportunities, demosin UK plants, UK plants,
potential retrofit high long- , long-term , high long- | cementintegrationg Europe, UK in several demo
opportunities term doubtful term ~2020. High demos by unlikely by
potential potential long term 2020 2020.
potential Long-term High long-
doubt term
potential
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Harmonized parameters

Additional capital costs (Em)
Operation and utilities: 5% of Total Installed CAPEX (TIC)
Civils and land costs: 10% of TIC

Project development costs: 5% of TIC

Description Value Units
H . o)
Contingency: 10% of TIC CO, Compressor CAPEX 880,000 |£/MW
CO, Compressor OPEX 0.164 MWh/tCO2

Fixed operating costs (Em/yr)

Air Separation Unit (ASU) CAPEX | 250,000 |£/MW
Air Separation Unit (ASU) OPEX 0.2319 MWh/t02

Maintenance and labour: 4% of TIC/yr

Insurance: 1% of TIC/yr Steam turbine system CAPEX 218,000 |£/MW
q i} Steam plant (boiler island) CAPEX | 500,000 | £/MW
Feedstocks
Limestone 17.6 £/tonne

UK coal: 1.97 £/GJ

Global bituminous coal: 3.40 £/GJ

UK forestry wood chip: 2.8 £/GJ [£50/0dt]
Traded wood pellet: 7.5 £/GJ [£135/0dt]

Capacity factor in WP2 is set at 85%.
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Co-fired PC with amine scrubbing

* Biomass co-firing in a pulverised coal-fired boiler is a fairly conventional technology

Solvent scrubbing involves the removal of the CO, from the combustion flue gases using a
liguid solvent — commonly an agueous solution of an organic amine.

The combustion flue gas containing CO, is brought into contact with an amine solution in
the absorber tower.

The cleaned flue gas leaves the absorber, and the ‘rich” solvent, containing chemically-
bound CO, is pumped to the stripper or regeneration vessel, via a heat exchanger.

The CO, product gas leaves the stripper via the condenser for further processing. The
‘lean’ solvent is pumped back to the absorber via the lean/rich amine heat exchanger.

The scrubbing and stripping processes have significant requirements for:
* Heat in the form of steam from the steam turbine circuit, and

* Power to supply the large circulation pumps, and fans.
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Co-fired PC with amine scrubbing - PFD

Storage and handling

of
solid materials

FGD System

L—
Bottom ash, 3.7 t/h

Unburned carbon,

Ammonia Limestone
0.50 t/h 4.5t/h
Air, 1678 t/h
Biomass, 57 th " Boiler Island & Flue Gas
> DeNox System "
Coal, 145 t/h
7} 7'y
Hot RH Cold RH Fly ash
1230 t/h HP Steam BFW 1230 t/h 14.7 t/h
600°C 1450 t/h 1450 t/h, 340°C Unburned
55.4 bar a 580°C 290°C 57.4 bara carbon,
3660 k/kg 275bara  [304bara | 3022 ki/kg 6 %owt.
3405 kJ/kg 1278 kd/kg
3.1%wt.
y Condensate from Reboiler, 489.6 t/h,

136°C, 16.9 bar a, 573 kJ/kg

A4

Steam Turbine &

Steam to Reboiler, 489.6 t/h, 233°C,
4 bar a, 2929 kJ/kg

Preheating Line

Condensate, 555.5 t/h, 24°C,
0.03 bar a, 101 kJ/kg

Cooling 40568 t’h
water 12°C,19bara
inlet 42 kd/kg
Cooling 40568 t’h
water 19°C, 1.4 bara
outlet 71 kd/kg

Gross Electric Powel
Output, 474.1 M

Gross Electrical Efficiency.
41 %

Products

Make-up
Water
60 t/h
By-product
Gypsum
7.9th
> Effluent
Flue Gas to Atmosphere o
>
Flue 1619 t/h, 100°C, 1.005 bar
Gas
2046 t/h
50°C
1.01 bar
v
o CO, Capture Plant CO, to
compressiop|
| 356.2 th
7 35°C
4 1.5 bar
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Cooling Water

CO, Compression & Drying

Condensate from
Stripper Condenser
563.2 t/h, 85°C, 19.9 bar a

Net Power Output,

Electrical Power

Preheated Condensate to Power Island
563 t/h, 111.4 °C, 19.4 bar a

CO, to Storage
350.5 t’h
32.7°C

110 bar a

398.9 MWe Consumption, 75.5 MWe
Net Electrical Efficiency, |
34.5% v v ¥
Auxiliary Consumptions CO, Capture Plant CO, Compression
28.83 MWe 9.91 MWe 36.740 MWe
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Co-fired PC with amine scrubbing: Efficiency and CAPEX

500 MWe PC Boiler Co-Firing Coal and Biomass
without CO2z CF:E Capture
Capture with SDhluentl
Scrubbing
Plant Performance
Gross Output MlNE 545.2 4741
Met Output Mle 5189 3089
Efficiency and Emissions
Gross Electrical Efficiency (LHV) % 47.1 41.0
Met Electrical Efficiency (LHV) % 44 8 345
Actual COz Emissions gkWh 7485 9737
Total CO; Captured g/kWh 00 B876.4
Economic Performance
Capital Costs
Storage and Handling of Solid Materials £ 36.3 36.3
Boiler Island and Flue Gas Treating £ 2781 2785
Power Island £M 117.3 1079
Utilities & Qffsites £ 776 850
COz Capture Plant £ 0.0 048
COz Compression and Drying £ 0.0 256
Total Installed Costs £ 509.3 638.2
Land Purchases; Surveys and Fees (10%) £ 50.9 638
Contingency (10%) £ 50.9 638
Projectdevelopment costs £M 509 638
Total Investment Cost £ 662.1 8296
specific Investment Costs £/MWe 1.276 2.079
m R D .,,'.-.. ™ Imperial College  Bm UNIVERSITY OF '1 ..-
a— oosan Bahcack rax , 7% eDF L E4tE‘Ch €¥ CAMBRIDGE  UNIVERSITY OF LEEDS TESB|C 15




Co-fired PC with amine scrubbing - OPEX
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500 MWe PC Boiler Co-Firing Coal and Biomass

Operation and Maintenance Costs (0&M) CO» Capt +h
. 2 Capture wi

£, ithout COz Capt .
(EM/yr) witheu 2 Lapture Solvent Scrubbing
Fuel Handling, Milling, Boiler Island, Power Island 17.3 169
CO: Capture Plant, CO: Compress,, and Drying 0.0 30
Common Facilities (Utilities, Offzite, etc.) 1.3 16
Labour 5.5 5.5
Adm./gen overheads 17 17
Fixed O&M Costs 25.8 28.7
Fuel
Coal 1006 g3
Biomass (dry basis) 11.2 11.0
Auxiliary Feedstock
Make-up water 0.0 0.0
Solvents
MEA 0.0 119
Catalyst 1.7 16
Chemicals 16 149
Waste Disposal 51 50
Variable 0&M Costs 120.2 129.7
Total 0&M Costs 146.0 158.5
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Co-fired IGCC with physical absorption

* Fuel/water slurry fed into entrained flow gasifier with O, from ASU
* Water gas shift reactor converts CO and water to hydrogen and CO,
* Solvent removal of sulphur and CO,

e Combustion of hydrogen for power generation

* Wet cooling tower or air cooled condenser system
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Co-fired IGCC with physical absorption: PFD
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Cooling water njout| ~ Cooling | Makeup water
23300t Tower 491th
Stack |&— Steam
Turbine
Flue gas 2974 t/h
121°C
Heat Exchangers
Flue gas 2966 th

Combustor,
Air compressor
&

Gas turbine

605°C

Syngas 200 th

Air 522.6th 175°C
132°C 30 bar
ASU [ M. 3%th
Hot water ——>| Fuel
Oxidant 128.6 th Steam 133.7 thh saturator Syngas 140.6 th
132°C 29 0C
40 bar \l/( Quenchw ater 30 bar
RawGahs Water Shift CO, Absorb
- o Quenc , Absorber
Wet Slag Gasifier Syngas 396.7 thh Reactor | syngas 5304 th Syngas 526.9 th
3L7th | 260°C 38°C Sulphur 29°C
Wastewater 40 bar 40bar 1 Removal Unit 30 bar
Treatment
Solvent
regeneration _\L
Discharge
93H§(gtlh% ! Makeup Solvent
' 4.9kglh CO, to compressor
Coal-Biomass Blend 386.3t/h
207th 138 bar
Makeup Catalyst —> CIaus@ Beavon
0.68kg/h Stretford Pant Makeup Catalyst
Fuel K— 073
Feedstock
Sulphur 3.3 th Flue Gas 7.2 th ®
L . . T T ey )
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IGCC + physical absorption: syngas composition

Syngas composition from equilibrium calculation Unregulated emissions: 10% co-fired blend

Syngas Component Coal (vol %) Blend (vol %) 0% CCS 95% CCS
Carbon Monoxide (CO) 45.32 39.24 kg/kWh Blend Blend
Hydrogen (f; 3278 2094 co Gasegu;sﬂ 0.08334
; 1.094e-2 2 ' :
Methane (CH,) 2:440e-2 HCl 6.56E-04 | 7.64E-04
Ethane (C,He) 0.0 0.0 50, 2.57E-04| 2.38E-05
Propane (C3Hy) 0.0 0.0 NO 5.69E-05| 6.28E-05
Hydrogen Sulfide (H,S) 0.5740 0.4941 NO, 4.59E-06 | 5.06E-06
Carbony! Sulfide (COS) |  2.690e-2 2.189e-2 Solid/Liquid
* - -
Ammonia (NH,) 3.000e-3 2.512¢-3 i'ai —~ 001502 7.00802
articulate
Hydrochloric Acid (HCI) 5.700e-2 4.723e-2 emissions to
Carbon Dioxide (CO,) 6.151 3.644 air** 6.03E-05 | 7.02E-05
Moisture (H,0) 13.45 20.01
Nitrogen (N,) 0.7160 0.6283
Argon (Ar) 0.8930 0.8601
- ‘.-.. Fa Imperial College  mm UNIVERSITY OF : ...
cmel e ¥ y=) ) S SEeDF o, Edtech London €¥ CAMBRIDGE  UNIVERSITY OF LEEDS TESBIC 19




IGCC + physical absorption: process economics

CAPEX:
Unit 0% CCS 90% CCS
Blend Blend
Air Separation Unit 99.136 104.58
Gasifier Area 193.73 210.82
Sulphur Control 57.42 61.98
CO2 Capture - 121.98
Power island 170.05 169.60
Cooling Tower 11.01 11.16
CO2 compressor - 314
Offsites, storage and handling 118.7 136.1
Total Installed Costs (EM) 650.0 847.6
Operation and utilities 32.50 42.38
Civils and land costs 65.00 84.76
Project development 32.50 42.38
Contingency 65.00 84.76
Total investment costs (EM) 845.1 1101.9
Specific CAPEX (EM/MW,) 1.74 2.39
- e OIEX ) 4 v€DF {3 Edtech

OPEX:

Unit 0% CCS | 90%

CCs
Blend Blend

Fuel Cost 90.69 99.53

Disposal cost 2.49 2.74

Water 1.69 2.40

Sulphur By-product 1.0861 | 1.1919

Credit

Variable O&M (EM/yr) | 95.97 | 105.85

Maintenance and 26.00 33.90

Labour

Insurance 6.50 8.48

Fixed O&M (EM/yr) 32.50 42.38

Total O&M (EM/yr) 128.47 | 148.23

Imperial College
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Chemical-looping-combustion using solid oxygen carriers

* Cu-based oxygen carrier, cycled between CuO REGA
; : “ « N CO,+H,0 Reduced Air
and Cu,0 via the following “uncoupling BN s S S e
reaction: | ’
Me
Fuel Oxidation
ACUO <> 2Cu,0+0,
Reactor Reactor
MeO
* Net reaction in the fuel reactor is exothermic,

and so heat is extracted from the reactorto II
raise steam for power generation. CH Al

n' '2m
(Steam)

* Very high CO, capture rates possible, and minimal plant efficiency penalty

* Pilot and lab-scale testing at TU Darmstadt, Vienna, Chalmers, Imperial and
Cambridge. Increasing industrial interest from Alstom, Air Liquide and Vattenfall
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Dedicated biomass chemical looping combustion

Flue Gas to Atmosphere

=

fy
C02, H0 CuQ, Cu0, Xar Nz, Oa
| v l |
Fuel Reactor Air Reactor
(FR) (AR)
T =880°C T = B50°C
Storage and _ L [
handling of solid Biomass, 134 /h } Lmo, Cu0, xFRJ
teriale 20.1 MJ/kg (dry)
ma 694 MJis
Air Ash
901 t'h 027th ~
CO,
coz2
) Compression & 0 to Compression
P Steam Eoollng Water Drying 181 h
Condensate - CO; to Storage
Steam Turbine & 181 v

Cooling Water | Preheating Line
-—

—_—
Y
Gross Electric Power QOutput Elecfrical Power Consumpfion
309 MW X 40.7 MWe
Gross Electrical Efficiency }
Net Power Output 44 5 9, L ] +
268.3 MWe ) CO: Compression  Looping Plant
Met Electrical Efficiency 20.9 MWe 19.8 MWe

387 %
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Plant performance, CAPEX and OPEX estimates
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300 MWe, net efficiency ~ 41%

ltem £M, 2011
Storage and handling of solid materials 41.1 Variable Costs Usage EM/yr
Boiler island 220.5 1. Wood fuel 8.29 x 105 kg/yr | 116.0
CO, compression and drying plant 31.4 2. Oxygen carrier (new) 1.19 x 10% kg/yr | 4.74
Power island 76.5 3. Spent carrier (credit) -4.22
Air reactor (458 m?) 64.3 4. Fly ash disposal 1.78 x 106 kg/yr | 0.00356
Fuel reactor (581 m?3) 74.9 5. Cooling water make-up | 9588 kg/s 51.4
Total installed CAPEX 509.2 Variable costs 167.9
Operation and utilities (% of TIC) 25.5 Maintenance and Labour 20.37
Civils and land costs (% of TIC) 50.9 Insurance 5.09
Project Development Costs (% of TIC) 25.5 Fixed costs 25.46
Contingency (% of TIC) 50.9 Total O&M costs 193.36
Total investment cost 661.9
Specific investment cost (EM/MW,) 2.21

Capacities investigated: 40 to 300 MW, = CLC more suitable for small scales ~40MW,
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CLC: Identification of existing gaps and development req.

Chemical looping combustion system is suitable for baseload operation, with relatively few
shutdowns and start-up cycles. Time requirement to bring the fluidised bed reactors and
the looping cycle to temperature and to steady state operation

The large inert inventory in the form of the CuO support material (e.g. alumina) and the
enhanced mixing in the fluidized bed are the two main control parameters that can be
used to avoid the hotspots.

In the event of a thermal runaway, reducing the fuel feed and increasing the flow rate of
the CO, stream (fluidization gas) = temperature control strategy.

NO, emissions are a key unknown. They are expected to be lower than for the conventional
biomass fired power plant boiler, and less thermal NO,, but fuel-NO, chemistry (the
interaction with CH type radicals from the fuel) is completely unknown.
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Performance and economic parameters

| opaf (EM/MWh)
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Net efficiency % ‘ ‘
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® Co-fired PC amine Dedicated biomass oxyfuel
BIGCC with absorption ® Co-firing IGCC with absorption

® Dedicated biomasschemical looping © Co-fired carbonate looping

® Dedicated biomassamine ® Co-fired oxyfuel
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Capital costs and TRLs
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Summary |: Techno-economic parameters

 The TESBIC consortium exploited its unique composition [industry-SMEs-
academia] to rigorously debate the techno-economic parameters

 The TRLs for the eight technology combinations and associated components
assessed, varied over a wide range from TRL3 to TRL 8

 Range of techno-economic parameters over the 8 biomass-based power
generation combined with carbon capture technologies
* ~5%to 15% : Range of the efficiency drop

* ~45% to 130%: Range of the increase in specific CAPEX (£E/MW,)
with carbon capture

« ~4%to 36%: Range of increase in OPEX (£/yr) with carbon capture
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WP3: sub-model development and parameterisation

. Data standardisation and model template released

. Parameter estimation based on the model template and the
standardised data

. Associated documentation for user models

. Two examples:

e Co-fired carbonate looping combustion
* Dedicated biomass IGCC with physical absorption
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Model formulation
Gutputs: j}%f;:f’m:"m.u =
Meta- <
Model B Meta-
Y | generation . Y model
o= 15| S
Case studies (WP2),
Public domain data/models
Model inputs: Model outputs:
* Extent of Co-firing * CAPEX
e Carbon capture extent * OPEX
* Nameplate capacity * Generation efficiency
* Operating capacity * CO,, SO,, NO,, PM emissions
* Solvent loss
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Dedicated biomass/BIGCC with physical absorption

Lower | Upper
bound | bound
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Co-fired carbonate looping combustion
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Model template bound | bound
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Model development — associated documentation

Biomass to Power with CCS Project

TESBIC: Techno-E

3 ynomic Study of Biomass to power with CCS

BwCCS. PM 06. D3.3, D3.4, D3.5 [T6, T7, 8]

Deliverable Report:
D3.3: Parameterised sub-system mo
D3.4: Model requirements specification and strategy

D3.5: Model and sub-model user documentation

T6: Dedicated biomass oxy-fuel combustion
T7. Biomass combustion, with CO; capture by post-combustion carbonate looping

T8: Dedicated biomass chemicaklooping-combustion using a solid oxygen carrier

29/02/12
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Model implementation: base +
delta
Yy =¥y +A(x —x3)

Model results:
responses, fidelity, bounds

Data references:

These data were generated by a detailed model based on the following sources:

* Reactordesign and kinetics: fueland air reactors based on data from:
o  Eyring, E. M. Konya, G. Lighty, J. 5. Sahir, A. H. Sarofim, A. F.; Whitty, K. Oif &
Gas Science and Technology — Revue d’IFP Energies nouvelles 2011, 66, 13.
* Heatintegration, energy balances and pinch analysis based on data from:
o Cleeton, ). P.E. “Chemical Looping Combustion with Simultaneous Power
Generation and Hydrogen Production using Iron Oxides.” PhD Thesis,
University of Cambridge, 2011.
* Reactorsizing, parametric sensitivity calculations based on costing data from:
o Klara,J. “Chemical-Looping Process in a Coal-to-Liquids Configuration:
Independent Assessment of the Potential of Chemical-Looping in the Context
of a Fischer-Tropsch Plant”, NETL, 2007.
* Modeldeveloped in WP2was used to generate data as a function of the four input
variables.
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Summary |lI: Biomass-CCS Modelling

 Model response: Techno-economic (costs, efficiencies and emissions)
parameters as a function of four inputs (co-firing and capture extent,
operating and nameplate capacities)

 Models for all eight technology combinations were formulated predominantly
using the WP2 sensitivity data

* Associated documentation and reports for the individual models

* Models developed such that they are compatible with BioVCN and ESME

@
o . : INTVERSITY OF e
m """"""""""" Drax ) ‘; ":EDF {.: E4tECh imperial College :': E_'RI.\\-fEI;R]III;L:II;' UNIVERSITY OF Itg TESBiC 33




Heneray
technologies

institute

WP4: Work-plan

. Benefits assessment of specific development and demonstration
activities
* Additionality of the activity
 Commercialisation progress
* Value to the UK

. Benefits assessment of specific deployment activities

* Contribution to satisfying UK energy demand
e Contribution to emissions reduction

e Contribution to UK economic activity

* Comparison with fossil CCS
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Summary lll — TESBIC progress

To date, little activity at industrial scale on the application of CO, capture technologies to
co-fired or dedicated biomass power plants

Dependency on fossil based CCS: The industry’s progression to the large fossil-based CCS
demonstration projects is slow due to high costs and requirement of significant government
subsidies. Recent setbacks and cancellations of these projects will further delay the
development of biomass CCS

TESBIC project focuses on addressing the existing gaps in understanding biomass CCS
through a detailed landscape review, high level engineering study and robust model
development and validation

The tools developed in TESBIC are seamlessly compatible with the ETI’s simulators thereby
enabling comprehensive virtual engineering and optimisation applied to the whole biomass
CCS system

Two dissemination activities: Biomass CCS (Cardiff, 2011) and APGTF (London, 2012)

Next step: benefits assessment, development and deployment
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Q&A

Thank you for your attention!
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TESBIC

<w>: www.cmclinnovations.com/TESBIC
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