
Carbon Dioxide Capture for Storage
in Deep Geologic Formations –

Results from the CO2

Capture Project
Capture and Separation of Carbon Dioxide

from Combustion Sources

Edited by

David C. Thomas
Senior Technical Advisor

Advanced Resources International, Inc.

4603 Clearwater Lane

Naperville, IL, USA

Volume 1

2005

Amsterdam – Boston – Heidelberg – London – New York – Oxford

Paris – San Diego – San Francisco – Singapore – Sydney – Tokyo



Elsevier Internet Homepage – http://www.elsevier.com

Consult the Elsevier homepage for full catalogue information on all books, major reference works, journals,

electronic products and services.

Elsevier Titles of Related Interest

AN END TO GLOBAL WARMING

L.O. Williams

ISBN: 0-08-044045-2, 2002

FUNDAMENTALS AND TECHNOLOGY OF COMBUSTION

F. El-Mahallawy, S. El-Din Habik

ISBN: 0-08-044106-8, 2002

GREENHOUSE GAS CONTROL TECHNOLOGIES: 6TH INTERNATIONAL CONFERENCE

John Gale, Yoichi Kaya

ISBN: 0-08-044276-5, 2003

MITIGATING CLIMATE CHANGE: FLEXIBILITY MECHANISMS

T. Jackson

ISBN: 0-08-044092-4, 2001

Related Journals:

Elsevier publishes a wide-ranging portfolio of high quality research journals, encompassing the energy policy,

environmental, and renewable energy fields. A sample journal issue is available online by visiting the Elsevier web

site (details at the top of this page). Leading titles include:

Energy Policy

Renewable Energy

Energy Conversion and Management

Biomass & Bioenergy

Environmental Science & Policy

Global and Planetary Change

Atmospheric Environment

Chemosphere – Global Change Science

Fuel, Combustion & Flame

Fuel Processing Technology

All journals are available online via ScienceDirect: www.sciencedirect.com

To Contact the Publisher

Elsevier welcomes enquiries concerning publishing proposals: books, journal special issues, conference proceed-

ings, etc. All formats and media can be considered. Should you have a publishing proposal you wish to discuss,

please contact, without obligation, the publisher responsible for Elsevier’s Energy program:

Henri van Dorssen

Publisher

Elsevier Ltd

The Boulevard, Langford Lane Phone: +44 1865 84 3682

Kidlington, Oxford Fax: +44 1865 84 3931

OX5 1GB, UK E.mail: h.dorssen@elsevier.com

General enquiries, including placing orders, should be directed to Elsevier’s Regional Sales Offices – please access

the Elsevier homepage for full contact details (homepage details at the top of this page).



ELSEVIER B.V.

Radarweg 29

P.O. Box 211, 1000 AE Amsterdam

The Netherlands

ELSEVIER Inc.

525 B Street, Suite 1900

San Diego, CA 92101-4495

USA

ELSEVIER Ltd

The Boulevard, Langford Lane

Kidlington, Oxford OX5 1GB

UK

ELSEVIER Ltd

84 Theobalds Road

London WC1X 8RR

UK

q 2005 Elsevier Ltd. All rights reserved.

This work is protected under copyright by Elsevier Ltd, and the following terms and conditions apply to its use:

Photocopying

Single photocopies of single chapters may be made for personal use as allowed by national copyright laws. Permission of the Publisher and payment of a

fee is required for all other photocopying, including multiple or systematic copying, copying for advertising or promotional purposes, resale, and all forms

of document delivery. Special rates are available for educational institutions that wish to make photocopies for non-profit educational classroom use.

Permissions may be sought directly from Elsevier’s Rights Department in Oxford, UK: phone (+44) 1865 843830, fax (+44) 1865 853333, e-mail:

permissions@elsevier.com. Requests may also be completed on-line via the Elsevier homepage (http://www.elsevier.com/locate/permissions).

In the USA, users may clear permissions and make payments through the Copyright Clearance Center, Inc., 222 Rosewood Drive, Danvers, MA 01923,

USA; phone: (+1) (978) 7508400, fax: (+1) (978) 7504744, and in the UK through the Copyright Licensing Agency Rapid Clearance Service (CLARCS),

90 Tottenham Court Road, London W1P 0LP, UK; phone: (+44) 20 7631 5555; fax: (+44) 20 7631 5500. Other countries may have a local reprographic

rights agency for payments.

Derivative Works

Tables of contents may be reproduced for internal circulation, but permission of the Publisher is required for external resale or distribution of such

material. Permission of the Publisher is required for all other derivative works, including compilations and translations.

Electronic Storage or Usage

Permission of the Publisher is required to store or use electronically any material contained in this work, including any chapter or part of a chapter.

Except as outlined above, no part of this work may be reproduced, stored in a retrieval system or transmitted in any form or by any means, electronic,

mechanical, photocopying, recording or otherwise, without prior written permission of the Publisher.

Address permissions requests to: Elsevier’s Rights Department, at the fax and e-mail addresses noted above.

Notice

No responsibility is assumed by the Publisher for any injury and/or damage to persons or property as a matter of products liability, negligence or

otherwise, or from any use or operation of any methods, products, instructions or ideas contained in the material herein. Because of rapid advances in the

medical sciences, in particular, independent verification of diagnoses and drug dosages should be made.

First edition 2005

Library of Congress Cataloging in Publication Data

A catalog record is available from the Library of Congress.

British Library Cataloguing in Publication Data

A catalogue record is available from the British Library.

ISBN: 0-08-044570-5 (2 volume set)

Volume 1: Chapters 8, 9, 13, 14, 16, 17, 18, 24 and 32 were written with support of the U.S. Department of Energy under Contract No. DE-FC26-

01NT41145. The Government reserves for itself and others acting on its behalf a royalty-free, non-exclusive, irrevocable, worldwide license for

Governmental purposes to publish, distribute, translate, duplicate, exhibit and perform these copyrighted papers. EU co-funded work appears in chapters

19, 20, 21, 22, 23, 33, 34, 35, 36 and 37. Norwegian Research Council (Klimatek) co-funded work appears in chapters 1, 5, 7, 10, 12, 15 and 32.

Volume 2: The Storage Preface, Storage Integrity Preface, Monitoring and Verification Preface, Risk Assessment Preface and Chapters 1, 4, 6, 8, 13,

17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33 were written with support of the U.S. Department of Energy under Contract No.

DE-FC26-01NT41145. The Government reserves for itself and others acting on its behalf a royalty-free, non-exclusive, irrevocable, worldwide license

for Governmental purposes to publish, distribute, translate, duplicate, exhibit and perform these copyrighted papers. Norwegian Research Council

(Klimatek) co-funded work appears in chapters 9, 15 and 16.

W1 The paper used in this publication meets the requirements of ANSI/NISO Z39.48-1992 (Permanence of Paper).

Printed in The Netherlands.



Chapter 12

GENERATION OF HYDROGEN FUELS FOR
A THERMAL POWER PLANT WITH INTEGRATED

CO2-CAPTURE USING A CaO–CaCO3 CYCLE

Julien Meyer, Rolf Jarle Aaberg* and Bjørg Andresen

Institute for Energy Technology, P.O. Box 40, NO-2027, Kjeller, Norway

ABSTRACT

A new integrated reforming reaction for hydrogen production is simulated. Hydrogen gas is produced from
natural gas and water in a modified reforming reaction where CO2 reacts with a metal oxide (MetO, e.g.
CaO) to form a metal carbonate (MetCO3, e.g. CaCO3). The carbonate is decomposed thermally in a
separate reaction and the metal oxide is recycled back to the reformer. This provides an efficient means of
separation of the carbon dioxide from the reformer. The exothermic carbonation reaction provides most of
the energy necessary to drive the hydrogen-producing reaction to completion. The CO2 removal process has
been designed and simulated to test the generation of hydrogen fuels for a thermal power plant. Although,
the concept originally was intended for integration with processes with high-temperature waste heat, the
thermodynamic analysis shows that the process can be used for hydrogen production for a combined cycle
power plant and steam boilers as well.

INTRODUCTION

Conversion of natural gas and other light hydrocarbons via steam reforming is currently the major process
for hydrogen production and will probably remain the process of choice for the next few decades. However,
this process involves multiple steps and severe operating conditions. The primary reformer operates at
approximately 800–850 8C and 20 bar and large quantities of fuel must be burned to supply the energy
necessary to maintain the reformer temperature. Moreover, the process requires three other steps: two shift
reactions (high- and low-temperature) and a CO2-separation step, often an amine scrubbing process [1].

Within the last few years, the concept of combining reaction and separation to simplify chemical processes,
conserve energy, and/or to improve product quality and yield has received increased attention. The addition
of a CaO-based sorbent to selectively remove CO2 in synthesis gas applications is one example. Hydrogen
gas can be produced by passing a steam–methane feed over a mixture of reforming catalyst and CO2-sorbent,
and removal of CO2 as it is formed, allows the reforming and shift reactions to proceed almost to completion
in one single step [2].

In a research project run by Institute for Energy Technology (IFE) and the Christian Michelsen group
(CMR/Prototech AS), a new integrated reforming reaction for hydrogen production is being developed.
Hydrogen gas is produced from natural gas and water in a modified reforming reaction where CO2 reacts
with a metal oxide (MetO, e.g. CaO) to form a metal carbonate (MetCO3, e.g. CaCO3). The carbonate is
decomposed thermally in a separate reaction and the metal oxide is recycled back to the reformer. This
provides an efficient means of separation of the carbon dioxide from the reformer. The exothermic
carbonation reaction provides most of the energy necessary to drive the hydrogen producing reaction to
completion. Figure 1 shows the concept schematically and illustrates how high-temperature waste heat from
a solid oxide fuel cell for electricity production based on natural gas can be utilised.
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The SOFC can be fed with pre-reformed natural gas (syngas) or, in a more integrated system, with a fraction
of the hydrogen stream produced in the reforming reaction.

The main advantages of such a hydrogen-production process are:

1. Process simplification: reforming, water gas shift and CO2 separation occur simultaneously in the same
reactor.

2. Increased hydrogen yield: high H2 yield at lower temperatures than in the conventional reforming
process.

3. Separation of CO2 as a solid in the process: no additional costly step for CO2 separation. The CO2 is
delivered as a pressurised, concentrated CO2 stream ready for sequestration or utilisation.

4. Recycled CaO represents an important carrier of heat into the reforming stage.

In the present work, it is suggested and described how such a CO2 removal process can be integrated in a
hydrogen combined cycle power plant (CCPP) and a hydrogen steam boiler, that is, generation of a N2-
diluted H2 fuel gas stream, (H2/N2 ratio: 50/50) and generation of a hydrogen-rich fuel (þ95%).

High-temperature waste heat is not available in a CCPP and a hydrogen steam boiler and it is therefore
necessary to establish a suitable technological interface between the CO2-capture cycle and the hydrogen
CCPP and steam boiler application technologies.

STUDY METHODOLOGY

Thermodynamic and Process Analysis
Conventional steam reforming is a multiple step process with steam reforming (1) and water gas shift (2)
reactions. When utilising the carbonation reaction by adding an absorbent such as CaO (3), all three
reactions occur simultaneously and allow for hydrogen production in one single step at the same time as
CO2 is separated as a solid in the process (4). In addition, when the CO2 gas is removed in the process, the
equilibrium in the reaction is shifted towards higher hydrogen yield.

Reforming: CH4ðgÞ þ H2OðgÞ$ COðgÞ þ 3H2ðgÞ ð1Þ
Shift: COðgÞ þ H2OðgÞ$ CO2ðgÞ þ H2ðgÞ ð2Þ

Carbonation: CaOðsÞ þ CO2ðgÞ$ CaCO3ðsÞ ð3Þ
Overall: CH4ðgÞ þ 2H2OðgÞ þ CaOðsÞ$ CaCO3ðsÞ þ 4H2ðgÞ ð4Þ

Figure 1: A schematic drawing for a possible use of waste heat from an SOFC for the production

of hydrogen and electrical power. Reactor 1 is for the hydrogen production and CO2 capture as, e.g.

CaCO3 ðCH4 þ 2H2Oþ CaO$ 4H2 þ CaCO3Þ: Reactor 2 is used for the calcination reaction ðCaCO3$

CaOþ CO2Þ; where the CO2-sorbent is regenerated.
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Both in the present concept for hydrogen generation (4) and in the conventional steam reforming reactions
(1) and (2), maximum hydrogen yields can be calculated assuming thermodynamic equilibrium.
Thermodynamic calculations are shown in Figure 2 which compares the H2 yield in the product gas as a
function of temperature at 5 bar and a steam to methane ratio (S/C) of 2 and 4, respectively.

In the conventional reforming process (without CaO), the hydrogen content increases with increasing
temperature and reaches a maximum of about 76% at 950 8C for a steam to methane ratio of 2 and about
77% at 850 8C for steam to methane ratio of 4. This increase is governed by the endothermic reforming
reaction. On the other hand, with CaO, the hydrogen content reaches a maximum of about 90% at 685 8C for
a steam to methane ratio of 2, and about 97% at 650 8C for a steam to methane ratio of 4 (in both cases the
formation of Ca(OH)2 has been taken into account). At lower temperatures, essentially all of the carbon
oxides are removed by the sorbent and the major impurity in the hydrogen gas is CH4. At higher
temperatures, more CH4 is converted and the main impurities are CO and CO2. Without the CO2-sorbent, a
reformer temperature of about 825 8C would be required to achieve the maximum H2 content (followed by
shift reaction and CO2 separation) comparable to what can be achieved with the CO2 sorbent system at
about 650 8C.

A simple energy balance calculation based on the above assumptions favours slightly the present concept
compared to a conventional steam reforming process, 240 kJ/mol CH4 and 250 kJ/mol CH4, respectively.

Reactor Technology
In order to separate the CO2 produced in the reforming reaction in a continuous way, the CO2 sorbent has to
be regenerated from the carbonate to the oxide. Two regeneration concepts have been considered:

1. a batch process where two reactors change operating mode, that is each vessel is sequentially operated as a
reformer and a regenerator without transferring catalyst and sorbent particles between the vessels, or

2. a continuous process where both vessels are dedicated reactors, which do not change operating mode.
Sorbent (and catalyst) particles circulate between the two reactors for regeneration and CO2 absorption,
respectively.

A batch process will require a huge reactor volume to produce an acceptable quantity of hydrogen in each
batch, and consequently large amounts of sorbent and catalyst will be necessary. Moreover, reforming and
calcination will be difficult to optimise in the same vessel and the two reactions will also be difficult to
synchronise. The reactor’s atmosphere must be changed between each batch and this implies more steps in
the process. Finally, due to the different operating conditions, heating and cooling of the reactors when
changing from reformer to regenerator mode will be slow due to the large thermal capacity of the acceptor
material.

A continuous process will allow for a more compact reactor design and it will be easier to optimise both
reactions (optimal conditions for both reactors at any time and no atmosphere shifting of the reactors).
Smaller reactor volumes can be designed and the amount of sorbent can be minimised. The system will also
require less auxiliary equipment than the batch system because each reactor is dedicated for its purpose.
Finally, as the operating mode does not change, no idling is necessary for heating and cooling of the reactors
and the plant regulation can respond faster to load changes. Consequently, a continuous flow process with
a circulation of solids between the reactors is chosen for the present case studies.

Possible reactor system
A system very similar to one of the fluid catalytic cracking (FCC)-systems available for industrial
production developed by Standard Oil Development Company Inc. (SOD Model IV) could be suggested for
the present hydrogen production reaction. It is a two-dense-region circuit composed of two fluidised bed
reactors with a pair of U-tubes for circulating the mixture of reforming catalyst and calcium oxide. The gas
injection rate into the transfer line controls the rate of solid circulation, and for stable operation the pressure
in the two units is kept close to the same value [3]. The reactor system is shown in Figure 3.

This solids circulation system is based on the liquid-like behaviour of fluidised beds. The operating principle
for a stable circulation system for solids is shown in Figure 4.
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Figure 2: Equilibrium hydrogen content as a function of temperature with and without the CO2 sorbent. P ¼ 5 bar and two different steam to methane ratio

(S/C ¼ 2 and 4).

2
1

6



If a gas is injected in pipe C connecting two fluidised beds A and B and if all the contents of beds and pipe
are fluidised, then it can easily be shown that the difference in static pressure in the two sides of the pipe will
be the driving force causing the particles to flow from A to B. A combination of two such piping
arrangements will then give a complete circulation system for the solids. A balance between the frictional

Figure 3: Suggested reactor system for hydrogen production with integrated CO2 capture. The proposed

reactor system is composed of two fluidised bed reactors with a pair of U-tubes for circulating the mixture of

reforming catalyst and CO2 sorbent.
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resistance and the previously mentioned pressure differences gives the rate of circulation. The circulation is
controlled either by changing the frictional resistance of the system to flow, say, by slide valves or by
varying the average densities of the flowing mixture in the various portions of the connecting circuit, a
procedure which modifies the pressure differences.

Because of the large specific heat of the solids, their rapid movement between reactor and regenerator can
transport large quantities of heat from one to the other, and as a result these circulating solids can be used
most effectively to control the temperature of the system [3].

In the present case, the conversion of reactants controls the system. For this reason, both reactors should
include internals like baffle plates or horizontal perforated plates for example. In a bed with internals, the
bubble size is close to constant, so for a given weight of solids and volumetric gas flow rate the aspect ratio
(height-to-diameter ratio) has only a small effect on conversion. As a safe value the minimum aspect ratio
should be about unity [3].

Design Basis and Operating Conditions
The different data and parameters used in this study are shown in Table 1, and the operating conditions
chosen for the two reactors are listed in Table 2.

RESULTS AND DISCUSSION

Combined Cycle Power Plant System
A description of a possible process design is shown in the process flow diagrams (PFD) in Figures 5 and 6.
Desulfurised natural gas at 400 8C and 5.4 bar is fed into the plant. Water at 10 8C and atmospheric pressure,
is pressurised and exchanges heat with the compressed CO2 in order to liquefy the CO2. The pure CO2

stream is now ready for high-pressure sequestration. The water is mixed into the natural gas stream before
the mixture is heated in three heat exchangers and fed into the reformer. The produced H2-stream from the
reformer is split. About 41% of the gaseous reformer products are fed into the combustion chamber of the
regenerator to produce the heat required to regenerate the CO2 sorbent. The CO2 sorbent enters the reformer
at high temperature (1000 8C) and reacts with the CO2 produced in the reforming process to yield CaCO3.
The reformer is assumed to have a pre-reforming stage converting all hydrocarbons .C1 to methane,

Figure 4: Operating principle for a stable circulation system for solids.
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hydrogen and carbon dioxide. The exhaust from the regenerator combustion chamber is split in order to
dilute the H2 stream from the reformer to 50% H2. This mixture is fired into the gas turbine combustion
chamber. The exhaust gases from the gas turbine and from the regenerator combustion chamber are mixed
and then sent to a high-recovery steam generator (HRSG) coupled to a three stage double reheat steam
turbine bottom cycle.

The CCPP process has been simulated on the HYSYS process version 2.4 steady-state process simulator,
a software product from Hyprotech AEA Technologies.

TABLE 1
DATA AND PARAMETERS USED IN THE STUDY

Desulfurised natural gas feed

Composition Mol%

N2 0.61

CO2 2.92

CH4 79.78

C2H6 9.68

C3HS 4.45

n-C4H10 1.23

i-C4H10 0.73

n-C5H12 0.20

I-C5H12 0.21

C6H14 0.21

Ambient conditions

Average ambient temperature 10 8C

Average sea water temperature 10 8C

Other data

Average load power station 100%

Power output (net) 330 MW

CCPP efficiency 58%

CO2 removal (total) 90%

CO2 exit pressure 80 bar

CO2 production 1 Mt/year

NOx emissions Not investigated

TABLE 2
OPERATING CONDITIONS FOR THE TWO REACTORS

Reformer: hydrogen production/integrated CO2 capture

Steam to natural gas ratio 3.5

Calcium oxide to natural gas ratio 1.5

Temperature 600 8C

Pressure 5 bar

Regenerator: calcination reaction

Temperature 1000 8C

Pressure 5 bar

Atmosphere CO2
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Figure 5: Process flow diagram, IFE CO2-capture concept, CCPP system.

2
2

0



Figure 6: Process flow diagram, overall process, CCPP system. 2
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Production and consumption figures
A summary of production and consumption figures is shown in Figure 7. In general, it is found that the H2

stream from the reformer contains 0.9% CH4 and 1.0% CO2, which goes into the gas turbine combustion
chamber and produces CO2 which again is released to the atmosphere. Given the assumptions described
below, the CO2 capture is 89.9%, thus practically meeting the CO2 capture requirement of 90%.

The natural gas flow is 17.09 kg/s at an LHV of 45.536 MJ/kg. The primary energy going into the process is
thus 778.1 MW. The CCPP generates 403.6 MW gross. However, the air compressor and the fuel
compressor in the CO2 removal process consume 23.7 and 32.8 MW, respectively. CO2 compression to
80 bar also consumes 14.2 MW. Other auxiliary power requirements are assumed to be 3 MW. Net power
output is thus 326.8 MW. Taking into account that the desulfurisation and heating of the natural gas to
400 8C, one arrives at an overall LHV electrical efficiency of 40.3% for the CCPP.

Steam Boiler System
A description of the process design is shown in the PFD diagrams in Figures 8 and 9. The CO2 removal
process is basically identical to the CCPP case except that the H2 product is not diluted as described
previously. Instead the H2 product is cooled to remove the water vapour and meet the purity requirements
(.95%). A large amount of excess heat is utilised for steam production as a secondary product.

The same program (HYSYS process) has been used to simulate the process.

Production and consumption figures
A summary of production and consumption figures is shown in the diagram in Figure 10. In general, it is
found that the H2 stream from the reformer contains 0.9% CH4 and 1.0% CO2. Given the assumptions
described below the CO2 capture is 89.9%, thus practically meeting the CO2 capture requirement of 90%.

The natural gas flow is 17.09 kg/s at an LHV of 45.536 MJ/kg. The primary energy going into the process is
thus 778.1 MW. However, the air compressor in the CO2 removal process consumes 8.2 MW and CO2

compression to 80 bar also consumes 14.2 MW. Other auxiliary power requirements are assumed to be
3 MW. The products are a hydrogen stream with an energy content of 552.3 MW and 97.2 kg/s steam at
106 bar and 289 8C.

Figure 7: Production and consumption figures, CCPP system.
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Figure 8: Process flow diagram, IFE CO2-capture concept, steam boiler system.
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Figure 9: Process flow diagram, overall process, steam boiler system.
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Assumptions and Simplifications
The following assumptions and simplifications have been made both for the CCPP and the steam boiler:

1. Desulfurised natural gas is fed into the process. However, the heat from the desulfuriser is brought
along producing a natural gas feed at 400 8C and 5.4 bar.

2. The conversion rate of hydrocarbons heavier than methane is 100%.
3. The reformer conversion rate for methane is 93%.
4. The CO2 absorption rate is 95%.
5. The excess CaO is approximately 50% compared to hydrocarbon C.
6. The CaCO3 conversion in the calcination reaction is 99%.
7. A catalyst has not been defined in the simulation. Consequently, one assumes that the catalyst is not

circulating between the reactors and not affecting the heat balance of the system.
8. The combustion chamber of the regenerator is inside the reaction vessel for maximum heat transfer.
9. The CO2 loop shown in Figures 5 and 8 is regarded as a reactor-specific process and is not considered

in the simulation.
10. The adiabatic compressor efficiencies are assumed to be 85%.
11. Heat loss to the environment from the CO2 removal process reactors and pipes, etc. is assumed to be

9.3% of the heat transferred in the heat exchangers.
12. The LHV efficiency of the CCPP is 58% equivalent to the value assumed in similar calculations [4].

It is assumed that water vapour in the turbine fuel does not affect the firing properties of the combustion
chamber. Instead of 50% dry N2, the simulation allows for steam in the inert fraction as long as 50% H2 is
maintained.

In the simulations, it is assumed that pure CO2 exits the regenerator. However, in the proposed circulating
fluidised bed system, some minor gas leakages from one reactor to the other have to be considered and will
affect slightly the purity of the CO2 stream. The main pollutants will be small amounts of hydrogen, steam,
methane and carbon monoxide. A proper design of the U-pipes and a good control of the circulation flow
will minimise these gas leakages.

CONCLUSIONS

Given the above assumptions and additionally assuming that the fluidised bed reactors can be designed
to meet the assumptions in real life, the HYSYS simulations show that 90% CO2 removal is possible
using hydrogen produced in a reforming reaction with integrated CO2 capture based on a CaO–CaCO3

Figure 10: Production and consumption figures, steam boiler system.
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cycle. Although reactor design is not a part of this pre-study, it should be pointed out that the
assumptions are quite demanding on the reactor efficiency, especially because the fluidised beds are one
stage reactors.

The HYSYS model simulation showed that a CCPP with an electrical efficiency of 58% (LHV), which was
fed with hydrogen from the present integrated reforming reaction can achieve an overall plant efficiency of
about 40%. This is somewhat less than comparable CO2 removal processes. According to Bolland et al. [4],
the best-known concepts yield LHV efficiencies in the range 49–51%. The main reason for the lower
efficiency in the present concept is that the CO2 removal process is intended to operate at lower pressures
and consequently, the hydrogen fuel has to be compressed before entering the turbine combustion chamber.
Another loss factor is the need for sulfur removal. If one can design a continuous process where the
reforming reaction is kept at a high pressure (15 bar, for example) while the regeneration process is still at
low-pressure (1–5 bar), one can avoid the use of a power consuming fuel compressor. This design will
increase the efficiency to 44.3%. Similar calculations with a reduced steam to carbon ratio (2.0 instead of
3.5) and keeping the natural gas feed constant and all reactor pressures and temperatures at the same level,
showed that the CO2 removal drops to about 86% due to a reduced methane conversion in the reformer. Less
heat is then needed for CO2 recovery and steam generation and a larger fraction of the hydrogen produced in
the reformer is thus available as CCPP fuel. The net electrical efficiency increases to about 43–44%.

In the present process with the high temperatures and circulation of large amounts of solid material, it seems
difficult to reach the same efficiency figures as comparable concepts. Heat losses and auxiliary power
demand will inherently be higher in the present concept.

RECOMMENDATIONS

Mitigation of CO2 emissions from energy production will require new technical solutions. Future energy
technology must comply with both the requirement for increased energy and cost efficiency as well as the
need for significant reductions in the CO2 emissions. There is, therefore, a strong need for new technologies
with potential possibilities of electricity production at the same costs as conventional power plants, with
emphasis on strongly reduced CO2 emissions. The “hydrogen society” is believed to be one answer to these
challenges and in this society fuel cells and gas reforming are expected to play a major role. For CO2

capture, the work should focus on pre-combustion technologies, as a precursor to the coming hydrogen
society. Integration of different novel and radical technologies will be important in order to obtain high total
efficiencies, flexible solutions with respect to fuel and market demands as well as competitive costs.
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