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Summary

Increased climate change over past decades has resulted in an increase in the av-
erage temperature (also called global warming) of Earth’s climate system. At the
recent Paris climate conference (COP21) in 2015, 195 countries in the world have
agreed upon a stringent plan to limit global warming below 2oC. This demands a
significant reduction in the industrial emission of greenhouse gases, predominantly
carbon dioxide (CO2). Existing fossil fuel (coal, natural gas) fired power plants
account for the majority share in global carbon dioxide (CO2) and other harmful
(SOx , NOx) emissions. Therefore clean, efficient and flexible power plant concepts
need to be developed towards upgrading existing power plants and to meet the
strict CO2 emission targets. Combined cycle power plants like the integrated gasifi-
cation combined cycle, IGCC (coal based) and integrated reforming combined cycle,
IRCC (natural gas based) can be utilized to produce electricity using fossil fuels at
relatively high efficiencies compared to conventional single cycle plants.

Possible approaches to make IGCC/IRCC power plants cleaner, efficient and
more flexible include biomass utilization (renewable energy source), application of
CO2 capture technologies, retrofitting with highly efficient fuel conversion technolo-
gies like solid oxide fuel cells (SOFCs) and energy/fuel storage. This dissertation
primarily aims to provide design concepts and thermodynamic system analysis for
large scale IGCC and IRCC power plants with a focus on achieving high electrical
efficiencies, low CO2 emissions and high operational flexibility. SOFCs have been
explored as an efficiency augmenting technology and metal hydride based hydro-
gen storage as a flexibility option. Furthermore, future development of safe and
optimally operating hydrocarbon (like natural gas (methane)) fuelled SOFC units
on the basis of system and numerical models, requires reliable experimental data
and understanding in the underlying reaction kinetics. Thereupon, an extended
experimental study has been carried out in this work on methane steam reforming
(MSR) kinetics in single operating SOFCs.

The dissertation comprises of 4 main parts: a) an experimental model validation
study on high percentage (upto 70%) biomass co-gasification in IGCC power plants
(called bio-IGCC) based on an existing coal based power plant in the Netherlands.
b) a thermodynamic system study towards retrofitting SOFCs and CO2 capture in
existing IGCC power plants with a focus on near future implementation. c) a ther-
modynamic system design study on flexible IRCC power plants with metal hydride
based hydrogen storage and a preliminary study on integrating SOFCs in natural
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SUMMARY

gas (methane) based power plant systems. d) an experimental study on methane
steam reforming (MSR) reaction kinetics in single operating SOFCs.

Co-gasification of biomass like wood pellets combined with carbon dioxide (CO2)
capture in existing coal based IGCC power plants has a large potential to reduce CO2

emissions in the near future. Woody biomass is largely considered a carbon neutral
fuel based on a hypotheses that it removes as much CO2 from the environment dur-
ing its growth as is emitted after its conversion in industrial plants. In order to
assess biomass co-gasification as a clean energy technology, high percentage (upto
70% energy based) biomass co-gasification tests were carried out in the past by
NUON/Vattenfall at the currently defunct 253 MWe coal based Willem-Alexander
Centrale (WAC), Buggenum in The Netherlands utilizing steam exploded wood pel-
lets. Chapter 2 of this dissertation presents the obtained experimental data with a
detailed and validated steady state thermodynamic off-design model developed as
an aid to assess future plant operations. The validation study shows a reasonably
accurate model prediction for a net power output of 173 MWe and a net plant ef-
ficiency of about 37.2%. Furthermore, the need to carry out co-gasification with
high lower heating value (LHV) torrefied wood pellets has also been pointed out.
Confirming previous reports in literature, an exergy analysis of the complete sys-
tem indicates largest exergy destruction in the gasifier and gas turbine combustor,
suggesting an additional scope for process improvements. Despite unavoidable in-
consistencies in the obtained plant data, it has been shown that off-design thermo-
dynamic models can be effectively utilized to predict power plant performance with
a relatively high accuracy (within 3% relative deviation).

Solid oxide fuel cells (SOFCs), operating at high temperatures (700-1000oC)
are fuel flexible and highly efficient electrochemical devices for electricity produc-
tion. Existing coal/biomass fired IGCC power plants could be retrofitted with SOFCs
and novel CO2 capture technologies to reduce CO2 emissions and increase net elec-
trical efficiencies in near future. Utilization of SOFCs also promotes lower SOx

and NOx emissions. Chapter 3 presents a detailed thermodynamic analysis towards
retrofitting SOFCs and CO2 capture in bio-IGCC power plants using off-design mod-
els developed based on validated models presented in Chapter 2. Two systems have
been presented: i) a system based on WAC design with partial SOFC-CO2 capture
retrofit i,e only part of the syngas fuel is utilized in the SOFC and CO2 capture
unit ii) a newly designed integrated gasification fuel cell (IGFC) system with CO2

capture wherein syngas fuel is completely converted in the SOFC unit. The two sys-
tems together have been used to pinpoint that existing IGCC power plants could be
operated with more than 40% net electrical efficiency without major process modi-
fications when partially retrofitted with SOFCs (upto 40 MWe) and oxy-combustion
CO2 capture. The study further reveals that full scale CO2 capture and SOFC integra-
tion requires major redesign of the gas turbine and heat recovery steam generator
(HRSG). The reduction in thermodynamic losses in both systems compared to the
base system (presented in Chapter 2) without SOFC and CO2 capture has also been
clearly pointed out with an exergy (2nd law) analysis.

Natural gas, a relatively cleaner fossil fuel compared to coal, is an additional
primary fuel utilized for electrical power production. Chapter 4 of this disserta-
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tion with an aim to assess operational flexibility presents a thermodynamic system
study on IRCC power plants with metal hydride based hydrogen (H2) storage and
pre-combustion CO2 capture. The central idea explored in this study to introduce
operational flexibility is, the storage of H2 in a metal hydride (Magnesium hydride
(MgH2)) during low power demand and utility of the stored H2 for power produc-
tion during high power demand. Metal hydrides (MH) as a H2 storage option in
power plants offer multiple advantages in terms of relatively high storage capaci-
ties (%wt) and extensive possibilities for heat integration within the system. The
comparative study using steady state IRCC system models with and without H2 stor-
age shows that addition of MH based H2 storage in IRCC power plants causes an
insignificant penalty of the net system efficiency and that these system could be
operated with a time based average efficiency above 45% with appropriate heat in-
tegration. The H2 split fraction and choice of the metal hydride (reaction enthalpy)
are identified as two important design parameters. Additional aspects regarding
the temperature pinch in the HRSG and feed water preheaters (FWP) have also
been addressed. The reformer and gas turbine combustor have been identified as
sources for the largest thermodynamic irreversibilities. As a preliminary investiga-
tion, Appendix 4A of this dissertation presents a system study towards retrofitting
such systems with SOFCs towards reducing these irreversibilities.

Fuel conversion in SOFCs cannot be completely understood based only on ther-
modynamic investigations. It is of vital importance to also investigate the underly-
ing reaction kinetics to develop larger, safer SOFC units for power plant integration
and to precisely predict undesirable temperature gradients in the cell. Furthermore,
it is also important to obtain reliable experimental data for developing accurate
system and numerical models. Chapter 5 of this dissertation presents an experimen-
tal study on MSR kinetics in an operating single SOFC with Ni-GDC (gadolinium
doped ceria) anodes. The study has been carried out for relatively low inlet steam
concentrations (steam to carbon (S/C) ratio around 1) and moderate current den-
sities upto 3000 A/m2. Based on experimental methane conversion obtained at
various operating temperatures, gas compositions and current densities, a kinetic
model has been developed to calculate and compare relevant kinetic parameters
using two approaches - power law (PL) and general Langmuir-Hinshelwood (LH)
kinetics. Results using both approaches indicate that electrochemical hydrogen ox-
idation (current) marginally promotes methane conversion and the MSR reaction
rate. However, the inlet methane partial pressure and the operating temperature
have been identified as the most important factors affecting the rate. Although
both approaches predict the same net MSR reaction rates, a significant difference
is observed in the predicted rate and species partial pressure distribution along the
channel length. Furthermore, experiments indicate that methane reforming on an-
ode current collectors in always not negligible, particularly at higher temperatures.

In a nutshell, the work presented in this dissertation is an important step for-
ward towards the conceptual design and development of clean, efficient and flexi-
ble SOFC integrated IGCC/IRCC power plants. The work additionally exposes the
importance and thermodynamic advantages of employing solid oxide fuel cells and
metal hydride based hydrogen storage in large scale (>150 MWe) power plants. As
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one of the highlights, the study reports a first of its kind model development and
experimental validation based on a large scale 70% biomass co-gasification test in
an existing IGCC power plant. The study reveals the increased importance, rele-
vance and effectiveness of detailed steady state, thermodynamic, off-design power
plant modeling and validation. Additionally, it has been shown on the basis of ther-
modynamic calculations that no major process modifications are needed in existing
IGCC power plants to partially retrofit with SOFCs and CO2 capture for boosting
the electrical efficiency and reduce CO2 and other harmful (SOx , NOx) emissions.
Thermodynamic assessment on natural gas fired IRCC power plants with metal hy-
dride based hydrogen storage indicates a large potential in terms of flexibility, heat
integration and efficient load management. As a step further to accurately predict
temperature gradients in SOFCs in future, the study has gone some way towards
enhancing our understanding on methane steam reforming (MSR) kinetics in single
operating SOFCs with Ni-ceria anodes. The study indicates the importance of se-
lecting appropriate kinetic approaches and rate expressions to predict reaction rate
and species distribution across the operating cell.
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Introduction
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1. INTRODUCTION

1.1 Background

Increased human industrial activities over the past century is a major cause for cli-
mate change. This agreement is documented not just in a single study, but by a
converging stream of evidence over the past decades from surveys of climate sci-
entists, content analyses of peer-reviewed studies and public statements issued by
virtually every involved organization of experts in this field.[1–5] There has been
a general increase in the earth climate system’s average temperature (termed as
global warming) over the past few decades particularly due to the heat absorption
by greenhouse gases (GHG) like CO2 and methane (CH4). This must be avoided
to prevent catostrophic natural events and to provide a safe living environment for
mankind. Increased emission of these gases by fossil fuel (coal/natural gas/crude
oil) based industrial manufacturing/processing plants, power plants into the atmo-
sphere is postulated as a major cause for global warming. In order to limit drastic
climate change over the next decades, clean and efficient processes must be de-
signed, particularly in the power plant sector. The power plant sector is the single
major cause for the release of GHG gases in the American and European regions.
[6, 7].

Reduction on the use of fossil fuels and increase in the use of renewable sources
for large scale (MW scale) power generation has been agreed upon by many coun-
tries. Multiple initiatives and targets have been set like Paris COP21, Roadmap 2050
[8], the 2030 framework for climate and energy [9] to mitigate climate change in
near future. However the use of fossil fuels will continue to play an important role
in the coming decades particularly due to lower costs, higher reliability and to large
extent convenience. As per statistics from 2014, almost 48% net electricity produc-
tion has been utilizing combustible fossil fuels in the European Union (EU)[10].

In order to make a transition towards a more clean and sustainable energy based
economy, it is crucial to develop on one hand novel renewable energy technologies
(bioenergy, solar, wind, geothermal etc.) and on the other hand improve/upgrade
existing fossil fuel (coal and natural gas) based power plants. Gasification of solid
fuels like coal and reforming of natural gas to produce syngas (a mixture of hy-
drogen and carbon monoxide (CO)) offers multiple advantages for clean, efficient
and flexible utility of these fossil fuels in power plants. Combined cycle (consisting
of 2 thermodynamic power cycles) systems like the integrated gasification com-
bined cycle (IGCC) and integrated reforming combined cycle (IRCC) are considered
key power plant technologies for solid fuels (coal/biomass) and natural gas respec-
tively [11, 12]. This is particularly due to their relatively higher thermodynamic
efficiencies, larger operating flexibility, lower water consumption and possibilities
for cogeneration compared to conventional single cycle (Brayton/Rankine) power
plants[13, 14]. There are multiple approaches one could take to upgrade existing
IGCC/IRCC power plants for lower GHG emissions and lower fossil fuel reliance:

1. to integrate renewable sources into existing power plants for eg. biomass
utilization

2. to increase power plant efficiencies thereby reducing fuel consumption for eg.

2



1.1. BACKGROUND

by integrating/retrofitting fuel cell technologies

3. to increase operational flexibility in power plants for eg. with energy storage

4. to introduce transition technologies to lower CO2 emissions for eg, with car-
bon capture and storage (CCS)

Biomass (bioenergy) is one of the only renewable sources of energy which can
be coprocessed in existing fossil fuel conversion systems [15]. Biomass can be co-
processed as a fuel in coal based IGCC power plants (bio-IGCC plants) to promote
CO2 neutral power production. Biomass can be considered as a CO2 neutral fuel
(on an assumption that biomass removes as much CO2 from the environment dur-
ing its growth as is released during its combustion) [16–18]. Furthermore, carbon
(CO2) capture and storage (CCS) is an available transition technology to reduce
CO2 emissions from fossil fuel based power plants. In parallel, it is also impor-
tant to investigate options towards boosting power plant efficiencies significantly to
reduce (fossil) fuel consumption. Fuel cells are high efficiency electrochemical de-
vices which can convert chemical energy in fuels to electrical energy. In particular
solid oxide fuel cells (SOFC) are considered suitable for power plant integration as
they are fuel flexible, operating at high temperature, intrinsically CCS ready and
relatively high contaminant tolerant [19].

Presently, research on high efficiency combined cycle power plant systems largely
focus towards development of new systems with distant future implementation.
Limited studies have been performed towards integrating (retrofitting) novel tech-
nologies in existing installations with a focus on near future implementation. In
order to invest and implement suitable retrofits, it is of utmost importance to assess
power plant off-design performance, required process modifications and operational
boundaries based on the existing equipment in the power plant.

Thermodynamic system modeling can be an effective tool to evaluate power
plant performance with alternative and off-design operating conditions. System
evaluation using detailed models/simulations is considered as a base towards opti-
mal design, control and operation of power plants. In order to assess the aforemen-
tioned approaches towards upgrading existing IGCC/IRCC power plants to achieve
higher efficiencies, flexibility and low CO2 emissions, detailed and validated ther-
modynamic models need to be developed. Such models also help in assessing ther-
modynamic feasibility and process constraints. Experimental research efforts are
also important, however due to cost, time constraints and limited experience, ex-
periments in power plants on a large scale are often not feasible. The main purpose
of carrying out a system model analysis is to check whether the same electrical
power output can be maintained with change in process/operating conditions. In
addition it is important to predict thermodynamic operating efficiencies for these
new systems and identify areas for further improvements.

The next two sections describe the need for increased efficiency and flexibility
in power production and an overview of key enabling technologies. The main re-
search targets have then been described, following with the scope and outline of the
dissertation.

3



1. INTRODUCTION

1.2 Need for increased efficiency and flexibility in
power plants

Energy efficiency plays an important role in quantifying fuel utilization in power
plants and thereby directly affecting the GHG emissions. A general definition for
energy efficiency would be the ratio of product(s) energy content and source (fuel)
energy content. There can be many ways of defining efficiency of a power plant, de-
pending on what we consider as products. However, if we consider only electricity
as the product and the energy in the input fuel i,e the lower heating value (LHV) as
the source, it becomes evident that by increasing energy efficiencies, there is lower
fuel consumption. Increasing energy efficiency of IGCC/IRCC power plants also re-
duces energy costs and thus makes the whole power generation cycle much cheaper.
In addition to the energy efficiency, that is based on the 1st law of thermodynamics,
it if often very useful to assess energy conversion systems like IGCC/IRCC power
plants from an exergy point of view. This helps in identifying thermodynamic losses
in the system and to establish further system improvements. A detailed explanation
on the concept of exergy and exergy efficiency is given in the following chapter.

Furthermore, flexibility in power production remains a major requirement. With
large investments in renewable energy technologies underway, an increase in the
share of renewable electrical power in the total electrical power production is pre-
dicted in the future [20, 21]. This could result in large fluctuations in future power
supply and demand [20, 21]. Electrical energy storage (EES) is considered as a
potential solution to this, resulting in more reliable electrical power supply and re-
duction in energy costs. The basic concept is to store the produced electrical energy
during low demand (base load) period and utilize the stored energy during high
demand (peak load) periods. Different storage options have been developed in the
last decades like batteries (also redox-flow), flywheels, pumped hydro storage, com-
pressed air storage, natural gas storage and hydrogen storage. These options differ
in terms of discharge time, energy content and efficiency [22]. With hydrogen be-
ing a co-product from the energy conversion processes in IGCC/IRCC power plants,
investigations need to be carried out to assess the effects of integrating hydrogen
storage in stationary power plants. Co-produced carbon free hydrogen could be
stored during low demand hours thereby providing increased flexibility.

1.3 Overview of enabling technologies

This section gives a brief overview on the various enabling power plant technolo-
gies towards developing large scale (>150 MWe) clean, efficient and flexible IGCC
/IRCC power plants. A short introduction is first presented on available CCS tech-
nologies followed with a basic introduction to high temperature solid oxide fuel
cells. Thereafter, the role of SOFCs towards developing high efficiency and clean
combined cycle power plant systems has been clarified including the importance
and challenges of hydrocarbon (methane) utilization in SOFCs.
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1.3. OVERVIEW OF ENABLING TECHNOLOGIES

1.3.1 Carbon (CO2) capture & storage (CCS)

Carbon capture and storage (CCS), is a process technology of capturing/separating
waste carbon dioxide (CO2) from large sources, such as fossil fuel based power
plants, transporting it to a storage site, and storing it at a location to prevent its
release into the atmosphere, normally an underground geological formation. The
aim is to prevent the release of large quantities of CO2 into the atmosphere, from
fossil fuel use in power generation and other industries. Fig. 1.1 summarizes the
various CO2 capture technologies. The next subsections give an overview of the
three major capture technologies applicable to power plants. Storage of captured
CO2 has not been addressed in this work and is considered out of scope for this
project.

Figure 1.1: Overview of carbon capture technologies [23] - This thesis work investigates
pre-combustion (Chapter 4) and oxy-fuel combustion (Chapter 3) technologies

1.3.1.1 Pre-combustion capture

Systems with pre-combustion capture consist of a process where CO2 is separated
before the fuel is combusted to produce power (for eg. with a gas turbine cycle).
Fig.1.2 shows a simplified schematic for an IGCC power plant with pre-combustion
CO2 capture. In combined cycle power plants (IGCC/IRCC) with a hydrocarbon
based fuel like coal/biomass/natural gas, syngas (mixtue of CO and H2) is first
produced using a gasifier (IGCC) or reformer (IRCC). The resulting syngas then
undergoes the water gas shift reaction (WGS) to convert CO to CO2. The CO2 rich
gas stream is then purified to obtain pure CO2, which can be compressed and stored.
The high concentrations of CO2 produced by the shift reactor (typically 15-60% by
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Figure 1.2: Process scheme of IGCC power plant with precombustion CO2 capture [24]

volume on a dry basis) and the high pressures are favourable for CO2 separation by
physical absorption. H2 rich fuel is utilized to produce power.

The sorption enhanced water gas shift (SEWGS) technology developed at the
Energy Research Center of the Netherlands (ECN) is a powerful and efficient process
for simultaneously carrying out the WGS reaction and in parallel capturing CO2. The
main advantage of the process include the high conversion of CO to H2 by the shift
reaction through the selective removal of the product CO2[25]. Also the process is
operated entirely at high temperature yielding hot streams of CO2 and H2. Hydrogen
obtained at high temperature with excess steam results in higher efficiency and
reduced NOx emissions[25, 26]. The SEWGS unit produces two streams: a H2 rich
gas (>70% mol H2) which is sent to the gas turbine combustor or stored and a CO2

rich gas (>95% mol CO2) which is sent to the CO2 storage unit.
In the SEWGS process, a K2CO3 promoted hydrotalcite- based sorbent is used

to adsorb CO2 and also as a catalyst for the shift reaction. The temperature of
operation is typically 400oC. The SEWGS cycle is shown in Fig.1.3. The process
utilizes 6 parallel reactors each consisting of 5 steps: feed (adsorption and shift takes
place), rinse for clearing voids, depressurization, purge for sorbent regeneration and
repressurization. The feed step involves feeding the reactor with syngas obtained
from the pre-shift reactor to produce hydrogen. Next the reactor is rinsed with
medium pressure steam to obtain syngas which is mixed with the feed. A pressure
equalization step follows where the rinse gas expands through the reactor pushing
the interstitial syngas to a reactor at lower pressure.In the blowdown (bd) and purge
steps, CO2 is collected. With the repressurization of the reactor with part of the
hydrogen, the reactor is ready for the next cycle.

6
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Figure 1.3: SEWGS process cycle [25]

1.3.1.2 Oxy-fuel combustion capture

Figure 1.4: Process scheme of a power plant with oxyfuel combustion CO2 capture [24]

7



1. INTRODUCTION

Combusting fuel using pure oxygen (>95% vol purity) instead of air at near-
stoichiometric conditions, results in a flue gas consisting mainly CO2 (>80% on a
dry basis), water vapor and small amounts of noble gases. Given that nitrogen is
the main component in air used for combustion (79% volume), nitrogen dilution in
flue gas can be avoided by switching from air combustion to pure oxygen combus-
tion. If the fuel is clean, flue gas will mainly consist of CO2 and water vapour. CO2

can be easily separated by cooling and condensing out water [27]. Fig.1.4 shows
a simplified schematic for an IGCC power plant with oxyfuel-combustion CO2 cap-
ture. Oxyfuel combustion capture is particularly well suited for SOFC integrated
IGCC/IRCC power plants as the unutilized fuel in the SOFC can be combusted with
pure O2 and followed with cooling and water condensation.

1.3.1.3 Post-combustion capture

Post-combustion systems separate CO2 from the flue gases produced by the com-
bustion of the carbonaceous fuel with air. These systems normally use amine based
solvents to capture the small fraction of carbon dioxide (typically <15% by volume)
present in a flue gas stream in which the main constituent is nitrogen. Several
chemical and physical absorption processes exist that can separate the CO2. Com-
mon solvents used in chemical absorption processes are monoethanolamine (MEA),
methyl diethanolamine(MDEA), Sulfinol while Rectisol, Purisol and Selexol are used
in physical absorption processes[27].

The choice of the capture technology depends on many factors such as type of
the power plant, operating conditions, scale of the capture unit, economic consid-
erations and location. This dissertation focuses primarily on oxyfuel combustion
and precombustion capture technology and their integration in bio-IGCC and IRCC
power plant systems respectively. The next section provides a short introduction to
SOFCs and their role as a key power plant technology to increase net plant efficien-
cies and flexibility.

1.3.2 Solid oxide fuel cells (SOFC)

SOFCs are highly efficient electrochemical devices that convert the chemical energy
in a fuel into electricity without direct combustion. They are not subjected to the
Carnot efficiency and the electrochemical conversion of fuel is thermodynamically
more advantageous than combustion[28]. Solid oxide fuel cells(SOFC) operate at
high temperatures between 700-1000oC, depending on the material. The perfor-
mance and efficiency of SOFCs increase when operated under pressure. Because
of their high temperature and operating pressure, SOFCs are considered ideal for
integration in power generating systems. Their outlet gas streams can be expanded
in a gas turbine (GT) to produce additional power or steam can be generated with
the heat in the exhaust gas to power a steam Rankine Cycle. Furthermore the outlet
gas streams can be easily integrated with CO2 capture technologies to yield clean
power. However, a major remaining challenge is the comparable sizing up of the
SOFC unit for large scale power plants due to cost and material constraints.
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The solid oxide fuel cell as shown in Fig.1.5 is constructed with two porous elec-
trodes (anode and cathode) that sandwich a dense oxide ion-conducting ceramic
material, the electrolyte. The thickness of each layer is generally of a few microm-
eters (µm) .Air is fed on the cathode side and gaseous fuel (H2, CO, CH4, syngas,
ammonia, biogas etc.) is fed on the anode side. With a difference in the oxygen
partial pressure between the electrodes, oxide ions (from cathode) diffuse through
the electrolyte material and migrate to the other side of the cell where they come
in contact with the anode. The oxygen ions encounter the fuel at the anode/elec-
trolyte interface and react catalytically, producing water, carbon dioxide, heat, and
electrons which are transported through an external circuit providing electrical en-
ergy.

Figure 1.5: Schematic showing the working principle of SOFCs [29]

The porous anode in addition to the ceramic material (like YSZ (yttria stabilized
zirconia), GDC (gadolina doped ceria)) also consists of metal catalysts like nickel
(Ni) which help in promoting reaction rates. The ceramic-metallic (cermet) anode
material thus becomes one of the most important aspect in designing SOFCs. The
exothermic electrochemical oxidation reactions occuring in an SOFC are as shown
in Eqn. 1.1 and Eqn. 1.2. Carbon monoxide (CO) oxidation (Eqn.1.3) is an ad-
ditional electrochemical reaction to be considered in operating SOFCs, however it
is generally reported that H2 oxidation is the predominant electrochemical reaction
[30].

O2 +2e− →O2− (1.1)

H2 +O2− → H2O +2e− (1.2)

CO +O2− →CO2 +2e− (1.3)

SOFCs are fuel flexible [28, 31]. Hydrocarbon fuels like methane (CH4), CO, syn-
gas, biogas etc. and other hydrogen containing fuels like ammonia can be utilized in
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SOFCs. Fossil fuel based IGCC/IRCC power plants generally involve the conversion
of the feedstock (fuel) to syngas (a mix of CO, H2, CO2) via an appropriate process
(gasification/reforming) and the obtained syngas is utilized in a combined cycle to
generate electric power. SOFCs could thus be integrated in such power plants par-
tially replacing the less efficient combustion process [19, 32]. However there are
many challenges towards SOFC integration in power plants, particularly due to the
technology being relatively expensive, very high start-up and shut down times, lim-
ited demonstrations and operating challenges (like coking). With intensive global
ongoing efforts [33, 34] on developing kW scale fuel flexible SOFC stacks, research
needs to be carried out in understanding and assessing possibilities of integrating (or
retrofitting) such SOFC stack modules in existing coal/biomass based IGCC/IRCC
power plants.

In the case of IRCC power plants operating with natural gas as fuel, there exists
also a possibility to directly utilize natural gas (consisting mainly CH4) as a fuel
in SOFCs. Direct use of methane as fuel in SOFCs, called direct internal methane
reforming can be considered as one of the most efficient methods of producing
electricity [35]. Catalytic methane steam reforming (MSR) is also one of the most
common methods for hydrogen production on an industrial scale. Thus direct CH4

utilization in SOFCs offers additional prospects for hydrogen production and effi-
cient power generation with natural gas. A better understanding on MSR reaction
kinetics in operating SOFCs will aid in the development of optimal and safe SOFC
modules for power plant integration. The next section gives a short introduction on
internal MSR in SOFCs and the importance of experimental research efforts.

1.3.2.1 Methane steam refoming (MSR) in SOFCs - reaction kinetics and im-
portance

The MSR reaction is shown in Eqn.1.4. The endothermic reaction produces syn-
gas, a mix of CO and H2. The produced CO could also react with steam at high
temperature via the water gas shift (WGS) reaction (Eqn.1.5) to produce CO2 and
H2.

C H4 +H2O →CO +3H2 ∆H298K = 206k J/mol (1.4)

CO +H2O →CO2 +H2 ∆H298K =−41k J/mol (1.5)

Due to the reaction rates and thermodynamics of the MSR and electrochemical reac-
tions being different, undesirable temperature gradients arise in the anode leading
to reduced performance. However the heat released by the electrochemical reac-
tions (Eqn.1.2, Eqn.1.3) in the SOFC helps promote the MSR reaction. The main
focus towards optimizing SOFC performance with internal MSR would be reduce
these undesirable temperature gradients in the cell/stack. Inspite much progress
in recent years towards developing novel anode materials, numerous challenges
still remain to operate internal reforming SOFCs with minimal cell degradation and
electrode poisoning. The nickel catalyst in the SOFC anode also promotes carbon
deposition (coking) in the anode [31].

MSR reaction kinetics on Ni catalysts have been experimentally studied exten-
sively in the past by numerous researchers particularly using test catalytic reactors
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and catalyst beds [36–42]. However there is a shortage in experimental work us-
ing complete SOFC cermet anodes during operation (under the influence of cur-
rent). Limited kinetic studies on MSR reaction kinetics are available which take into
account the differing operating conditions like gas composition, temperature and
current densities. Furthermore, multiple kinetic expressions (of various types like
power law (PL), Langmuir-Hinshelwood (LH), first order (FO) kinetics) have been
utilized by researchers [35] to quantify MSR reaction kinetic parameters. No con-
sensus has yet been reached with these studies on reaction mechanisms, reaction
rate expressions and proposed theories. Hence multiple experimental efforts are
crucial in the coming future to further deepen our understanding on MSR reaction
kinetics in operating SOFCs.

1.4 Energy storage

Ensuring reliable power supply to consumers is of prime importance for power util-
ity companies. Electricity demand from various consumers can vary significantly
depending on many factors like time, location, purpose and cost. Electricity prices
also vary depending on time. The price of electricity is higher during high demand
periods compared to low demand periods due to differences in cost of power gen-
eration. Hence, there needs to be a good balance between electricity supply and
demand from power plants. Electrical energy storage (EES) options are suitable to-
wards introducing operational flexibility in IGCC/IRCC power plants as aforemen-
tioned in section 1.2. Different EES options have been developed in the last decades
towards introducing flexibility in power plants which have been listed below:

• Mechanical storage: This involves the storage of electricity using mechanical
methods like Pumped hydro storage (PHS), Compressed air energy storage
(CAES), Flywheels.

• Chemical storage: Chemical storage involves the storage of electricity with
producing of secondary fuels like H2 or synthetic natural gas (SNG). As an
alternative, produced hydrogen in the system can also be stored directly prior
to electricity production.

• Thermal storage: This option consists of storing electrical energy in the form
of heat. Various options here consist of storage of sensible or latent heat and
thermochemical adsorption or absorption storage methods.

• Electrochemical storage: Batteries are considered a suitable medium to store
electrical energy. These can be either secondary batteries or redox-flow bat-
teries.

• Electrical storage: These include supercapacitors and superconducting mag-
netic storage methods. However these have limited scope in application on
large scale power plant systems
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All the aforementioned EES options differ significantly in terms of discharge
times, energy content and efficiency. Hydrogen is considered a potentially clean
energy carrier for both mobile and stationary applications. Multiple options exist
to store hydrogen like compressed storage, cryogenic storage and storage in metal
hydrides. Storage in metal hydrides (MH) has the benefit that it requires lower
pressures and reduced volumes [43] resulting in a safer system with reduced capital
investments. An additional advantage is the possibility of integrating heat during
the MH reaction resulting in a flexible system that is expected to maintain high
efficiencies of the storage system and the plant during peak and off-peak demand
periods. Nonetheless, there are major operating challenges with the usage of metal
hydrides on large scale due to material stability issues, relatively fast degradation
and high cost.

1.5 Research targets

Based on the broad motivation and concepts presented in the earlier sections, the
main research targets for this work have been identified and are listed below:

1. Design, development and experimental validation of system concepts for bio-
IGCC power plants based on high percentage (70%) biomas co-gasification
tests carried out at the Willem-Alexander Centrale (WAC), a 253 MWe IGCC
power plant in the Netherlands. The system study to be based on off-design
steady state model development and subsequent validation with experimental
data.

2. A thermodynamic case study on retrofitting SOFCs and CO2 capture in exist-
ing bio-IGCC power plants identifying process constraints and energy/exergy
analysis, with a focus on enhancing operating efficiencies of existing bio-IGCC
power plants in near future.

3. Design and thermodynamic assessment of a flexible natural gas fuelled IRCC
(with CO2 capture and hydrogen storage) power plant concept using steady
state models.

4. A stepwise experimental investigation into internal methane steam reform-
ing (MSR) kinetics in operating SOFCs to facilitate reliable numerical model
development.

1.6 Scope & Outline

This dissertation carried out within the framework of the CATO-2B project (the
Dutch national project on CCS), primarily comprises of multiple system conceptual
studies and thermodynamic assessments towards developing high efficiency IGCC
and flexible IRCC power plants with CO2 capture. Process design and evaluation
has been focused on achieving high net electrical and exergy efficiencies, minimize
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CO2 emissions and operational flexibility. Solid oxide fuel cells (SOFCs) have been
chosen as an enabling technology to achieve high efficiency. As an extension, exper-
imental investigations have also been carried to understand MSR reaction kinetics
in SOFCs. The dissertation is divided in 6 chapters as outlined below:

Chapter 1 is the introductory chapter giving technical background for the study
and defining research targets.

Chapter 2 presents a detailed experimental validation and thermodynamic as-
sessment on high percentage (70% on energy basis) biomass co-gasification in an
existing coal based IGCC power plant (called bio-IGCC). An off-design steady state
model has been developed and validated using experimental data from large scale
tests carried out using steam exploded wood pellets at the Willem-Alexander Cen-
trale, a 253 MWe IGCC power plant (now defunct) in the Netherlands.

Chapter 3 extends the system study presented in Chapter 2 towards integrat-
ing (retrofitting) SOFCs and oxy-combustion fuel CO2 capture in existing bio-IGCC
power plants. A case study is presented again based on the Willem-Alexander Cen-
trale focussing on retrofitting and near future implementation.

Chapter 4 investigates flexibility aspects in natural gas based IRCC power plants
with precombustion CO2 capture and metal hydride based H2 storage. Furthermore
a preliminary system study has been presented in Appendix 4A on retrofitting natu-
ral gas combined cycle power plants with SOFCs.

Chapter 5 deals with experimental investigations on methane steam reforming
(MSR) kinetics in operating single SOFCs (Ni-ceria based anodes). Experiments
have been carried out using a planar electrolyte supported (ESC2) cell with a Ni-
GDC anode under relatively low S/C ratios (around 1) and moderate current den-
sities (Ic) upto 3000 A/m2. A comparative study between power law (PL) and
Langmuir-Hinshelwood (LH) kinetics is presented.

Chapter 6 reports the main conclusions of the dissertation with a section on
recommendations for future work.
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Chapter 2

High percentage biomass
co-gasification in IGCC power

plants
Biomass co-gasification in existing coal based IGCC power plants promotes renew-
able power production. Despite many recent efforts on a smaller scale, there still
hasn’t been any successful demonstration reported on high percentage (more than
50% on energy basis) biomass co-gasification at existing large scale IGCC power
plants. This chapter reports experimental test data obtained from 70% biomass
(steam exploded wood pellets) co-gasification tests carried out at the 253 MWe coal
based Willem-Alexander Centrale (WAC), Buggenum in The Netherlands. A brief
introduction on the WAC power plant has first been presented following with a
thermodynamic analysis using a detailed and validated steady state system model.
The validated model has been further utilized to predict plant performance involv-
ing 70% co-gasification with two fuel blends of torrefied wood pellets. The model
predicts plant performance and process parameters with reasonable accuracy (less
than 3% deviation). Exergy analysis indicates largest thermodynamic losses in the
gasifier and during combustion, providing additional scope for efficiency enhance-
ment. Furthermore, the presented test data serves as a reliable and prime data
source for modeling studies. The validated models could serve as a strong platform
to plan real plant operation with various biofuels and carry out studies involving
novel technology integration, retrofitting (chapter 3) and plant optimization.

This chapter is published as: A. Thallam Thattai, V. Oldenbroek, L. Schoenmak-
ers, T. Woudstra, P.V. Aravind, Experimental model validation and thermodynamic
assessment on high percentage (up to 70%) biomass co-gasification at the 253 MWe

integrated gasification combined cycle power plant in Buggenum, The Netherlands, Ap-
plied Energy, Volume 168, 15 April 2016, Pages 381-393, ISSN 0306-2619
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2. HIGH PERCENTAGE BIOMASS CO-GASIFICATION IN IGCC POWER PLANTS

2.1 Introduction

The role of biomass co-gasification in clean and sustainable power production has
been of major global interest as biomass utilization could lead power plants to be
carbon neutral and possibly carbon negative (if carbon capture and storage (CCS) is
employed) [44–46]. With growing environmental concerns and stringent emission
requirements, research and developement in high percentage biomass utilization in
large scale power plants is highly important. One of the major priorities of the Dutch
government has been to assess feasibility for biomass co-gasification to achieve high
percentage renewable power production and carbon reduction [47]. Also, biomass
co-gasification is a more suitable technology for solid fossil fuel power plants.

2.2 Plant overview and process description

Figure 2.1: Process flow diagram for the Willem-Alexander Centrale (WAC)- Red dotted blocks have not
been modelled in detail

The Willem-Alexander Centrale (acronymed in this dissertation as WAC) has
been a key demonstration plant for coal based IGCC technology. The power plant
was constructed in 1989 by Demkolec (defunct company now), a consortium of
Dutch power producers [48]. It was originally a demonstration project (Demo KV-
STEG) with the aim of proving the feasibility of the IGCC technology for power
production on a large scale in The Netherlands. After the demonstration phase
from 1993 through 1998 the plant was ready for commercial operation [48–50].
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2.2. PLANT OVERVIEW AND PROCESS DESCRIPTION

With the liberalization of the Dutch power market, N.V. Nuon Energy (subsidiary
of the Swedish company Vattenfall since 2009) acquired the plant in 2001 with
the main purpose of balancing the company’s power supply and demand. In 2003,
the company acquired Dutch power plants owned by the American power company
Reliant Energy and this facilitated WAC to be operated as a base-load plant using
coal and an increasing share of biomass [51].

Fig.2.1 illustrates the primary components at WAC in a process flow diagram.
The plant design is based on the Shell Coal Gasification Process (SCGP) to convert
pulverized fuel mix to synthesis gas (syngas) under sub-stoichiometric conditions
in a dry feed slagging entrained flow gasifier at high temperatures between 1500-
1800oC. The gas is subsequently cooled to approximately 250oC to remove particu-
lates, halogens, sulphur compounds and other contaminants. This is to avoid corro-
sive conditions in downstream process equipment and more importantly, avoiding
harmful emissions through combustion of syngas. Prior, to combustion, syngas is
diluted with N2 and saturated with water vapour to lower combustion temperature
and NOx emissions. Flue gas is then expanded in a gas turbine thereby generating
power and the off-gas, which continues to exhibit a considerable amount of thermal
energy, is directed through a heat recovery steam generator (HRSG). Subsequently
a steam turbine unit is utilized at three different pressure levels for additional power
generation. As shown in the the figure, the air cycle is 100% integrated i,e all air
utilized in the plant is obtained . Detailed features of the various sub-systems in the
plant can be found in previous work[52].

The increased need for flexible and efficient power plants also demands research
into load flexibility and polygeneration aspects. IGCC power plants have also been
studied by many researchers considering these aspects [53–58]. In order to develop
such flexible systems with reduced emissions and high efficiencies it is important
to understand and demonstrate real off-design operation of the plant with experi-
mental tests and thermodynamic models. Based on these considerations a biomass
scale-up project was carried out at WAC to assess high percentage (70% energy
based) biomass co-gasification.

2.2.1 Biomass scale-up project at WAC

Biomass handling capabilities at WAC were extended with installation of a biomass
silo and feed systems; continuous biomass co-gasification could thus be realized.
Several types of biomass fuels like wood, chicken litter, paper sludge, sewage sludge
and ground coffee beans were tested on a small and preliminary scale [59, 60]. Coal
still could be used as a cheap and abundantly available back-up fuel in case of fluc-
tuations in the biomass supply [47]. Based on small scale tests, milled wood pellets
turned out to be the most suitable bio-fuel for scaling up biomass co-gasification at
WAC [61]. Use of woody biomass in an entrained flow gasifier designed for coal
leads to a drop in the gasifier cold gas efficiency (ratio of chemical energy in syngas
to the chemical energy in the fuel) due to the higher hydrogen to carbon (H/C)
and oxygen to carbon (O/C) ratios in biomass [15]. Further, biomass gasification
under the same conditions yields less chemical energy in syngas and more sensible
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heat [15]. The molar concentrations of carbon dioxide (CO2) and water vapour
(H2O) also increase in the syngas at the expense of carbon monoxide (CO) and
hydrogen (H2) [15]. Increase in the sensible heat of syngas increases heat trans-
fer requirements downstream and calculations showed that at maximum plant load
the percentage of milled wood pellets (without pretreatment) in the fuel mix was
limited to 15%.

The aim was to achieve a net electrical output of 230 MW while co-gasifying 70%
biomass (target was set to 70% biomass in the fuel mix, energy based) [47, 61]. It
was thus decided to utilize pre-treated biomass for the fuel blend to assess opera-
tional feasibility without major plant modifications. Pre-treatment of biomass en-
hances the quality of the biomass feedstock in terms of its mechanical, thermal and
chemical properties [15]. Steam explosion and torrefaction are two of the avail-
able pre-treatment technologies that upgrade ligno-cellulosic biomass (like wood)
to a higher quality fuel (increased LHV) [15, 62, 63]. Steam explosion is carried
out typically at 160-260 oC; where biomass undergoes an explosive decompression
thus yielding biomass with increased LHV [15, 63]. Torrefaction is an alternative
pre-treatment method in which biomass is heated slowly to a temperature of 200-
300 oC in a non-oxidizing atmosphere [15, 63]. This causes the biomass to become
brittle and hydrophobic with a decrease in the O/C and H/C ratios. The changes in
composition and lower heating value (LHV) have a beneficial effect on the gasifier
cold gas efficiency. Torrefaction can yield a higher LHV end product than steam ex-
plosion in a relatively simpler process, also because with steam explosion, a drying
operation must be performed before densification and use in co-gasification applica-
tions [63]. In addition, the existing coal mills at the plant can be utilized to co-grind
biomass.

High percentage (70% on energy basis) co-gasification tests were carried out
with steam exploded woodpellets as the first step in the biomass scale up project
[61]. The large scale biomass co-gasification test carried out by NUON/Vattenfall
at WAC utilized commercially obtained steam exploded woodpellets, called black
pellets. The pellets are produced with a sequence of processes like drying, thermal
conditioning, milling and pelletizing [64]. Wood chips are first dried to reduce
moisture content to <10%. The chipped wood is sealed in a pressure vessel and
pressurized with steam. A thermal conditioning step is followed then with a sudden
release of pressure. This blows the biomass and leads to a tight, hard pellet bonded
together. These pellets could be shipped, received, stored, conveyed and milled just
like coal in the existing mills. Investigations were also required to understand the
technical feasibility of co-gasifying torrefied woodpellets at WAC.

2.3 Motivation

Detailed and validated system models can be an effective tool to evaluate plant per-
formance with alternative and safe operating conditions; hence it was decided to
develop thermodynamic models based on the WAC plant design as an important aid
to predict and verify off-design plant performance. In literature many studies can
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be found on IGCC modeling, mainly with coal [65–71] with a few studies on low
percentage biomass co-gasification. Modeling results on IGCC systems have been re-
ported for 20% co-gasification using sawdust [72, 73]. Additional results with 20%
co-gasification of sewage sludge, meat and bone meal were reported [74]. Valero et
al. [75] presents modeling evaluation of the oxy-co-gasification process for various
types of biomass upto 10%. Various techno-economic and thermo-economic evalu-
ation studies have been reported for various types of biomass on small to medium
scale (upto 20 MWth) [76–81] and economic studies of large scale biomass based
IGCC systems have also been reported. [18, 82]

Majority of these modeling results rely on literature or small scale tests as a
prime data source and reliability thus remains debatable. Also there exists an inad-
equacy in experiment based IGCC system assessments. Experimental studies have
been reported on stand alone gasifier units, for e.g., by Fermoso et al. [83] where
upto 10% co-gasification was studied with almond shells, olive stones and eucalyp-
tus. A small scale (5.5 MWe) 100% biomass (rice husk and agricultural wastes)
based IGCC demonstration project was carried out in China [84] and Sydkraft AB
has demonstrated a small scale (6 MWe) biomass based IGCC power plant fuelled by
wood in Vaernamo, Sweden [85]. Small percentage (2-4%) biomass co-gasification
test data was reported by Sofia et al. [86] for the 300 MW Puertollano IGCC power
plant in Spain with a techno-economic analysis for high percentage co-gasification.

Review on literature shows lack of availability in IGCC plant operating data for
high percentage biomass co-gasification in large scale IGCC plants. This work, for
the first time in scientific literature, strives to present the demonstration and actual
plant data for high percentage (70% on energy basis) co-gasification carried out at
a large scale IGCC power plant. The co-gasification test was carried out using steam
exploded wood pellets. The experimental test data has also been utilized to develop
a detailed and validated steady state thermodynamic model. The off-design model
has been developed based on our previous work involving the development and
validation of a design base case (100% coal gasification) model [52]. A well under-
stood and well explained demonstration of high percentage biomass co-gasification
in an existing large scale IGCC power plant is of crucial importance.

In this period of crisis for the power plant community where companies operat-
ing power plants are not able to justify their decisions to invest in new technologies
and a growing environmental concern, it could help initiate a renewed interest in
the development of carbon dioxide neutral (possibly negative if CCS is employed)
power plants. A major engineering achievement as this could also be sufficient for
effecting major changes in policies. The demonstration of the technology in such
a large scale could help develop a renewed interest in biomass utilization amongst
policy makers. This work in addition presents model predictions for co-gasification
with torrefied woodpellets at WAC. The developed off-design models could be an
important tool to plan real plant operation with various biofuels and to carry out
further studies involving novel technology integration, retrofitting and plant opti-
mization.
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2.4 Case definition and fuel composition

Case Feed fuel LHV (MJ/kg)
BASE [52] Australian Coal AUS-I 26.75
STEX 70% Steam exploded woodpellets + 30% Columbian coal 19.59
TORR-low 70% Torrefied woodpellets + 20% South African coal + 10% Columbian

coal
22.87

TORR-high 70% Torrefied woodpellets + 30% South African coal 23.82

Table 2.1: Case definition - STEX represents the validation case. TORR-low and TORR-high are defined
based on the LHV of the fuel blend with torrefied pellets

Table 2.1 shows the definition for various cases considered in this study and the
LHV of input fuel mix. The LHV for the coal powder in the BASE case was calculated
based on design data and the Milne equation [52]. For the cases with biomass co-
gasification, the LHV was obtained directly from NUON/Vattenfall. STEX represents
the validation case for the co-gasification test with steam exploded woodpellets.
Fuel mix for the STEX co-gasification test was obtained by mixing coal and steam
exploded woodpellets with simultaneous operation of two on-site stacker-reclaimers
at different speeds over the coal and steam exploded woodpellet piles. The veloc-
ities were set in a ratio such that the estimated share of biomass in the fuel mix
was 70% (on energy basis). Heating values and bulk densities were taken into ac-
count for determination of the speed ratio. Two cases: TORR-low and TORR-high
have been defined with different fuel blends and LHV based on NUON/Vattenfall’s
requirements for predicting co-gasification with torrefied pellets.

2.4.1 Feedstock composition & heating values

The fuel mix composition for the different cases are shown in Table 2.2. This repre-
sents the composition of the fuel mix fed to the gasifier after the drying operation.
The ultimate and proximate analysis of the various coal and biomass feedstock can
be found in Table 2.3. The STEX case fuel powder (ultimate analysis) and ash anal-
ysis was carried out by NUON/Vattenfall at their laboratories [87]. Ash consists of
various compounds but mainly quartz (SiO2), hematite (Fe2O3) and aluminium ox-
ide (Al2O3). These three compounds with highest mole fraction are included in the
fuel composition. Fuel mix for biomass co-gasification (both with steam exploded
and torrefied pellets) contain negligible amout of limestone. Fuel composition for
the BASE case is given only for reference.

(Wt%) Al2O3 C Cl Fe2O3 H H2O N O S SiO2 SO3

BASE [52] 3.48 66.77 0.03 5.09 4.34 0.94 1.61 6.76 0.97 10.00 0.00
STEX 2.23 51.75 0.01 1.18 4.45 2.00 0.80 27.72 0.43 9.09 0.34
TORR-low 1.29 60.71 0.01 0.39 5.15 2.00 0.62 26.23 0.20 3.27 0.13
TORR-high 1.39 63.15 0.01 0.27 5.01 2.00 0.66 24.97 0.16 2.25 0.13

Table 2.2: Gasifier fuel mix composition for different cases - O/C and H/C ratios are highest for the
STEX case and lower for TORR-low and TORR-high cases.
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NUON/Vattenfall carried out laboratory tests to analyze the coal and biomass
feedstocks. The ultimate and proximate analysis of the different feedstock has been
shown in Table 2.3. Different types of coal (from different countries, different com-
position) and pellets were obtained from various suppliers to carry out these large
scale tests. Fuel blends with the desired coal to biomass ratio were obtained by uti-
lizing improvized processes on the old existing equipment (designed for coal) at the
site. Inconsistencies do exist to a limited extent in the obtained final compositions
due to this and also from multiple laboratory tests. This unquantifiable uncertainity
is unavoidable for such a large scale test and seems acceptable.

Ultimate Analysis
AUS-I coal Columbian coal Steam exploded pellets Torrefied pellets South African coal

C 64.99 50.06 54.20 62.00 64.45
H 5.28 3.36 5.97 5.56 3.56
N 1.57 1.32 0.20 0.31 1.60
O 15.02 8.98 39.11 31.61 16.70
S 0.94 0.99 0.01 0.01 0.49
Cl 0.00 0.015 0.004 0.004 0.004

Proximate Analysis
Ash (%) 12.20 35.27 0.50 0.50 13.19

Moisture (%) 9.50 13.38 5.06 5.40 9.66
Fixed Carbon (%) 47.80 25.70 19.17 31.91 53.45

Volatile Matter (%) 30.50 25.65 75.27 62.19 23.70
LHV (MJ/kg) 26.75 20.00 19.32 21.87 24.26

Table 2.3: Raw fuel composition and lower heating values for the various coal and biomass types

2.5 Modeling approach and description

Cycle-Tempo, a Fortran based in-house modeling software package [88], is utilized
for steady-state model development. The software has a system component library
which can be assembled and modified by applying appropriate operating parame-
ters to build a custom-made system configuration. Thermodynamic and required
transport properties are computed using the in-house software library FluidProp
[89].

2.5.1 Off-design model

Operation of the coal based WAC with 70% biomass co-gasification can be consid-
ered as an off-design situation in the context of modeling studies. An off-design
analysis allows performance prediction due to change in the operating point of the
system when compared to design case inputs and outputs. With an off-design model,
the most important question to answer is whether the same electrical output can be
maintained when co-gasifying biomass with coal. Also it is important to study sev-
eral parameters like oxygen and fuel consumption, net plant efficiency, syngas flow
and gas compositions. The BASE case IGCC model (design case) [52] is used to de-
velop the off-design models for the cases with biomass co-gasification. Cycle Tempo
offers possibility to model off-design behaviour of several components like turbines,
heat exchangers, flash heaters, condensers and pipes.
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• Turbines: Off-design calculations are possible for all types of turbines in Cycle
Tempo. Traupel’s formulae (a refinement of Stodola’s cone law) are used to
calculate off-design performance based on design case values. [88, 90, 91].
Design case values of pressures, flow rates and specific volumes are needed
to compute the off-design turbine inlet pressure. Eqn.2.1 shows the Traupel’s
formulae considered in Cycle-Tempo to calculate the off-design inlet pressure
p from the specific volume v, mass flow rate m and the polytropic exponent n.
Subscript α represents the inlet and ω the outlet. Sub-subscript o represents
the design case value.

m
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pαvα

}1/2
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Applying Poisson’s formula:

pvn = constant (2.2)
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ko is only dependent on the design case values and is therefore a constant.
The polytropic constant is derived based on Eqn.2.2 for design and off-design
conditions. The use of Eqn.2.3 to predict off-design pressure for steam tur-
bines is well justified [91] but the equation is modified for the gas turbine
employing the equation for subcritical nozzle flow as shown in Eqn.2.5.
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• Heat exchangers: Cycle Tempo calculates the off-design heat transfer capac-
ity UA (W/K) from the design case (UA)o value and mass flow rate (mo) which
mostly influences the overall heat transfer coefficient. The off-design heat
transfer rate is calculated as shown in Eqn.2.6. This formula should not be
used for discontinuous temperature profiles.

U A = (U A)o .
( m

mo

)0.8
(2.6)
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• Flash heaters: Off-design calculations for flash heaters are not scaled with the
UA-value since a reliable UA-value cannot be established for heat exchange
between media showing phase changes. Depending on the ratio between the
off-design mass-flow rate and the design mass-flow rate, temperature differ-
ences are adapted according to performance curves [92].

• Condensers:The heat exchanging area is an input to calculate the off-design
behaviour in Cycle-Tempo. With a known heat transfer and cooling water
temperatures, the overall heat transfer in the off-design case will be calculated
according to instructions as stated in the VDI Heat Atlas [93].

• Other components: Other major components of the system include the gasi-
fier and combustor. Off-design modeling of these components demands knowl-
edge and an accurate model for heat release/heat transfer in these compo-
nents and variation in the gasification/combustion chemistry. For example,
the heat absorbed by the gasifier walls/the heat transferred to the gasifier
cooling system etc. This heat depends on the thickness of the slag layer and
models to predict this are very complex to develop and not readily available.
Also due to high operating temperatures (Tg asi f i er >1500oC, Tcomb=1050oC),
it is reasonable to assume a constant operating profile for these components.

Not all plant operating units/components have been included in the models;
only those that are thermodynamically relevant. The auxilliary power consumption
is however appropriately accounted for. The red dotted blocks shown in Fig.2.1
have not been included in the model.

• Coal/biomass milling and drying: The fuel preparation unit involving milling
and drying has not been modeled, but the electrical power consumption has
been included in the total auxiliary load. The fuel composition of dried and
pulverized fuel mix is used as an input for the gasifier.

• Fly ash removal: Fly ash cyclone and ceramic filter after gasification and the
syngas cooler are modeled as a single fly ash separator.

• Gas cleaning and sulphur removal: The wet scrubbing section (wash columns)
consists of two scrubbers in series, with an air cooler in the water recycle loop
(water supply to the first scrubber is condensed water at the outlet of the sec-
ond scrubber). In the model this is simplified to a single scrubber with excess
water supply and appropriate temperature specifications. Sulphur removal
(as H2S/COS) is modeled with complete removal of H2S from syngas with ap-
propriate pressure and temperature specifications and partial removal of CO2,
taking into account the co-absorption of CO2 (about 30%) during amine wash.
The Claus-SCOT unit to produce elemental sulphur (S) from H2S has not been
included in the model.

• Generator & waste water treatment: The generator unit and waste water
treatment are seen as thermodynamically irrelevant and therefore not mod-
eled in detail. The mechanical efficiency of the generator has been taken into
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account and the power consumption in the waste water treatment has been
accounted for in the total auxilliary load.

• Air separation unit (ASU): Majority of the auxiliary power consumption in
the plant is by the air separation unit, particularly the oxygen and nitrogen
compressors [52]. Power consumption by these compressors has been in-
cluded in the analysis based on partial modeling and a scaling approach. A
detailed explanation on this is given in section 2.5.2.

Since the design case (BASE) model was converted to an off-design model, input
data for individual components are mostly unchanged. For components in off-design
mode, the design case (BASE) model data is provided as additional input. Differ-
ent fuel input mass flow rates, gasifier temperature and auxilliary load estimation
are used for the off-design models, which are further elaborated in the following
sections.

2.5.2 Auxiliary load estimation

Parameter Value (MW)
Dilution N2 Compressor 6.90
O2 Compressor 5.50
Pure N2 Compressor 2.00
Quench gas compressor 1.15
Cooling and Feed water system 3.96
Fuel Milling and circulation pumps 2.50
Tracing 0.70
Miscellaneous (GCU etc.) 8.50
Total (variable based on operating condition) 31-35

Table 2.4: Auxilliary power consumption - Major consumption is by to the N2 and O2 compressor in the
ASU

Table 2.4 shows the auxilliary load as defined in the off-design models. The
nitrogen and oxygen compressors in the ASU are major constituents of the auxil-
liary load. Off-design operation of the plant causes a variation in the O2 and N2

mass flow rate requirements. For off-design calculations, in order to estimate power
consumption by the O2 and N2 compressors in a consistent manner, a scaling ap-
proach was used based on plant data with no co-gasification. The ASU utilizes as
much air as the O2 requirement in the gasification process. A fixed O2 requirement
(95% purity) by the gasifier leads to a fixed total N2 production. The ASU produces
two N2 streams: impure N2 used for syngas dilution and pure N2 used mainly for
pressurization, conveying of pulverized fuel and syngas purge systems. Production
of pure N2 is only slightly load dependent, the production of dilution N2 is largely
related to the O2 demand. Plant data for 3 operating points (part-load) indicated
a linear dependancy of O2 flow on the dilution N2 flow. Data plots of ASU power
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consumption versus O2 flow were also available and indicated a linear correlation
between compressor power comsumption and the O2 flow as shown in Fig.2.2.

Figure 2.2: Plant data showing dependency of ASU compressor power consumptions on gasifier O2 flow

With these data plots a linear correlation was established between N2/O2 com-
pressor power consumption and dilution N2/O2 flow (ṁN2 ,ṁO2) respectively as
shown in Eqn.2.7 and Eqn.2.8.

N2 compression power(kW)= a ∗ṁN2 +b b = 590 (2.7)

O2 compression power(kW)= a ∗ṁO2 +b b = 1252 (2.8)

The variable part (a∗ṁ) is simulated with a compressor in the model (see Fig.2.3).
A sweep in the N2/O2 mass flow rates was performed to estimate the value of b.
The difference in the compressor power consumption between plant data and model
output represents the intercept b. The obtained values of b have been then manu-
ally inserted in Cycle-Tempo. Change in the power consumption of the pulverizers
has also been taken into account. A large deviation in the power consumption by
other utilities wasn’t expected; hence a constant value has been used for the other
constituents of the auxilliary load.

2.6 Results and discussion

As the first step, implementation of the off-design model was verified by comparing
results between the BASE case model in design [52] and off-design mode. This
comparison showed identical results ensuring correct implementation of the off-
design model. STEX case model (off-design mode) validation was then performed
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Figure 2.3: Simplified Cycle-Tempo process scheme - Green streams represent syngas flow, red streams
represent flue gas and blue streams represent air flow. Streams indicating detailed process/heat

integration have been excluded to maintain clarity.

with actual experimental data. The next section 2.6.1 gives the results and detailed
explanation for the validation study. Model predictions obtained for TORR-low and
TORR-high cases have been presented in section 2.6.2 and an exergy analysis for
the STEX and TORR-high case is shown in section 2.6.3.

2.6.1 STEX model validation

Table 2.5 presents the experimental test data and the model validation results for
the STEX case. The test data includes measurement of thermodynamic parameters
at key locations in the plant. A few parameters like the gasifier temperature and sat-
urator syngas outlet temperature have been calculated based on heat transfer mea-
surements. In addition to these parameters, syngas composition was also measured
which has been presented in Table 2.6. Fig.2.3 shows the simplified Cycle-Tempo
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STEX - Test Data STEX - Model Output STEX - Test Data STEX - Model Output
Fuel Input Gas preparation
Input pulverized Coal, kg/s 23.74 23.74 Nitrogen temperature, oC 58.10 59.00
LHV, MJ/kg 19.59 19.59 Nitrogen pressure, bar 13.01 13.01
Thermal input, MW 465.00 465.00 Nitrogen mass flow, kg/s 38.32 38.00
Gasifier Saturator syngas outlet temperature, oC 119.54 119.62
Outlet presssure, bar 24.90 24.90 Preheater syngas outlet temperature, oC 277.00 292.41
Outlet temperature, oC 1515.00 1515.00 Powerblock
Oxygen mass flow, kg/s 14.73 14.74 Air compressor discharge, bar 9.40 9.05
Moderation steam, kg/s 1.18 1.18 Air bleed, kg/s 61.90 61.90
Quench gas recycle, kg/s 58.70 52.42 Combustion chamber pressure, bar 9.15 8.78
Temperature quench gas, oC 272.00 243.40 HP Steam turbine inlet pressure, bar 85.80 92.93
Quench pressure after compres., bar 24.30 24.90 HP Steam turbine outlet pressure, bar 26.60 27.82
Syngas cooler HP Turbine inlet temperature, oC 478.70 473.71
Syngas inlet temperature, oC 845.00 820.00 HP Turbine Outlet temperature, oC 318.20 311.92
Syngas outlet temperature, oC 267.00 229.40 HP Steam mass flow, kg/s 64.70 65.64
HP steam to HRSG, kg/s 37.40 36.82 IP Steam turbine inlet pressure, bar 25.70 23.82
HP steam to HRSG: Temperature, oC 346.20 363.90 IP Steam turbine outlet pressure, bar 3.53 3.59
IP steam to HRSG, kg/s 11.06 15.60 IP Turbine inlet temperature, oC 461.00 463.50
IP steam to HRSG: Temperature, oC 347.40 321.69 IP Turbine Outlet temperature, oC 207.80 227.34
LP steam: Pressure, bar 9.60 9.00 IP Steam mass flow, kg/s 73.40 80.13
LP steam: Temperature, oC 173.40 175.36 LP Steam turbine inlet pressure, bar 4.57 3.59
LP steam: Mass flow, kg/s 7.50 4.34 HRSG
Cyclones HP Steam raising mass flow, kg/s 27.20 28.80
Outlet temperature syngas, oC 261.00 229.39 HP Superheater outlet temperature, oC 484.30 476.34
Wash columns HP Superheater outlet pressure , bar 88.60 97.93
Outlet mass flow syngas, kg/s 35.70 40.93 LP Steam raising mass flow, kg/s 6.10 4.15
Pressure syngas, bar 22.50 24.52 LP Superheater outlet temperature, oC 232.30 233.25
HCN/COS reactor LP Superheater outlet pressure, bar 4.75 3.59
Outlet temperature syngas, oC 187.30 191.80 Power output
Outlet pressure, bar 20.70 21.72 Gross Power output, MW 199.60 204.85
H2S absorber Auxiliary load, MW 30.56 31.82
Outlet temperature syngas, oC 40.00 40.00 Net Power output, MW 169.10 173.02
Mass flow syngas, kg/s 33.50 33.14 Net efficiency, % 36.37 37.20

Table 2.5: STEX model validation - Process parameters compared with experimental test data. Power
output and net efficiency are predicted with less than 3% deviation

model scheme as an aid to interpret results from Table 2.5. The full model scheme
can be found in Appendix A.

Table 2.5 shows a fair comparison between the STEX test data and the model
output. Power output and net efficiency are predicted with reasonable accuracy
(about 3% relative deviation). The model overpredicts the net power output by
about 4 MW. This deviation is not necessarily caused by model simplifications; it
has been indicated that ageing of the plant and also an increased auxiliary load
have caused a decrease in the net efficiency and power output over the years. In
addition, during the test, the operation of a pilot CO2 capture set-up (not included
in the model) consumed roughly about 1% of the clean syngas, representing net
power loss of about 1.8 MW.

Model output for the syngas cooler and the heat recovery steam generator (HRSG)
show relatively high deviations compared to the test data. The model predicts a
lower LP steam production from the syngas cooler (SGC) which can be attributed to
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fouling in the HP evaporator. The fouling in the HP section caused a shift in the heat
transfer to the LP section of the SGC. The LP economisers with the LP steam gen-
erator in the water circulation loop, were to a very large extent able to compensate
for the lack of heat transfer in the HP section of the SGC. The shift in heat transfer
to the LP section causes a higher LP steam production in the SGC during real oper-
ation. A relatively high deviation is also seen in the SGC syngas outlet temperature
which is attributed to fouling and a lower SGC heat transfer during real operation.

The syngas flow rate at several stages downstream the SGC is predicted with a
fair accuracy. The higher syngas flow rate in the model at the outlet of the wash-
columns is due to the modeling approach with a single separator as stated in section
2.2. The outlet temperature of the second scrubber (in the water recycle loop) in
the real plant was controlled around 110oC. In order to obtain a higher water slip
to the desulphurization unit, the scrubber could have been operated at a slightly
higher temperature which causes a difference in the syngas moisture content at the
outlet. As the scrubbing unit was modeled as a single separator, this fluctuation in
the water temperature of the second scrubber could not be taken into account. Pre-
diction of mass flow rates, temperatures and pressures across the gas cleaning unit,
N2 dilution and saturator matches well with the test data. The air compressor outlet
pressure as well as the combustor outlet pressure are marginally underpredicted by
the model. A possible reason for this could be the position of the GT compressor
inlet guide vanes. In the plant, this was determined based on the ASU pressure
instead of the turbine outlet temperature. An important aspect to notice with the
experimental test is also that the gas turbine was able to cope up with the changes
in flow rates and gas compositions.

The model also predicts a lower LP steam flow rate from the HRSG. This again
can be explained by the shift of heat transfer from the high temperature to the low
temperature section of the HRSG. One reason may be fouling, another reason could
be the way the inlet guide vanes of the GT compressor were controlled. During part
load operation the guide vanes were often opened further to obtain a higher air flow
and thus a higher pressure of the ASU feed. However the higher air flow caused a
lower HRSG flue gas inlet temperature; thus a lower driving force for heat transfer
in the high temperature sections.

Part load operation of the gas turbine has a large influence on the total plant
performance. The installation at WAC is a single shaft Siemens V94.2 gas turbine as
shown in Fig. 2.4. The gas turbine thermal efficiency(ηth,GT ) is closely related with
the pressure ratio (r ) as shown in Eqn.2.9

ηth,GT = 1−
(1

r

) κ−1
κ

r = p3

p4
(2.9)

κ is the specific heat ratio. When the gas turbine is operating under part load (off-
design condition), the inlet mass flow rate and inlet pressure decreases when com-
pared to operation at full load (design condition[52]). Thus the off-design pressure
ratio is lower than the design case leading to a lower thermal efficiency of the gas
turbine. Due to a reduction in the turbine inlet temperature (T3), the temperature
of heat addition to the steam cycle is also lower compared to the design case. This
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Figure 2.4: Schematic - single shaft gas turbine as installed at the Willem-Alexander Centrale

results in a lower thermal efficiency and reduced performance of the steam cycle.
A lower thermal efficiency of the gas turbine and steam cycle ultimately leads to a
reduced total plant performance in the considered off-design case. This trend is also
predicted by Traupel’s formula (Eqn.2.5) and can be clearly seen with the modeling
results and test data.

Table 2.6 compares the syngas composition (on a dry basis) with test data at two
specific points, after the wash column and after gas cleaning (H2S removal). The
gas composition after gas cleaning has been estimated by NUON-Vattenfall based on
the composition measured after the wash columns. The developed model predicts
the gas composition reasonably well at both locations. Molar fractions of H2, N2

and Ar are slightly underpredicted by the model while CO and CO2 mole fractions
are slightly higher compared to the measured values; CO2 content though matches
well with test data after gas cleaning. During real operation, more N2 is added in
the system which could not be taken into account in the model due to unavailability
and uncertainity in the test data. Process engineers at the plant have also pointed
out that the nitrogen transport gas measurement could be too low. Overall, the N2

content does not have a major effect on plant performance. The higher (about 5%)
CO content in the model could be due to a slightly different water gas shift (WGS)
reaction temperature and fuel composition. This leads to a higher CO2 and H2

mole fraction in the syngas. Uncertainity exists in the fuel composition; particularly
the oxygen content as this was calculated by difference. Also on a mole basis, the
LHV for CO and H2 are comparable, hence a change in the water gas shift reaction
temperature would not have a drastic effect on the syngas LHV. The very small
deviations could also be due to a slightly different gasifier temperature and different
water gas shift effect or combinations of both during real operation, as both these
temperatures were estimated.

The WAC IGCC power plant is based on the SHELL coal gasification process
which is an entrained flow gasifier operating at high temperatures of about 1500oC.
The coal and biomass feed is pulverized to fine particles. With a sufficient residence
time and high temperatures the tar yield was negligible[94]. Process engineers at
WAC have not observed the presence of tar components and problems relating to
tar deposition were also not encountered in the gas cleaning/cooling units.

Validation of the model in both design [52] and off-design mode makes it well
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After washcolumn After gas cleaning
% Test data Model Output Test data Model Output
H2 27.53 26.13 28.40 26.97
N2 7.34 6.22 7.58 6.42
AR 0.98 0.82 1.01 0.84
CH4 0.01 0.00 0.00 0.00
CO 54.72 57.13 56.22 58.96
CO2 9.29 9.41 6.79 6.80
COS 0.01 0.02 0.00 0.00
H2S 0.12 0.25 0.00 0.00
Total 100.00 100.00 100.00 100.00

Table 2.6: STEX model validation - comparison of syngas composition (dry basis) after washcolumns
and after gas cleaning with experimental test data

suited for plant performance prediction with fuel blends containing 70% torrefied
woodpellets. The model calculations and independent calculations by Nuon/Vat-
tenfall show that a net output of 230 MW is not achievable with co-gasification of
steam exploded woodpellets. Due the lower LHV of steam exploded woodpellets
compared to coal, the fuel mass flow to the gasifier had to be increased in order to
maintain the same electrical output.

There were three main constraints which had to be considered: the capacity
of the powder coal feed system, the ASU oxygen production capacity and the heat
input to the syngas cooler. The capacity of the powder coal feeding system was
certainly insufficient to operate the plant at 230 MW electrical output using a fuel
mixture with 70% steam exploded woodpellets. But there was a hardware modi-
fication foreseen which could have solved this bottleneck. The oxygen production
capacity was not of major concern as the oxygen requirement was more or less pro-
portional to the thermal input to the gasifier. Even at maximum plant load using
a fuel mixture with 70% steam exploded wood pellets, the oxygen requirements
would stay within the maximum production capacity of the ASU. The real bottle-
neck was the maximum cooling capacity of the syngas ccooler. In practice this was
limited to appr. 92 MW. Because of the lower cold gas efficiency and thus a higher
heat load to the syngas cooler, the maximum cooling capacity of the syngas cooler
was already exceeded at a plant load well below 230 MW. Increase of the cooling
capacity was impossible without major plant modifications.

On this basis, NUON-Vattenfall decided to investigate possibilities to co-gasify
torrefied woodpellets. Due to lower H/C and O/C ratios compared to steam ex-
ploded wood pellets, the cold gas efficiency would not reduce significantly and it
was expected that the heat input to the syngas cooler would stay below 92 MW at
the desired plant load. The validated model was thus used to predict the plant out-
put and performance for two fuel blends containing torrefied woodpellets (TORR-
low and TORR-high cases). The next section describes the prediction results for the
TORR-low and TORR-high cases.
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TORR-low TORR-high TORR-low TORR-high
Fuel Input Gas preparation
Input pulverized Coal, kg/s 24.21 24.21 Nitrogen temperature, oC 59.00 59.00
LHV, MJ/kg 22.87 23.82 Nitrogen pressure, bar 12.01 13.50
Thermal input, MW 553.68 576.68 Nitrogen mass flow, kg/s 48.00 51.50
Gasifier Saturator syngas outlet temperature, oC 120.00 120.00
Outlet presssure, bar 23.90 23.90 Preheater syngas outlet temperature, oC 298.40 300.60
Outlet temperature, oC 1500.00 1500.00 Powerblock
Oxygen mass flow, kg/s 18.20 18.45 Air compressor discharge, bar 10.44 10.80
Moderation steam, kg/s 0.50 0.50 Air bleed, kg/s 76.43 77.50
Quench gas recycle, kg/s 58.37 58.92 Combustion chamber pressure, bar 10.17 10.53
Temperature quench gas, oC 248.26 248.67 Gas Turbine inlet temperature , oC 994.90 1018.00
Quench pressure after compres., bar 23.90 23.90 HP Steam turbine inlet pressure, bar 111.10 115.80
Syngas cooler HP Steam turbine outlet pressure, bar 32.36 33.45
Syngas inlet temperature, oC 820.00 820.00 HP Turbine inlet temperature, oC 489.99 495.59
Syngas outlet temperature, oC 233.26 233.52 HP Turbine Outlet temperature, oC 320.71 324.06
HP steam to HRSG, kg/s 43.62 44.67 HP Steam mass flow, kg/s 78.30 81.40
HP steam to HRSG: Temperature, oC 362.69 362.75 IP Steam turbine inlet pressure, bar 28.36 29.45
IP steam to HRSG, kg/s 16.58 16.59 IP Steam turbine outlet pressure, bar 4.13 4.36
IP steam to HRSG: Temperature, oC 331.90 333.50 IP Turbine inlet temperature, oC 484.10 491.70
LP steam: Pressure, bar 9.00 9.00 IP Turbine Outlet temperature, oC 238.40 245.70
LP steam: Temperature, oC 175.36 175.36 IP Steam mass flow, kg/s 94.27 97.36
LP steam: Mass flow, kg/s 5.19 5.28 LP Steam turbine inlet pressure, bar 4.13 4.32
Cyclones HRSG
Outlet temperature syngas, oC 233.25 233.50 HP Steam raising mass flow, kg/s 34.67 36.75
Wash columns HP Superheater outlet temperature, oC 492.40 497.90
Outlet mass flow syngas, kg/s 46.90 47.50 HP Superheater outlet pressure , bar 116.10 120.80
Pressure syngas, bar 23.52 23.52 LP Steam raising mass flow, kg/s 4.34 4.39
Outlet temperature syngas, oC 139.80 136.10 LP Superheater outlet temperature, oC 246.30 249.30
HCN/COS reactor LP Superheater outlet pressure, bar 4.13 4.36
Outlet temperature syngas, oC 192.00 192.00 Power output
Outlet pressure, bar 23.52 20.72 Gross Power output, MW 261.40 277.50
H2S absorber Auxiliary load, MW 34.93 37.10
Outlet temperature syngas, oC 40.00 40.00 Net Power output, MW 226.50 240.40
Mass flow syngas, kg/s 39.43 40.81 Net efficiency, % 40.90 41.69

Table 2.7: Comparison of model process parameters for TORR-low and TORR-high cases. Operation
with a high LHV fuel blend is essential to achieve the desired power output

2.6.2 Performance prediction with torrefied woodpellets

Model calculations with steam exploded pellets show that it is not possible to achieve
a net output of 230 MW with a constraint of the maximum SGC heat transfer. Based
on NUON-Vattenfall requirements, prediction results were obtained using the val-
idated model for higher LHV fuel blends consisting of torrefied pellets. Table 2.7
shows the output parameters for the TORR-low and TORR-high cases.

A net output of 226.5 MW is achieved for the TORR-low case with maximum
SGC heat transfer. It is immediatly seen that in order to achieve the target of 230
MW, a higher LHV fuel mix is required. The TORR-high case gives a net output
of about 240 MW with a net efficiency of 41.60%. Plant performance during real
operation is expected to be lower than the predicted performance as explained in
the previous section. For both cases, the total SGC heat transfer was within a safe
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limit of 91 MW. Parametric evaluation from Table 2.7 shows that less steam is added
during gasification than the STEX case. This steam was added primarily because it
had a beneficial effect on fines concentration and stability in the slag bath circula-
tion flow. The gas turbine inlet temperature also increases to 1018oC approaching a
value close to the design case model [52]. A higher auxiliary load is also calculated
for the cases with torrefied pellets. This is due to additional power requirements
by the N2 and O2 compressors in the ASU. Since quantitative data was not read-
ily available, a constant value (as shown in Table 2.4) has been used for the fuel
milling, tracing and miscellaneous power consumption. Milling of torrefied pellets
in practice would require lower power than steam exploded pellets. Table 2.8 shows
the syngas composition for both the cases after the washcolumn and gas cleaning
unit. A higher H2 and CO content is observed in the syngas in comparison with
the STEX case. The CO2 content is lower, accordingly. With a lower H/C and O/C
ratio compared to the STEX case, the fuel mix composition in the TORR-high and
TORR-low cases are more similar to the design case fuel composition.

Based on this analysis, it is concluded that a net output of 230 MW could be
achieved at the Willem-Alexander Centrale utilizing 70(%) high LHV fuel blend
with torrefied pellets, fulfilling the aforementioned plant constraints. As ageing and
fouling aspects have not been taken into account in the model, in practice with a
higher auxilliary load, a slightly lower net power output is expected.

After washcolumn After gas cleaning
Mole (%) TORR-low TORR-high TORR-low TORR-high

H2 26.60 26.54 27.18 27.01
N2 5.97 5.80 6.10 5.90
Ar 0.85 0.83 0.86 0.84

CH4 0.00 0.00 0.00 0.00
CO 59.73 61.27 61.03 62.36
CO2 6.74 5.46 4.82 3.88
COS 0.01 0.01 0.00 0.00
H2S 0.09 0.08 0.00 0.00
Total 100.00 100.00 100.00 100.00

Table 2.8: Syngas composition (dry basis) after washcolumns and after gas cleaning for TORR-low and
TORR-high cases as predicted by the developed off-design model

2.6.3 Exergy Analysis

Exergy analysis is an important tool in thermodynamic evaluation of systems to
identify thermodynamic losses [32]. Identification of these losses help in process
diagnosis and to devise novel solutions towards reducing these losses. Cycle-Tempo
offers a possibility to calculate exergy flows, exergy losses and exergy efficiencies as
an aid to carry out second law analyses. The exergy of matter is calculated as the
reversible (maximum) work derived by bringing matter in thermomechanical and
chemical equilibrium with the reference environment. Thus the exergy of matter is
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Figure 2.5: Exergy flow diagram for STEX case - Losses during gasification and combustion are the
highest

calculated as a sum of the thermomechanical and chemical exergies. In principle,
the kinetic and potential exergies are also included but since they do not usually
change significantly, this is neglected in the calculation. In order to quantify the
exergy loss; the exergy of matter, exergy of heat (in case of heat transfer to/from
the environment) and exergy of work (in case of work generation/consumption) is
calculated for all streams/components [32]. The exergy loss is then calculated as
the difference between the incoming and outgoing exergy. The functional exergy
efficiency is calculated according to Eqn.2.10, where Exsource, Exproduct and Exloss
represent the exergy source, product exergy and exergy losses respectively:

ηex =
Exproduct

Exsource
= Exsource −Exloss

Exsource
(2.10)

Table 2.9 shows the exergy efficiencies for the three cases considered in this
study. Operation with high LHV torrefied pellets gives the highest exergy efficiency,
comparable to the base case exergy efficiency [52]. Fig.2.5 and Fig.2.6 show the
exergy flow diagram for the STEX and TORR-high cases respectively illustrating the
exergy losses due to various operations in the plant.

With both cases, exergy losses during gasification and combustion contribute
largely to the irreversibilities in the system (about 37-38% of the total exergy loss).
Exergy losses due to syngas cooling, cleaning and saturation are relatively small
while losses in the combined cycle and ASU are approximately 12-13%. The per-
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Parameter BASE[52] STEX TORR-low TORR-high
Exergy Input (MW) 638.80 510.50 598.22 620.72

Exergy Gross Output (MW) 288.70 204.84 261.44 277.57
Exergy net output (MW) 254.09 173.02 226.51 240.46
Exergy efficiency (%) 39.77 33.89 37.86 38.73

Table 2.9: Exergy output and exergy efficiency for various cases - TORR-high gives the highest exergy
efficiency

centage exergy loss due to gasification is slightly higher with co-gasification when
compared to the design case. This is attributed to the higher H/C , O/C ratios in
the fuel mix and the lower cold gas efficiency. A slight reduction is observed in the
percentage of exergy loss (relative) in the GT combustor; mostly due to the lower
syngas LHV compared to the design case. Comparison of results from the the exergy
flow diagrams between STEX and TORR-high also indicates the thermodynamic ad-
vantage of using torrefied biomass. Fraction of exergy losses due to the various
operations are lower with the TORR-high case. A lower O/C and H/C ratio in the
fuel mix helps in reducing irreversities due to gasification. The results obtained in
this study also show similar trends obtained with the theoretical modeling study
carried out by Prins et al. [95].

Figure 2.6: Exergy flow diagram for TORR-high case - Exergy losses are lower compared to the STEX
case
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2.7 Conclusions

Demonstration tests on high percentage biomass co-gasification at a large scale
power plant have shown that existing coal based IGCC plants can be operated with
an increasing percentage of biomass in the fuel mix without extensive plant mod-
ifications. Such demonstrations are also of vital significance for the further devel-
opment of low emission/carbon neutral plants. A detailed thermodynamic analysis
has been carried out with first of its kind experimental data from high percentage
(70%) biomass (steam exploded wood pellets ) co-gasification tests carried out at
the 253 MWe Willem-Alexander Centrale IGCC plant in Buggenum, the Netherlands.
Presented test data serves as a comprehensive, reliable and first of its kind literature
data source for large scale-high percentage biomass co-gasification in IGCC plants.
The steady state model validation study reveals that inspite inescapable sources of
inconsistencies, such models can be effectively utilized to predict the plant perfor-
mance with a relatively high accuracy (within 3% relative deviation). Fouling in
the HP section of the SGC has been identified as the main reason for the devia-
tions in the prediction of IP/LP steam flows. From the model calculations, it is
also concluded that in order to achieve a net output of 230 MW without extensive
plant modifications, a high LHV fuel blend with a relatively high quality coal and
torrefied pellets is essential. A net electrical efficiency of 41.5% is predicted for
this case. Gasification and combustion have been identified as the processes with
the highest exergy destruction indicating a potential for further optimization of the
system.

The developed off-design models could serve as a strong platform and play an
instrumental role to plan real plant operation with various biofuels and to carry
out studies involving novel carbon capture technology integration, retrofitting with
advanced technologies (for eg. with high temperature fuel cells) and IGCC plant
optimization. Irreversibilities occurring during combustion can be significantly re-
duced by the (partial) replacement with solid oxide fuel cells (SOFC) due to the
direct electrochemical conversion of syngas. The next chapter presents a thermody-
namic approach and assessment of retrofitting bio-IGCC power plants with SOFCs
and CO2 capture towards developing carbon neutral/negative power plants.

35





Chapter 3

Solid oxide fuel cell (SOFC)
integrated bio-IGCC power plants
Energy efficiency is one of the most important factors that has a direct influence
on fuel consumption and GHG emissions from fossil fuel power plants. Operating
power plants with the highest possible efficiency is key towards reducing fossil fuel
consumption and increasing clean power production. In this regard, it is impor-
tant to understand the effects of integrating novel and highly efficient technologies
like solid oxide fuel cells (SOFC) to upgrade existing power plants in the near fu-
ture. This chapter presents a detailed thermodynamic case study (including exergy
analysis) on the Willem-Alexander Centrale (WAC) power plant in the Netherlands
towards integrating SOFCs in existing bio-IGCC power plants (with 70% biomass co-
gasification). Two systems have been presented: I) a SOFC retrofitted IGCC system
with partial oxy-fuel combustion CO2 capture with a focus on near future imple-
mentation II) a new redesigned integrated gasification fuel cell (IGFC) system with
full oxy-fuel CO2 capture. It is concluded that existing IGCC power plant fuel cell
retrofits could be operated without major plant modifications and relatively high
electrical efficiencies of more than 40%(LHV). In order to apply full scale CO2 cap-
ture, major process modification and redesign needs to be carried out. Additional
discussions have also been presented on carbon deposition in SOFCs and biomass
CO2 neutrality.

This chapter is published as: A. Thallam Thattai, V. Oldenbroek, L. Schoenmakers,
T. Woudstra, P.V. Aravind, Towards retrofitting integrated gasification combined cycle
(IGCC) power plants with solid oxide fuel cells (SOFC) and CO2 capture - A thermo-
dynamic case study, Applied Thermal Engineering, Volume 114, 5 March 2017,
Pages 170-185, ISSN 1359-4311
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3.1 Background

Utilization of biomass as feedstock to produce electrical power offers a large po-
tential to develop CO2 neutral power plants [16–18]. Biomass based IGCC power
plants (bio-IGCC) with CO2 capture (CC) could be a potential solution for develop-
ing CO2 negative power plants since the stored CO2 originates from biomass while
biomass absorbs CO2 for its growth. With high CO2 capture rates such plants can
significantly contribute to mitigation of the energy system emissions [79]. How-
ever the utilization of CO2 capture leads to a reduction in the net electrical/ex-
ergy efficiencies [96, 97]. In order to boost electrical/exergy efficiencies the system
could be improved by partially replacing highly irreversible processes like combus-
tion with highly efficient electrochemical conversion [98]. The amount of biomass
co-gasification is key to the CO2-negative capabilities of power plants. With suc-
cessful large scale experimental demonstrations (Chapter 2 of this thesis) on high
percentage (70%) biomass co-gasification like at the 253 MWe Willem-Alexander
Centrale (WAC) in the Netherlands, it is very important to assess possibilities of de-
veloping high efficiency and CO2 neutral power plants based on this demonstration.

Electrochemical conversion of syngas derived from coal/biomass gasification to
produce power has been postulated as a more efficient route as compared to con-
ventional combustion based gas turbine systems[99]. Solid oxide fuel cells (SOFC)
are high efficiency (upto 70%) electrochemical devices which can be utilized to pro-
duce electrical power and heat. A significant number of modeling investigations
have been carried out in the past by multiple research groups on the prospects of
integrating SOFCs in coal based IGCC power plant systems. Park et al.[100, 101]
reported a comparative system study for pre-combustion and oxy-fuel combustion
CO2 capture in SOFC integrated IGCC plants concluding a better performance with
oxy-fuel combustion CO2 capture. Braun et al. [102] investigated the performance
of a SOFC integrated coal based gasification power plant concept with a organic
Rankine cycle power generator as the bottoming cycle. A quasi-2D finite volume
SOFC model has been presented by Li et al. [103, 104] as an aid for IGFC system
analysis. Spallina et al.[105] have reported a novel coal based IGFC plant system de-
sign with CO2 capture giving a net plant efficiency of about 47.5%. A zero-emmision
power plant concept was reported by Adams et al. [106] by combining coal gasifica-
tion with solid oxide fuel cells. They conclude that the use of SOFCs with unmixed
anode and cathode exhausts makes the process inherently CO2 capture friendly. A
number of system and economic investigations have also been reported by the De-
partment of Energy (DoE), USA assessing various configurations for coal based IGFC
power plant designs [107–112]. Additional IGFC system concepts and designs have
been presented by Ghezel-Ayagh et al. [113], Li et al.[114], Rudra et al. [115].
A comprehensive exergy and economic analysis on advanced coal based IGCC-CCS
and IGFC-CCS was carried out by Siefert et al. [116]. It can be seen that much
research work on integrating SOFCs has been focussed on coal based IGCC power
plant systems and all these studies present the design/performance of new systems
focussed on long term implementation.

In the recent past, a few system investigations have also been reported on SOFC
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integration in IGCC power plants with biomass co-gasification. Jin et al. [117] con-
ducted investigations on comparing the thermodynamic and economic performance
of biomass based IGCC with and without SOFC integration. CO2 capture was not
considered in this study. They reported a net electrical efficiency of 47.1% for the
bioIGCC-SOFC system. Paengjuntuek et al.[118] presented simulation results for an
integrated biomass gasification fuel cell plant with a net energy efficiency of 69.38%
(combined heat and power). Naraharisetti et al.[119] have reported a comparative
study for a biomass based IGCC and IGFC with biomass and natural gas as fuel us-
ing multi-objective optimization (MOO). A detailed and comprehensive study has
been reported by Sadhukhan et al. [120] with process simulation and methodology
for the integrated design of biomass gasification fuel cell systems and comparison
of these biomass gasification combined cycle systems. They identify process con-
straints and extreme operating conditions for the SOFC unit and the steam cycle.
Literature review thus reveals that research on SOFC and CO2 capture integration in
coal/biomass based IGCC power plant systems has only been focussed on the design
of new systems. There exists an absence in information available on the thermody-
namic effects of retrofitting solid oxide fuel cells in existing IGCC power plants with
CO2 capture with a focus on near future implementation. Despite information avail-
able on retrofitting CO2 capture in IGCC power plants [121, 122], nothing has yet
been reported concerning SOFC integration.

3.2 Motivation

Retrofitting existing power plants marks a major step in evaluating novel technolo-
gies in terms of application in near future. With intensive global ongoing efforts
[33, 34] on developing kW scale fuel flexible SOFC stacks, research needs to be
carried out in understanding and assessing challenges in retrofitting such SOFC
stack modules in existing coal/biomass based IGCC power plants. In order to make
choices to retrofit, it is of utmost importance to assess power plant off-design per-
formance, required process modifications and operational boundaries based on the
existing equipment in the power plant. Multiple challenges exist to retrofit syngas
fed SOFCs in existing power plants like cost, process design, material availability,
contaminant tolerance, carbon deposition [123]. However apart from challenges to
be overcome in the SOFC module itself, it is also important to assess system/process
constraints based on the existing equipment in the power plant.

Detailed system models can be effective tools to evaluate off-design plant perfor-
mance with alternative and safe operating conditions. Operation of the coal based
WAC with 70% biomass co-gasification, SOFC and CO2 capture can be considered
as an off-design situation in the context of modeling studies. Based on the vali-
dated model presented in Chapter 2, thermodynamic off-design models could be
developed to predict performance and identify process constraints in the WAC plant
when retrofitted with solid oxide fuel cells and oxy-fuel combustion CO2 capture
technology.

This chapter presents a thermodynamic system study towards integrating SOFCs
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Case Description
STEX

(no CC) IGCC system based on WAC plant design with a fuel consisting of 70% steam
exploded woodpellets and 30% Columbian coal (Refer to Chapter 2)

SOFC-CC Retrofit STEX
(partial CC) STEX case based on WAC plant design with retrofitted SOFC stack and partial

oxy-combustion CO2 capture. The SOFC stack is not the main power producing
unit.

IGFC-CC STEX
(full CC) STEX case in a redesigned IGFC configuration with full oxy-combustion CO2

capture based on WAC gasifier and gas cleaning unit (GCU) design. The SOFC
stack is the main power producing unit. The original GT is replaced with an air
expander

Table 3.1: Case definition

and CO2 capture in IGCC power plants in near future, by suggesting a step wise scale
up strategy. For the first time, a reliable steady state model based study is presented
towards retrofitting SOFCs and partial oxy-fuel combustion CO2 capture in existing
IGCC power plants (with upto 70% biomass co-gasification). Focus has been given
to identify bottleneck thermodynamic situations and process modifications. Detailed
thermodynamic models are discussed for two systems: i) a SOFC- partial oxyfuel
combustion CO2 capture retrofitted IGCC system based on WAC plant design. The
system involves the use of a split stream of syngas after gas cleaning in an SOFC
stack unit to develop additional power. ii) a redesigned highly efficient and fully
integrated gasification fuel cell (IGFC) system with full oxy-fuel combustion CO2

capture (see Chapter 1 section1.3.1.2) based on the existing WAC gasifier and gas
cleaning unit (GCU); wherein all syngas produced in the gasifier is fed to the SOFC
unit and consequently to the HRSG and CO2 capture unit.

3.3 Case and process description

A detailed overview on IGCC process at the the coal based Willem-Alexander Cen-
trale (WAC) has been given in Chapter 2 (section 2.2). In this section, the various
cases considered in this study and the corresponding processes are described.

Table 3.1 shows the definition for various cases considered in this study. The ap-
proach is to first investigate the system when retrofitted with a smaller SOFC stack
module; the combined cycle still being the largest power producer. This represents
the SOFC-CC Retrofit STEX case. The second case with a large SOFC stack module
and full CO2 capture i,e the IGFC-CC STEX case has been selected to identify the ma-
jor process constraints and redesign necessary to scale up towards a full integrated
IGFC power plant with CO2 capture. STEX represents the previously experimentally
validated case (Chapter 2 of this thesis) for the co-gasification test at WAC with
70% steam exploded woodpellets. This reference case is presented to compare the
performance of the SOFC-CC Retrofit STEX and IGFC-CC STEX cases.
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Figure 3.1: Process flow diagram for SOFC-CC Retrofit STEX system - Red dotted blocks have not been
modelled, brown streams represent CO2 flow

3.3.1 SOFC-CC Retrofit STEX (with partial CO2 capture)

Fig.3.1 illustrates the primary components of the proposed retrofitted WAC system
in a process flow diagram. Coal and biomass mixture is pulverized and blown into
the gasifier and the produced syngas is cooled and cleaned to remove HCN/COS
and sulphur based compounds (H2S). A part of the clean syngas is then extracted,
preheated and fed to the SOFC stack. The remaining syngas is diluted with N2, sat-
urated with water vapour and fed to the gas turbine combustor. Cathode air for the
SOFC stack is extracted also from the air compressor. Partial CO2 capture is then em-
ployed. The unconverted syngas at the SOFC stack anode outlet is combusted with
an oxy-fuel combustor with pure O2 (95% vol from ASU) to produce a gas mixture
primarily consisting of CO2 and H2O. This gas mixture is then cooled to condense
out moisture to obtain pure CO2. A multistage compressor with intercooling is then
employed to compress CO2 to the desired storage pressure. Depleted cathode outlet
air from the SOFC stack is fed to the gas turbine (GT) combustor. The flue gas from
the GT combustor is guided through a gas turbine expander generating power and
further through a heat recovery steam generator (HRSG). The generated steam in
the HRSG is then expanded in steam turbines for additional power generation.
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Figure 3.2: Process flow diagram for IGFC-CC STEX system - Red dotted blocks have not been modelled

3.3.2 IGFC-CC STEX (with full CO2 capture)

The second system consists of a redesigned (but based on WAC gasifier and GCU
design) IGFC power plant system with full oxy-combustion CO2 capture. Fig.3.2
shows the process flow diagram for this system. The system consists of an identi-
cal gasifier, syngas cooler and gas cleaning unit as the retrofitted system described
in the previous subsection. All the clean syngas obtained after gas cleaning is fed
as fuel to the SOFC stack unit. As bulk of the clean syngas is converted through
electrochemical oxidation in the SOFC stack module instead of the GT combustor,
this system does not require the N2 dilution and saturation unit after the gas clean-
ing unit (GCU). N2 dilution and water vapour saturation is utilized mostly to limit
high combustion temperatures and NOx emissions [99]. Hence the co-produced
N2 in the ASU is vented to the atmosphere or can be considered as a co-product.
The SOFC stack replaces the combustion chamber of the gas turbine. A pressurized
SOFC stack is considered for maximizing efficiency. To carry out full CO2 capture,
the anode outlet gas is then directed to an oxy-fuel combustor where the remaining
fuel is combusted with pure oxygen (95%) at near stoichiometric conditions. The
oxygen required for the oxy-fuel combustor is obtained from the existing ASU. The
outlet gas from the oxy-combustor mainly consisting of CO2 and H2O is cooled to
condense out moisture to obtain pure CO2. The thermal energy in the outlet gas is
recovered partly in a newly designed pressurized HRSG. An identical CO2 cooling
and compression process is then utilized as in the retrofitted system. The cathode
outlet air stream from the SOFC stack, depleted in O2 content, cannot be utilized in
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the combustor as this will lead to undesirable nitrogen in the captured CO2 stream.
Hence the original WAC flue gas GT expander is replaced with an air expander.
This expanded air stream is cooled in the HRSG to generate additional steam and
subsequently vented into the atmosphere via the stack.

3.4 Modeling approach and description

The validated Cycle-Tempo system model presented in Chapter 2 has been used as
the base for developing models with SOFC and CO2 capture integration. The STEX
case fuel mix as described in Chapter 2 section 2.1 has been used as feedstock in
the models. This fuel mix composition is shown in Table 3.2. The ultimate and
proximate analysis of the coal and biomass feedstock can be found in the previous
chapter (Table 2.3).

Component Al2O3 C Cl Fe2O3 H H2O N O S SiO2 SO3

(Wt%) 2.23 51.75 0.01 1.18 4.45 2.00 0.80 27.72 0.43 9.09 0.34

Table 3.2: Gasifier input fuel mix composition (STEX)

Input data for the gasifier, gas cleaning and saturation, gas turbine and steam
turbine units remain unchanged. The gas turbine combustor has been modelled
with air-fuel equivalence ratio (λ) of 2.0 and a combustor outlet temperature of
1575oC, assuming no NOx formation at these conditions. The main input parame-
ters only for the SOFC unit and oxy-fuel combustion CO2 capture unit are presented
in this section. Table.3.3 shows the main input parameters (assumed) used in the

Assumed design conditions
Operating cell temperature, oC 900.00

Current density, A/m2 2500.00
Fuel utilization, % 0.85

Equivalent resistance (Req),Ω-m2 5.00e-5
Anode & Cathode inlet gas temperature, oC 850.00

Pressure loss (anode and cathode), bar 0.05
DC to AC conversion efficiency, % 95.00

Recirculation compressor isentropic efficiency, % 0.85
Geometry assumptions

Design Planar
Operating mode Direct internal reforming (DIR)
Anode material Ni/GDC

Cathode material LSM-YSZ
Electrolyte material YSZ

Support Electrolyte

Table 3.3: Cycle-Tempo SOFC model - Assumed design parameters, gemometry and materials

Cycle-Tempo SOFC model. The SOFC operating conditions, geometry and materi-
als have been chosen on a generic basis for standard performance. Cycle-Tempo

43



3. SOLID OXIDE FUEL CELL (SOFC) INTEGRATED BIO-IGCC POWER PLANTS

Parameter Value
CO2 final discharge pressure, bar 150.00
CO2 discharge temperature, oC 30.00

CO2 compressor isentropic efficiency, % 80.00
Oxy-combustor reaction pressure, bar 10.75

Oxy-combustor reaction temperature, oC 1050.00
Oxy-combustor pressure drop, bar 0.27

Cooling water pump isentropic efficiency, % 65.00
Cooling water temperature difference, oC 5.00

Table 3.4: Input parameters - Oxy-combustion CO2 capture

offers an in-built SOFC model based on thermodynamic and electrochemical con-
siderations. The model calculates the active area, voltage, current and the electrical
power [92]. As the first step, an equilibrium calculation is carried out based on
the inlet fuel (anode) composition, specified reaction temperature and pressure.
A calculation procedure is then carried out to calculate other electrochemical pa-
rameters. The reversible voltage is calculated with the Nernst equation(Eqn.3.1)
assuming that only H2 is electrochemically oxidized:

Ex = E 0 + R.T

2.F
ln

{ yO2,c
1/2.yH2,a

yH2O,a
.pcel l

1/2
}

(3.1)

E0 is the standard reversible voltage for hydrogen, that only depends on the
temperature, and is calculated from the change in the Gibbs energy ∆G. F is the
Faraday constant, R is the universal gas constant and T is the operating cell/stack
temperature. yO2,c represents the mole fraction of oxygen on the cathode side, yH2,a

is the mole fraction of hydrogen in the anode fuel stream and yH2O,a represents the
mole fraction of water vapour on the anode side. pcel l is the cell/stack operating
pressure. The actual operating voltage Vcel l and the current Icel l is calculated as in
Eqn.3.2 and Eqn.3.3 respectively:

Vcel l = Ex −∆Vx ix = ∆Vx

Req
(3.2)

Icel l =
U f .φm,a,i n

Mmol ,a
.(y0

H2
+ y0

CO + y0
C H4

).2F (3.3)

∆Vx represents the overpotentials/losses in the SOFC. The current density (ix)
is proportional to the voltage loss by analogy with Ohm’s law. Req is the equivalent
cell/stack resistance. U f is the fuel utilization of the SOFC stack,φm,a,i n is the mass
flow rate of inlet fuel to the anode and Mmol ,a is the molar mass of the anode inlet
fuel. Mass transport of O2 from the cathode side is also calculated based on the
current. Use of numerical subroutines is made to calculate these quantities over the
cell. More detailed information on the calculation procedure can be found in the
Cycle-Tempo technical manual[92].
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3.4. MODELING APPROACH AND DESCRIPTION

The oxy-combustion CO2 capture process has been modeled considering maxi-
mum heat integration in the system and high CO2 purity. The main input parameters
for the CO2 capture model have been tabulated in Table.3.4. A 2 stage compression
process with intercooling is utilized to compress the pure CO2 stream. Cooling wa-
ter available at around 12oC is used for intercooling. In order to minimize the use of
cooling water, heat from the capture unit is utilized to generate low pressure steam,
which is subsequently used for condensate preheating. A total pressure drop of 2.5
bar is assumed for the cooling water system.

Figure 3.3: Simplified process scheme for SOFC-CC Retrofit STEX (partial CO2 capture) case- Green
streams represent syngas flow, red streams represent flue gas and blue streams represent air flow.

Streams indicating detailed process/heat integration have been excluded to maintain clarity.

Fig.3.3 shows the simplified Cycle-Tempo model scheme for the SOFC-CC Retrofit
STEX case. The SOFC unit and the partial oxy-combustion CO2 capture unit have
not been modelled in off-design mode as these are newly sized equipment added to
the WAC system. In the SOFC unit, anode and cathode off-gas recirculation is uti-
lized to maximize stack performance. Previous studies have indicated that utiliza-
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3. SOLID OXIDE FUEL CELL (SOFC) INTEGRATED BIO-IGCC POWER PLANTS

Figure 3.4: Simplified process scheme for IGFC-CC STEX (full CO2 capture) case - Green streams
represent syngas flow, red streams represent flue gas and blue streams represent air flow. Streams

indicating detailed process/heat integration have been excluded to maintain clarity.

tion of anode/cathode off-gas recirculation facilitates improved stack performance
also considering syngas internal reforming within the stack[124]. The hot flue gas
from the oxy-fuel combustor is cooled down to 780oC and preheat air fed into the
cathode. Subsequent cooling of the flue gas is achieved by preheating the clean
syngas stream to 750oC. The flue gas is then passed through the CO2 capture and
compression unit. The cathode outlet gas is partially cooled down to preheat air
before being sent to the gas turbine combustor. Two dummy heat exchangers are
used to calculate the anode and cathode recycle flows. The HRSG design is largely
based on the original WAC HRSG design as described in Chapter 2. This has just
been shown in the scheme with a single heat exchanger to maintain clarity.
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3.5. RESULTS & DISCUSSION

Fig.3.4 shows the simplified Cycle-Tempo model scheme for the IGFC-CC STEX
case. In this case, all equipment downstream the gas cleaning unit i,e SOFC, CO2

capture unit, HRSG, air expander and steam turbine cycle are not modeled in off-
design mode as they are newly designed. The inlet syngas fuel to the SOFC anode is
preheated to 750oC with flue gas from the oxy-fuel combustor. The HRSG involves
the use of expanded air and flue gas (from oxy-fuel combustor) to generate HP, IP
and LP steam. An integrated process is utilized where flue gas is utilized in the HP
economizer, HP evaporator and IP superheater; while the expanded air is used in
the LP evaporator and LP superheater. The cooled air is then used to preheat syngas
and finally discharged to the atmosphere. Auxilliary load for both cases mainly
comprises of power required for N2 and O2 compression in the ASU, fuel milling,
power required in pumps, tracing and other miscellaneous power requirements.
In addition, in both the cases, power is required for CO2 compression in the CO2

capture unit. This has also been included in the calculation of the total auxilliary
load.

3.5 Results & Discussion

The off-design performance of the SOFC-CC Retrofit STEX system and the IGFC-
CC STEX system has been evaluated by analyzing operating parameters and gas
compositions at various locations. Table 3.5 shows the model results for the SOFC-
CC Retrofit STEX case with a comparison to the modelled STEX case. As it can be
seen the thermal input to the gasifier has been kept constant in order to make the
comparison. The off-design system performance of the existing equipment (gasifier,
SGC and syngas cleaning unit) remains almost unchanged as seen from the table.
A slightly higher temperature is used in the saturator. The syngas flow to the N2

dilution and saturator is smaller in comparison to the STEX case due to a split stream
of syngas fed to the SOFC. Consequently, the N2 flow for dilution is decreased to 33
kg/s (A minimum flow rate of 33.0 kg/s N2 dilution flow is obligatory for the ASU
molecular sieves regeneration). Due to the syngas split stream to the SOFC, there
is 28% reduction in the flue gas mass flow rate to the HRSG. This results in a lower
steam production (HP/IP/LP) in the HRSG compared to the STEX case as a result
of lower heat available in the HRSG.

The air mass flow rate is calculated in the model based on the requirements
in the GT combustor and ASU. The discharge pressure from the air compressor is
also calculated based on the integrated gas turbine cycle. An important observation
from the results is the 18% lower air compressor discharge pressure in the SOFC-CC
Retrofit STEX compared to the STEX case. The oxygen demand in the retrofitted
plant is even higher than the STEX case, due to additional O2 requirement in the
oxy-combustor. Hence the ASU will require high pressure air flow to cater to the
higher oxygen demand. The low air compressor discharge pressure as indicated in
Table.3.5 will be insufficient to feed air to the ASU. A booster air compressor (as
shown in Fig.3.1) would thus be required to provide high pressure (10.5 bar in the
design (BASE) case[125]) air to the ASU.
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The gas turbine will be in part load operation in the retrofitted system. The ther-
mal input to the GT combustor in the WAC design IGCC case with coal gasification[11]
was 480.3 MWth . Thermal inputs in the STEX case and SOFC-CC Retrofit STEX case
are 347.2 MWth and 267.9 MWth respectively. It can thus be seen that the thermal
input in these cases are about 73% and 56% of the design case respectively. With
a 9% (on mass basis) syngas split stream fed to the SOFC, the mass flow rate at
the gas turbine expander inlet reduces by 28% compared to the STEX case. The
GT produces a power output of about 174 MWe ; a 27% reduction compared to the
STEX case. Thus, the part load condition of the gas turbine when retrofitted with
SOFCs and partial CO2 capture is significant when compared with the STEX and
design (BASE) IGCC case.

The GT part load condition and outlet temperature could be controlled to some
extent using the variable inlet guide vanes (VIGV)[126]. It has been pointed out
that until about 55-60% part load condition (based on GT thermal input/coupling
power), the outlet temperature of the GT could be kept constant. In practice, this
is challenging because it is also necessary to maintain sufficient discharge pressure
from the integrated air compressor for the ASU due to aforementioned reasons. The
gas turbine will thus operate at a part load just within the range of the VIGVs. An
important aspect to note is that with a small reduction in the GT outlet temper-
ature, the inlet pressure will increase (Stodola’s cone law) and consequently the
SOFC pressure, voltage and power production will increase. Furthermore, the isen-
tropic efficiency for the GT expander, air compressor and steam turbines has been
assumed constant in this study. In reality, the isentropic efficiency of the GT will de-
crease when operating under part load [126]. However estimation of the isentropic
efficiency under part load condition requires additional turbine data (performance
maps) which is generally not readily available (often confidential information). For
the steam turbines (particularly HP and IP turbine), a significant change in the
isentropic efficiencies is not expected despite part load operation. The isentropic ef-
ficiency of these turbines (without governing stage) largely depend of the pressure
ratio, volume flow and inlet temperature [127].

A syngas LHV range of about 4.3-5.5 MJ/kg is preferred for stable GT combustor
operation at WAC. An important consideration with the SOFC-CC Retrofit STEX
case is the 13% lower LHV of the syngas fuel to the combustor (see Table 4.12)
compared to the STEX case. The difference in the clean syngas composition and
LHV at the combustor inlet between both the cases arises due to the difference in
N2 dilution as aforementioned. In practice, a low (or high) LHV (< 4.2 MJ/kg) lead
to combustion/flame stability problems in the combustor as indicated by process
engineers from the plant. This could lead to the need of a different combustor
and/or fuel injectors[126, 128]. This can be a major challenge as the GT burner
might have to be suitably modified/replaced. Alternative methods of achieving a
higher syngas LHV could be by adjusting syngas dilution and lower water vapour
saturation, lower SOFC fuel utilization and lower syngas flow to SOFC (smaller
SOFC stack). However all these measures would decrease the GT cycle and SOFC
performance. Operation of the system with 70% torrefied woodpellets instead of
70% steam exploded woodpellets could also be a solution to increase LHV of the
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3.5. RESULTS & DISCUSSION

STEX
(no CC)

SOFC-CC
Retrofit STEX
(partial CC)

STEX
(no CC)

SOFC-CC
Retrofit STEX
(partial CC)

Fuel Input HP Turbine inlet temperature,oC 473.71 516.04
Input pulverized fuel, kg/s 23.74 23.74 HP Turbine Outlet temperature,oC 311.92 346.22
LHV, MJ/kg 19.59 19.59 HP Steam mass flow, kg/s 65.64 62.04
Thermal input, MWth 465.00 465.00 IP Steam turbine inlet pressure, bar 23.82 23.25

Gasifier IP Steam turbine outlet pressure, bar 3.59 3.37
Outlet presssure, bar 24.90 24.90 IP Turbine inlet temperature, oC 463.50 499.65
Outlet temperature, oC 1515.00 1515.00 IP Turbine Outlet temperature, oC 227.34 250.00
Oxygen mass flow, kg/s 14.74 14.74 IP Steam mass flow, kg/s 80.13 76.55
Moderation steam, kg/s 1.18 1.18 LP Steam turbine inlet pressure, bar 3.59 3.34
Quench gas recycle, kg/s 52.42 52.42 SOFC unit
Temperature quench gas, oC 243.40 243.17 Fuel LHV, MJ/kg - 10.42
Quench pressure after compres.,bar 24.90 24.90 Anode flow (in), kg/s - 18.45

Syngas cooler Anode flow (out), kg/s - 23.17
Syngas inlet temperature, oC 820.00 820.00 Anode recirculation flow, kg/s - 9.44
Syngas outlet temperature, oC 229.40 229.17 Cathode flow (in), kg/s - 252.69
HP steam to HRSG, kg/s 36.82 35.02 Cathode flow (out), kg/s - 247.97
HP steam to HRSG: Temperature, oC 363.90 367.09 Cathode recirculation flow, kg/s - 81.60
IP steam to HRSG, kg/s 15.60 16.15 Voltage, V - 0.83
IP steam to HRSG: Temperature, oC 321.69 318.14 Active Area, m2 - 22785.97
LP steam: Pressure, bar 9.00 9.00 Anode recir. compressor consumption, kWe - 39.70
LP steam: Temperature, oC 175.36 175.36 Cathode recir.compressor consumption, kWe - 372.53
LP steam: Mass flow, kg/s 4.34 4.31 Power, MWe - 47.55

Cyclone Oxy-fuel CC
Outlet temperature syngas, oC 229.39 229.17 CO2 purity, mol % - 89.09

Wash column Captured CO2 flow , kg/s - 11.69
Outlet mass flow syngas, kg/s 40.93 40.94 Oxygen flow to oxy-combustor , kg/s - 0.93
Pressure syngas, bar 24.52 24.52 Oxy-combustor temperature, oC - 1567.28
Outlet temperature syngas, oC 145.10 146.36 Oxy-combustor pressure, bar - 7.00

HCN/COS reactor CO2 compressor 1 outlet pressure,bar - 32.25
Outlet temperature syngas, oC 191.80 192.00 CO2 compressor 2 outlet pressure, bar - 152.26
Outlet pressure, bar 21.72 21.72 Cooling water flow, kg/s - 193.15

H2S absorber CO2 compressor 1 consumption,MWe - 1.83
Outlet temperature syngas, oC 40.00 40.00 CO2 compressor 2 consumption, MWe - 1.48
Mass flow syngas, kg/s 33.14 33.14 Condensed water flow, kg/s - 1.98

Gas preparation Generated steam flow, kg/s - 3.05
Nitrogen temperature, oC 59.00 59.00 HRSG
Nitrogen pressure, bar 12.01 12.01 HP Steam raising mass flow, kg/s 28.80 27.02
Nitrogen mass flow, kg/s 38.00 33.00 HP Superheater outlet temperature, oC 476.34 516.04
Saturator syngas outlet temperature, oC 119.62 125.00 HP Superheater outlet pressure, bar 97.93 96.06
Preheater syngas outlet temperature, oC 292.41 283.56 LP Steam raising mass flow, kg/s 4.15 1.71

Powerblock LP Superheater outlet temperature, oC 233.25 269.99
Air compressor discharge, bar 9.05 7.42 LP Superheater outlet pressure, bar 3.59 2.77
Air bleed, kg/s 61.90 72.63 Power output
Combustion chamber pressure, bar 8.78 7.24 Gross Power output, MWe 204.85 223.64
Gas Turbine inlet temperature , oC 919.20 950.00 Auxiliary load, MWe 31.82 34.04
HP Steam turbine inlet pressure, bar 92.93 96.06 Net Power output, MWe 173.02 189.59
HP Steam turbine outlet pressure, bar 27.82 27.25 Net efficiency, % 37.20 40.77

Table 3.5: Model results SOFC-CC Retrofit STEX - A comparison is presented with the STEX case

syngas fuel to the GT combustor. As the case presented here is a limiting case
with maximum syngas split to the SOFC, the aforementioned alternative methods
in principle should help achieve a higher syngas LHV when a smaller SOFC stack is
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Case H2 N2 AR CH4 CO CO2 H2O H2S LHV (MJ/kg)
STEX 11.89 43.00 0.37 0.00 25.99 3.00 15.75 0.00 4.28
SOFC-CC Retrofit STEX 10.32 44.07 0.32 0.00 22.58 2.61 20.10 0.00 3.73

Table 3.6: Clean syngas composition(% mol), input to GT combustor

used for retrofitting.
The SOFC stack operates at a pressure of about 7.32 bar in the retrofitted system

and produces a net power output of about 47.5 MWe . An important thing to keep in
mind is that this is for a thermodynamically limiting case; where we try to show the
real thermodynamic/process constraints with existing plant equipment. The study
clearly indicates that smaller stacks (with power levels from kWe to 40 MWe) can be
integrated in existing IGCC power plants without major thermodynamic/process im-
plications. Most power utility companies and organizations are currently focussing
towards large scale newly designed IGFC power plants. The authors believe that an
alternative and more logical approach towards introducing SOFCs in IGCC power
plants is to carry out a step wise integration (retrofitting). The size of the SOFC
stack should be incremented gradually, synchronous with latest technology devel-
opment. Commercial syngas fed pressurized (in the same range as considered in
this work) SOFC modules are currently available [33, 34, 129, 130] in the kWe to 1
MWe range and such units should be considered to retrofit in existing IGCC plants.
Step wise scaling up in the size of the SOFC stack module will also promote technol-
ogy development to some extent, as operating/practical challenges with real syngas
can be identified even while operating with smaller SOFC stacks.

Table 3.7 shows the model results for the IGFC-CC STEX case with a comparison
to the STEX case. The net electrical efficiency of 47.9% is comparable with values
reported in literature for coal based IGFC-CC systems[100, 105, 108]. Absence of
N2 dilution leads to the absence of ASU N2 compression, which is a major contrib-
utor in the auxilliary load (refer to Chapter 2). Process parameters upstream gas
preparation are very comparable between both the cases. Notable differences are a
higher IP, LP steam flow in the SGC and a lower syngas temperature after preheat-
ing. The increase in the IP/LP steam production in the SGC is particularly due to a
marginally higher (0.3%) syngas flow (the temperatures are very similar).

Considering that the SOFC is the main power producing unit in the IGFC-CC
STEX case, significant differences can be observed between both systems in the
power block and HRSG. Despite the same amount of clean syngas used to generate
power in the SOFC stack, there is a considerable reduction (about 55% on mass
basis) in the HRSG HP steam production. The LP steam production is however
about 3 times higher.

The SOFC unit in this case operates at a pressure of 10.5 bar and produces a net
power of about 168 MW which is about 75% of the net power plant output. The
anode and cathode recirculation compressor power consumptions are much higher
compared to the SOFC-CC Retrofit STEX case due to higher gas flow rates resulting
from the design of SOFC module (anode/cathode recirculation) and HRSG, where
two heat sources, namely the expanded air and CO2 rich flue gas are utilized. How-
ever the net power produced by the steam turbines (HP/IP/LP) is only about 9%
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STEX
(no CC)

IGFC-CC
STEX

(full CC)

STEX
(no CC)

IGFC-CC
STEX

(full CC)
Fuel Input HP Turbine inlet temperature,oC 473.71 507.72
Input pulverized Coal, kg/s 23.74 23.74 HP Turbine Outlet temperature,oC 311.92 322.29
LHV, MJ/kg 19.59 19.59 HP Steam mass flow, kg/s 65.64 46.64
Thermal input, MWth 465.00 465.00 IP Steam turbine inlet pressure, bar 23.82 29.00
Gasifier IP Steam turbine outlet pressure, bar 3.59 4.25
Outlet presssure, bar 24.90 24.90 IP Turbine inlet temperature, oC 463.50 510.00
Outlet temperature, oC 1515.00 1515.00 IP Turbine Outlet temperature, oC 227.34 256.76
Oxygen mass flow, kg/s 14.74 14.73 IP Steam mass flow, kg/s 80.13 61.23
Moderation steam, kg/s 1.18 1.18 LP Steam turbine inlet pressure, bar 3.59 4.25
Quench gas recycle, kg/s 52.42 52.70 SOFC unit
Temperature quench gas, oC 243.40 246.95 Fuel LHV, MJ/kg - 10.43
Quench pressure after compres.,bar 24.90 24.90 Anode flow (in), kg/s - 68.19
Syngas cooler Anode flow (out), kg/s - 85.60
Syngas inlet temperature, oC 820.00 820.00 Anode recirculation flow, kg/s - 35.05
Syngas outlet temperature, oC 229.40 232.85 Cathode flow (in), kg/s - 917.13
HP steam to HRSG, kg/s 36.82 33.77 Cathode flow (out), kg/s - 899.71
HP steam to HRSG: Temperature, oC 363.90 373.17 Cathode recirculation flow, kg/s - 760.90
IP steam to HRSG, kg/s 15.60 16.23 Voltage, V - 0.83
IP steam to HRSG: Temperature, oC 321.69 326.97 Active Area, m2 - 84015.12
LP steam: Pressure, bar 9.00 9.00 Anode recir. compressor consumption, kWe - 96.82
LP steam: Temperature, oC 175.36 175.36 Cathode recir.compressor consumption, kWe - 2408.60
LP steam: Mass flow, kg/s 4.34 5.02 Power, MWe - 167.61
Cyclones Oxy-fuel CC
Outlet temperature syngas, oC 229.39 232.85 CO2 purity, mol % - 89.12
Wash column Captured CO2 flow , kg/s - 43.09
Outlet mass flow syngas, kg/s 40.93 40.99 Oxygen flow to oxy-combustor , kg/s - 3.41
Pressure syngas, bar 24.52 24.52 Oxy-combustor temperature, oC - 1567.62
Outlet temperature syngas, oC 145.10 146.69 Oxy-combustor pressure, bar - 10.15
HCN/COS reactor CO2 compressor 1 outlet pressure,bar - 41.08
Outlet temperature syngas, oC 191.80 192.00 CO2 compressor 2 outlet pressure, bar - 150.80
Outlet pressure, bar 21.72 21.72 Cooling water flow, kg/s - 1299.13
H2S absorber CO2 compressor 1 consumption,MW - 6.10
Outlet temperature syngas, oC 40.00 40.00 CO2 compressor 2 consumption, MW - 4.14
Mass flow syngas, kg/s 33.14 33.14 Condensed water flow, kg/s - 7.32
Gas preparation Generated steam flow, kg/s - 6.89
Nitrogen temperature, oC 59.00 - HRSG
Nitrogen pressure, bar 13.01 - HP Steam raising mass flow, kg/s 28.80 12.87
Nitrogen mass flow, kg/s 38.00 - HP Superheater outlet temperature, oC 476.34 507.72
Saturator syngas outlet temperature, oC 119.62 - HP Superheater outlet pressure, bar 97.93 119.80
Preheater syngas outlet temperature, oC 292.41 270.00 LP Steam raising mass flow, kg/s 4.15 12.87
Powerblock LP Superheater outlet temperature, oC 233.25 255.00
Air compressor discharge, bar 9.05 10.50 LP Superheater outlet pressure, bar 3.59 4.25
Air bleed, kg/s 61.90 86.43 Power output
Combustion chamber pressure, bar 8.78 - Gross Power output, MWe 204.85 260.49
Gas Turbine/Air expander inlet
temperature , oC 919.20 950.00 Auxiliary load, MWe 31.82 37.44

HP Steam turbine inlet pressure, bar 92.93 119.80 Net Power output, MWe 173.02 223.05
HP Steam turbine outlet pressure, bar 27.82 32.70 Net efficiency, % 37.20 47.96

Table 3.7: Model results IGFC-CC STEX - A comparison is presented with the STEX case

lower than the STEX case. The important point to note is that oxy-combustion CO2

capture has a relatively large negative effect on the net plant efficiency. The auxil-
liary load in the IGFC-CC STEX case is about 5.6 MW (19%) higher than the STEX
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case mainly due to the 2 stage CO2 compression in the CO2 capture unit. Air bleed
for the ASU from the air compressor is also increased due to additional oxygen re-
quirements in the oxy-fuel combustor which leads to an increase in the auxilliary
load due to additional O2 compression. However due to the absence of the dilu-
tion N2 compressor and reduced power consumption in the HP water pump , the
increase in auxilliary load is not drastic. As seen from Table 3.7, the stored CO2

stream is about 89% pure. The gas mixture consists of about 9% N2, 1.5% of Ar and
trace quantities of O2 and H2O. Presence of O2 is due to the slight oxygen excess in
the oxy-fuel combustor (λ =1.05). Argon and a part of N2 originate from the 95%
pure O2 mixture from the ASU used in the gasifier and oxy-fuel combustor. The
remaining N2 comes from the fuel and the fuel transport gas to the gasifier.

Case H2 N2 AR CH4 CO CO2 H2O H2S LHV (MJ/kg)
SOFC-CC Retrofit STEX 3.25 6.40 0.84 0.00 9.58 55.94 23.98 0.00 1.03
IGFC-CC STEX 3.26 6.39 0.84 0.00 9.59 57.91 24.01 0.00 1.03

Table 3.8: Anode outlet gas composition(% mol), input to oxy-fuel combustor

Table 3.8 shows the anode outlet gas compositions and LHV from the SOFC unit
for both the cases. The LHV of the outlet gas is considerably low and it is assumed
that the oxy-fuel combustor (newly designed) can cope with this. In case of unstable
operation, however pure syngas could be partly utilized. In the IGFC-CC STEX case,
it is important to note that the low LHV fuel to the oxy-fuel combustor leads to low
thermal input to the air expander. This leads to a lower thermal energy in the HRSG
and consequently lower power production from the steam turbines.

3.5.1 Carbon deposition

Operating SOFCs with syngas as fuel certainly offers advantages in terms of boosting
efficiencies and flexibility. However, an important operating challenge is to prevent
carbon deposition/coking. Under certain operating conditions, syngas and CO de-
compose to create solid carbon formations in Ni-based anodes or anode inlet/outlet
pipes [131, 132]. The electrochemical performance of the anode then drastically
reduces due to a decrease in the active area, which also results in a large polar-
ization resistance. The SOFC model in this study has been developed under the
assumption of an Ni-GDC anode (Table 3.3) and hence it is important to assess the
possibility of carbon deposition. Ternary phase diagrams based on thermochemical
equilibrium calculations (free energy minimization)are useful to predict the theo-
retical boundary limits for carbon deposition depending on the operating condition
[133].

Point Location Pressure (bar) (SOFC-CC Retrofit STEX/IGFC-CC STEX) Temperature (oC)
A Anode inlet (pipe) before recirculation 7.35/10.50 750.00
B Anode inlet (pipe) after recirculation 7.32/10.48 850.00
C Anode outlet (pipe) 7.27/10.43 950.00

Table 3.9: Operating points/locations considered to evaluate the systems for carbon deposition
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In order to assess the possibilities of carbon deposition in both the cases, op-
erating conditions have been considered at three locations within the system as
listed in Table 3.9. Based on these conditions, equilibrium calculations have been
performed using the software Factsage [134] to obtain the C-H-O ternary phase
diagram (Fig.3.5). Fig.3.5a and Fig.3.5b are the ternary phase diagrams for the
SOFC-CC Retrofit STEX and IGFC-CC STEX case respectively. The red curve repre-
sents the boundary limits for the gas conditions at the anode inlet before recircula-
tion and point A represents the actual operating point. The green curve represents
the boundary limits for the gas conditions at the anode inlet after recirculation and
point B represents the actual operating point. The blue curve represents the bound-
ary limits for the gas conditions at the anode outlet after recirculation and point C
represents the actual operating point.

(a) SOFC-CC Retrofit STEX (b) IGFC-CC STEX

Figure 3.5: Ternary phase diagram showing equilibrium lines and operating points to indicate
possibilities of carbon deposition

As seen from both the figures, point A lies above the corresponding equlibrium
curve indicating a possibility of coking. The conditions at the actual inlet to the
SOFC anode (point B) and the anode outlet (point C) are below the corresponding
equilibrium curves thus indicating theoretically safe operating conditions. Addition
of steam to the extracted syngas is a possible option to reduce the possibility of
coking at point A [132]. However it is important to note that steam should then be
extracted from the system and this will lead to drop in the net electrical efficiency.
Preliminary calculations for the SOFC-CC Retrofit STEX case indicate that the drop
in net electrical efficiency could be about 0.2-0.5% points with IP steam extraction
from the syngas cooler. Considering the scope of this work, a detailed analysis on
this has yet not been carried out. Carbon deposition also depends on other factors
like residence time, reaction/surface conditions in pipes etc. Despite possibilities of
carbon deposition in the SOFC upstream sections (pipes) of the system i,e from the
GCU to the SOFC unit or after the syngas cooler, process engineers at WAC have not
observed any significant coking in the past in these lines during normal operation
with coal or biomass. Hence it is assumed that the operating conditions upstream
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the syngas preheaters and SOFC unit are safe to prevent carbon deposition. This
work indicates the risks of carbon deposition (particularly in the SOFC inlet), how-
ever additional investigations regarding carbon deposition in SOFC retrofitted IGCC
systems is highly encouraged.

3.5.2 Exergy Analysis

Exergy analysis for both the systems have been carried out using Cycle-Tempo as
described in the previous chapter in section 2.6.3. In principle, exergy efficiency
is calculated for each component by the program with appropriate product and
source(s) consideration. Detailed information on this can be found in the program
manual [32, 135]. The total exergy efficiency (ηex) for the system is calculated
according to Eqn.2.10,

STEX SOFC-CC Retrofit STEX IGFC-CC STEX
Energy Exergy Energy Exergy Energy Exergy

Input (MW) 465.06 510.50 465.06 510.50 465.06 510.50
Gross Power (MW) 204.85 204.85 223.64 223.64 260.50 260.50

Auxilliary load (MW) 31.82 31.82 34.04 34.04 37.44 37.44
Net Power (MW) 173.02 173.02 189.59 189.59 223.05 223.05
Net efficiency (%) 37.20 33.89 40.77 37.13 47.96 43.68

Table 3.10: Exergy output and exergy efficiency for various cases

The exergy of the solid fuel mix (Exergy input) is estimated by Cycle Tempo us-
ing a method described by Baehr[136]. Table 3.10 gives an overview of energy (1st
law) and exergy (2nd law) analysis for the 2 cases in comparison with the STEX
case. An exergy efficiency of about 37% is obtained with the retroffited system
indicating that existing IGCC plants can still be operated with higher electrical/ex-
ergy efficiencies (about 12% higher) with retrofitting direct internal reforming solid
oxide fuel cells and oxy-fuel CO2 capture technologies. This efficiency boost with
a relatively low carbon footprint can be considered as a possible solution to oper-
ate existing power plants with reduced emissions and high efficiency in near future.
With a newly designed IGFC power plant with oxy-combustion CO2 capture, a much
higher exergy efficiency of about 44% is obtained. The increase in the exergy ef-
ficiency due to electrochemical fuel conversion is compensated with exergy losses
and exergy destruction in the CO2 capture unit. However, there is an increase of
about 10 percentage points (25% increase) in the exergy efficiency.

Fig.3.6 shows the exergy flow diagram for the SOFC-CC Retrofit STEX case illus-
trating the exergy loss/destruction due to various operations in the plant. Exergy
loss and destruction due to the partial CO2 capture account for about 1.2% of the
total exergy losses. In comparison with the STEX case (refer to chapter 2, Fig.2.5),
the stack losses are also lower due to the lower concentrations of CO2 and H2O. The
SOFC system including the SOFC stack contributes to a relatively low extent (3.5%)
in the total exergy losses. Exergy destruction during gasification and combustion
still contribute largely to the irreversibilities in the system, however an important
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Figure 3.6: Exergy flow diagram for SOFC-CC Retrofit STEX (with partial CC) case - Exergy destruction
during GT combustion are lower than the STEX case with the partial replacement of combustion with

electrochemical oxidation in the SOFC

observation to be noted is the reduced exergy destruction in the GT combustor. The
exergy destruction in the GT combustor in the STEX case is about 97.6 MW; about
19% of the total exergy losses (refer to chapter 2, Fig.2.5). The partial replace-
ment of fuel combustion with electrochemical conversion leads to a 30% reduction
in the exergy destruction in the GT combustor. Hence despite the utilization of oxy-
combustion CO2 capture, it is seen that retrofitting SOFCs in existing IGCC power
plants is beneficial from the exergy/electrical efficiency point of view.

Fig.3.7 shows the exergy flow diagram for the IGFC-CC STEX case. The CO2

capture unit contributes with about 8% to the total exergy losses. As it can be seen,
gasification is the largest source of exergy destruction. Complete replacement of
combustion with electrochemical oxidation in the SOFC unit leads to a reduction
in total exergy losses with exergy destruction in the SOFC unit being relatively low
(<5%). Exergy loss through the exhaust stack (air) is largely negligible. The figure
shows a combined loss/destruction of about 3.5% in the gas cleaning unit and due
to syngas preheating.

From the exergy analysis of both systems it can be seen that retrofitting IGCC
plants with SOFC-CO2 capture offers significant thermodynamic advantages in terms
of boosting electrical and exergy efficiencies. Despite concerns regarding mate-
rial, cost and scaling up; further research (particularly market based and thermo-
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economic evaluations) of solid oxide fuel cell integration in existing large scale bio-
IGCC power plants is highly encouraged.

Figure 3.7: Exergy flow diagram for IGFC-CC STEX (full CC) case - High exergy loss/destruction due to
CO2 capture is compensated by the high efficiency SOFC system rendering a relatively high net exergy

efficiency

3.5.3 CO2 neutrality and emissions

Power production with high percentage of biomass in the fuel blend offers a possi-
bility to design a CO2 neutral/negative system. Bio-energy with carbon capture and
storage (BECCS) promotes negative CO2 emissions. The concept of biomass CO2

neutrality is generally based on an assumption that biomass removes as much CO2

from the environment during its growth as is released during its combustion. The
wood pellet biomass is considered as a CO2 neutral fuel in this study. Table.3.11
shows a parametric comparison between the various cases considering CO2 neutral-
ity and emissions. The fuel input in all the three cases is a blend of 70% biomass
and 30% coal (energy based). Based on our assumption, this means that even with-
out CO2 capture (STEX case), the system is highly CO2 neutral. The remaining
undesired CO2 non-neutrality originates from the 30% coal in the fuel blend.

The total CO2 flow in the system has first been calculated as the sum of CO2 co-
absorbed in the H2S absorber [137], CO2 released through the stack and the pure
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captured CO2 in the CO2 capture unit. The CO2 co-absorbed in the H2S absorber is
part of emissions as this is just vented out from the plant. The CO2 emitted from
the system is a sum of the vented CO2 from the H2S absorber and the CO2 released
through the stack. The captured CO2 has been calculated based on the purity of the
CO2 stream (Table 3.5 and Table 3.7). With a fixed fuel input mass flow, the amount
of CO2 produced per unit mass of fuel (fuel specific CO2, γ) is calculated. The fuel
specific CO2 from pure coal (γcoal) has been calculated to be 2.45 based on the BASE
(with no biomass co-gasification) case (The BASE case has been described in detail
in our previous article [11]). As the STEX blend contains less carbon and more
oxygen than coal (Table 2.2), the fuel specific CO2 is much lower than with pure
coal. The coal based CO2 flow is then calculated using γcoal as shown in Eqn.3.4:

Coal based CO2flow= 0.3.Fuel input.γcoal (3.4)

The coal based CO2 capture fraction is then calculated with Eqn.3.5:

Coal based CO2 capture fraction= Captured CO2 flow
Coal based CO2 flow

(3.5)

The CO2 neutrality factor then has been calculated using Eqn.3.6, taking into ac-
count the captured CO2 from the 30% non-neutral coal in the fuel blend. γcoal plays
a central role in determining the neutrality factor as it can be seen from Eqn.3.5 and
Eqn.3.4. Since Coal based CO2 is directly calculated as a scaled parameter using
γcoal, the neutrality factor cannot be directly utilized to estimate the coal/biomass
based CO2 emissions. The factor is an indicator showing the scale of biomass uti-
lization and CO2 capture in the system.

CO2 neutrality factor= 0.7+0.3.(Coal based CO2 capture fraction) (3.6)

Parameter
STEX

(no CC)
SOFC-CC Retrofit STEX

(partial CC)
IGFC-CC STEX

(full CC)
Input Fuel flow , kg/s 23.74 23.74 23.74

Co-absorbed CO2 flow in H2S absorber, kg/s 1.89 1.91 1.90
CO2 flow through stack (exhaust), kg/s 43.25 31.53 0.06

Captured CO2 flow, kg/s 0 11.70 43.12
Net Power Output, MWe 173.02 189.59 223.05

Total CO2, kg/kWhe 0.94 0.86 0.73
Coal based CO2, kg/kWhe 0.36 0.33 0.28

Biomass based CO2, kg/kWhe 0.58 0.53 0.45
Captured CO2, kg/kWhe 0 0.22 0.69
CO2 emitted, kg/kWhe 0.94 0.64 0.03
CO2 neutrality factor 0.7 0.9 1.44

Net CO2 emitted, kg/kWhe 0.36 0.11 -0.41

Table 3.11: System evaluation for CO2 neutrality and emissions

The biomass based CO2 as shown in the table can be considered as negative CO2

emissions based on the assumption that this CO2 originates from the atmosphere
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and is also released in equal amounts from the system. The Net CO2 emitted is then
calculated by subtracting the biomass based CO2 and the captured CO2 from the
total amount of CO2. As it can be seen from Table.3.11 the SOFC-CC Retrofit STEX
system results in a CO2 neutrality factor of 0.9 while the IGFC-CC system results in
a higher than unity CO2 neutrality factor of 1.44. The net CO2 emissions are much
lower in the SOFC-CC Retrofit STEX and negative in case of the IGFC-CC system.
The CO2 emitted for the STEX case are comparable to values cited in literature for
biomass co-gasification[138, 139]. Retrofitting with CO2 capture (SOFC-CC Retrofit
STEX case) reduces the CO2 emitted by almost 45% and application of full scale
CO2 capture (IGFC-CC STEX case) leads to a very low CO2 emission.

Feasibility and sensitivity studies towards sizing the SOFC stack module and
CO2 capture unit for retrofitting is highly recommended. It has been indicated in
this work that coking/carbon deposition is a major risk (particularly at the SOFC
anode inlet pipes) in the retrofitted system. Detailed investigations on this aspect
giving possible solutions are highly recommended as future work. SOFC operation
with real syngas also needs experimental and system investigation. In addition,
the gas turbine part load operation and ways to minimize its effect on the plant
performance should be further researched upon.

3.6 Conclusions

A thermodynamic case study has been presented towards integrating (retrofitting)
solid oxide fuel cells (SOFCs) and CO2 capture in existing IGCC power plants utiliz-
ing high percentage (upto 70%) biomass co-gasification with a focus on near future
implementation. The study is helpful to further evaluate design/sizing challenges
in SOFC-CO2 capture retrofitted IGCC power plant systems for near future imple-
mentation, gas turbine part load behaviour and techno-economic aspects. Various
thermodynamic aspects have been addressed and process modifications have been
identified to retrofit SOFCs in IGCC systems.

It is concluded that existing integrated gasification combined cycle power plants
(coal/biomass based) could be operated without major plant modifications and rel-
atively high electrical efficiencies of more than 40%(LHV) by retrofitting with solid
oxide fuel cells (SOFC) (producing upto 40 MWe electric power) and partial oxy-
combustion CO2 capture. Exergy (2nd law) analysis indicates that exergy destruc-
tion due to GT combustion reduce significantly (about 30%) in the retrofitted system
due to partial replacement with electrochemical conversion. Total exergy efficiency
increases to about 37% (increase by 9%) when retrofitted with SOFC and partial
oxy-combustion CO2 capture.

Control of the the gas turbine (GT) expander outlet temperature with variable in-
let guide vanes (VIGV) to minimize part load effects is crucial when retrofitted with
SOFCs. Furthermore, the discharge pressure from the main air compressor is much
lower (about 18%) in the retrofitted system. In order to meet the oxygen demand
and to feed bleed air to the ASU at design pressure, a booster air compressor would
be required. Resizing the SOFC stack and/or modifications in the N2 dilution and
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water saturation unit might be required to obtain an acceptable LHV for clean syn-
gas; thus enduring flame stability in the GT combustor. Retrofitting with SOFC and
partial oxy-combustion CO2 capture also leads to a considerable (about 12% in our
limiting case) reduction in the IP/LP steam production due to the lower syngas flow
(and hence heat transfer) in the combined cycle. Based on these process constraints
presented in this work, appropriate engineering solutions should be developed by
the industry. Retrofitting with partial CO2 capture reduces the specific emissions by
almost 45%. To apply full scale integration of SOFC and oxy-combustion CO2 cap-
ture (IGFC-CC STEX case), the flue gas GT expander should be replaced by an air
expander and the WAC design based HRSG has to be significantly redesigned. CO2

negative IGFC power plants can be developed by utilizing 70% biomass in the fuel
feed and full oxy-combustion CO2 capture with a very low specific CO2 emission.
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Chapter 4

Flexible IRCC power plants with
hydrogen storage

Operational flexibility in power plants is essential to cater to large variations in
power supply and demand. Energy storage technologies can be utilized in large
scale natural gas combined cycle (NGCC) power plants to introduce operational
flexibility. This chapter presents a thermodynamic study (including exergy analysis)
on flexible NGCC power plants with pre-combustion CO2 capture, called integrated
reforming combined cycle (IRCC) power plants. Hydrogen storage using metal hy-
drides (MH) has been explored as a flexibility option in large scale IRCC power
plants. A comparative analysis has been presented using steady state ASPEN Plus
models for a reference NGCC system, an IRCC system and a Flexible IRCC system
with MH (MgH2) based hydrogen storage. The study indicates that such Flexible
IRCC systems could be operated with a time based average (considering charging
and discharging) electrical efficiency above 45% depending on the amount of hy-
drogen stored, appropriate heat integration and choice of the metal hydride. Fur-
thermore, it is concluded that addition of MH based H2 storage in an IRCC system
does not lead to significant electrical/exergy efficiency penalty. The system concept
presented in this work can be further utilized to explore the applicability of metal
hydride based hydrogen storage in large scale combined cycle power plants.

This chapter is published as: A. Thallam Thattai, T. Woudstra, B. J. Wittebrood,
W. G. Haije, J. J. C. Geerlings, P.V. Aravind, System design and exergetic evaluation
of a flexible integrated reforming combined cycle (IRCC) power plant system with car-
bon dioxide (CO2) capture and metal hydride based hydrogen storage, International
Journal of Greenhouse Gas Control, Volume 52, September 2016, Pages 96-
109, ISSN 1750-5836
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4.1 Background

Increasing worldwide carbon emissions and its role in climate change has convinced
policymakers to set restrictions on the emission of Green house gas (GHG). Con-
ventional power plants have a large share in the emission of GHG, predominantly
CO2 and therefore current research focuses on renewable power producing tech-
nologies and reducing CO2 emissions in conventional power plants. Carbon capture
and storage (CCS) has the potential to reduce overall mitigation costs and increase
flexibility in achieving greenhouse gas emission reductions [140].

Natural gas is an abundantly available fuel for power production in the Nether-
lands, owing to its large reserves and production. The Netherlands is the second
largest producer and exporter of natural gas in Europe [141] and producing clean
electrical power from gas could be a viable and economical option. The installed
power capacity of the current electricity network can be divided in a base load (nu-
clear, hydro and coal), intermediate load (combined cycles) and peak load (hydro,
simple cycles) [20]. Modern natural gas combined cycle plants (NGCC) plants typ-
ically operate with a fast start-up, shut-down, load cycling and high part load effi-
ciency. Therefore they are very suitable for operating in the intermediate load range
[142]. NGCC power plants with pre-combustion carbon dioxide (CO2) capture (see
Chapter 1 section1.3.1.1); called integrated reforming combined cycle (IRCC) [143]
could be attractive technology for near future power/fuel production owing to their
relatively high efficiency, reduced GHG emissions and high reliability [144, 145].
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Figure 4.1: A typical daily network load curve for a summer day in the Netherlands [146].

Increase in the share of renewable power in meeting future energy demands
is mandatory. However due to large intermittency in renewable energy sources
like wind, solar, relatively large fluctuations are expected in future power supply.
In order to deliver electricity with high reliability and minimal interruption, flexible
power plants have to be designed to handle fluctuations in the daily/seasonal power
demand [142]. Fig.4.1 shows a typical daily network load curve in the Netherlands
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[146]. This typical summer load curve shows that peak power demand is in the
evening (19th hour) while the lowest (off-peak) power demand is in the morning
(4th hour) with the power demand varying approximately between 50% and 100%
of the total peak power demand. Such large variations in daily electrical power de-
mand require fast load-following plant operations to ensure a reliable and efficient
electricity network.

With an IRCC plant, hydrogen co-production and storage during off-peak hours
and utilization of the stored hydrogen for peak power production could introduce
operational flexibility. Part of the hydrogen rich gas after pre-combustion CO2 cap-
ture (see Chapter 1 section1.3.1.1) can be stored during low power demand and
this stored hydrogen can eventually be used for peak power production. Electrical
Energy Storage (EES) options can cope with the variations in net power resulting in
more reliable electrical power supply and reduction in energy costs. Different EES
options have been developed in the last decades like batteries, flywheels, Pumped
Hydro Electrical Storage (PHES), Compressed Air Energy Storage (CAES) and nat-
ural gas or hydrogen storage mainly differing in discharge time, energy content and
efficiency [22] (See Chapter 1 section1.4)). The cost of storing energy in a hydrogen
storage system is much lower than the cost of storing the same amount of energy
in batteries [147]. Hydrogen is considered a potentially clean energy carrier for
both mobile and stationary applications. By employing IRCC power plants, carbon
free hydrogen could be co-produced and stored during off-peak load hours thereby
providing increased flexibility.

Multiple options exist to store hydrogen like compressed hydrogen storage, cryo-
genic storage and storage in Metal Hydride (MH). Since the volumetric energy
density of hydrogen at standard conditions is low, hydrogen should be packed as
close as possible. Compressed hydrogen storage tanks can contain pressures upto
700 bar (6.7 wt%) [148]. Pressures up to 800-900 bar can be achieved by use of
high strength tanks. However, high-pressure vessels present a considerable risk and
the energy required for the compression of hydrogen to 800 bar can increase to
about 12-16% of its calorific value [148]. The density of liquefied cryogenic gases
is considerably higher as compared to compressed gases. However, the tank sys-
tem is complex and liquefaction of hydrogen requires about 20%-30% energy of the
calorific value of hydrogen [149]. Hydrogen storage in metal hydrides has the ben-
efit that it requires lower pressures and reduced volumes [43] resulting in a safer
system with reduced capital investments. An additional advantage of using MH in
such a system is the possibility of integrating heat during the MH reaction result-
ing in a flexible system that is expected to maintain high efficiencies of the storage
system and the plant during peak and off-peak hours.

Extensive applicaton based research has been performed in recent years on metal
hydride based hydrogen storage for applications in the transport sector [150–153].
Research efforts though have been rather limited for stationary applications and
much is focussed on small scale systems. Hoffman et al.[150] have discussed various
mobile and stationary applications for metal hydride based hydrogen storage and
indicate that magnesium and iron-titanium alloys are promising materials. Other
metal hydride based stationary system studies focus mainly on trigeneration systems
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[154], combined electrolysis/power generation combined system [155], small scale
residential application [156], stationary systems utilizing proton exchange mem-
brane (PEM) fuel cells[157, 158] and solar/wind energy based systems [159, 160].

4.2 Motivation

Literature review shows a lack in system level investigations on metal hydride based
hydrogen storage in stationary large scale combined cycle power plant systems.
Many companies now are investing in developing metal hydride based storage tanks
and pumps in the low/intermediate power level range [161–163]. 2G Cenergy have
already delivered hydrogen fueled CHP cogeneration systems with metal hydride
storage [164]. With more intensive and dedicated research efforts in developing
novel MH materials it could be possible to develop large scale storage modules
applicable in stationary power plant systems.

Despite major concerns on the economic impacts and scaling up issues, it is very
important to evaluate the thermodynamic implications and opportunities of utilizing
metal hydride based storage in combined cycle power plants. A system modeling
study showing the steady state model performance of the flexible power plant is
a first and necessary step towards understanding feasibility and implementation
of such systems. From a thermodynamic point of view, multiple challenges exist in
developing such systems which include process design, metal hydride selection, heat
integration and heat management due to the different nature of the metal hydride
charging (exothermic) and discharging (endothermic) reactions.

The main aim of this chapter is to address flexibility aspects in power produc-
tion by presenting a novel system design and detailed thermodynamic analysis of a
large scale IRCC power plant with MH based H2 storage. Sorption enhanced water
gas shift (SEWGS) technology [25] has been utilized for pre-combustion CO2 cap-
ture (section 1.3.1.1). The main objective of this work is a detailed thermodynamic
assessment of the complete system showing the operating thermodynamic limits,
associated bottlenecks and important thermodynamic parameters for system opti-
mization. Furthermore, an exergy (2nd law) analysis is depicted with additional
discussions on hydrogen purification (moisture removal), part load behaviour and
heat exchanger sizing.

4.3 System description & Modeling approach

A simple schematic for the flexible IRCC power plant system is shown in Fig.4.2.
Natural gas (fuel) and oxygen (from the Air Separation Unit (ASU)) is preheated
and fed to the gas heated reformer - auto thermal reformer (GHR-ATR). The GHR-
ATR is a heat exchanger type reactor where the heat from the outlet of the ATR is
used to carry out some pre-reforming in the GHR [165]. Pure oxygen is used in the
reformer instead of air to prevent N2 dilution. The ASU has not been modelled in
detail in this study; only the power consumption has been appropriately accounted
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Figure 4.2: Process flow schematic diagram for the Flexible IRCC power plant system with MH based
hydrogen storage - red lines indicate syngas/H2 flow, blue line indicates air/O2/N2 flow and green line

is the NG flow

for in the calculations. Air for the ASU is not obtained from the gas turbine com-
pressor. Steam required for reforming is extracted from the outlet of the HP steam
turbine. The obtained syngas at the outlet of the reformer is fed to the HTS reactor
where part of the CO is converted to CO2. The obtained gas at the HTS outlet is then
sent to the sorption enhanced water gas shift (SEWGS) reactors for complete con-
version of CO to CO2. SEWGS technology developed at the Energy Research Center
of the Netherlands (ECN) is a powerful and efficient process for simultaneously car-
rying out the WGS reaction and in parallel capturing CO2. The main advantage of
the process include the high conversion of CO to H2 by the shift reaction through
the selective removal of the product CO2 [25]. The CO2 rich stream also contains
moisture which can be easily removed by condensation. The pure CO2 stream is
then compressed to the desired pressure and is available for storage.

The hydrogen rich stream is dehumidified and fed into the metal hydride (MH)
reactor unit for storage. The heat integration between the MH storage reactor and a
thermal fluid (oil) DOWTHERM-A[166] as the heat transfer medium allows flexible
switching between charging and discharging. Heat transfer from the thermal fluid is
used to generate additional steam during charging mode (exothermic) while heat is
provided to the oil from the flue gases during the discharging mode (endothermic).
The fluid has been reported to be stable at high operating temperatures [166] and
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is thus used for the heat transfer in this study only in its liquid phase to ensure
isothermal behavior.

4.3.1 Case description and modeling approach

In order to compare performance of the flexible system, steady state models were
developed for a reference NGCC (without CCS and hydrogen storage) system and
an IRCC system (with pre-combustion CO2 capture). Table.4.1 gives a summary of
the various cases considered in this study. Based on the typical load curve (Fig.4.1)

Case Description
Reference NGCC Conventional NGCC system with triple pressure (HP/MP/IP) steam cycle

IRCC Reference NGCC with pre-combustion CCS using GHR-ATR and SEWGS technology
Flexible IRCC IRCC with a MH based H2 storage unit

Table 4.1: Case definition - A reference NGCC model and the IRCC model have been developed to
compare the performance of the Flexible IRCC system

Figure 4.3: Assumed load curve (simplified) for the Flexible IRCC power plant system

a simplified load curve has been assumed in this work to assess flexibility through
hydrogen storage in IRCC plants. Fig.4.3 shows this simplified load curve. Full
load is chosen as the net power output from the Flexible IRCC system during peak
demand with the minimum (base) load being 33.33% of the peak load (much lower
than the curve shown in Fig.4.1). In practice the power plant operation and the
load dynamics will depend on other external factors, however as the starting step a
simplified load curve as shown in Fig.4.3 has been assumed. The IRCC load is then
about 50% of the peak load. In order to achieve a 50% lower off-peak load and a
50% higher peak load, it is postulated that approximately 50% (on mol basis) of
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the hydrogen available after pre-combustion CO2 capture be stored during off-peak
hours and the stored hydrogen is utilized for peak power production. Based on this
postulation, this work also tries to identify the deviation in the load curve from the
assumed load curve since additional power (due to additional steam production)
is produced during off-peak hours (charging) while heat is extracted from GT flue
gases during peak hours (discharging).

General modeling inputs for all models have been obtained from a common
European reference framework as defined by the European Benchmark Task Force
(EBTF) document [167]. ASPEN Plus process modelling package has been used to
realize the model using the Soave-Redlich-Kwong (SRK) equation of state as the
thermodynamic model for gas mixtures and ASME 1967 steam table correlations
(STEAM-TA) for the water/steam cycle. The EBTF document [167] natural gas feed
composition is shown in Table 4.2.

CH4 C2H6 C3H8 n-C4H10 iso-C4H10 n-C5H12 iso-C5H12 CO2 N2 LHV(MJ/kg)
% vol 89.000 7.000 1.000 0.051 0.050 0.005 0.004 2.000 0.890 46.502

Table 4.2: Feed natural gas composition (% vol) and LHV[167]

Process data for the SEWGS unit has been obtained from literature[168]. Data
for the sorbent Beta has been used in this modeling work. Modeling input parame-
ters for the GHR-ATR unit and the CCS unit have also been obtained from literature
and have been tabulated in Table 4.3.

GT Air Compressor Condenser
Pressure ratio 18.10 Pressure (bar) 0.048

Isentropic efficiency (%) 89.50 Exit Temperature (oC) 26.00
Mechanical efficiency (%) 99.60 Pumps

GT Combustor Discharge pressure HP/MP/LP (bar) 120/32/5
Pressure drop (bar) 0.50 Pump efficiency (%) 70.00
Heat loss (MWth) 2.00

Gas Turbine expander Steam Turbines
Outlet pressure (bar) 1.01 HP inlet pressure (bar) 120.00

Turbine outlet temperature (oC) 603.00 MP inlet pressure (bar) 32.00
Isentropic efficiency (%) 87.20 LP inlet pressure (bar) 5.00

Isentropic efficiency (%) 90.00
GHR-ATR CCS unit

ATR equilibrium temperature (oC) 1050.00 CO2 flashing temperature (oC) 50.00
S/C ratio 2.50 Final delivery pressure (bar) 110.00

Pressure (bar) 25.00 Final delivery temperature (oC) 25.00
SEWGS unit CO2 pump efficiency (%) 75.00

Inlet Temperature (oC) 400.00 CO2 pump driver efficiency (%) 95.00
S/C ratio - Rinse 0.23 Compressor intercooling temperature (oC) 28.00
S/C ratio - Purge 0.85 Carbon capture ratio (%) 95.00

Purge steam pressure (bar) 1.10 CO2 stream purity (% vol) 99.60
Purge steam temperature (oC) 400.00 Discharge pressure final stage (bar) 80.00
Rinse steam temperature (oC) 400.00

Table 4.3: Model input parameters for the various blocks

Numerous options exist for chosing a metal hydride for hydrogen storage. Fig.4.4
shows the Van’t Hoff diagram for various metal hydrides. Magnesium hydride
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Figure 4.4: Van ’t Hoff diagram of various metal hydrides [148] - MgH2 has been selected in this study
based on its high operating temperature and storage capacity

(MgH2) has been chosen as the hydrogen storage medium due to its relatively high
storage capacity, stability and relatively high operating temperature of about 400oC,
matching the H2 rich gas temperature at the SEWGS outlet.

The charging and discharging reactions for the MgH2 system [169] are:

M g +H2
char g i ng



di schar g i ng

M g H2 ∆H =−76000J/mol H2 ∆S =−135.6J/K/mol H2 (4.1)

l n(P ) = ∆H

R.T
− ∆S

R
(4.2)

A daily cycle of 12 hours charging and 12 hours discharging has been assumed
(Fig.4.3). Also to simplify the analysis, system dynamics of switching between
charging and discharging have not been considered i,e an immediate switch be-
tween charging and discharging has been assumed. The MH storage unit has been
modeled with a purely thermodynamic approach. The net heat release/requirement
is calculated by adding the heat of reaction (∆H) to the sensible heat required to
heat the MH bed to the operating temperature [170]. A full conversion is assumed
for the MH reaction 4.1 to simplify the analysis. A pressure loss of 3 bar at the
H2 feed side has also been assumed to calculate the equilibrium temperature from
the Van’t Hoff equation (Eqn.4.2). Table 4.4 lists the thermodynamic properties,
equilibrium pressure and temperature for the metal hydride during charging and
discharging.

The triple pressure (120 bar, 32 bar and 5 bar) Heat Recovery Steam Gener-
ator (HRSG) has been modeled in detail with a network of pumps, economizers,
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4.3. SYSTEM DESCRIPTION & MODELING APPROACH

Parameter Value
Heat of reaction ∆H (J/mol H2) 76000.00

Change in entropy ∆S (J/K/mol H2) 135.60
Charging Plateau pressure (bar) 22.00

Charging Equilibrium temperature (oC) 418.00
Discharging Plateau pressure (bar) 28.00

Discharging Equilibrium temperature (oC) 431.00

Table 4.4: Properties, pressure and temperature for the selected metal hydride

Figure 4.5: HRSG schematic showing the integration with the MH unit

evaporators and superheaters. A schematic of the HRSG showing the integration
with the MH unit is shown in Fig.4.5. The minimum approach temperature (pinch
point ∆T or minimum ∆T) for the evaporators has been chosen as 10oC. Two sep-
arate steady state models have been developed for the charging and discharging
mode.

The GT turbomachinery (gas turbine expander, air compressor) will be under
part load operation during charging mode. The isentropic efficiencies of the ex-
pander and compressor have been assumed constant as reliable data (performance
maps) are not readily (often confidential information) available in open literature.
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4.3. SYSTEM DESCRIPTION & MODELING APPROACH

However a sensitivity study has been presented in section 4.4 describing the part
load behaviour of the system with varying expander and compressor isentropic ef-
ficiencies. Despite part load operation for the steam turbines (particularly HP and
MP turbine), a significant change in the isentropic efficiencies is not expected. The
isentropic efficiency of these turbines (assuming without governing stage) largely
depend of the pressure ratio, volume flow and inlet temperature [127]. These pa-
rameters remain largely unchanged in the charging and discharging case.

Fig. 4.6 shows the simplified ASPEN Plus flowsheet for the Flexible IRCC system.
As it can be seen in the figure, the thermal fluid (DOWA) is used to transfer heat to
the HRSG to generate additional steam in charging mode. In the discharging mode,
part of the hot flue gas at the outlet of the gas turbine is used to provide heat to the
MH storage unit. The released hydrogen is then mixed (GTMIX) with compressed
air and sent to the GT combustor. Steam required for the GHR-ATR and SEWGS is
obtained by bleeding from the HP turbine and using additional expansion to reach
the desired pressures. Natural Gas (NG), oxygen preheating and CO2 cooling is
carried out by heat integrating the reforming and HTS processes as shown in Fig.
4.6 by the dotted lines (heat streams). The cooled CO2 is compressed with a 3 stage
compressor and pumped up to the desired pressure of 110 bar. Input parameters
for the main unit operations have been obtained from the EBTF document[167].

The hydrogen rich gas at the outlet of the SEWGS unit comprises of a significant
amount of water vapour as shown in Table 4.5. In order to store hydrogen in the
metal hydride unit, this moisture must be separated out from the gas mixture to
yield pure hydrogen. Presence of moisture and other impurities can inhibit the

CH4 H2 H2O CO CO2 N2

% vol 0.10 81.50 16.70 0.05 1.27 0.38

Table 4.5: H2 rich gas composition at SEWGS outlet (% vol)

performance of the MgH2 metal hydride bed [171]. Table. 4.5 shows that other
gases like CH4, CO2, CO are present in the H2 rich gas mixture in very minute
quanties (<0.1% vol). The current study assumes moisture as the major impurity.
Furthermore, the gas concentrations of other gases could in practice be reduced by
adjusting the process parameters of the GHR-ATR/SEWGS unit. Discussions on this
is however out of scope of this work. In order to seperate out moisture from the
H2 rich gas, a combination of heat exchangers and flash vessels have been used as
shown in Fig. 4.6. A pinch of 10oC has been assumed in both heat exchangers
(PH1, PH2). Two flash vessels operating at 145oC and 40oC are used to carry out
the moisture seperation. The H2 gas stream obtained at the outlet is 99.7 % (mol)
pure. The pure H2 gas stream is heated back to a temperature of about 410oC
and is then fed to the MH storage unit. Additional options to carry out moisture
separation/gas purification include the use of dessicants (zeolites, silica gel etc.)
These options can be used to attain very high purity gas streams, although costs
could be a major constraint. Regeneration of these sorbents is energy intensive and
generally expensive. The practicality of utilizing such materials is out of scope of
this work, the presented calculations could however be utilized to develop novel
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4. FLEXIBLE IRCC POWER PLANTS WITH HYDROGEN STORAGE

dessicant materials if required.
Research on reducing moisture content in the H2 rich gas from the SEWGS unit

has also been carried out in the recent past. The optimization yields a SEWGS
cycle that consumes significantly less steam than the designs earlier presented in
literature [172, 173]. The steam to carbon (S/C) ratio in the rinse and purge steps
were lowered to as low as 0.03 and 0.08 respectively. This ultimately leads to
a reduced moisture content in the outlet H2 rich gas and hence this may avoid
the need of a dessicant system for hydrogen purification. Also a boost in the net
efficiency of the system is expected with a reduced steam demand from the power
island for the rinse and purge steps [173]. Studies and optimization of the model
with this new process data will be part of future work.

4.3.2 Exergy calculation approach

Results obtained from the ASPEN Plus models have been utilized to compute exergy
flows for all streams. The exergy of matter is calculated as the reversible (maximum)
work derived by bringing the system in thermomechanical and chemical equilibrium
with the reference environment. Thus, the net exergy of every steam has been ac-
counted for by adding the thermomechanical exergy and chemical exergy as shown
in Eqn.4.3 [174], [175].

Ė x = Ė xtm + Ė xch (4.3)

The thermomechanical and chemical exergy of a stream are defined as shown in
Eqn.4.4 and Eqn.4.5:

Ė xtm =Σφi .
{

(hi −hi ,0)−T0(si − si ,0)
}

(4.4)

Ė xch =Σφi .
[
∆gi +R.T0

{
l n

(P0

Pi

)
− vo2,i .ln

( P0

Po2,i

)}]
(4.5)

where φi , hi and si are the mole flow, enthalpy and entropy of component i in
the stream at the temperature and pressure of the mixture; hi ,0 and si ,0 are the mo-
lar enthalpy and entropy at standard conditions. ∆gi is the Gibbs free energy of the
i th component which represents the reversible work generated due to conversion of
the component, if required, into an existing environmental component. The second
term in Eqn.4.5 represents the reversible work due to expansion of the component
to its environment partial pressure (pi ) and the last term is the reversible work of
compressing oxygen to its partial pressure in the environment (Po2,i ) in stoichiomet-
ric amount (vo2,i ) required for the conversion of the component. R is the molar gas
constant.

As the H2 storage unit has been modelled with a purely thermodynamic ap-
proach, the exergy loss in the storage unit has been calculated based on the re-
versible work (change in Gibbs free energy) produced due to reaction 4.1. During
charging, the reversible work Wr ev has been calculated as shown in Eqn. 4.6:

Wr ev,tot =Wr ev,1 +Wr ev,r eac +Wr ev,3 (4.6)
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Wr ev,1 = ṅH2 .(cp,H2 .(T0−T )−T0.cp,H2 .l n
{T0

T

}
)+ṅM g .(cp,M g .(T0−T )−T0.cp,M g .ln

{T0

T

}
)

+ ṅH2 .R.T0.ln
{P0

P

}
(4.7)

Wr ev,r eac = ṅM g .
{
(h0,M g H2 −h0,M g −h0,H2 )−T0.(s0,M g H2 − s0,M g − s0,H2 )

}
(4.8)

Wr ev,3 = ṅM g .(cp,M g H2 .(T −T0)−T0.cp,M g H2 .ln
{ T

T0

}
) (4.9)

Wr ev,1 (Eqn.4.7)represents the reversible work obtained to expand and cool reac-
tants Mg, H2 to the reference pressure P0 (1.013 bar) and temperature T0 (298.15K)
from the system pressure P and temperature T. Wr ev,r eac (Eqn.4.8) is the reversible
work due to the MH reaction 4.1 to form MgH2. Wr ev,3 (Eqn.4.9) represents the re-
versible work obtained to compress and heat the product MgH2 from the reference
state to the discharging conditions. The specific heat cp has been assumed constant
in the calculations; the operating temperature not varying significantly. h0 and s0

are the standard state enthalpy and entropy, values for which have been obtained
from thermodynamic tables. A similar calculation procedure has been followed for
the discharging case, initially expanding and cooling reactant MgH2 to reference
state, compressing and heating products Mg and H2 to the charging conditions.

4.4 Results & Discussion

4.4.1 Energy analysis

Table 4.6 shows the modeling results of the thermodynamic analysis for the different
cases including the total fuel input, power consumption, power production, Carbon
Capture Ratio (CCR) and the calculated net electrical efficiencies of the system. The
net GT output and the net power output have been calculated as shown in Eqn.4.10
and Eqn.4.11 respectively.

Net GT output=Gross GT power output−Consumption air compressor(AC)
(4.10)

Net plant output=Net GT output+Net ST output+Process output−Process input
(4.11)

The net process output includes the additional power generated by a natural gas
expander which is used to expand the inlet NG flow from 70 to 25 bar, a steam
turbine to expand from the HP ST outlet pressure to 1.1 bar for the purge stream
(SEWGS) and a steam turbine to expand from the HP ST outlet pressure to 25 bar
for the GHR-ATR steam inlet. The process input involves the power input required
by the HP/MP/LP pumps, the oxygen compressor (ASU) and for CO2 compression
(CCS unit).

The net GT power output in the IRCC case is slightly higher than the Reference
NGCC case inspite the same fuel input. Since CO2 is separated out pre-combustion
in the IRCC case, the fuel to the combustor is predominantly H2 and water vapour.
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Parameter Reference NGCC IRCC

Flexible IRCC
min ∆T evap = 10oC min ∆T evap = 15oC

H2 split 50% H2 split 30% H2 split 50%
charging discharging charging discharging charging discharging

Input (MWth) 719.47 719.47 719.47 719.47 719.47 719.47 719.47 719.47
Net GT output (MWe) 272.79 279.38 138.00 411.14 193.51 357.39 136.00 411.14

Consumption AC (MWe) 278.01 250.01 126.81 384.63 177.87 332.56 126.81 384.63
ST Output HP (MWe) 30.70 35.08 30.88 32.51 32.32 33.29 30.95 32.73
ST Output MP (MWe) 49.39 24.78 23.54 34.38 25.47 31.95 23.17 33.22
ST Output LP (MWe) 72.83 40.47 31.30 59.93 36.85 54.02 30.91 58.72
Net ST Output (MWe) 152.92 100.33 85.72 126.82 94.64 119.26 85.03 124.67
Process Input (MWe) 1.52 45.66 45.87 46.13 45.72 45.87 45.87 46.13

Process Output (MWe) 0.00 14.77 14.28 14.28 14.28 14.28 14.28 14.28
Net Plant Output (MWe) 424.19 348.82 192.13 506.11 256.71 445.06 189.44 503.96

Carbon Capture Ratio - 0.95 0.95 0.95 0.95 0.95 0.95 0.95
Stack Temperature (oC) 81.08 111.93 80.35 120.22 97.55 117.59 85.89 125.86

Energy content H2 (MWth) - - 335.23 335.23 201.14 201.14 335.23 335.23
Net Elec. Efficiency (%) 58.96 48.48 50.00 47.99 49.53 48.34 49.30 47.78
Average Efficiency (%) 58.96 48.48 48.52 48.77 48.19

Table 4.6: Simulation results of the difference cases.

The LHV of the fuel is lower when compared to the Reference NGCC case leading
to a lower gross GT power output. Also the air flow requirement in the combustor
reduces leading to a lower Consumption AC in the IRCC case. But since the drop
in Consumption AC is larger than the drop in the gross GT power output, the net
GT power output is slightly higher in the IRCC case. Analyzing the electrical ef-
ficiency of the Flexible IRCC system with only the natural gas as fuel input is not
appropriate since additional hydrogen is produced during charging and consumed
during discharging. The effective fuel input is compensated for by this additional
hydrogen consumption/production and therefore the electrical efficiency is defined
as in Eqn. 4.12 and Eqn. 4.13, Qi n is the input NG energy content and QH2 is the
energy content of the stored H2 :

ηnetelec,char g i ng = Pnet

Qi n −QH2

(4.12)

ηnetelec,di schar g i ng = Pnet

Qi n +QH2

(4.13)

In order to make a valid comparison between the different systems, the total
performance of the flexible system has also been analyzed with a time based (12
hours of charging and 12 hours of discharging) average net electrical efficiency as
shown in Eqn. 4.14. The carbon capture ratio(CCR) [168] is evaluated across the
Sorption Enhanced Water Gas Shift (SEWGS) unit with Eqn. 4.15. A CCR value of
0.95 has been used for all the cases.

ηel ec,aver ag e =
Pnet ,char g i ng +Pnet ,di schar g i ng

2∗Qi n
(4.14)

CC R = (CO +CO2)i n − (CO +CO2)out

(CO +CO2)i n
(4.15)
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With introduction of H2 storage using a high temperature metal hydride (MgH2)
it is seen that the net electrical efficiency is about 50% during charging and 48%
during discharging. The difference in the efficiency values during charging and dis-
charging can be attributed to the heat/power demand in the Gas Heated Reformer
- Auto Thermal Reformer (GHR-ATR), SEWGS and the CO2 unit. The heat/power
demand in the GHR-ATR, SEWGS and Carbon Dioxide (CO2) unit remains the same
during charging and discharging due to a constant fuel input. In order to fulfill this
heat/power demand, a lower net power output is achieved in the charging case due
to the H2 split in spite the additional steam generation by the thermal fluid cooler.
During discharging, additional hydrogen is fed in to the gas turbine cycle which
leads to higher power output. The flexible system shows an average electrical effi-
ciency (Eqn. 4.14) of about 48.5%.

Fig. 4.7a and Fig. 4.7b show the variation in the net electrical efficiency of the
IRCC system with different HP, MP and LP steam turbine pressure levels. The fig-
ures show a reduction in system electrical efficiency with a higher Low pressure (LP)
steam pressure level (constant MP pressure of 32 bar and HP pressure of 120 bar).
Fig. 4.7b shows a better system performance for an increase in the HP steam pres-
sure level and a reduction in MP pressure steam level (constant LP steam pressure
of 5 bar). The trends in system performance are as expected [176] verifying the
system model formulation and calculations. The results of this steam pressure level
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Figure 4.7: Sensitivity in the LP, MP, HP steam pressure levels with electrical efficiency for the IRCC
system - system electrical efficiency increases for a lower LP and MP steam pressure level and higher HP

steam pressure level.

sensitivity analyses confirm that a better performance can be reached for selecting
a lower LP and MP steam pressure level and a higher HP steam pressure level. The
selection of the optimum pressure level also depends on economic considerations
,this being out of scope for this work.

Heat integration in the system plays a crucial role in determining the net elec-
trical efficiency of the system. Figure 4.8a shows the Q-T diagram with composite
curves for the HRSG and the thermal fluid cooler during the charging mode in the
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(a) Charging mode (b) Discharging mode

Figure 4.8: Composite curve for the Flexible IRCC system

high temperature MgH2 system . As aforementioned the heat released during charg-
ing mode is utilized to generate HP steam in the HP evaporator. The curve shows
that in order to achieve the desired pinch of 10oC in the HP, MP and LP evaporators
of the HRSG, there is reduction in the amount of MP and almost no production of
LP steam. Also, a low temperature difference (about 10oC) is observed between the
hot and cold side in the low temperature economizer section. This will in practice
result in a larger and more expensive heat exchanger. The simulation results also
indicate that a pinch ∆T of about 5oC is achieved in the FWP. In order to achieve this
low temperature approach, in practice a large surface area of the heat exchanger is
required.

An indication of the variation in the heat exchanger area is shown in Table 4.7.
The table shows the effective heat capacity values (UA) in the HRSG including for
an additional case with a pinch ∆T of 15oC in the evaporators instead of 10oC. A
smaller pinch ∆T of 10oC in the evaporators leads to the need for a large FWP (UA
value indicated in bold). In order to limit this area and the 5oC pinch ∆T in the FWP,
the pinch ∆T in the evaporators can be increased leading to a higher flue gas inlet
temperature in the FWP. The table clearly shows that with a higher pinch ∆T in the
evaporators, the heat exchanging area in the FWP reduces. In the discharging case,
it can be seen that the maximum UA values are obtained for the HP evaporators. As
this is the maximum area considering all the cases, the HRSG should be designed for
this value. Table 4.6 shows the simulation results in terms of the power output and
net electrical efficiencies for the case with a higher pinch ∆T in the evaporators. A
slight decrease of about 0.33% points is observed in the average electrical efficiency.
A higher pinch ∆T in the evaporators causes a lower steam turbine power output
leading to a drop in the net efficiency. Figure 4.8b shows the composite curves for
the discharging mode in the MgH2 system. The diagram gives a clear indication of
the different pinch points achieved in the evaporators and the thermal fluid heater
as the flue gases have been utilized to provide the required MH reaction heat.
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Heat exchanger
Reference NGCC IRCC

Flexible IRCC H2 split 50% (UA)
min ∆T evap =10oC min ∆T evap = 15oC

UA (kW/K) UA (kW/K) Charging Discharging Charging Discharging
FWP 985.00 575.64 1744.35 589.05 1049.80 508.14

HP LT Economizer 732.49 769.24 1040.08 636.94 713.31 500.89
HP MT Economizer 649.68 679.34 940.08 578.47 771.88 513.94
HP HT Economizer 2077.80 2267.37 468.18 1576.74 470.27 1582.14

Reheater 518.96 250.17 326.79 451.82 320.49 435.46
HP Evaporator 1999.90 1964.02 790.75 2456.03 793.26 2460.69
HP Superheater 612.37 678.45 729.16 1211.12 728.07 1172.42

MP MT Economizer 86.72 69.90 120.98 204.18 75.83 142.18
MP LT Economizer 147.99 120.34 240.10 351.74 155.84 253.32

MP Evaporator 888.09 762.51 596.51 1731.00 458.79 1311.57
MP Superheater 92.33 78.43 64.66 187.79 57.89 165.15
LP Economizer 149.58 140.97 24.88 226.91 18.56 177.67
LP Evaporator 1209.65 1141.69 235.23 1845.60 185.54 1525.17
LP Superheater 48.74 45.84 8.56 156.99 7.69 130.76

Oil Cooler (charging) - - 1479.93 - 1480.37 -
Oil heater (discharging) - - - 2231.23 - 2231.34

Table 4.7: HRSG heat exchanger sizing - values of UA (kW/K) for various cases

Table.4.6 also presents the model results for a H2 split of 30% instead of 50%. A
slight increase is observed in the average efficiency of the system, almost matching
the efficiency of the IRCC case. Additionally the issue of a small pinch ∆T in the
FWP and a large heat exchanging area is avoided in this case as more heat is avail-
able from the flue gas in the HRSG. The analysis presented in this section indicate
that such steady state models can be effectively used to indicate thermodynamic
constraints in the system and as a design tool for the new system. The next sec-
tion presents an exergy analysis of the Flexible IRCC system indicating the major
thermodynamic losses within the system.

A comparison is shown in Fig.4.9 between the assumed load curve (Fig.4.3) and
the actual load curve (calculated). With a 50% H2 split, there is a small deviation
between both the curves. The calculated peak load is about 45% of the base load
while the minimum load is 55% of the base load. Thus, there is a small shortage
in H2 storage during the off-peak and peak hours. During charging, this imbalance
arises due to the additional HP steam generation and power production in the steam
cycle. The H2 split fraction after the SEWGS unit specified in the model is based
on the total molar flow of the H2 rich gas. After gas purification (block SEPT in
Fig.4.6) and moisture separation, the molar flow rate of pure H2 (which is stored)
is thus lower. During discharging, as the GT combustor is fed with this stored H2,
a lower gas turbine power output than the desired power output is obtained. Also
since part of the flue gas is utilized to provide heat for H2 release in the MH unit,
there is a reduction is the total steam turbine power output. These factors lead
to a deviation in the load curve during discharging. The comparison shows that
flexible operation of the system with the assumed load curve could be achieved
with a slightly higher H2 split after the SEWGS unit. However increasing the H2

split to more than 50% might need modifications in the HRSG operation with no LP
steam production (Fig.4.8a).

Part load operation of the gas turbine expander and air compressor also influ-
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Figure 4.9: Comparison of load curve for the Flexible IRCC system

ences the total system performance. During charging, the expander and compressor
operate under significant part load which leads to a drop in the isentropic effi-
ciencies [177]. As the isentropic efficiency is an input in the models, reliable data
(performance maps) is required showing the variation of isentropic efficiency with
the operating load. Due to the confidential nature and unavailability of this data, a
sensitivity analysis has been performed (Fig.4.10) showing the system performance
for varying isentropic efficiencies of the expander and air compressor.

The red curve shows the variation of average electrical efficiency with the air
compressor isentropic efficiency (ηis,comp) and the blue curve shows the variation
with the GT expander isentropic efficiency (ηis,expander). It can be clearly seen that
the effect of ηis,expander on system performance is more stronger than ηis,comp. With a
10% reduction in ηis,expander, a drop of about 3% is observed in the average electrical
efficiency; while with a 10% reduction in ηis,comp, a drop of about 1% is observed in
the average electrical efficiency. In order to investigate the combined sensitivity of
ηis,expander and ηis,comp a range of values were considered between 100% and about
77% of the full load value. Table.4.8 lists the input values for ηis,expander and ηis,comp
used for the combined sensitivity study and the results are also shown in Fig.4.10.
A combined drop in ηis,expander and ηis,comp has considerable effect of the system
performance. A drop of 10% in ηis,expander and ηis,comp leads to a drop of about 4%
in the average electrical efficiency. With a significant drop of 23% in ηis,expander and
ηis,comp, the average electrical efficiency drops by almost 13%. The actual drop in
the isentropic efficiencies is largely turbomachinery specific and hence speculating
on it without having reliable data (operating maps) is not appropriate in view of the
authors. Further research towards part load behaviour of such systems is required
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Figure 4.10: Sensitivity of part load isentropic efficiencies - results are shown for varying gas turbine,
air compressor and combined isentropic efficiencies

GT expander isentropic efficiency
(ηi s,expander )(%)

Air compressor isentropic efficiency
(ηi s,comp)(%)

A0(full load) 87.20 89.00
A1 82.84 84.55
A2 78.48 80.10
A3 74.12 75.65
A4 70.00 70.00
A5 67.00 68.00

Table 4.8: Input GT expander and air compressor isentropic efficiencies to assess GT part load
behaviour - values range from 100% full load values to 77% full load value

and highly encouraged. However it can be concluded from the sensitivity study that
despite part-load operation during charging, average electrical efficiencies of about
44-45% could be achieved with the Flexible IRCC system.

In order to minimize the undesirable low Gas Turbine (GT) efficiency during
part load, an alternative GT cycle configuration could be used, for eg. installation of
differently sized gas turbines for operation during charging mode and discharging
mode or a twin gas turbine in a parallel configuration. The choice of this configu-
ration depends also on costs and practical constraints. This is out of scope for this
work. However, the simulation results from this study can be used to design and
assess various configurations.

The flexible system design developed in this work is based on a standard metal
hydride (MgH2). MgH2 has been chosen considering the relatively high storage
capacity and high operating temperatures (matching the upstream process condi-
tions). The reaction enthalpy (∆H) and the H2 split fraction are two important
parameters for the system design and performance. A lower ∆H results in lower
equilibrium temperature based on the Van’t Hoff relation Eqn.4.2 (for a constant
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Parameter Reference NGCC IRCC Flexible IRCC
min ∆T evap = 10oC min ∆T evap = 15oC

H2 split 50% H2 split 30% H2 split 50%
charging discharging charging discharging charging discharging

ExNG (MW) 753.92 753.92 753.92 753.92 753.92 753.92 753.92 753.92
Exstor ed H2 (MW) 0.00 0.00 335.39 335.39 201.23 201.23 335.39 335.39

Ex, reaction Wr ev (MW) 0.00 0.00 62.02 31.44 37.21 29.72 62.02 31.44
Exsour ce (MW) 753.92 753.92 480.55 1057.92 589.90 925.43 480.55 1057.92

Expr oduct (MW) 424.14 348.84 192.15 506.12 256.72 445.08 191.47 503.98
Exloss (MW) 329.75 405.08 288.65 553.12 333.64 481.46 289.35 553.12

Exergy efficiency (%) 56.26 46.27 39.93 47.71 43.44 47.97 39.79 47.71
Avg. Exergy efficiency (%) 56.26 46.27 46.30 46.54 46.12

Table 4.9: Exergy output and functional exergy efficiency for various cases

pressure and ∆S). This then demands a lower operating temperature of the thermal
fluid (oil) which also influences then the choice of the thermal fluid. Also the heat
transfer from the MH unit to the steam cycle reduces having implications of the HP
steam production. A considerably low temperature of the thermal fluid would also
mean that HP steam may not be possible to generate from the heat released due to
the MH reaction. The system then should be redesigned to generate MP/LP steam.
A higher ∆H will result in a higher equilibrium temperature and a larger heat trans-
fer from the MH unit to the steam cycle. With a H2 split of 50% this can have a
bottleneck situation in the FWP/economizers (large pinch region). A slightly higher
∆H and a slightly lower H2 split fraction is thus recommended for a more practical
HRSG design. The choice of a suitable H2 split fraction and thermodynamic pa-
rameters of the MH can thus be further optimized based on the actual peak and
minimum loads. This choice must also be supported with an economic evaluation.

4.4.2 Exergy Analysis

The importance of carrying out an exergy analysis has been described in Chapter 2
section 2.6.3. The functional exergy efficiency in this study has been defined sep-
arately for charging and discharging. Analogous to the electrical efficiency defined
in Eqn.4.12 and Eqn.4.13, the exergy efficiency is defined as:

ηex,char g i ng = Pnet

Exsource
(4.16)

ηex,di schar g i ng = Pnet

Exsource
(4.17)

Table 4.9 shows the exergy efficiency for the various cases considered in this
study. Exstor ed H2 represents the exergy of the stored hydrogen. Ex, reaction Wr ev

calculated with Eqn.4.6 is the reversible work which is available due to the MH
reaction. For the Flexible IRCC system the source exergy is then calculated as shown
in Eqn.4.18 and Eqn.4.19.

Exsour ce (charging)=ExNG - (Exstor ed H2 - Ex, reaction Wr ev ) (4.18)
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Figure 4.11: Exergy flow diagram - Flexible IRCC charging mode

Exsour ce (discharging)=ExNG + (Exstor ed H2 - Ex, reaction Wr ev ) (4.19)

The IRCC system gives a net exergy efficiency of about 46.3%, a significant re-
duction from the reference case of 56.3%. The implementation of CCS includes the
additional conversion steps in the Gas Heated Reformer (GHR), Auto Thermal Re-
former (ATR), SEWGS and compressing CO2 resulting in additional exergy losses.
This results in a larger total exergy loss in the system and reduction in the exergy
efficiency. The exergy efficiency for the Flexible IRCC system in charging and dis-
charging mode for H2 split of 50% and HRSG evaporator pinch ∆T of 10oC is about
40% and 48% respectively as shown in Table.4.9. A time based average exergy
efficiency can then be defined as in Eqn.4.20:

ηex,avg =
Exproduct,charging +Exproduct,discharging

2∗Exsource
(4.20)

Calculations indicate that the Flexible IRCC power plant could still be operated
with a relatively high average exergy efficiencies of about 46.3%, very comparable
to the IRCC case. Table.4.9 also shows the exergy efficiencies for cases with a H2

split of 30% and HRSG evaporator pinch ∆T of 15oC. With a higher pinch in the
HRSG evaporators there is a marginal change in the average exergy efficiency.
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Figure 4.12: Exergy flow diagram - Flexible IRCC discharging mode

The results of the 2nd law analysis for the Flexible IRCC system in charging and
discharging mode are also shown in the form of exergy flow diagrams in Fig.4.11
and Fig.4.12 respectively. The figure illustrates the major exergy losses due to var-
ious operations in the plant. The largest exergy losses in both modes take place in
the GT combustor, the ATR, the gas turbine-ASU unit and the CCS unit[178]. The
conversion of fuel in the combustor leads to a high conversion of chemical exergy
enabling a large increase in physical exergy due to a high temperature of more than
1250◦C reached in the outlet of the combustor, however the combustor is still the
main contributor to irreversibilities in the plant. An ATR includes the combustion of
pre-reformed NG feed burned to heat the reactants in the reforming reactions and
is therefore also one of the major contributors to irreversibilities. The gas turbine
and the ASU show a large exergy loss due to mixing, expansion in the turbine and
oxygen compression and seperation in the ASU. The CCS unit also contributes sig-
nificantly (about 8%) to the total exergy destruction. This is particularly due to the
large compression process and the exergy lost due to the stored CO2 stream. An im-
portant point to note is the relatively low exergy destruction (3-4%) due to the MH
based hydrogen storage unit. Hence implementation of the MgH2 based hydrogen
storage does not lead to large irreversibilities in the system.

Large exergy losses due to combustion and reforming can be reduced by par-
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tial/full replacement with electrochemical conversion processes (for eg. solid oxide
fuel cells (SOFCs)) [19]. A preliminary system investigation on SOFC integration in
NGCC power plant systems has been presented in Appendix 4A.

4.5 Conclusions

A thermodynamic system evaluation has been presented for a Flexible IRCC power
plant system with pre-combustion CCS and metal hydride based H2 storage. Heat
released during charging is utilized to generate HP steam for the MgH2 based sys-
tem while flue gases from the gas turbine outlet is utilized to provide heat in the
discharging mode. The study as a theoretical approach tries to assess the thermo-
dynamic performance of a Flexible IRCC power plant system. As the first step, a
simplistic approach has been chosen with several assumptions, particularly the MH
reactor unit. However some important conclusions have been drawn from the study.

• Flexible IRCC power plants could still be operated with a time based average
electrical efficiency above 45% depending on the H2 split fraction, choice of
the metal hydride and appropriate heat integration in the system.

• Addition of MH based H2 storage in an IRCC system does not lead to signif-
icant penalty in the total plant energy/exergy efficiency, indicating that such
systems could be designed to operate and manage load fluctuations with rela-
tively high average electrical/exergy efficiencies.

• Heat integration reveals that a higher temperature pinch in the HRSG evapo-
rators is more beneficial particularly for the FWP in the HRSG. Additionally it
is shown that with a 50% storage of hydrogen, the low pressure section in the
HRSG becomes almost redundant.

• Inspite additional steam generation during storage, a reasonably good oper-
ating load curve is obtained based on the simulation results and hence such
systems could be of potential use to manage load fluctuations in NGCC power
plants.

• Exergy (second law) analysis for the Flexible IRCC system reveals that the
combustor and the GHR-ATR are the largest contributors to the irreversibilities
in the system. System improvements of these units will yield the largest effect
on the total system performance. The hydrogen storage system contributes
about 3-4% to the system irreversibilities.

• The MH reaction enthalpy (∆H) and the H2 split fraction are two important
parameters for the system design.
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4.A Retrofitted NGCC power plant system with solid
oxide fuel cells

4.A.1 Background

Chapter 4 of this dissertation depicts the advantages of utilizing metal hydride based
H2 storage as a flexibility option in natural gas based IRCC power plants. A second
law analysis (see section 4.4.2) shows that large irrreversibilities exist in the pro-
cesses of autothermal reforming and GT combustion. Analogous to the study pre-
sented in Chapter 3 on retrofitting SOFCs in bio-IGCC power plant systems, stud-
ies also need to be carried out to understand the effects of retrofitting natural gas
based systems like IRCC and natural gas combined cycle (NGCC) power plants.
Retrofitting existing natural gas fired power plants with high efficiency solid oxide
fuel cells (SOFC) could be one of the promising options for high efficiency power
generation with flexible hydrogen production. This section presents a preliminary
system study on retrofitting NGCC power plant systems with SOFCs. SOFC-gas
turbine (GT) systems can offer high efficiency power production with methane as
fuel[19, 98, 179]. Replacing part of fuel combustion with electrochemical oxidation
helps in reducing exergy losses and hence an increase in the net efficiency of the
system. These high temperature fuel cells are also capable of internal reforming of
carbonaceous fuels like natural gas (mainly methane) thereby offering possibilities
for the co-production of hydrogen[35, 36] and clean power. The main advantage
of using SOFCs as direct internal reforming (DIR) devices is the efficient use of the
excess heat generated in the fuel cell for the endothermic methane steam reforming
(MSR) reaction (Eq. 1.4) as described in more detail in Chapter 1 section 1.3.2.1:

4.A.2 Model development - Assumption and description

In order to assess the thermodynamic effects of retrofitting SOFC stacks in NGCC
power plants, two ASPEN Plus steady state models have been developed based on
the Reference NGCC model described in Chapter 4. A 2 step approach is presented
with ASPEN Plus system models to show the thermodynamic effects of retrofitting a
NGCC power plant with a DIR-SOFC stack. The first model (DIR-SOFC-GT) demon-
strates the effect of retrofitting only the gas turbine cycle with an DIR-SOFC stack
while in the second model (DIR-SOFC-CC), a steam cycle is added to the SOFC-GT
system to show the influence of retrofitting DIR-SOFCs in combined cycle power
plant systems.

4.A.3 Retrofitted DIR-SOFC-GT system

The DIR-SOFC-GT model (as shown in Fig.4.13) has been developed in ASPEN Plus
using existing unit operation modules and functions. High pressure natural gas
is expanded (NGTURB) to the SOFC operating pressure (about 18 bar). A splitter
(NGSPLIT) is then used to split fuel required for the SOFC stack and the remaining is
sent to the combustor (COMB). Anode gas recycling is used where the split fraction
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for the splitter (ANODSPLI) is fixed based on the desired steam to carbon (S/C)
ratio. Anode gas is recycled based on a fixed pressure ratio (=3) between the
recycled gas and the fresh fuel.

Figure 4.13: ASPEN Plus scheme for the DIR-SOFC system - Green streams represent NG flow, red
streams represent syngas/flue gas and blue streams represent air flow

A pre-reformer (REFORMER) is used to convert higher hydrocarbons and reduce
carbon formation at the anode. The pre-reformer process in this block has been
designed as an adiabatic process. The model is designed on the assumption that
only H2 is electrochemically oxidized and that CO is converted through the shift
reaction considered to be at equilibrium.

Also it is assumed that CH4 in the fuel channel only undergoes reforming (Eq.1.4),
subsequently water gas shift (Eq.1.5) but is not electrochemically oxidized. Air for
the cathode side is preheated with the exhaust from the gas turbine and further
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heated with cathode air recycling (ASPLIT). A separator (CATHODE) is used to pro-
vide the required oxygen for the electrochemical reaction (R3). The amount of O2
required is calculated using a calculator block based on the fuel utilization and the
equivalent hydrogen flow rate. Heat stream Q3 gives the amount of heat provided
to the air by the electrochemical reaction. A combustor (COMB) is used to combust
fuel and the remaining H2, CO the fuel (stream 5) with oxygen in the depleted
air stream (stream 13). The combustion reactions are specified in the AFTERBRN
block. The hot flue gases are then expanded through the gas turbine (GTURBINE).

SOFC parameters including the cell voltage and current have been calculated
using a Design-Spec in ASPEN Plus. An iterative procedure is used where the fresh
input fuel flow is calculated based on the fixed output power and current density.
This determines the split fraction for the splitter (NGSPLIT). The cell voltage is
calculated using Eqn.4.21:

E = ENernst −Eohm −Eact −Econc (4.21)

where E is the actual voltage and ENernst is the Nernst potential. Eohm, Eact and
Econc are the ohmic, activation and concentration losses respectively. Eohm has been
calculated using equations for the ohmic losses in the anode, cathode, electrolyte
and the interconnects[180]. Eact includes activation losses both in the anode and
cathode[181]. Econc has been obtained based on calculations performed by Cam-
panari et al.[182]. Current output (I) from the stack can then be calculated based
on the fixed output power. The equivalent H2 flow (kmol/hr) is calculated as in
Eqn.4.22:

nH2,eq = I .3600

2.F.U f .1000
(4.22)

where F is the Faraday constant (C/mol) and U f is the fuel utilization factor. The
fresh fuel flow is then calculated (Eqn.4.23) by dividing nH2,eq with the equivalent
carbon composition of the fuel.

nfuel =
nH2,eq

(yH2 + yCO +4.yC H4 )
(4.23)

y being the molar fraction. The net efficiency is calculated as in Eqn.4.24:

ηnet = Pout .ηi nv

mfuel.LHVfuel
(4.24)

ηi nv is the DC to AC inverter efficiency, mfuel is the inlet fuel flow rate (kg/hr) and
LHVfuel is the lower heating value (KJ/kg) of the inlet fuel. Table 4.10 shows the
main input parameters for the DIR-SOFC model.

4.A.4 Retrofitted DIR-SOFC-CC system

Integration of a DIR-SOFC stack in an NGCC plant offers an alternative option to
replace conventional reforming processes for H2 production. Fig.4.14 shows the
ASPEN Plus flowsheet of the DIR-SOFC integrated NGCC system. A steam cycle is
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Parameter Value
Power output (MW) 200

SOFC Temperature (oC) 1000
Pressure (bar) 18.3

DC-AC inverter effic.(%) 92
Fuel utilization factor (U f ) 0.7

Current Density (A/m2) 3500
S/C ratio 1.2

Pressure ratio (recycling) 3
Pressure loss 0

Table 4.10: Assumed input parameters for the SOFC model

added to the retrofitted SOFC-GT system described in the previous section. Operat-
ing parameters ( equipment efficiencies/condensing temperature/pressure) for the
cycle have been obtained from the EBTF document[167]. Design-specs have been
used to set the mass flow rate of steam and the pump outlet pressure.

4.A.5 Results & Discussion

The results obtained from the simulations for the three system models have been
tabulated in Table 4.11. As seen the air flow rate, the GT output power, TIT and
TOT are kept same in all the cases. The reference NGCC model gives a net plant
efficiency (LHV) of 57.8%. This value seems to be very reasonable in comparison
to value reported in literature that range from 55.9% to 58.3%[183, 184]. Power
output from the gas turbine is almost twice that from the steam cycle. The net power
output from the system is about 413 MW. Process power consumption amounts to
0.68 MW due to the BFW pump. The efficiency reduction is due to the consumption
in the GT air compressor which amounts to 276.5 MW.

The retrofitted DIR-SOFC-GT model gives a net efficiency (LHV) of 65.8% with
a slightly lower input than the reference case. Addition of steam cycle to the
retrofitted GT adds another efficiency point, with a net efficiency of 66.8%. As seen
from the table the power output from the steam cycle in the retrofitted case is only
about 6 MW. Thus the size of the steam cycle reduces considerably under the set of
conditions for retrofitting. This is particularly due to the lower stack temperatures
from the SOFC-GT system.

Fuel utilization factor, SOFC power output and current density are important
parameters which influence the performance of system. A balance of these input
parameters has to be found for a reasonable retrofit. A lower fuel utilization is
advantageous as it reduces the fuel flow for combustion and thus an increase in
exergetic efficiency. But on the other hand it causes a reduction in the S/C ratio
and thus an invalid pre-reformer. Also for a fixed power output, with a lower fuel
utilization it becomes a challenge to obtain the heat produced in the cell required
for the reforming reaction. The S/C ratio could be maintained with additional steam
injection, but the sensitivity of this to the plant will be further investigated in future.
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Figure 4.14: ASPEN Plus scheme for the DIR-SOFC-NGCC system - Green streams represent NG flow,
red streams represent syngas/flue gas and blue streams represent air flow

A high current density leads to a higher heat generation in the cell and thus affects
the fuel and air flow rates (split fraction) to the stack. Based on a number of trial
cases, one set of operating conditions were obtained for the fuel utilization, the
SOFC power output and current density. The authors do not claim this to be the
most optimum set of conditions. Further optimization studies will be carried out
in future. The Nernst voltage obtained for the DIR-SOFC was about 0.97 V. Ohmic
and activation losses of about 0.29 V and 0.032 V represent most of the voltage
losses. Since the current density and fuel utilization factor are high enough, the
concentration losses are low. The anode and stack outlet gas composition is shown
in Table 4.12. It is seen that bulk of the stack outlet flow is composed of nitrogen.
Anode outlet gas composition shows that there is no methane present, ensuring that
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Parameter Reference NGCC DIR-SOFC-GT DIR-SOFC-CC
Input (MW) 714 711 711

Net GT Power (MW) 283.5 283.5 283.5
GT Air Compr. (MW) 276.5 276.5 276.5

ST Power (MW) 130 - 6.5
Process Consumption (MW) 0.68 - 0.01

Net Process Power output (MW) - 1.2 1.2
Turbine Inlet Temperature (oC) 1274.5 1274.5 1274.5

Turbine Outlet temperature (oC) 603 603 603
Voltage (V) - 0.65 0.65

Current (MA) - 308 308
Cathode inlet temperature (oC) - 950 950
Natural gas fraction to SOFC(%) - 64.5 64.5

Air fraction to SOFC (%) - 73 73
Net Power Output (MW) 413 468 475

Net Efficiency (%) 57.8 65.8 66.8

Table 4.11: Results - System output parameters

almost all methane is reformed.

%mol CO H2 N2 O2 CO2 H2O AR
Anode Outlet 16.60 23.20 0.20 - 18.00 42.00 -
Stack Outlet - - 74.40 12.40 3.90 8.30 0.88

Table 4.12: Composition of outlet gas streams

Parameter Reference NGCC DIR-SOFC-GT DIR-SOFC-CC
Exergy Input (MW) 755.50 747.00 747.00

Exergy net output (MW) 326.00 279.00 62.70
Exergy loss (MW) 326.00 279.00 62.70

Exergy efficiency (%) 56.80 62.70 61.00

Table 4.13: Exergy output and exergy efficiency

The DIR-SOFC stack gives a net efficiency (LHV) of about 43.5% as calculated
from Eqn 4. Thus it is understood that for retrofitting a SOFC stack with a gas
turbine, a compromise needs to made with the SOFC efficiency. A higher fuel uti-
lization will increase the efficiency but as aforementioned, it reduces the exergy
efficiency due to a higher loss in the combustor.

4.A.5.1 Exergy analysis

Fig.4.15a and Fig.4.15b show the exergy losses (%) in the reference NGCC and
the DIR-SOFC-GT system respectively. A major percentage of exergy is lost in the
gas turbine combustor. The SOFC represents a much lower fraction of the exergy
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(a) Reference NGCC system

(b) DIR-SOFC-GT system

Figure 4.15: Exergy losses in percentage

losses within the system. Table 4.13 shows the exergy efficiency of the three systems
considered in this study. It is seen that when the gas turbine is retrofitted with a
SOFC stack, the irreversibilities decrease and the exergy efficiency increases. Thus
electrochemical conversion is more beneficial than combustion considering exergy
losses.

4.A.6 Concluding remarks

A preliminary thermodynamic system study is presented on the effect of retrofitting
NGCC power plants with DIR-SOFCs. Three models have been presented: a refer-
ence case natural gas combined cycle (NGCC) without a SOFC stack, a gas turbine
cycle (GT) retrofitted with a direct internal reforming (DIR)-SOFC stack and a third
model with an addition of a steam cycle to the DIR-SOFC-GT system. The retrofitted
DIR-SOFC-GT model gives a high net efficiency (LHV) of about 66% with the SOFC
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stack output of about 200 MW, giving an indication that retrofitting gas turbines is
highly advantageous. With a bottoming steam cycle, it is seen that the steam cycle
size (power output) reduces considerably with a slight improvement in the net ther-
mal efficiency. It is concluded that retrofitting GT with DIR-SOFCs is more advan-
tageous than retrofitting combined cycle plants. Gas turbine combustion represents
the major irreversibility in the system but the exergy efficiency increases (efficiency
higher than 60%) with a DIR-SOFC retrofitted system. Thus partial replacement of
combustion with electrochemical oxidation using SOFCs helps in reducing exergy
losses in the system. Hydrogen co-production and storage from such systems could
also be possible, however this needs further investigation.
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Chapter 5

Methane steam reforming (MSR)
kinetics in single operating

SOFCs
Solid oxide fuel cells (SOFC) offer multiple advantages in terms of high efficiency
and fuel flexibility. However major operating challenges remain due to undesirable
temperature gradients and carbon deposition when operated with hydrocarbon fu-
els. In order to design efficient natural gas (methane) fuelled SOFC units and re-
liable numerical models, it is crucial to investigate underlying internal reforming
kinetics. This chapter presents an experimental study on methane steam reforming
(MSR) kinetics on single operating SOFCs with Ni-GDC (Gadolinium doped ceria)
anodes with relatively low steam to carbon (S/C) ratios (around 1) and current
densities upto 3000 A/m2. A first of its kind comparative study has been performed
between two kinetic approaches - Power law (PL) and Langmuir-Hinshelwood (LH).
Firstly it has been shown that methane reforming on metallic (Ni) current collectors
may not be always negligible, contrary to literature reports. The study further con-
firms previous findings that electrochemical oxidation (current) promotes the MSR
reaction rate. Furthermore, steam is seen to have an adverse effect on the reaction
rate. The PL and LH kinetic models predict the same net reaction rate, however both
approaches predict significantly different rate and species partial pressure distribu-
tions along the reactor length. No significant carbon deposition has been observed
during the experimental study which has been further confirmed using a SEM-EDX
analysis.

This chapter is submitted for publication: A. Thallam Thattai, L. van Biert, P. V.
Aravind, On direct internal methane steam reforming kinetics in operating solid oxide
fuel cells with nickel-ceria anodes, submitted to Journal of Power Sources
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5.1 Background

Among conventional fossil fuels, natural gas is considered a relatively cleaner fuel
(lower carbon footprint and emissions)[123] and thus research into the develop-
ment of novel gas based technologies is important. Furthermore, significant changes
in global energy markets make it necessary to develop decentralised, novel, efficient
and flexible energy technologies. Fuel cells offer many advantages compared to con-
ventional gas/steam turbine based electricity production in terms of efficiency and
flexibility [185]. As aforementioned in Chapter 1 (section 1.3.2), fuel flexible solid
oxide fuel cells (SOFCs) are capable of internally converting the chemical energy
in hydrocarbon fuels like natural gas, syngas into electricity (and heat) with high
efficiencies (upto 60%)[186].

Previous chapters in this dissertation collectively outline the important role pres-
surized SOFCs can play for highly efficient power production with combined cycle
power plant systems. It has also been shown in Appendix 4A that retrofitting nat-
ural gas based systems with SOFCs can facilitate highly efficient power production.
Such systems can be only developed further with detailed knowledge on intrinsic
reactions in the SOFC unit and the associated chemical kinetics. As the first step,
it is crucial to study reaction kinetics on operating SOFCs at atmospheric pressure
to establish reliable trends. Further kinetic studies should then be carried out with
pressurized SOFCs.

The possibility of direct internal methane reforming in SOFCs offers many ad-
vantages as it allows us to overcome the need of an external reformer, thereby
reducing cost and complexity. A fully integrated SOFC unit also helps to avoid
extensive fuel preparation facilities. Internal methane reforming in SOFCs can be
carried out either using mainly steam (methane steam reforming or MSR (Eqn.1.4)
and/or CO2 (dry reforming) as a reforming agent. Steam is still the most commonly
used reforming agent, although the use of CO2 is also being much researched upon
in the recent past focussing on biogas as a fuel [37, 187, 188].

Nickel (Ni) based anodes (see Chapter 1 section 1.3.2) have been used very
widely in SOFCs as Ni is a well known methane reforming catalyst[189]. However
the presence of Ni in the SOFC anode also promotes carbon deposition, which causes
rapid cell degradation. The endothermic MSR reaction produces syngas, a mix of
CO and H2. The produced CO could also react with steam at high temperature via
the water gas shift (WGS) reaction (Eqn.1.5) to produce CO2 and H2. The WGS
reaction is generally assumed at/near equilibrium; the reaction being much faster
than the MSR reaction[30, 190, 191]. The interaction between the slower MSR
reaction and exothermic H2 electrochemical oxidation (Eqn.1.2) is complex and
not well understood. The electrochemical reaction(s) is responsible for the flow
of electrons thereby producing current, steam, power and heat. One of the major
issues with internal steam reforming in SOFCs is the different reaction rate between
the MSR reaction and the electrochemical reactions.

Due to the large number of catalytic (Ni) sites available in the porous anode, the
MSR reaction is relatively fast [192]. There can be electrochemical H2/CO/CH4 oxi-
dation in SOFCs, but H2 oxidation is seen to be more preferential, particularly on Ni
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and ceria based anodes [193]. The MSR reaction is an endothermic reaction, while
the WGS reaction is slightly exothermic. Due to the reaction rates and thermody-
namics of the MSR and the H2 electrochemical reaction being different, undesirable
temperature gradients arise in the anode leading to cell degradation and reduced
performance. However the heat released by the electrochemical reactions in the
SOFC helps promote the MSR reaction. The main focus towards optimizing SOFC
performance with internal MSR would be reduce these undesirable temperature
gradients in the cell/stack.

An important step to reduce these temperature gradients within methane(or
natural gas) fuelled SOFC anodes is to improve our understanding on MSR reaction
kinetics in operating mode i,e under the influence of current. MSR reaction kinetics
on Ni catalysts have been extensively studied experimentally in the past decades
by numerous researchers, particularly using test catalytic reactors and catalyst beds
[36–42]. Since the last decade, experimental research has also been carried out on
MSR kinetics in Ni based SOFC anodes. A comprehensive review on these studies
can be found in multiple review articles [41, 123, 194]. There are often large over-
laps in the use of MSR reaction rate expressions among industrial catalyst studies
and cermet SOFC anode studies. However an important aspect to keep in mind is
that, with a cermet anode, the ceramic is generally an oxygen-ion conductor while
with industrial catalysts the support material (e.g, alumina) is not. Additionally
the porous structure in a cermet anode is not the same as in a catalyst bed. Hence
in order to improve and fully understand SOFC performance with internal MSR,
researchers have to carry out extensive experimentation with complete SOFC cer-
mets/cells/stacks under operation.

MSR kinetic studies in literature can be broadly differentiated in 3 ways based
on the type of reaction rate expression used: power law (PL) expressions, first order
(FO) in methane and Langmuir-Hinshelwood (LH) type expressions. The three ap-
proaches differ significantly with respect to the their assumptions making the choice
for a rate expression quite challenging. The PL approach simplifies the analysis a
lot by ignoring the reaction mechanism and elementary steps, the FO approach as-
sumes only a strong dependance of the methane partial pressure while with LH ex-
pressions, care has to be taken in formulating the rate expression using appropriate
adsorption/desorption parameters.

Table.5.1 shows a summary of the relevant internal MSR kinetic studies (exper-
imental) in literature using Ni based SOFC cermet anodes. The assumed reaction
rate expression and its type has been listed with important operating parameters like
the cell temperature, steam to carbon ratio and current density. The table clearly
shows that the reported kinetic parameters (activation energy Ea , pre-exponenetial
factor (k), reaction orders) differ significantly and thus it is very challenging to
attain consensus. An important aspect to keep in mind is also that it is not appropri-
ate to compare results on a quantitative basis from these studies, as they have been
carried out in a varied set of operating conditions, test benches and cell geometries.
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5.2. MOTIVATION

Additionally the approach for experimental data management and analysis (for
eg, fitting of parameters, error estimation etc.) varies widely. The table also shows
the lack in experimental efforts on MSR kinetics with operating SOFCs i,e under the
influence of current. Despite the additional complexity introduced due to current,
it is important to obtain experimental data and establish kinetic trends for the MSR
reaction in operating SOFCs. Moreover, majority experimental investigations on
MSR have been carried out with high steam to carbon (S/C) ratios (>1.5), mostly to
prevent carbon deposition. In order to reduce steam consumption while operating
SOFCs with methane as fuel, it is important to conduct experiments with lower S/C
ratios. Only a few research groups have conducted tests with relatively low S/C
ratios (<1.5) as seen from the table.

5.2 Motivation

The lack in experimental investigations on internal MSR in operating SOFCs also
adversely affects modeling research. SOFC models are helpful tools as they allow
us to predict temperature profiles/gradients within the cell/stack and thereby de-
velop optimal operating conditions. Since the last few years extensive modeling
efforts have been taken by multiple research groups towards modeling SOFCs with
internal MSR. Many types of models (CFD, steady state sytems, cell/stack design
concepts, micromodels) have been developed and reported in literature, an elabo-
rate review on which can be found in many articles[41, 123, 192]. Development of
reliable SOFC models requires reliable experimental data in terms of kinetic param-
eters like activation energy, pre-exponential factor and reaction orders. Reaction
rate expressions using one of the 3 aforementioned approaches (PL/FO/LH) are
fitted for the experimentally obtained methane conversion data with appropriate
optimization scripts/subroutines to obtain various kinetic parameters. Despite sig-
nificant progress in the conceptual formulation of MSR reaction rate expressions
using these approaches, there exists a shortage in experimental data on MSR reac-
tion kinetics with operating SOFCs. Additionally a comparison between the kinetic
approaches is never reported.

Ceria has been of much interest as an anode material due to its high electro-
catalytic activity without additives and its higher resistance to carbon deposition
compared with YSZ[31, 179, 193, 205, 206]. The polarisation resistance for H2

oxidation on ceria is also shown to be lower than Ni based anodes[207]. Further-
more, MSR activation energies with ceria doped anodes are also reported to be
lower than Ni-YSZ anodes [196, 202]. Gadolinium doped ceria (GDC) has been
of much interest as a SOFC anode material due to its improved performance with
direct utilization of methane [31, 205, 208–210]. Ni-GDC cermet anodes have been
used to investigate reforming kinetics in the past [190, 199, 211] particularly due
to their high electrocatalytic activity, resistance to carbon deposition and relatively
higher contaminant (like H2S/HCl) tolerance. However, experimental research on
MSR kinetics using complete Ni-GDC cermet anodes in operating SOFCs has been
rather limited.
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5. METHANE STEAM REFORMING (MSR) KINETICS IN SINGLE OPERATING SOFCS

This chapter presents an experimental study on internal MSR kinetics in operat-
ing SOFCs (Ni-ceria based anodes) with a focus on relatively low S/C ratios (around
1) and moderate current densities (Ic) upto 3000 A/m2. Experiments have been
carrried out using a planar electrolyte supported (ESC2) cell with a Ni-GDC anode
under varying operating conditions of gas composition, temperatures and current
densities. A step by step experimental approach and analysis is presented including
equilibrium calculations and reaction metrics. A preliminary experimental inves-
tigation on MSR kinetics in operating SOFCs was carried out within our research
group [190] in the past using power law rate expression for high S/C ratios (>2)
and low current densities (upto 1000 A/m2). The focus of this study is to obtain
kinetic trends using both power law (PL) and Langmuir-Hinshelwood (LH) rate for-
mulations on much lower inlet steam concentrations (S/C around 1) and higher
current densities. For the first time in literature, a comparison has been presented
between both approaches for operating SOFCs to assess the effect of using differ-
ent kinetic approaches. The results presented in this work are helpful towards the
development of more detailed kinetic models and to design future experiments.

5.3 Experimental

5.3.1 Equipment and planar cell description

Figure 5.1: Schematic of the experimental test bench

Fig.5.1 shows a schematic of the experimental test bench used in the study. Dry
gases (CH4, H2, O2 and N2) are fed to the SOFC from gas bottles using calibrated
mass flow controllers (Bronkhorst EL-Flow Series) and pressure reducers. Steam
is added to the dry inlet gas mix using a Bronkhorst controlled evaporator mixer
(CEM) where the dry gases are mixed with controlled amount of water vapour. The
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anode inlet pipe is heat traced to maintain an inlet gas temperature of 120oC. Hence
all calculations including volume flow rates and S/C ratios have been carried out at
this temperature. Simulated air (1200 mln/min N2, 300 mln/min O2) is used at
the cathode inlet. The cathode off-gas is directly vented out. In order to calculate
methane conversion (x) in the SOFC anode, the anode outlet gas was analyzed
using a Agilent 490 micro GC. The micro GC consists of a Molsieve 5A column to
measure the flow fraction of H2, CH4, CO and a Pora Plot U column to measure
the concentration of CO2. The micro GC output concentrations were normalized to
calculate the mole fractions of the various gases. To cool the anode outlet gas and
prevent moisture entering the micro GC columns, a water filled bubbling condenser
and a dessicant bottle (filled with silica gel) is used before the micro GC. A mass
flow meter is then used to measure the total dry anode outlet flow. The system
is operated at ambient (atmospheric) pressure. An electronic load unit (Kikusui,
PLZ603W), supported with a compensation voltage unit (as power supply) is used
for applying current to the cell. The load unit is operated in a constant current
mode.

Commercial electrolyte supported cells (ESC2, manufactured by H.C Starck)
were used to carry out the experimental investigation. The planar sqaure cell
(9x9cm active area) is placed on a square ceramic (alumina) block in a quadratic
electrically heated (in presence of nitrogen) furnace which consists of a platinum
current collector (or mesh) on the cathode side and a nickel mesh on the anode
side. The cell consists of a 35 µm thick NiO-GDC (Ni-Gd0.1Ce0.9O1.95) anode, 100
µm YSZ electrolyte and a 40 µm LSM (La1−xSrxMnO3−δ) cathode. The anode con-
sists of about 57% wt NiO. The planar cell is sealed gas tight in the ceramic block
using Thermiculite (mica) seals both on the anode (0.3mm thickness) and cathode
(0.7mm thickness) sides. Additional weight was added using a ceramic column on
top of the block to ensure gas sealing.

5.3.2 Experimental methodology and Current-Voltage (I-V) char-
acteristics

The NiO-GDC cell was reduced with a standard procedure at a temperature of
950oC. A high reduction temperature has been used for an improved cell perfor-
mance in consultation with SOFC manufacturers. The reduction procedure involved
a gradual increase in the H2 feed from a low H2 concentration of about 2% (vol) to
100% over a period of 4 hours. The cell was first tested for its performance with
pure H2. The obtained current-voltage (I-V) characteristics are shown in Fig.5.2.
The area specific resistance (ASR) on pure H2 at Tcel l = 950oC was about 0.79 Ω-
cm2. The central aim of this study is to investigate MSR kinetics in operating Ni
based SOFCs with lower steam concentrations (S/C around 1.0) at the anode inlet.
In order to asses the effect of gas composition, 7 gas mixtures have been defined
as shown in Table 5.2. The table gives the inlet gas composition in vol % and also
the steam to carbon (S/C) ratio. A, B, C and D represent gas compositions with in-
creasing steam partial pressure while D, E, F and G represent gas compositions with
increasing methane partial pressure. The N2 flow is calculated to add up to a total
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5. METHANE STEAM REFORMING (MSR) KINETICS IN SINGLE OPERATING SOFCS

Figure 5.2: I-V characteristics for operation with pure H2 at Tcel l = 950oC

inlet gas flow rate of 1200 mln/min (at T=120oC). The high total volumetric flow
ensures flooded conditions and hence also results in low fuel utilizations. Minimal
amount of H2 was added to ensure a reducing environment in the anode. The ex-
periments have been carried out at 3 different cell temperatures: 830oC, 800oC and
770oC. Current imposed on the cell has been varied to obtain methane conversion
data for current densities from 0 (open circuit conditions) to 3000 A/m2. Fig.5.3
shows the I-V characteristics obtained using composition A at Tcel l = 830oC . The
calculated ASR is 1.61 Ω-cm2.

vol % CH4 H2O H2 N2 S/C
A 33.00 36.90 3.30 26.80 1.13
B 33.00 39.30 3.30 24.40 1.20
C 33.00 41.80 3.30 21.90 1.28
D 33.00 44.30 3.30 19.40 1.35
E 36.00 44.30 3.30 16.40 1.24
F 38.90 44.30 3.30 13.50 1.15
G 41.80 44.30 3.30 10.60 1.07

Table 5.2: Anode inlet gas compositions for a total flow of 1200 mln/min at 120oC

Starting with the highest temperature, the anode inlet gas compositions were
varied sequentially as listed in Table.5.2. For each inlet gas composition, the I-V
characteristics and anode outlet gas composition have been obtained. The methane
conversion (x) has been calculated based on the outlet gas composition (measured
using Agilent 490 micro GC) and a carbon balance [37, 212] using Eqn.5.1:

x = yCO + yCO2

yC H4 + yCO + yCO2

(5.1)

where yi denotes the mole fraction of gas species i. An important aspect to keep
in mind before measuring the outlet gas composition is to ensure steady state oper-
ating conditions. Fig. 5.4 shows the variation in the methane conversion (x) over
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Figure 5.3: I-V characteristics for operation with
Composition A at Tcel l = 830oC

Figure 5.4: Variation in methane conversion
over time

time (in mins) for composition A at Tcel l = 830oC . As it can be seen a steady con-
version is obtained only after 8-9 hours. Experimental measurements with all 7 gas
compositions have been carried out ensuring steady flow.

5.4 Kinetic model and parameter estimation

A kinetic model which calculates kinetic parameters based on the experimental
methane conversion (x) is essential to establish trends and further understand the
reaction kinetics. This section describes the kinetic model developed in this study
using the power law (PL) and Langmuir-Hinshelwood (LH) rate formulation.

5.4.1 Ideal plug flow reactor (IPFR) assumption

The MSR reaction rate can be mathematically expressed based on an ideal plug
flow reactor (IPFR) assumption. This assumption can be justified due to the rela-
tively small fuel channel dimensions, low gas velocities and low Reyolds number.
Such a mathematical formulation is also based on an assumption that there is no
pressure drop across the reactor and no catalyst decay. In reality, this is not true
particularly with pressurized reactors; however in this experimental work, a signif-
icant deviation is not expected due to operation at ambient conditions. The MSR
reaction rate (rC H4) across an elemental volume dV can be expressed as in Eqn.5.2:

− rC H4 =
dFC H4

dV
= d(FC H4,0(1−x))

dV
=−FC H4,0.

d x

dV
(5.2)

where x is the methane conversion, FC H4 is the methane molar flow rate (mol/s)
and FC H4,0 is the methane molar flow rate (mol/s) at the anode inlet. Integrating
over the entire reactor volume V gives the rate equation as shown in Eqn.5.3:

V

FC H4,0
=

∫ xout

0

d x

−rC H4

(5.3)
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xout represents the methane conversion at the anode outlet. The MSR reaction
rate can also be expressed in terms of the species partial pressures thereby linking
important kinetic parameters such as rate constant (k), reaction orders (α) and
activation energy (Ea). The following sections describe the reaction rate equations
using the Power law (PL) and Langmuir-Hinshelwood (LH) formulations.

5.4.2 Power law kinetic model

A simplistic approach to quantify MSR reaction kinetics is to formulate the rate
equation assuming a single step reaction. With the law of mass action, this essen-
tially leads to a power rate law type rate equation [213] as shown in Eqn.5.4. k
is the rate constant which is independant of species concentration, but dependant
on other variables that influence the rate. It can be calculated using the Arrhenius
equation (Eqn.5.5). k0 is the pre-exponential factor, R is the universal gas constant
and T is the operating temperature in K.

− rC H4 = k ·p
αC H4
C H4

·p
αH2O

H2O (5.4)

where
k = k0 ·exp(

−Ea

RT
) (5.5)

Using Eqn.5.3 and Eqn.5.4, the rate constant k can be calculated per unit volume
by evaluating the integral as shown in Eqn.5.6:

k = FC H4,0.
∫ xout

0

d x

p
αC H4
C H4

·p
αH2O

H2O

(5.6)

The activation energy Ea can be obtained from the slope of the Arrhenius plot using
Eqn.5.7(based on Eqn.5.5).

l n(k) = −Ea

R
.

1

T
+ l n(k0) (5.7)

In order to estimate kinetic parameters, the species partial pressures (pi ) need to
be expressed as a function of the methane conversion (x). The methane partial
pressure can be calculated as shown in Eqn.5.8:

pC H4
= f (1−x).P (5.8)

f is a factor correlating various gas flows to the methane molar flow FC H4,0 at anode
inlet as defined by Eqn.5.9.

f = (
Ftot al ,0

FC H4,0
+2x)−1 (5.9)

Here Ftot al ,0 is the total molar flow rate at anode inlet and P is the system pressure
(atmospheric).
The hydrogen electrochemical reaction (Eqn.1.2 and Eqn.1.1) produces steam and
this has to be considered while determining the partial pressure for steam and
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hydrogen. For this reason a current to carbon ratio (CC) is defined as shown in
Eqn.5.10:

CC = I

2F ·FC H4,0 · xout
(5.10)

where I the current in Amperes (A) and F =96485 C/mol is the Faraday constant.
The simultaneous occurence of the WGS reaction (Eqn.1.5) has also to be taken
into account to calculate pCO and pCO2 . The progress of the WGS reaction can be
expressed as y = x · xCO . y represents the amount of methane that is converted to
carbon dioxide. The value of y can be calculated using the equilibrium constant
(Keq,w g s) for the reaction as shown in Eqn.5.11:

Keq,w g s = e−
∆G0

w g s
RT =

pCO2
·pH2

pCO ·pH2O

= y(HC +x(3−CC )+ y)

(x − y)(SC −x(1−CC )− y)
(5.11)

In order to reduce computation time, Keq,w g s has been calculated based on a tem-
perature fitted equation[214] as shown in Eqn.5.12:

Keq,w g s = e((4202.5/T )−3.928) (5.12)

The steam and hydrogen partial pressures can then be calculated as shown in
Eqn.5.13 and Eqn.5.14:

pH2O = f (SC −x(1−CC )− y).P (5.13)

pH2
= f (HC +x(3−CC )+ y).P (5.14)

SC and HC represent the steam to carbon and hydrogen to carbon ratio at anode
inlet respectively. pCO and pCO2 can then be calculated as shown in Eqn.5.15 and
Eqn.5.16:

pCO = f (x − y).P (5.15)

pCO2
= f y.P (5.16)

5.4.3 Langmuir-Hinshelwood (LH) kinetic model

Catalytic reactions like the MSR reaction in reality consist of a sequence of elemen-
tary steps. These multiple reaction steps involve the adsorption and desorption of
reactants, products and intermediate species on the surface of the catalyst [215].
The classical theory of Langmuir helps in formulating a rate equation (called the
Langmuir-Hinshelwood rate equation) taking into account adsorption/desorption
on catalyst surfaces. The rate formulation is based on an assumption that all species
are chemisorbed and accomodated on the surface before any reaction. Furthermore,
a monolayer coverage is assumed. A general rate equation for reactions catalyzed
by solids accounting for chemisorption can be written as a combination of 3 groups
as shown in Eqn5.17 [213, 216]:

r = (kinetic factor)(driving force)

(adsorption term)
(5.17)
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The driving force (d f ) gives information on the reaction equilibrium. For the MSR
reaction, the driving force term (d f ) has been calculated for the various gas com-
positions and temperatures using Eqn. 5.18 assuming a surface reaction [213]:

d f = 1− pCO .p H2
3

Keq,msr .pC H4 .pH2O
(5.18)

Keq,msr = e−
∆G0

msr
RT represents the equilibrium constant for the MSR reaction. In order

to reduce computation time, Keq,msr has been calculated based on a temperature
fitted equation[214] as shown in Eqn.5.19:

Keq,msr = e((−27070/T )+30.032) (5.19)

The Langmuir-Hinshelwood rate equation including the kinetic factor(k) and the
adsorption term (denominator) can be written as shown in Eqn.5.20[213, 217]:

rC H4 = k.pC H4 .
pa

H2O

pb
H2

.
df

(1+KH2O
pH2O

pH2
+KC H4 .pC H4 )2

(5.20)

Xu et al.[36] have carried out comprehensive work on intrinsic MSR reaction ki-
netics with Ni/MgAl2O4 catalyst using LH rate expressions derived on the basis of a
reaction scheme and rate determining step. They have formulated the rate expres-
sion on the hypothesis of dominant methane adsorption in line with many other
literature studies [36, 198, 201]. The same presumption is also applied in this work
in formulating Eqn.5.20. Furthermore, since a detailed reaction mechanism and
rate determining step has not been determined in this work, a general rate equa-
tion has been formulated with respect to the steam and hydrogen partial pressure.
Hence exponents a and b for the steam and hydrogen partial pressures respectively,
are optimally calculated in the kinetic model. A similar rate formulation has been
previously utilized in the past to investigate MSR kinetics on a Ni-alumina catalyst
[39]. The LH rate equation used in this work thus differs from that postulated in
the work of Xu et al.[36] particularly with respect to the variable effect of steam
and hydrogen partial pressure (pH2O ,pH2) on the reaction rate. KC H4 and KH2O are
the adsorption rate constants for methane and steam respectively. These adsorp-
tion rate constants can be estimated using an Arrhenius type equation as shown in
Eqn.5.21 and Eqn.5.22:

KC H4 = AC H4 ·exp(
−∆HC H4

RT
) (5.21)

KH2O = AH2O ·exp(
−∆HH2O

RT
) (5.22)

where AC H4 and AH2O are the pre-exponential factors, ∆HC H4 and ∆HH2O are the ad-
sorption enthalpies for methane and steam respectively. The adsorption enthalpies
obtained by Xu et al.[36] (∆HC H4= -38.28 kJ/mol, ∆HH2O= 88.68 kJ/mol) have
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Temperature(oC) KC H4 KH2O AC H4

830 0.4355 0.6415 0.0067
800 0.2173 0.2000 0.0003
770 0.3217 0.1301 0.0039

Table 5.3: Adsorption parameters for the LH kinetic model

been utilized to calculate the adsorption rate constants. Table.5.3 shows the calcu-
lated adsorption parameters for the LH kinetic model. The validity of the methane
adsorption constants has been evaluated on the basis of a few thermodynamic
criteria/guideline[36, 38, 218] that are helpful to evaluate if the adsorption pa-
rameters are consistent and thermodynamically meaningful.

1. Adsorption is exothermic i,e −∆HC H4 > 0. A negative methane adsorption en-
thalpy means that this rule is satified.

2. Decrease in entropy after adsorption. i,e 0 <−∆SC H4 < S0
g ,C H4

or
exp((−S0

g ,C H4
)/R) < AC H4 < 1. S0

g ,C H4
represents the standard methane entropy

which has a value of 186.1 J/(mol.K). Evaluation of exp((−S0
g ,C H4

)/R) and Ta-
ble.5.3 show that this rule is satisfied.

3. ln(AC H4 ) É (12.2−0.0014.∆HC H4 )/R. Table.5.4 shows that this rule is also satis-
fied.

Temperature(oC) ln(AC H4 ) (12.2−0.0014.∆HC H4 )/R
830 -5.00 1.47
800 -5.81 1.47
770 -5.54 1.47

Table 5.4: Table showing that the calculated methane adsorption constants satisfy thermodynamic
criteria 3

4. The absolute values of entropy change(∆SC H4 = −l n(AC H4 ).R) in this case
are 41.61 J/mol.K, 48.29 J/mol.K, 46.11 J/mol.k for the three temperatures
(830oC, 800oC, 770oC) respectively. Usually this value should be higher than
42 J/mol.K and thus this rule is also satisfied (except for the higher tempera-
ture).

Using Eqn.5.3 and Eqn.5.20, the rate constant k can be calculated per unit vol-
ume by evaluating the integral as shown in Eqn.5.23:

k = FC H4,0.
∫ xout

0

d x

pC H4 ·
pa

H2O

pb
H2

· d f(
1+KC H4 ·pC H4+KH2O · pH2O

pH2

)2

(5.23)
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Figure 5.5: Flowsheet indicating the approach for data fitting to obtain kinetic parameters
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Whether the rate formulation is of PL or LH type, calculation of the rate con-
stant/kinetic factor k requires optimization, since k should be independant of the
composition (as stated in section 5.4.2). For the power law case, the reaction orders
αC H4 and αH2O are calculated for the minimum deviation in the value of k. The co-
efficient of variation (COV) (defined as the ratio of standard deviation to the mean)
has been used as the parameter to be minimized. For the LH case, the exponents a
and b for steam and hydrogen respectively are determined for the minimum COV
in the value of k defined by Eqn.5.23. Activation energy for the LH rate expression
is calculated using the Arrhenius plot (Eqn.5.7). A MATLAB script (Appendix) has
been developed to estimate the MSR reaction rate and kinetic parameters for both
PL and LH rate formulations. Fig.5.5 shows a flowsheet indicating the main logic of
this script.

5.5 Results & Discussion

A step-by-step investigation on intrinsic MSR kinetics has been carried out in this
work to obtain reliable kinetic trends. As the first investigation, preliminary results
have been presented for methane reforming on the Ni current collector. The fol-
lowing subsections describe the main results obtained using the PL and LH kinetic
models and a comparison between MSR kinetics using both approaches. As the
last subsection, results based on equilibrium calculations have been presented to
investigate carbon deposition.

5.5.1 Methane reforming on Ni current collector (mesh)

Experimental studies on MSR kinetics using SOFC cermet anodes (Table.5.1) in lit-
erature often do not report the effects of methane reforming on the current collector
(mesh) itself. The mesh used is usually metallic (like Ni/Pt) which also is a good
reforming catalyst. No study has been found in literature which tries to adequately
quantify the extent of reforming on the Ni/Pt mesh. In the investigation reported
by Souentie et al.[199], the authors have mentioned an insignificant catalytic rate,
however no clear quantification was reported. In order to check the extent of the
MSR reaction on the Ni-mesh and in the ceramic (alumina) block (in the absence
of catalyst), a preliminary experimental test was carried out in this work. The test
was carried out using an anode inlet gas composition of 33% vol CH4, 37% H2O
and 30% N2 and a total volumetric flow rate of 1200 mln/min for two cell tem-
peratures of 900oC and 800oC. Table.5.5 shows methane conversion obtained with

Cell Temperature
900.00 800.00

Ni-Mesh 0.20 0.10
Ceramic block 0.02 0.01

Table 5.5: Methane conversion(x) on Ni current collector and ceramic block/pipes at 800oC and 900oC
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and without (ceramic block and pipes) the Ni mesh. As shown, methane conversion
with only the ceramic block (without a Ni-mesh) is rather low and negligible. For
the case with the Ni-mesh, it is seen that methane conversion is still relatively high
(10%) and not completely negligible, particularly at higher temperatures. The re-
sults reported in this work therefore indicate MSR kinetics on the combined SOFC
anode and Ni-current collector (mesh).

The test carried out in this work was with a high (flooded condition) inlet volu-
metric flow rate. The total volumetric flow rate is an important parameter for this
investigation as it directly affects the gas residence time (defined as the ratio of re-
actor volume and the total volumteric flow rate). For lower volumetric flow rates
i,e higher residence time it is expected that methane conversion will be higher. This
is an important consideration particularly for kinetic studies at high SOFC fuel uti-
lizations. Additional experiments need to be carried out to verify this and establish
more quantitatively the extent of methane conversion on the Ni-mesh; however this
study clearly indicates that methane steam reforming on the metallic current collec-
tor may not be always negligible (except for low operating temperatures) and must
be considered in SOFC kinetic studies. The following sections describe the results
obtained using PL and LH formulations following with a brief section on carbon
deposition.

5.5.2 Power law (PL) kinetics

Table.5.6 lists the experimental methane conversion (Eqn.5.1) at 3 different cell
temperatures and 7 inlet gas compositions(see Table.5.2). The kinetic study using
the PL formulation has been performed by analyzing various paramters like MSR
reaction rate (at various operating temperatures, inlet gas compositions and cur-
rent densities), reaction orders and the activation energy. Fig.5.6 shows the MSR
reaction rate distribution using the PL rate equation (Eqn.5.4) along the normalized
channel length at various operating temperatures under open circuit (Ic0) condi-
tions for composition D. The rate constant normalized reactor length has been cal-
culated on the basis of methane conversion (x) and the maximum rate constant k.
The MSR reaction rate increases with increasing operating temperatures, verifying
previous studies in literature[39, 190, 199]. The plot further indicates a decreasing
reaction rate along the fuel channel with pC H4 highest at the inlet and decreasing
along the channel(See Fig.5.9).

Fig.5.9. shows a sharp increase in the hydrogen partial pressure (pH2) and a
gradual increase in CO partial pressure (pCO) along the reactor length, despite a
decrease in the MSR reaction rate. Under open circuit conditions, bulk of the pro-
duced hydrogen (also produced with the WGS reaction) remains unconverted and
furthermore the WGS reaction is assumed to reach equilibrium relatively fast. This
results in an sharp increase in hydrogen concentration and a gradual increase in CO
concentration along the reactor length. Fig.5.7 shows the variation in the MSR reac-
tion rate at Tcel l = 800oC with varying inlet gas compositions (pC H4 , pH2O) as listed
in Table.5.2. The plot indicates a relatively strong positive influence of the methane
partial pressure pC H4 on the reaction rate (compositions D, E, F and G). This ob-

108



5.5. RESULTS & DISCUSSION

Temperature (oC) Ic (A/m2) Anode inlet composition
A B C D E F G

830

0 0.947 0.946 0.958 0.952 0.969 0.942 0.892
500 0.977 0.955 0.956 0.955 0.980 0.965 0.934

1000 0.986 0.961 0.961 0.959 0.985 0.975 0.969
1500 0.990 0.964 0.963 0.961 0.988 0.980 0.978
2000 0.992 0.967 0.966 0.963 0.990 0.983 0.985
2500 0.994 0.969 0.967 0.965 0.991 0.985 0.987
3000 0.995 0.972 0.970 0.968 0.992 0.987 0.990

800

0 0.903 0.930 0.937 0.929 0.895 0.887 0.825
500 0.945 0.948 0.945 0.934 0.902 0.903 0.877

1000 0.960 0.957 0.951 0.938 0.910 0.915 0.913
1500 0.968 0.963 0.955 0.941 0.915 0.923 0.930
2000 0.973 0.967 0.959 0.943 0.920 0.929 0.942
2500 0.977 0.971 0.961 0.945 0.907 0.935 0.951
3000 0.980 0.974 0.964 0.949 0.925 0.940 0.956

770

0 0.797 0.843 0.856 0.851 0.806 0.647 0.619
500 0.856 0.869 0.863 0.861 0.814 0.655 0.636

1000 0.902 0.887 0.871 0.868 0.824 0.658 0.658
1500 0.914 0.897 0.877 0.873 0.833 0.678 0.684
2000 0.928 0.905 0.884 0.878 0.840 0.687 0.708
2500 0.937 0.914 0.891 0.886 0.850 0.700 0.725
3000 0.943 0.920 0.900 0.893 0.859 0.707 0.743

Table 5.6: Experimental methane conversion (x)

servation additionally verifies the similar trend reported in literature[39, 190, 195,
196, 200]. Furthermore it is also seen that the reaction rate is more strongly de-
pendent on variation in pC H4 (D, E, F, G) than the variation in pH2O (A, B, C, D).
Under open circuit conditions, steam has a mixed effect (positive influence when
A and B are compared, negative influence when B, C and D are compared) on the
MSR reaction rate. However it can be seen that the rate is fairly independant of the
steam partial pressure (pH2O) under the investigated range of operating conditions,
confirming previous reports [195, 196].

5.5.2.1 Role of electrochemical oxidation

Under the influence of current, part of hydrogen produced via the MSR and WGS
reaction is electrochemically oxidized to produce H2O (see Eqn.1.1 and Eqn.1.2).
Fig.5.8 shows the variation in the MSR reaction rate along the channel length at
open circuit (Ic0) and varying current densities of 500 A/m2, 2000 A/m2 and 3000
A/m2. The plot indicates an increase in the MSR rate, although the increase is rela-
tively marginal. The reaction rate is seen to increase slightly (<2%) with increasing
current densities. A slight increase in the outlet methane conversion (x) with in-
creasing current densities as shown in Table.5.6 additionally verifies this trend.

Comparison between the species partial pressure at open circuit (Ic0) conditions
and under load (at 3000 A/m2) is also shown in Fig.5.9. The marginal increase
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Figure 5.6: PL MSR reaction rate at various
operating temperatures for open circuit (Ic0)

condition and composition D

Figure 5.7: PL MSR reaction rate at various anode
inlet gas compositions for open circuit (Ic0)

condition and Tcell=800oC

Figure 5.8: PL MSR reaction rate at various current
densities for Tcell=800oC and composition D

Figure 5.9: PL species partial pressure (bar) for
open circuit (Ic0) and Ic=3000 A/m2 and

Tcell=800oC and composition D

in the MSR reaction rate is also reflected in the methane partial pressure distri-
bution. A slight reduction in pC H4 is observed with current. The plot also shows
a significant decrease in pH2 and a significant increase in pH2O under load due to
electrochemical oxidation. Fig.5.10 shows the Arrhenius plots for various current
densities and the linear fit (see Eqn.5.7) used to calculate the activation energy (Ea)
and pre-exponential factor (k0). The plot indicates a decreasing rate constant k with
increasing current densities in agreement with previous studies [190].

Fig.5.11 shows the variation in the methane and steam reaction orders (αC H4

and αH2O) with varying current density. Under the influence of current, αC H4 is pos-
itive and αH2O is negative. A positive methane reaction order and a negative steam
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Figure 5.10: Arrhenius plots with PL rate
formulation at various current densities and

Tcell=830oC

Figure 5.11: Variation in αC H4 and αH2O with
current density

reaction order is also in agreement with previous findings in literature[190, 203].
With increasing current density, it is also seen that αC H4 increases while αH2O de-
creases. The strong decrease in αH2O at higher current densities is thought to be
due to the higher steam concentration in the anode due to electrochemical oxida-
tion. A more rapid decrease in the steam reaction order compared to the methane
reaction order with increasing current densities also indicates the significant differ-
ence in the reaction rate between MSR (Eqn.1.4) and H2 electrochemical oxidation
(Eqn.1.1 and Eqn.1.2). The next subsection describes the results obtained with the
Langmuir-Hinshelwood (LH) kinetic model.

5.5.3 Langmuir-Hinshewood kinetics

In order to assess MSR kinetics with operating SOFCs, it is of utmost importance to
first assess equilibrium conditions using the inlet gas compositions (Table.5.2). As
aforementioned in section 5.4.3, the driving force (df) term (see Eqn.5.18) gives an
indication of the reaction equilibrium. d f should in principle be zero at conditions
of equilibrium ensuring a zero reaction rate.

5.5.3.1 MSR reaction equilibrium

Tcel l (oC) Keq,msr Keq,w g s

830 242.21 0.89
800 121.95 0.99
770 59.02 1.10

Table 5.7: Equilibrium constants for the MSR and WGS reaction
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Figure 5.12: Driving force (d f ) at various cell
temperatures for composition D and open circuit

(Ic0) condition - d f increases with decreasing cell
temperature

Figure 5.13: Driving force at Tcell=800oC for
various gas compositions and open circuit (Ic0)

condition

Figure 5.14: Driving force at various current
densities for composition D and Tcell=800oC

Table.5.7 lists the values for the equilibrium constant for the MSR (Keq,msr ) and
WGS reaction (Keq,w g s) which have been used to calculate d f . Fig.5.12, Fig.5.13
and Fig.5.14 show the driving force distribution along the normalized reactor (chan-
nel) length for varying operating temperatures (at open circuit (Ic0) conditions and
composition D), varying gas compositions(at Tcell=800oC and open circuit (Ic0)
condition) and varying current densities (at Tcell=800oC and composition D) re-
spectively. The plots indicate a high driving force near the inlet as the methane and
steam partial pressure is highest near the inlet. The driving force decreases along
the channel length due to the difference in species partial pressures (pC H4 , pH2O ,
pCO , pH2), indicating that conditions near the anode outlet are closer to equilib-
rium. With a reduction in the cell temperature, d f increases principally due to a
lower Keq,msr and differences in the species partial pressures. Under the influence
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of current (Fig.5.14), it is seen that d f increases along the channel when compared
to open circuit (Ic0) conditions. This can be explained based on the fact that part of
the produced hydrogen with the MSR reaction is consumed under the influence of
current facilitating a higher driving force for the forward MSR reaction to occur.

5.5.3.2 Influence of temperature and inlet gas composition on MSR reaction
rate

Fig.5.15 shows the MSR reaction rate distribution along the normalized channel
length at various operating temperatures for open circuit (Ic0) conditions and com-
position D. In addition, rate distributions are also shown for open circuit (Ic0) condi-
tions and composition A (dashed curves). The plot indicates that MSR reaction rate
increases with increasing operating temperatures. The reaction rate is maximum
near the fuel inlet which is also in agreement with the PL prediction (see Fig.5.6).
Fig.5.18 indicates a subsequently decreasing methane partial pressure pC H4 distri-
bution along the reactor length. Fig.5.16 shows the variation in the MSR reaction
rate at Tcel l = 800oC and open circuit (Ic0) condition with varying inlet gas com-
positions. The plot clearly reconfirms the dominant role of inlet methane partial
pressure pC H4 (composition D, E, F and G) compared to the steam partial pressure.

5.5.3.3 Role of electrochemical oxidation

Fig.5.17 shows the LH MSR reaction rate distribution along the normalized channel
length at open circuit (Ic0) and current densities of 500 A/m2 and 3000 A/m2. The
MSR reaction rate is seen to increase rapidly near the anode inlet (higher methane
partial pressure) and reach a maximum near the inlet. Thereupon, the reaction rate
decreases along the reactor length. When the cell is operated on current, multiple
processes occur within the anode which lead to a shift in the reaction rate maxima
and a more gradual increase in the MSR reaction rate compared to open circuit (Ic0)
conditions. Due to electrochemical hydrogen oxidation (Eqn.1.2), additional steam
is produced increasing the partial pressure of steam, thereby lowering the MSR
reaction rate[39, 190]. Additionally there exists an effect of the cell temperature.
Considering the combined interaction and different rates between the endothermic
MSR reaction (Eqn.1.4) and exothermic H2 oxidation reaction (Eqn.1.2), the cell
temperature is expected to vary under the influence of current. This temperature
change has a direct influence on the MSR reaction rate. Thus, despite a net increase
in MSR reaction rate under the influence of current, the local reaction rate is seen
to increase more gradually under the influence of current. The effect of this is also
visible in the species partial pressure distribution in Fig.5.18 wherein the partial
pressure of each specie varies more rapidly near the inlet under open circuit (Ic0)
conditions.

Fig.5.17 also shows a comparison between the MSR reaction rates between PL
and LH approaches. The plot clearly indicates a significant difference in the re-
action rate distribution with both approaches. The LH rate expression predicts a
much higher reaction rate, particularly near the channel inlet and a lower rate near
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Figure 5.15: LH MSR reaction rate at various
operating temperatures for open circuit (Ic0)

condition and composition D

Figure 5.16: LH MSR reaction rate at various anode
inlet gas compositions for open circuit (Ic0)

condition and Tcell=800oC

Figure 5.17: LH MSR reaction rate at various
current densities for Tcell=800oC and composition
D. For comparison, the PL MSR reaction rate is also

shown.

Figure 5.18: LH species partial pressure (bar) for
open circuit (Ic0) and Ic=3000 A/m2 and

Tcell=800oC and composition D

the outlet. The net reaction rate (obtained by calculating the area under the rate
curve) for the PL and LH case at open circuit (Ic0), Tcell=800oC and composition
D is 1.91e-04 mol/s.m3 and 1.90e-04 mol/s.m3 respectively. This means that both
the approches predict the same net reaction rate but different rate distributions.
Comparison between Fig.5.9 and Fig.5.18 also clearly shows that the species par-
tial pressure change more rapidly in the LH case near the inlet compared to the PL
case. The rate and species distribution are important considerations while predict-
ing temperature gradients along the anode both with experiments and modelling.
The fact that different kinetic approaches result in different rate and species dis-
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tribution along the channel length is an important aspect to be kept in mind to
accurately predict temperature gradients in SOFC anodes.

Ic (A/m2) a b
0 0.007 1.210

500 -0.373 -0.033
1000 -0.610 1.339
1500 -0.555 0.271
2000 -1.117 0.583
2500 -0.596 0.014
3000 -0.843 -0.022

Table 5.8: Calculated values of exponents a and b for varying current densities

Figure 5.19: LH Arrhenius plots at various current
densities

Figure 5.20: Comparison between the calculated
activation energy (Ea)(kJ/mol) using PL and LH

kinetic model for varying current densities

Table.5.8 shows the calculated exponents a (for steam) and b (for hydrogen) for
varying current densities. Negative values of a indicate a negative effect of steam
partial pressure on the reaction rate. A similar observation was made also using the
PL formulation (section 5.5.2.1) under the influence of current. However a highly
non linear dependancy is observed in the steam and hydrogen partial pressures on
the current density. This suggests a complex reaction mechanism and additionally
a need for further mechanistic investigations on the basis of elementary reactions.
Fig.5.19 shows the Arrhenius plots for various current densities and the linear fit
(see Eqn.5.7) used to calculate the activation energy (Ea) and pre-exponential factor
(k0). The plots reconfirm the trend of a decreasing rate constant k with increasing
current densities as shown in the PL case (see section 5.5.2.1).

Fig.5.20 shows the variation in the activation energy (kJ/mol) with varying cur-
rent densities both with the PL and LH rate expressions. The PL rate expression
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yields a lower activation energy compared to the LH rate expression. As the LH
rate formulation also takes into account the adsorption/desorption enthalpies, the
activation energy predicted with the LH rate is expected to be higher than the PL
rate expression[215]. The values of activation energy predicted by both approaches
are in agreement with previously reported values in literature [36, 39, 190, 204].
Furthermore, it is seen that PL activation energy seems to be fairly constant with
varying current densities. Results with the LH kinetic model indicate a larger differ-
ence in the activation energy compared to the PL, however this deviation is not very
significant. A comparison between both approaches indicates that electrochemical
oxidation (current) may not be causing a significant change in the activation energy.
A detailed explanation on this can be obtained only on the basis of a more detailed
investigation into the elementary MSR reaction chemistry.

This investigation hasn’t been focussed to address in detail the reaction mech-
anism on Ni-GDC anodes. However the qualitative kinetic trends obtained in this
work are helpful to deduce mechanistic details by comparison with elementary MSR
kinetics on Ni-GDC anodes. A positive reaction order with respect to methane with
both approaches is consistent with literature indicating methane adsorption as one
of the rate controlling steps. It is well known that ceria plays an important role in
the intrinsic MSR kinetics. Elementary MSR kinetics have been studied for Ni/YSZ
anode supports by Hecht et al [219]. They have proposed an extensive reaction
mechanism with 42 elementary reactions involving 6 gas phase and 12 surface ad-
sorbed species. However, there hasn’t been any research efforts yet to study elemen-
tary MSR kinetics on ceria based SOFC catalysts/anodes. In order to develop a more
detailed kinetic model with a mechanistic outlook, additional experimental studies
focussing on elementary reaction chemistry have to be carried out. Furthermore,
based on elementary steps, energetics have to be evaluated using methods like UBI-
QEP[220] and reactor network models. Based on fitting results obtained using ex-
perimental methane conversion and a comparison to the energetics obtained from
elementary kinetics, indications could be obtained regarding the reaction mecha-
nism and the rate determining step(s). This is out of scope for this work, however it
is highly encouraged as a future research activity to improve our understanding on
MSR intrinsic kinetics in Ni-ceria based operating SOFCs.

5.5.4 Carbon deposition

Carbon deposition is one of the most important operating challenge for SOFCs op-
erated with hydrocarbon fuels. Presence of carbon containing species like CO, CO2

and CH4 on the anode side can lead to carbon formation. To check effects of the
relatively low inlet S/C ratios used in this work, a brief analysis was carried using
equilibrium calculations in Factsage (a commercial program to carry out multiphase
equilibrium calculations) [134] and scanning electron microscopy with energy dis-
persive X-ray spectroscopy (SEM-EDX).

Thermodynamic equilibrium calculations are helful to indicate theoretical lim-
its for the operating paramters like temperature and S/C ratio. Fig.5.21 shows a
ternary diagram indicating the carbon (C), hydrogen (H) and oxygen(O) mole frac-
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Figure 5.21: Ternary diagram showing anode inlet
and outlet conditions for composition A (red) and

composition D (black) at Tcell=770oC with
increasing current density (Ic )

Figure 5.22: Oxygen to Carbon (O/C) ratio along
the reactor length at various current densities (Ic )

Figure 5.23: SEM image of the anode cross section after experimentation

tions at the anode inlet and anode outlet for two gas compositions (A and D) at
Tcell=770oC. As it can be seen conditions at the anode inlet are closer to the gas-
solid equilibrium line. Another important aspect to note is the right shift in the
outlet conditions under the influence of current. As current is drawn more steam
is produced due to the electrochemical hydrogen oxidation (Eqn.1.2 and Eqn.1.1)
and this causes the O/C ratio to increase. Fig.5.22 shows the oxygen to carbon ratio
along the channel length at various current densities. Operating the cell at higher
current densities causes the steam and oxygen concentration to increase along the
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Figure 5.24: Line scan EDX analysis for the Ni-GDC cell after experimentation

channel. Furthermore, the O/C ratio decreases more rapidly under open circuit
conditions compared to when operated under load.

Fig.5.23 and Fig.5.24 show the SEM image and the line plot from the EDX analy-
sis respectively. Fig.5.24 indicates the presence of a relatively low amount of carbon
in the anode. This insignificant carbon count is attributed to cell manufacturing
and deposited carbon species (intermediate) on the catalyst surface. No carbon
deposition was observed visually on the anode surface after experimentation.

5.6 Conclusions

An experimental investigation on methane steam reforming (MSR) kinetics has been
presented for Ni-GDC anode based operating SOFCs with relatively low S/C ratios
(∼1), moderate current densities (upto 3000 A/m2) and low fuel utilization. As one
of the main focus, a comparative study has been performed using power law (PL)
and Langmuir-Hinshelwood (LH) reaction rate expressions to asssess the effects of
using different kinetic formulations. The study further reports a trend analysis for
various kinetic parameters like reaction rate, reaction orders, activation energy and
rate constants. Some important conclusions could be drawn from the work which
are listed below:

• Methane steam reforming on metallic (Ni/Pt) anode current collectors (mesh)
may not always be negligible (particularly for operating temperatures above
800oC) contrary to reports in literature.
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• Both PL and LH kinetic approaches show that electrochemical oxidation (cur-
rent) promotes methane conversion and the MSR reaction rate, however the
effect of temperature is seen to be more dominant.

• The MSR reaction rate is a stronger function of the methane partial pressure
compared to the partial pressure of steam.

• Both the PL and LH kinetic models predict exactly the same net MSR reaction
rate, however there is a significant difference in the rate and species distri-
bution along the channel length with both approaches. Despite both the ap-
proches predicting a higher rate near the fuel inlet and lowest near the outlet,
the LH approach predicts a much higher (peak) MSR reaction rate near the an-
ode inlet compared to the PL approach leading to a different rate and species
distribution. A simplified kinetic approach like PL may thus not be sufficient
towards accurately predicting temperature gradients in SOFC anodes.

• Electrochemical oxidation (current) seems to cause an insignificant change
in the MSR activation energy. However, further investigations on elementary
reaction chemistry are required to verify this observation.

• A negative dependancy of steam on the MSR reaction rate is obtained using
both PL and LH rate formulation, in agreeement with studies in literature.
Under the influence of current, both the PL and LH rate expressions yield
a highly non linear dependancy (reaction orders/exponents) on steam and
hydrogen partial pressures suggesting a complex mechanism.

• No significant carbon deposition has been observed after the Ni-GDC cell was
operated on methane with relatively low steam to carbon ratios of around
1.0-1.5.

• The interaction between electrochemical oxidation (current) and the MSR re-
action is highly complex suggesting the possibility of multiple rate determining
steps depending of the operating condition; acurately predicting the intrinsic
kinetics using a kinetic model requires the development of elementary reaction
chemistry on Ni-ceria based anodes and further experimental investigations.

The obtained results in this study provide a better insight on the influence of
electrochemical reactions on MSR and also show the sensitivity in results due to dif-
ferent kinetic formulations. The used approach is helpful in formulating future ex-
perimental work and towards developing a more robust and complete kinetic model
including elementary MSR kinetics. Furthermore, data presented in this work can
be used towards numerical (CFD) and system model development and validation.
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6.1. CONTRIBUTIONS & MAIN FINDINGS

This project was undertaken to develop clean, high efficiency and flexible bio-
IGCC (Integrated gasification combined cycle) and IRCC (Integrated reforming com-
bined cycle) power plant concepts and carry out detailed thermodynamic evalua-
tions. Solid oxide fuel cells (SOFC) have been chosen as the enabling technology
to achieve high efficiency and metal hydride based hydrogen storage to achieve op-
erational flexibility. In order to design and develop optimal hydrocarbon fuelled
SOFC units for power plant integration, it is also of prime importance to investi-
gate underlying reaction kinetics. Hence, an extended experimental study has been
carried out on methane steam reforming(MSR) kinetics in single operating SOFCs
with nickel(Ni)-ceria based anodes to highlight the importance of using appropriate
kinetic approaches. The following section summarizes chapterwise the contribu-
tions and main findings of this dissertation. Recommendations for continuing the
research work in future are then presented in Section.6.2

6.1 Contributions & main findings

6.1.1 High percentage biomass co-gasification in existing IGCC
power plants

The dissertation (Chapter 2) reports a first of its kind experimental demonstration
and data for a high percentage (70%) and large scale biomass co-gasification test
carried out at an existing coal based IGCC power plant. With this work it has been
shown that IGCC power plants can be operated with very high percentage (upto
70% on energy basis) of biomass in the fuel blend without extensive power plant
modifications.

A validated off-design thermodynamic model has been developed in this work
based on design drawings of the 253 MWe Willem-Alexander Centrale IGCC plant
in Buggenum, the Netherlands. The detailed model is a valuable asset towards
planning, executing and/or verifying IGCC power plant operations with a different
fuel than what it is designed for and with a relatively high accuracy (<3%). The
deviations in model predictions are particularly in the syngas cooler (SGC); the
main reason being fouling in the HP section. It has been shown that co-gasification
with high LHV pretreated biomass (torrefied) is essential to achieve the design case
electrical output. Furthermore, the presented exergy(2nd law) analysis indicates
gasification and combustion as sources of highest exergy destruction.

The reported demonstration test and modeling work presented in this disserta-
tion is of high importance particularly to the power plant and bioenergy industry,
where companies are currently unable to justify decisions making large investments
on biomass co-gasification at existing coal fired IGCC power plants. Furthermore,
such major demonstration achievements and detailed themodynamic evaluations
could help develop a renewed interest amongst environmental agencies and policy
makers towards development of low emission/carbon neutral power plants.
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6.1.2 Retrofitting bio-IGCC power plants with SOFCs and CO2

capture

Based on successful large scale biomass co-gasification tests at existing IGCC power
plants ( as reported in Chapter 2), there also exists an urgent need to develop clean
and highly energy efficient power plant concepts with a focus on near future imple-
mentation. Chapter 3 of this dissertation presents a thermodynamic evaluation and
approach towards retrofitting solid oxide fuel cells (SOFC) and CO2 capture in large
scale bio-IGCC power plants using experimentally validated models (presented in
Chapter 2). The case study based on the Willem-Alexander Centrale (WAC) IGCC
power plant in the Netherlands points out that net electrical efficiencies (LHV) of
more than 40% could be obtained by partially retrofitting SOFCs (producing upto 40
MWe) and oxy-fuel combustion CO2 capture in large scale bio-IGCC power plants
in near term future. Retrofitting an existing IGCC power plant with SOFCs and
CO2 capture causes a significant part load condition for the gas turbine (GT). It has
been concluded from this work that controlling the GT expander outlet temperature
using the variable inlet guide vanes (VIGV) is crucial to reduce part load effects.
Furthermore the original WAC system needs to be modified by including a booster
air compressor in the air separation unit (ASU) and modifying the N2 dilution/wa-
ter saturation unit to avoid instabilities in the GT combustor. Exergy destruction is
shown to be reduced by about 30% in the retrofitted system due to partial replace-
ment of GT combustion with electrochemical conversion in SOFCs.

Using two system models employing partial and full SOFC-CO2 capture, it has
also concluded that for full scale SOFC integration and CO2 capture, the original
WAC design needs to be significantly modified to include a newly designed CO2

capture unit, SOFC unit and heat recovery steam generator (HRSG). A newly de-
signed integrated gasification fuel cell (IGFC) system is proposed wherein the ex-
isting WAC flue gas expander is replaced with an air expander and furthermore
the HRSG is redesigned significantly. The fully integrated IGFC system gives a net
electrical efficiency of about 47%.

The study demonstrates the large potential towards developing carbon neutral/-
carbon negative IGCC power plants in near future. Model based calculations show
that applying full-scale CO2 capture in an IGFC system with 70% biomass (steam
exploded woodpellets) co-gasification results in a carbon negative (about 40%) foot-
print. The essential process modifications identified in this work to partially retrofit
SOFCs and CO2 capture is highly crucial information for the industry to develop ap-
propriate engineering solutions. The developed models are also helpful to further
investigate IGCC systems relating to the scaling up of the SOFC unit, minimizing GT
part load effects and techno-economic evaluations.

6.1.3 Flexible IRCC power plants with hydrogen storage

Coal and natural gas are the two main fossil fuels which are utilized globally in
power plants to produce electricity. Research efforts to reduce reliance on these
fossil fuels and increase electrical efficiencies need to be thus focussed equally on
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coal based and natural gas based power plants. The integrated reforming combined
cycle (IRCC) system is a natural gas based combined cycle system employing pre-
combustion CO2 capture. With a focus to investigate flexibility aspects and achieving
high electrical efficiencies, Chapter 4 of this dissertation presents a thermodynamic
system study on flexible IRCC power plants with metal hydride based hydrogen
storage.

Metal hydride based hydrogen storage as a flexibility option in large scale power
plants has hitherto never been investigated upon. This work for the first time brings
forward the importance of investigating this option, considering the large scope for
heat integration in the system. Heat released during charging is utilized to generate
high pressure (HP) steam for the magnesium hydride (MgH2) based system while
flue gases from the gas turbine outlet is utilized to provide heat in the discharging
mode. Based on the comparative system analysis using steady state models, it has
been concluded that clean and flexible IRCC power plants could be operated with
relatively high time based average electrical efficiencies above 45%. The hydrogen
split fraction, choice of the metal hydride (reaction enthalpy) and the heat integra-
tion strategy have been identified as the main influencing factors on system design
and net electrical efficiency. Furthermore, the study offers some insights into the
effect of pinch and H2 split fraction on the HRSG design and operation.

Despite a simplistic approach and several assumptions particularly in the MH
unit, this work provides a framework for further exploring metal hydride based hy-
drogen storage as a flexibility option in stationary systems. Exergy analysis indicates
a large scope for process improvements. In this regard a preliminary investigation
has been carried out in this work (Appendix 4A) towards retrofitting natural gas
combined cycle (NGCC) systems (without pre-combustion CO2 capture and hydro-
gen storage) with high temperature solid oxide fuel cells (SOFCs). The study indi-
cates that high net electrical efficiencies (LHV) of more than 65% could be achieved
by retrofitting SOFCs in NGCC power plant systems.

6.1.4 Methane steam reforming (MSR) kinetics in SOFCs with
Ni-ceria based anodes

This dissertation set out to explore solid oxide fuel cells (SOFCs) as a core technol-
ogy to enhance combined cycle power plant efficiencies. The advantages of SOFC
integration in natural gas based power plants has been depicted in Appendix 4A.
In order to design and develop optimal and safely operating SOFC units for inte-
gration in such power plants, it is crucial to attain a good understanding in the
underlying chemical reaction kinetics. Chapter 5 presents an experimental study on
MSR kinetics in operating single SOFCs with Ni-ceria based anodes with relatively
low S/C ratios and moderate current densities. Experiments have been carried out
using a single square cell with a Ni-GDC (gadolinium doped ceria) anode by vary-
ing gas compositions, cell temperatures and current densities. A kinetic model has
been developed to calculate relavant kinetic parameters using the experimentally
obtained methane conversion data. As a primary focus, the study has been car-
ried out by comparing two kinetic approaches namely power law (PL) kinetics and
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general Langmuir-Hinshelwood (LH) kinetics. This is the first study in literature
reporting a comparison between PL and LH MSR kinetics for operating SOFCs with
Ni-ceria based anodes.

As the first important finding, it has been shown that methane reforming on
metallic (Ni/Pt) anode current collectors (mesh) may not be always negligible (par-
ticularly for operating temperatures above 800oC) in contrast to reports in litera-
ture. The research also confirms previous studies and contributes additional evi-
dence suggesting that electrochemical oxidation (current) promotes methane con-
version and the MSR reaction rate. The effect of temperature on the MSR reaction
rate is however seen to be more dominant. For a given cell temperature and current
density, the methane partial pressure is identified as the most dominant parameter
influencing the MSR reaction rate. A second important finding from this work is the
relatively low impact of electrochemical oxidation on the MSR activation energy.
Furthermore, comparison between the PL and LH kinetic approaches reveals that
despite both approaches predicting the same net reaction rate, there is a significant
difference in the prediction of the rate and species distribution along the reactor
length. This is an important aspect to be taken into account in kinetic studies to-
wards accurately predicting temperature gradients and for further development of
methane (natural gas) fuelled SOFC units.

Experimental investigations on MSR intrinsic kinetics in operating SOFCs i,e un-
der the influence of current are limited in academic literature. A key strength of
this study is the focus on investigating MSR kinetics with relatively low S/C ratios
(around 1) and moderate current densities (Ic) upto 3000 A/m2. Such investiga-
tions are vital towards reducing steam consumption to safely operate internal re-
forming SOFCs and also to develop reliable numerical(CFD) models. The scope of
this study was limited in terms of providing a deeper mechanistic outlook, however
the importance of carrying out further experimentation and the need to develop
elementary reaction chemistry on Ni-ceria based anodes has been pinpointed.

Despite its exploratory nature, this dissertation brings forward the increased im-
portance and relevance of detailed power plant thermodynamic off-design model-
ing and validation. In addition, the importance of retrofitting existing IGCC power
plants in near future to enhance performance and reduce CO2 emissions has been
adequately depicted in this work. The study brings to attention for the first time
the role of solid oxide fuel cells (SOFCs) and metal hydride based hydrogen storage
as effective applied technologies in the large scale power plant industry. Towards
further development of SOFC units for power plant integration, this work brings
out the drawbacks of using simplified rate kinetics in methane fuelled single op-
erating SOFCs, based on a comparison between the two most widely used kinetic
approaches. The study has revealed the increased need for further experimenta-
tion and development of MSR elementary reaction chemistry for ceria based SOFC
anodes.
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6.2 Recommendations for future work

The research work carried out in this project provides a strong framework towards
designing and thermodynamically evaluating large scale power plant systems using
detailed steady state models and experimentally investigating MSR kinetics in op-
erating solid oxide fuel cells (SOFCs). However the research has also thrown up
several questions in need for further investigations.

• Process modifications towards implementing high percentage (70%) biomass
co-gasification in existing IGCC power plants have been proposed in this work
(Chapter 2). Using the presented thermodynamic analysis, techno-economic
evaluations must be carried out to assess financial implications. In addition, a
detailed part load evaluation is recommended to more accurately quantify the
off-design system performance.

• The validated bio-IGCC model presented in Chapter 2 has been utilized to de-
velop process concepts (Chapter 3) towards retrofitting bio-IGCC power plants
with solid oxide fuel cells and oxy-combustion CO2 capture. Using the devel-
oped models as a foundation, further research is required towards developing
scaling up strategies for the SOFC and CO2 capture unit based on market anal-
ysis. Furthermore, the retrofitted system should be evaluated on an economic
basis to obtain investment and other financial estimates. Additional activi-
ties include the development of a more detailed model for the air separation
unit (ASU) and a detailed turbomachinery (gas and steam turbines) part load
assessment.

• This dissertation (Chapter 4) provides a basis to evaluate flexibility aspects
(using metal hydride based hydrogen storage) in large scale natural gas based
IRCC power plants. Additional investigations are required towards optimizing
the metal hydride thermodynamic parameters, detailed design for the system
capable of operating in both modes of operation and economic assessments
based on the heat and mass balances developed in this study. Based on the
preliminary analysis presented in this work (Appendix 4A) further modeling
efforts should be carried out to develop flexible and integrated IRCC power
plant system concepts with solid oxide fuel cells.

• A number of possible future kinetic studies on methane steam reforming are
recommended using the step-by-step experimental approach presented in Chap-
ter 5. As one of the primary activity, the influence of the metallic (Ni/Pt)
anode current collector on the methane reforming rate should be further in-
vestigated. Additional experiments should also be carried out over a wider
range of operating temperatures, gas compositions (influence of inlet H2 par-
tial pressure) and fuel utilizations. Another important activity is to further
optimize the kinetic model presented in this work to include a more accu-
rate depiction of adsorption/desorption parameters. As a long term research
target, experimental and modeling efforts are encouraged towards develop-
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ing elementary MSR reaction chemistry on Ni-ceria based anodes to carry out
detailed mechanistic studies.
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