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Background to the study 
 
Members of the IEA Greenhouse gas R&D (IEAGHG) programme are interested in the development 
of technical options that reduce the emission of greenhouse gases (GHG) to atmosphere. Technologies 
for the capture and storage of CO2 produced in power stations by combustion of fossil fuels are 
considered to be essential if deep reductions in the emissions of CO2 to atmosphere are to be achieved. 
 
Gas turbines (i.e. compressor, combustor, and expansion turbine)1 are a key component of many 
power generation schemes.  Assessments of technical options for CO2 capture in power generation 
frequently assume that existing gas turbines can be readily modified to suit a novel application.  For 
example, in an Integrated Gasification Combined Cycle (IGCC) the turbine fuel is a mixture of CO 
and hydrogen.  To avoid emissions of CO2, the synthesis gas can be reacted with steam to give CO2 
and hydrogen, the CO2 is removed by solvent absorption.  The resulting turbine fuel is a gas the 
combustible content of which is practically all hydrogen.   
 
Another process that may be attractive, particularly for retrofits, involves partial recirculation of flue 
gas to the combustor; this increases the concentration of CO2 in the exhaust gas and reduces the size 
and cost of a downstream CO2 separation unit.  In the case of a natural gas combined cycle (NGCC), 
with recirculation of flue gases to the compressor the working fluid in the turbine remains mainly air 
but the increased level of CO2 significantly increases its molecular weight.     
 
A third option is oxyfuel combustion combined with CO2 recycle.  If oxygen is used for combustion 
the exhaust gas typically consists of about 85%vol CO2 and the balance is mainly steam.  The working 
fluid is very different from air-fired systems, the exhaust gas of which is predominantly nitrogen.     
 
The processes identified above are taken as examples of CO2 abatement technologies that require gas 
turbines to be used in a novel application.  These 3 applications represent turbine duties that could be 
required in order to adapt existing technology so as to make it suitable for use in systems which 
capture/remove CO2.  The report examines the extent to which existing turbines can accommodate 
such changes and the modifications required.  A major objective of the study was to identify barriers 
to the development of suitable gas turbines, the resources and time required, and means by which 
development could be promoted. 
 

Approach adopted 
 
This study is the first of a series in which key components in CO2 abatement technology will be examined. 
 
A computer code was developed to represent the characteristics of a modern high-efficiency gas 
turbine. This code was then used to assess the implications on turbine performance of the changes 
required for CO2 abatement.   

 
1 The words ‘gas turbine’ or ‘turbine’ are conventionally used to refer to a gas expansion turbine and its 
associated equipment such as the compressor, combustor, fuel system, etc.  Where a distinction is necessary in 
this overview the words 'gas expansion turbine' are used to refer to the expansion engine only.   
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The study includes the results from a survey of the views of all the major turbine manufacturers and 
several major users.  This survey was used to identify barriers to the availability of gas turbines 
suitable for use in CO2 abatement processes.   
 
The study was done by Cranfield University, U.K.  
 

Results and discussion 
 
The report reviews current and projected developments in gas turbines.  It examines which types of 
turbine are most suited for modification to use in power generation processes that avoid emissions of 
CO2 to atmosphere.  Three gas turbine duties are examined.   
• The first is where a hydrogen-rich fuel gas having little or no carbon content is used in the gas 

turbine; the exhaust gas consists primarily of water and excess air.  This duty arises in processes 
where a hydrocarbon fuel is decarbonised by making a synthesis gas and then removing CO2.  
Precombustion decarbonisation of methane and decarbonisation of coal-derived syngas in a 
modified IGCC are processes of this type (see report PH3/14 “Leading Options”).  If air is used as 
the oxidant the H2-rich gas contains a large amount of nitrogen.  If oxygen is used as the oxidant, 
nitrogen produced in the air separation unit can be added to the fuel gas to dilute the hydrogen. 

• In the second duty, approximately half the flue gas from a gas turbine combined cycle (NGCC) is 
re-circulated to the turbine’s compressor.  This has the effect of reducing the volume of flue gas to 
be treated for CO2 capture and doubles the CO2 concentration in the exhaust gas.  The working 
fluid in the gas turbine is predominantly air (see report PH3/14). 

• In the third duty, oxygen is used for combustion of natural gas in a gas turbine working in a closed 
cycle.  The working fluid is predominantly CO2.  All the turbine’s exhaust is recycled apart from 
sufficient bleed to extract the combustion products (see report PH3/4). 

 
Barriers to the introduction of turbines suitable for use in CO2 abatement processes are categorised in the 
study as: technical, cost and timescale, and institutional.  The technical barriers are discussed first in 
relation to a reference turbine. 
 
reference turbine      
In order to relate the results to current machines an imaginary turbine called the Modern Reference Engine 
(MRE) was created and modelled on a computer code developed by Cranfield University.  The code 
(VARIFLOW) is capable of representing the performance effects of fuels and working fluids in the turbine 
at both design-point and off-design conditions.  The MRE is based on a composite of the characteristics of 
3 current, large, efficient, gas turbines. The performance of the MRE using natural gas from a North Sea 
field is taken as the datum.  The natural gas is 94% (vol) methane, most of the balance being higher 
hydrocarbons.  The turbines represented are: 
• GT13E2 (ABB-Alstom) 166MW 
• AG-PG-V94.3A (Siemens-Westinghouse) 255MW 
• MS9001FA (GE) 227MW 
 
Table 12.1 in the main report compares the performance of these three turbines with the performance 
predicted by the computer code.  The performance of the MRE is shown to closely match the composite. 
 
Dealing with each of the 3 turbine duties: 
 
hydrogen-rich fuels 
One option requiring a turbine working in this duty is illustrated in figure S1.  The fuel is essentially 
hydrogen and the turbine uses air for combustion. 
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Figure S1: Precombustion decarbonisation. 
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Table S1 compares the datum performance of the MRE using natural gas against its performance using 
a pure hydrogen fuel.  The turbines are used in an open cycle. 
 
Table S1: Performance of reference turbine (MRE) with natural gas fuel and hydrogen fuel 

Parameter Natural gas fuel Hydrogen fuel 
pressure ratio 17.0 17.1 

turbine entry temperature (K) 1550 1550 
inlet flow (kg/s) 622 622 

power output (MW) 250 261 
thermal efficiency (%) 38.7 39.6 

exhaust temperature (K) 857 852 
 
The results in table 1 are significant.  They show that, relative to natural gas, hydrogen can be an 
attractive fuel.  For the same turbine, 4% more power is produced and the machine is 2% more 
efficient (expressed as a percentage of the reference 38.7% for natural gas).  The net gain would be 
slightly less in a combined cycle as the gas turbine exhaust contains 0.6% less residual heat.  To 
emphasise the significance of these results it should be noted that the turbine entry temperature with 
natural gas fuel would have to be increased by about 100K to increase the efficiency to 39.6%. 
 
Table S2 presents properties of methane and hydrogen relevant to this discussion. 
 
Table S2: Properties of CH4 and H2   

Property Methane Hydrogen 
mass basis calorific-value mass (MJ/kg) (LHV) 50.03 119.91 
volume basis calorific-value (MJ/Nm3) (LHV) 33.95 10.23 

flame speed (burning in air) (m/s) 0.43 3.5 
minimum ignition energy (mJ) 0.33 0.18 

auto-ignition delay time  (sec.)(17 atm. 1000K) 0.0456 0.0062 
stoichiometric combustion temperature (K) 2227 2370 

density (g/l at NTP) 0.71 0.09 
 
In combustion terms, hydrogen can be viewed from two aspects.  The energy performance is 
determined by its calorific value on a mass basis.  On this basis, hydrogen has more than twice as 
much energy as methane (see table S2).  Hence, the improved performance relative to methane 
highlighted above.  However, on a volume basis three times more hydrogen than methane is needed 
for a given energy input; this has major implications e.g. on the size of the fuel handling and injection 
system.   
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Changing a gas turbine designed for natural gas-fuel to run on hydrogen requires modifications to the 
combustor and its mixing system.  The flame speed2 is faster and the auto-ignition3 delay time is 
shorter for hydrogen; both by an order of magnitude (see table S2).  The major change in turbine 
combustor design in recent years has been from single-stage diffusion combustors to staged 
premixing.  The objective of these changes being to reduce NOx emissions.  Staged premixing avoids 
‘hot-zones’ and, as NOx production is approximately proportional to T5, this can reduce NOx formation 
by an order of magnitude.  Challenges in designing pre-mix systems are avoiding flash-back, avoiding 
gas pulsation, and being able to follow changes in power demand.  Because of the relatively high 
flame speed of hydrogen and the short auto-ignition delay time, hydrogen-rich gas cannot at present be 
burnt in pre-mix combustion systems; research to establish design rules is required.  The use of 
hydrogen-rich fuels in diffusion systems is not seen as a problem but, unless counter-measures are 
taken, could result in unacceptable levels of NOx production.  Thus use of hydrogen fuel could be seen 
as a retrograde step in turbine design. 
 
Steam injection is used as a method of limiting NOx production.  In process studies done for IEA GHG 
the amount of steam added to the hydrogen-rich fuel to reduce NOx emissions is significant; it has 
ranged from 0.3 to 0.8 kg steam/kg of fuel gas.  If steam has to be raised specifically for this duty it 
results in a reduction in process efficiency.  Humidification using low-grade heat is a possibility but 
detailed design studies are required to identify the optimum heat integration strategy. 
 
The use of selective catalytic reduction technology on the turbine’s exhaust gas might be a cheaper 
solution to the problem of NOx emissions.  
 
As mentioned above, the low calorific value of hydrogen on a volume basis has major implications. 
For example; gas manifolds, valves, and injection nozzles would have to be appropriately sized.  This 
is not difficult in itself but such systems will be significantly larger than equivalent systems for natural 
gas.  It is necessary to design the system to cope with start-up and shut-down as well as unplanned 
process upsets.  The likely arrangement would be to use natural gas or some other established fuel for 
start-up and shut-down, so two different gas delivery and control systems would be required (together 
with the appropriate purge systems).     
 
If nitrogen is present in the hydrogen-rich fuel, changes to the combustor may be less than for burning a 
pure hydrogen fuel.  The main report examines the implications.  If the fuel gas is produced in a process 
using oxygen the fuel will be 95% hydrogen or greater.  The merits of adding nitrogen (available from the 
air separation unit) to this fuel need to be examined on a case-by-case basis.  
 
partial recirculation of flue gas 
This option is illustrated in figure S2.  The working fluid of the turbine is predominantly air but with a 
significant CO2 content. 
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Figure S2: Partial recirculation of flue gas 
 
                     
2 The flame speed is the velocity at which unburnt gas mixture flows into a stable flame, it is a major factor in 
determining such things as burner flash-back and blow-off limits. 
3 The auto-ignition delay time defines the time from the instant of mixing hot streams of fuel and oxidant to the 
instant at which flame appears.   
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This processing option is aimed at making CO2 capture easier by concentrating it in a reduced volume of 
flue gas, but only to the extent it can be done without necessitating major changes to the gas turbine.  The 
study shows that this option is practicable, but the changes involved are significant.   
 
A detailed assessment of the fraction of turbine exhaust that can be recirculated to the turbine’s air 
compressor is presented in appendix 7 of the report.  A maximum of about 16%wt. of CO2 in the exhaust 
gas can be reached.  The exact figure depends on the operating temperature of the gas expansion turbine 
and the amount of excess oxygen needed to ensure full combustion of the fuel. (During normal open-cycle 
operation of a gas turbine only about 1/3 of the input oxygen is burnt.) 
 
Table S3 compares the open-cycle performance of the gas turbine with recirculating flue gas against the 
datum (table 6.3 in the main report gives more details).  Sufficient air is used to maintain 10% excess 
oxygen. 
 
Table S3: Performance of turbine with flue gas recirculation compared to reference turbine  

Parameter Datum (open cycle) Recirculated flue gas +air (10% excess O2) 
pressure ratio 17.0 16.8 

turbine entry temperature (K) 1550 1544 
inlet flow (kg/s) 622 607 

power output (MW) 250 262 
thermal efficiency (%) 38.7 37.7 

exhaust temperature (K) 857 882 
 
 As can be seen in table S3 the gas turbine delivers about 5% more power but the efficiency is about 3% 
lower (referenced to the 38.7% datum).  These performance changes are entirely due to changes in the gas 
properties of the working fluid.  The working fluid is predominantly air, but in the compressor it will 
contain about 7-9% CO2 and in the gas expansion turbine about 12-15% CO2.  In a combined cycle some 
of the efficiency loss would be recovered because the exit temperature increases by 25K.   
 
No changes are needed to the gas expansion turbine and the compressor.  A small reduction in the turbine 
entry temperature of about 6K may be necessary to keep the temperature of the blade metal  the same as in 
the datum case.  The exhaust pressure of the gas expansion turbine would need to be slightly increased to 
overcome pressure losses in the recirculation loop.  Changes would be needed to the combustor, 
particularly if it is the pre-mix type.  Additional equipment such as valves will be needed to control the 
recirculation fraction; control system software would also be needed. 
 
oxyfuel combustion with CO2 recycle 
This concept is illustrated in figure S3.  The working fluid is mainly CO2. 
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Figure S3: Oxyfuel combined cycle with CO2 recycle 
 
Various potential modification to adapt an existing gas turbine design for oxygen-firing with CO2 as a 
working fluid are discussed in the report.  The most likely possibility is that a new compressor would be 
designed to match the requirements of an existing gas expansion turbine.  Table S4 compares the 
performance of the datum MRE with that of a modified gas turbine with CO2 working fluid (table 6.5 of 
the main report is a more detailed version).  
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Table S4: Performance of modified turbine with CO2 working fluid compared to reference turbine  
Parameter Datum (open cycle) Modified turbine, CO2 working fluid 

+ new compressor 
pressure ratio 17.0 17.0 

turbine entry temperature (K) 1550 1510 
inlet flow (kg/s) 622 665 

power output (MW) 250 312 
thermal efficiency (%) 38.7 33.9 

exhaust temperature (K) 857 1002 
 
As can be seen in table S4 there is a useful increase of power output of approximately 25% but the thermal 
efficiency is much poorer being some 12% worse than the datum.  Some of this efficiency loss could be 
recovered in a combined cycle as the exhaust gas is 145K hotter than the datum.  The turbine inlet 
temperature has been reduced by 40K to maintain the same metal temperatures as the datum.  More details 
of the temperature effects of switching from air to CO2 are given in the main report.   
 
The new compressor could be readily designed and developed using existing technology.  A new 
combustor design is also required as switching from air to CO2 would result in substantial changes; the 
amount of excess oxygen required would depend on the details of the combustor design but could be 
around 10%.  There would need to be significant changes to the fuel system and the associated control 
system to handle the oxygen.  The control system would also be required to control the amount of CO2 
extracted from the cycle, taking into account variations in load demand.  Start-up and shut down 
procedures would be more complex requiring either a store of CO2 with which to prime the system or 
gradual switching between operation on air and CO2.    
 
cost and time-scale barriers 
Development costs are inevitably speculative but, on the basis of industrial experience, the following costs 
were used as a basis for the survey of opinion and subsequent discussions.  The cost of a wholly new large 
turbine would be about 1 billion US$.  However, virtually all ‘new’ turbines these days are derivatives of 
existing machines; the cost of modification depends on the magnitude of the changes, but it can be in the 
region of 50-100 million US$.  On the basis of these cost assumptions, table S5 represents a summary of 
the views expressed in the survey.  (Section 8 of the report deals with the survey.  The views of 
manufacturers are differentiated from those of users.  In some cases added weight is given to the views of 
leading manufacturers.) 
 
Table S5: Summary of development requirements, costs and timescale 

 H2-rich fuel partial recirculation oxyfuel-CO2 recycle 
System component:    

compressor unchanged unchanged new 
combustor modified modified new 

gas expansion turbine unchanged unchanged unchanged 
fuel & control system new modified modified 
Approx. development 
cost (millions of US$) 

200-400 350 600-800 

Time required (years) 1-3 2-3 3-4 
 
It can be seen from table S5 that none of the CO2 abatement options considered is in jeopardy because of 
the development time required.     
 
The development costs are large but not excessive in relation to the potential market if CO2 abatement is 
adopted on a large scale.  See table S6.  Sales of gas turbines are equivalent at present to approximately 25 
GWe/year.  The specific cost of a combined cycle power plant is about 500$/kW.  Even if only 100 large 
machines are sold i.e. about a single years sales, and the development cost is $1 billion, recovery of the 
cost adds less than 10% to the cost.  If such machines are to be used to make a deep reduction in CO2 
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emissions, and say 1000 are sold, the recovery of the $1 billion development cost adds less than 1% to the 
cost of each machine. 
 
Table S6: Additional cost of turbines to recover development costs. 

Cost of development to be recovered per 250 MWe turbine ($/kW) Development cost 
in US $. 100 turbines sold 

(cumulative capacity 25GWe) 
1000 turbines sold 

(cumulative capacity 250GWe) 
500 million 20 2 

1 billion 40 4 
 
institutional barriers 
The survey shows that power utilities and industry can be expected to be resistant to the development of 
novel turbines for application in CO2 abatement processes because of the increased costs.  Moreover, there 
is a belief that the climate change problem can be dealt with by development programmes leading to higher 
efficiencies and by the use of low carbon content fuels.   
 
Manufacturers are seen to be essentially neutral, because a desire for new business is balanced by: (i) 
caution about developing novel turbines for which there is no established market, and (ii) concerns about 
pressurising existing customers to change equipment before it is scheduled for retirement.   
 
For both manufacturers and users, financial incentives are required to promote the required developments. 
 

Expert Group and other comments 
 

Comments were received from several experts; except for the following, all were dealt with in the report.  
 
There was a debate about the status of pre-mix combustor technology.  The Cranfield view is that “Whilst 
premix combustors are in service, their technology is certainly not as well understood as for diffusion 
combustors.  Various companies have trouble with pre-mix combustors particularly in connection with 
pressure oscillations.  Research is still taking place to create reliable design rules….” 
 
Several experts noted that it would have been useful to extend the study to consider the performance of the 
turbines in a combined cycle.  An approximate indication of the effect on bottoming cycles of changes to 
the gas turbine exhaust temperature has been added to the report.     
 
There was a disagreement about the detailed effects on efficiency of steam/water injection into the turbine. 
This was not pursued as it is a technical argument outside the scope of this work.  
 
One reviewer asked if a better estimate could have been made of the amount of excess oxygen required in 
the oxyfuel/CO2 recycle case (10% was assumed).  Cranfield replied that estimating the minimum amount 
of excess oxygen is a major task which is heavily dependant on the details of the combustor design.    
 
One user noted that service availability of turbines with significant modifications could be well below that 
predicted for many years.  “Based on experience with large industrial gas turbines … this period could be 6 
years or longer from when the machines start to enter service.”.  This would represent an extra cost to the 
development of new gas turbine designs, something which has not been specifically included in this study. 
 

Major conclusions 
 
The overall conclusion is that the future availability of gas turbines suitable for use in processes for 
CO2 abatement is not in jeopardy due to any major technology barriers.  Development work is 
required, but the time-scale and costs involved are not prohibitive.  These conclusions are supported 
by views expressed by manufacturers, users, and other informed parties.  However, the development of 
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gas turbines is expensive; the risks involved and the financial consequences for manufacturers can be 
large.  Manufacturers are reluctant to develop new or substantially modified turbines without being 
confident they could attract sufficient sales.        
 
In energy terms hydrogen is an attractive turbine fuel giving a superior performance to natural gas.  
However, with existing machines the potential gains of a hydrogen-rich fuel cannot be realised 
because of concerns about NOx production and the moisture content of the working fluid.  Hydrogen-
rich fuels can not at present be used in premix combustion systems because extensive redesign would 
be required. Hydrogen-rich fuel can be used with a single-stage diffusion combustor but significant 
steam addition is required to avoid combustion hot-spots.  The net effect is that hydrogen-rich gases 
can be used in large-scale industrial gas turbines but a step backwards is required from recent 
advancements in technology.   
 
Re-circulation of flue gas to concentrate CO2 in the flue gas can be done using existing turbines.  
However, the combustor would need modifications as would the fuel and control systems.  Previous 
work by IEA GHG (report PH3/14) indicates this approach could have a slight advantage over amine 
scrubbing the flue gas without recirculation.   
 
Oxyfuel combined with CO2 recycle requires significant turbine development work.  Potentially, an 
existing gas expansion turbine could be used with only relatively minor alterations but the remainder 
of the turbine system would need to be newly developed or extensively modified.  It appears unlikely 
that the considerable development work required will be undertaken, unless oxyfuel systems can be 
shown to be considerably cheaper than post- or pre-combustion decarbonisation options for CO2 
abatement.  
 

Recommendations 
 
Further work is required to: 
 
• establish, with potential users and manufacturers, the availability of turbines suitable for 

hydrogen-rich fuel gas 
• develop in more detail the option of combining partial re-circulation of flue gas with CO2 capture 

by amine scrubbing.  It is not clear at present whether this technology would be a sufficient 
improvement on CO2 capture from flue gas without re-circulation to warrant the development risk. 

• investigate whether there are novel oxyfuel systems  which would have the potential to be 
sufficiently cheaper than post- and pre-combustion decarbonisation options to warrant the cost of 
developing the turbines.   
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1.0 ABSTRACT 
  

The International Energy Agency (IEA) was established in 1974 within the 
framework of the Organisation for Economic Co-operation and Development (OECD) 
to implement an international energy programme. The IEA Greenhouse Gas R&D 
(IEAGHG) Programme includes the evaluation of technical options which reduce the 
emission of carbon dioxide (CO2) to atmosphere.  

In many power stations, gas turbines are a key component and they are 
expected to play an increasingly important role in power generation.   They produce 
CO2 if they burn fossil fuels.  The IEAGHG executive has placed a contract with 
Cranfield University to examine the potential for ensuring the availability of suitable 
gas turbines for use in future power station schemes aimed at reducing the emission of 
CO2 to atmosphere.  This is the final report of the contract. 
 Only gas turbines of 100 MW or more are considered, and the report only 
addresses the gas turbine component.  Three main options are examined in some 
detail.  The first involves the combustion of hydrogen injected with two levels of 
dilution by nitrogen (no CO2 is produced by the gas turbine in this case).  The second 
and third options, fuelled by natural gas, involve the re-circulation of the (cooled) 
exhaust gas back to the intake of the gas turbine to concentrate the CO2 and thus 
facilitate its removal.  In one case the air acts as oxidant, and is partially replenished.  
In the other case, additional oxygen is supplied to the combustor and the recirculating 
gas is virtually all CO2.  
 A substantial questionnaire was prepared and circulated widely in the field, to 
manufacturers, users and other informed parties.  In addition, direct discussions were 
held with the key major players, including ABB, Alstom, GE, Rolls-Royce, National 
Power, Norsk Hydro and Siemens (Westinghouse).  Technical studies were also 
carried out at Cranfield University to establish the fundamental technical changes 
needed by current gas turbines in order to make them suitable for incorporation in the 
CO2 abatement options under consideration. Changes are found to be required 
especially when the main flow through the gas turbine is changed from air to CO2. 
 The report reviews current and projected developments in gas turbines, and 
examines which types of gas turbines are more suitable than others for modification 
for use in power generation processes involving CO2 removal.  The incentives 
necessary to persuade manufacturers to develop suitable gas turbines are explored, 
including carbon trading and CO2 tax.  The cost and time-scale implications of the 
potential developments to gas turbines in CO2 abatement schemes are discussed.  The 
support or resistance of the public and of institutions such as banks, insurers and 
industry are reviewed. 
 It is concluded that all Options require improved combustion technology.  The 
other changes needed to burn mixtures of hydrogen and nitrogen are relatively small.  
However, in contrast, the effect of recirculating exhaust gas with a high CO2 
concentration requires major changes to the gas turbine and makes a major impact on 
the performance of the gas turbine.  Nevertheless, for all the options considered, the 
cost and time-scale issues are likely to be at least as significant in the remainder of the 
plant than they are for the gas turbine itself. 
 
An EXECUTIVE SUMMARY is published as a SEPARATE DOCUMENT  
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3.0 NOMENCLATURE AND GLOSSARY 
 
A2  Flow Area at Compressor Inlet 
A4  Flow area at Combustor Outlet 
A5  Turbine NGV Throat Area 
A8  Final Nozzle Area 
c  Speed of Sound 
CCPLOSS Combustion Chamber Pressure Loss (∆P/P) 
CCGT  Combined Cycle Gas Turbine 
CO  Carbon Monoxide 
CO2  Carbon Dioxide 
CH2  Kerosene type fuels 
CH4  Methane 
CHP  Combined Heat and Power 
Cp  Specific Heat at Constant Pressure 
Cv  Specific Heat at Constant Volume 
EGT  Exhaust Gas Temperature 
EMF  Exhaust Mass Flow 
far  Fuel - Air Ratio 
FF  Fuel Flow 
GHG  Greenhouse Gas 
Gt  Giga Tonnes (1 Gt = 109 tonnes) 
GW  Giga Watts (1GW = 109 Watts) 
H or h  Enthalpy  
h  Heat Transfer Coefficient 
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HR  Heat Rate 
H2  Hydrogen 
H2O  Water 
HRSG  Heat Recovery Steam Generator 
IEA  International Energy Agency 
IGCC  Integrated Gasification Combined Cycle 
ISA  International Standard Atmosphere 
ISA + 30 International Standard Atmosphere day temperature plus 30oC 
J  Joules 
K  Degrees Kelvin 
kg  Kilogrammes 
kJ  Kilo Joules 
kPa  Kilo Pascals 
kW  Kilowatts 
LHV  Lower Heating Value 
M or Mach Mach Number 
MRE  Modern Reference Engine 
MW  Megawatts 
N  Rotational speed (rpm) 
NdN  Non-Dimensional Rotational Speed 
NdW  Non-Dimensional Mass Flow Rate 
NGV  Nozzle Guide Vane 
NSNG  North Sea Natural Gas 
N2  Nitrogen 
NOx  Nitrous Oxides 
O2  Oxygen 
OPR  Overall Pressure Ratio 
P  Total Pressure 
p  Static Pressure 
Poly  Polytropic 
PR or Pr Pressure Ratio 
P4/P6  Turbine Expansion Ratio 
r  Radius 
R  Gas Constant 
R&D  Research and Development 
RIT  Rotor Inlet Temperature 
RPM (rpm) Revolutions per minute 
SCR  Selective Catalytic Reducer (Reduction) 
Sec  Second 
SOT  Stator Outlet Temperature 
T  Total Temperature 
Tc  Total Temperature of Cooling Fluid 
t  Static Temperature 
T3  Compressor Delivery Temperature 
TET  Turbine Entry Temperature 
U  Blade Speed 
UHC  Unburned Hydrocarbons 
V  Velocity 
Vppm  Volume parts per million 
W  Mass Flow Rate 
W1  Inlet Mass Flow Rate 
γ  Gamma – ratio of specific heats Cp / Cv 
ρ  Density 
η  Efficiency 
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ηpoly  Polytropic Efficiency 
ηth  Thermal Efficiency 
 
 
4.0 BACKGROUND AND SCOPE 
 
4.1  THE INTERNATIONAL ENERGY AGENCY. 
 

The IEA fosters co-operation amongst its 24 member countries, and co-operation with 
other countries, in order to increase energy security by improved efficiency of energy use.  To 
achieve this, the IEA encourages development of alternative energy sources, research, 
development and demonstration on matters of energy supply and use.  This is achieved 
through a series of collaborative activities, organised under more than 40 Implementing 
Agreements.  These Agreements cover more than 200 individual items of research, 
development and demonstration.  The IEA Greenhouse Gas R&D Programme is one of these 
Implementing Agreements.   
 

The members of the IEA Greenhouse Gas R&D (IEAGHG) programme are interested 
in the evaluation of technical options which reduce the emission of greenhouse gas (GHG) to 
the atmosphere.  In particular, technologies for the sequestration and disposal of CO2 
produced in power stations by combustion of fossil fuels are the subject of considerable 
research activity. This document is a report covering a study of the modifications required by 
gas turbine engines aimed at abating the CO2 produced in power stations. 
 
 
4.2 CO2 AND GLOBAL WARMING.      
         
4.2.1  GREENHOUSE EFFECT - GENERAL DESCRIPTION AND ISSUES 
 

The greenhouse effect is a naturally occurring process that contributes to heating the 
Earth’s surface and atmosphere. It results from the fact that certain atmospheric gases, such as 
carbon dioxide (CO2), water vapour and methane, are able to change the energy balance of the 
planet by being able to absorb long-wave radiation from the Earth’s surface. Without the 
greenhouse effect, life on this planet would probably not exist as the average temperature of 
the Earth would be a chilly –18 C, rather than the present +15 C (Ref. 1). 
 

The amount of heat energy added to the atmosphere by the greenhouse effect is 
controlled by the concentration of greenhouse gases in the Earth’s atmosphere. All of the 
major greenhouse gases have increased in concentration since the beginning of the industrial 
revolution (about 1700 AD).  
 

As a result of these higher concentrations, scientists predict that the greenhouse effect 
will be enhanced and the Earth’s climate will become warmer.  This would lead to other 
climatic changes, such as changes in rainfall patterns, storminess and a rise of the sea level. 
However, there is not complete scientific consensus on the relationship between greenhouse 
gas emissions and resultant changes in the global climate.  
 
4.2.2   THE CONTRIBUTION OF CO2 TO GLOBAL WARMING  
 

The various greenhouse gases contribute in a different way to the greenhouse effect, 
mainly because of their chemical properties and their concentration in the atmosphere (Ref.2). 
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Figure 4.1: Relative Contribution of Atmospheric Emissions to Global Warming 

 
CO2 is responsible for about 61% of the greenhouse effect attributed to the increased 

atmospheric concentrations of greenhouse gases.  Other main fractions are methane 15%, 
CFC 11.5% and Nitrous Oxides 4%. 
 

The concentration of CO2 in the atmosphere has increased by 15% in the last 35 years 
as shown in the following graph (Ref. 3).  This amounts to about 11 Gt CO2 per annum. 
 

 
Figure 4.2: Rising concentrations of CO2 in the atmosphere 

 
 

4.2.3  ANTHROPOGENIC (MAN MADE) SOURCES OF CO2 
 
 The atmosphere contains at present about 2700 Gt (billion tonnes) of CO2 (Ref. 4).  
However, CO2 is increasing in the atmosphere primarily due to the activities of humans. The 
anthropogenic sources of this gas, which amount to about 54 Gt per year, include fossil fuel 
combustion for industry, transportation, space heating, electricity generation and domestic 
consumption, which account for about 25 Gt CO2 per year (Ref. 5).  The remaining 29 Gt CO2 
per year comes from vegetation changes in natural prairie, woodland and forested ecosystems 
(Ref. 6).  Much larger amounts of CO2 are emitted naturally – perhaps around 800 Gt per 
year.  However, all the CO2 emitted by all sources is re-absorbed except for the 11 Gt per year 
mentioned above. 
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Electricity generation accounts for about 9 Gt CO2 emitted per year to the atmosphere 

by combustion of hydro-carbon fuels.  Hydro-carbon based power-generation consequently 
accounts for about 17% of the total global anthropogenic CO2 emissions (Ref. 4).  
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Figure 4.3: World Anthropogenic CO2 Emissions related to Fossil Fuel Combustion: 
Division by Sector (from IEA World Energy Outlook, 1998 Edition – Ref. 5) 

 
It is also interesting to see how the world anthropogenic CO2 emissions related to 

fossil fuel combustion are split between the various fuels available at present. 
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Figure 4.4: World Anthropogenic CO2 Emissions related to Fossil Fuel Combustion: 
Division by Fuel (from IEA World Energy Outlook, 1998 Edition – Ref. 5) 
       

Amongst fuels, coals and oil contribute about equally to world CO2 emissions in the 
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base year of 1987, but coal’s contribution is increasing relatively faster.  Use of natural gas is 
also increasing rapidly because of its availability and clean burning properties. 
 
4.2.4  CONCLUSIONS ON GLOBAL WARMING 
 

CO2 is the main gas contributing to global warming. 
 

As shown from the graphs above, the world anthropogenic emissions of CO2 are 
likely to increase continuously in the future, unless a radical reduction is achieved by human 
effort. This is because the total world energy consumption is likely to grow at an average rate 
of about 2.4 per cent per annum, mainly because of growth in population, economic activity, 
increasing industrialisation and road transport, especially in developing countries. 
 

Electric power generation is presently responsible for about 17% of the total global 
anthropogenic CO2 emissions. Therefore possible methods and technical options that could 
significantly reduce this portion of CO2 emissions are of interest.  
 
4.3 RATIONALE FOR THIS STUDY. 
 
4.3.1 WORLD MARKET FOR COMBINED CYCLE AND GAS TURBINE PLANT 

  Industrial and aero-derivative gas turbine systems are employed around the world in 
many situations including electricity generation and mechanical drive applications. Global 
sales are currently estimated to be in the region of 25-30 GWe per annum with over half 
originating in the U.S.A. (see figure 4.5).  Currently around 56% of this production comprises 
units with capacities greater than 125 MWe, 35% in units of 20-125 MWe and 9% in units 
smaller than 20 MWe (see figure 4.6). World wide, gas turbine based systems are taking some 
30% of the market for power plant, double the figure of 10 years ago.  With natural gas 
predicted to take an increasing share of the primary fuels market (see figure 4.7) the rise of 
gas turbines in the power plant market seems set to continue (Ref. 7). 
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Figure 4.5 Gas Turbine Companies - Market Share 
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Figure 4.6 Annual Production of Gas Turbine Capacity 
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Figure 4.7 Predicted World Energy Growth 
 
4.3.2 FUTURE DEMAND FOR GAS TURBINE PLANT 

The demand for electricity world-wide is expected to increase by 2-3% per annum for 
the next 15 years - more rapidly in developing countries with expanding economies (Ref. 8).  
In 1990, gas turbines comprised approximately 20% of world-wide orders for new power 
plant. Current projections estimate that by the year 2000 nearly 40% of the 74 GWe new 
annual demand will be met by gas turbines.  These figures represent a new capacity 
requirement of 450 GWe over the next 15 years, a market representing some £160bn to 
£180bn (say US$250bn to US$300bn). Such a trend is occurring because combined cycle 
plant has the highest efficiency of any current fossil fuel plant, with efficiencies approaching 
60%, it has the lowest installed cost per installed kW and the lowest cost of generation over 
the life of the plant.  Also, combined cycle gas turbines have the lowest emissions per kW of 
any fossil fuel power plant with significant advantages over conventional coal fired steam 
plant.  
 
4.3.3 INTERNATIONAL CO2 ABATEMENT ACTIVITIES 
 

Although there is currently no specific legal limitation on the amount of CO2 emitted 
by any particular plant, there is considerable international activity aimed at reducing global 
CO2 emissions.  The Kyoto Protocol of December 1997 resulted in agreements by many 
countries to make various reductions in their total emissions by 2008 to 2012, relative to the 
values in 1990.  In UK, for example, the target is a 12.5% reduction relative to the 1990 
levels, covering all emissions. This requires a significant effort not only because of the 
technical problems and the investment required, but also because of the growth in energy 
demand. In essence, carbon taxation and CO2 trading are possibilities, but these steps require 
much further work in order to design practical and effective procedures.  As CO2 abatement 
becomes more prevalent, the industries involved must remain competitive.  It is inevitable 
that legislation will eventually emerge in many countries, as the issues become better 
understood.  Further discussion is offered in Section 7 and Appendix 5. 

 
The CO2 problem has been recognised for one or two decades already. The 
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development of schemes for Integrated Gasification Combined Cycles (IGCC) is well under 
way.  GE, Siemens and Westinghouse turbines have been used in IGCC schemes, and Texaco, 
Shell, Dynegy, Dow and the US Dept. of Energy have contributed effort.  IGCC schemes 
produce syngas fuel from coal or other hydrocarbons. Syngas is usually a mixture of 
hydrogen (H2) and carbon monoxide (CO) with a significant content of non-combustible 
gases, principally CO2 and N2.  The carbon monoxide can be converted to CO2 and the 
majority of the CO2 removed, leaving a fuel gas consisting essentially of hydrogen diluted by 
any N2 introduced into the process.   Coal will last much longer than oil or natural gas, and 
this is a strong driver for the “clean coal” IGCC schemes.  A further development is the 
advent of more Combined Heat and Power (CHP) schemes, in which the exhaust heat is used 
for heating, thus saving fuel and hence reducing CO2 emissions.  There is some further 
technical discussion of the IGCC process in Appendix 9. 

 
Gas turbine companies in both the industrial and aero fields have studied the use of 

hydrogen fuel for many years.  A current example is the World Energy Network (WE-NET) 
programme.  Under its auspices, the Japanese New Energy and Industrial Technology 
Development Organisation (NEDO) is funding studies at Westinghouse (Ref 9).  The Hitachi 
Company is also conducting studies and research.  ABB report a powerplant operating on a 
refinery fuel containing over 70% hydrogen.  GE have conducted research (Ref. 10). 

 
Work has also already been done on separating the CO2 from the gas turbine exhaust.  

Most major manufacturers have at least done theoretical studies, and Hitachi and Siemens 
have done experimental work.   
 
 In the USA, the ATS programme is drawing to a close, and will be succeeded by 
Vision 21.  Both programmes are aimed at offering guidance to future trends, and this of 
course includes reduction of emissions.  The ATS programme is concluding that efficiency 
improvements of 1% per annum should be possible over a period of 10 years, which has an 
impact on CO2 abatement.  In UK, a Foresight report is shortly to be published, using the ATS 
programme as a starting point.  It suggests that a reduction in the cost of electricity of 2% per 
annum should be possible, based largely on plant efficiency improvements. 
 
4.4 SCOPE OF THIS REPORT. 

 
As discussed in the previous section, gas turbines are increasingly a key component 

of many power station schemes.  When they were first used for power generation, they were 
employed largely for peak lopping because of their quick starting capability.  Their current 
maturity both in simple cycle and in combined cycle operations means that, nowadays, they 
are being used more and more for base load operation, and this trend is likely to continue.  
Gas turbines in combined cycle mode now offer, or are expected to offer in the near future, 
the least cost and lowest pollutant emissions technology with gas, liquid and solid fuels 
including coal, biomass and waste.  It follows, therefore, that the gas turbine must be 
considered in any study aimed at the abatement of CO2.  The potential for ensuring the future 
availability of suitable gas turbines for such processing schemes is the burden of the present 
report. 

   
The application of CO2 abatement technology is expected to increase costs and 

therefore, at least in the early years, economy of scale suggests that the most likely 
application of CO2 abatement will be in large size plant, perhaps over 100MW.  In this report, 
therefore, only gas turbines of 100 MW or more are considered. However, the report includes 
input from the aero-engine industry, as much of the technology base is common. 

 
 Whilst a number of other gas turbine cycles and configurations could have been 

considered, the report concentrates on two fundamental solutions.  The first solution 
considered is one in which the CO2, resulting from pre-processing the hydrocarbon fuel, is 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES 12

concentrated for sequestration and disposal prior to combustion.  Note that most current IGCC 
plants operating on syngas do not remove the CO2 from the fuel, although the technology 
exists to do so.  The second solution considered is one in which the concentration of CO2 is 
increased in the gas turbine exhaust to reduce the cost of CO2 capture prior to sequestration 
and disposal.  Those solutions involving the concentration and sequestration prior to 
combustion result in the combustion, in the gas turbine, of essentially pure hydrogen or 
hydrogen mixed with nitrogen, along with very small quantities of other gases.  In the context 
of the present study, the source or supply of the gaseous fuel is not addressed.  For the 
solutions involving extraction of the CO2 from the gas turbine exhaust, the subsequent 
sequestration and disposal of the CO2 is not considered in this study. 

 
In the context of the two fundamental solutions, three main technical options for gas 

turbines are examined and these are described later in this report. Section 5 describes these 
Options more fully.  Briefly, the first option, which has two parts, (Options 1A and 1B) is 
concerned with the combustion of hydrogen mixed with different fractions of nitrogen.  The 
second (Option 2) is fuelled with natural gas using air as the main working fluid; but it is a 
partially closed cycle to concentrate the CO2 to facilitate its separation from the gas turbine 
exhaust.  The third (Option 3) is essentially a closed cycle in which the working fluid is pure 
CO2; oxygen is injected with the natural gas as oxidant for the combustion. 

 
The report addresses only the gas turbine engine itself.  All other plant components, 

such as plant for fuel manufacture and preparation, for fuel storage, for fuel compression 
systems, CO2 extraction, CO2 disposal, bottoming cycles and plant controls are outside the 
scope of the report. 

 
Also presented is a review of the current state of the art in gas turbines and a 

projection of future gas turbine technology (Section 6 and Appendix 4). The report then 
discusses the technical problems arising from the modifications required by gas turbines to 
make them suitable for incorporation in the three technical Options, which are the subject of 
this report.   

 
Talks were held at a senior level with a number of major manufacturers and users.  

The results of these talks are summarised in Section 7. 
 

Also in Section 7, consideration is given to the incentives that manufacturers need in 
order to proceed with the developments required.  The costs and time-scales of the required 
developments are discussed.  Possible next steps are considered. 

 
A substantial questionnaire was prepared and circulated to major players in the field 

including manufacturers, users and other informed parties, and the results were analysed (see 
Section 8 and Appendix 1). 

 
Potential institutional barriers are discussed in Section 8, including possible barriers 

from financial institutions, insurers, governments, environmentalists, local communities, 
manufacturers, power utilities, the public and others.  Ways of overcoming these barriers are 
explored. 
 
5.0 DESCRIPTION OF TECHNICAL OPTIONS FOR CO2 
ABATEMENT  
 
 The three Options for CO2 abatement are now described.  The general technical issues 
are discussed in Section 6.3.  A full discussion of the 3 Options is given in Section 6.4.  It is 
worth noting at this stage that the typical concentration of CO2 in the exhaust of a gas turbine 
operating on air in open cycle and burning natural gas is about 3% to 6% depending on the 
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engine details.  The CO2 produced per Megawatt is about 20% less when burning natural gas 
(mainly CH4) compared with burning kerosene type liquid fuels (CH2). 
 
OPTION 1A.   
      

This Option for CO2 abatement consists of a gas turbine modified to burn virtually 
pure hydrogen (95% hydrogen and 5% nitrogen), with air as the working fluid.   In this case, 
the exhaust gas contains no CO2.  The hydrogen fuel could be produced by reaction of 
synthesis gas and steam, outside the gas turbine; the resulting hydrogen and CO2 would be 
separated before burning the hydrogen in the gas turbine. The gas turbine so modified would 
be compatible with all types of combined cycle and other plants in which gas turbines are 
used.  The modifications required to existing gas turbines to enable them to burn hydrogen are 
discussed in Section 6. 
 
Fig. 5.1 Options 1A & 1B – Fuelled by Hydrogen and Nitrogen 
Mixtures 
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OPTION 1B.   
 

This Option for CO2 abatement is similar to Option 1A but the hydrogen is now 
mixed with about 50% nitrogen (by molar content).  Options 1A and 1B cover the range of 
nitrogen dilution expected from various ways in which the hydrogen is produced: this matter 
is covered by previous IEA studies.   The mixture of 50% hydrogen and 50% nitrogen by 
molar content constitutes a ratio of nitrogen to hydrogen of 14:1 by weight.  The fuel is 
therefore of very low calorific value per unit weight.  A significant compression power is 
required to inject the large flow of nitrogen into the engine at the necessary pressure: 
depending on how the fuel is produced, this compression may be supplied directly by air 
bleed from the engine. 
 
OPTION 2.   
 
This is a partially closed cycle plant configuration in which the operating fluid is a mixture of 
air and CO2.  The fuel is natural gas.  About 50% to 70% of the exhaust gas from the gas 
turbine is recycled back to the inlet; this is to concentrate the CO2 and thus facilitate its 
removal.  The exhaust gas contains up to about 15% CO2; this compares with about 3%-6% 
concentration for normal open cycle operation.  

 
Fig.5.2 Option 2  -  Partially Closed Cycle 
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The CO2 is separated from the extracted flow by external plant (perhaps using a solvent). 
There has to be a cooler in the return circuit between the exhaust and the engine inlet to 
ensure that the flow at inlet to the gas turbine is at a suitably low temperature (and to meet the 
requirements of the Second Law of Thermodynamics).  The recirculating flow is topped up 
continuously with atmospheric air, which provides the oxidant for the fuel, and further cools 
the gas entering the engine.  
 
OPTION 3.   
 

This is a closed cycle configuration in which the main flow is virtually pure CO2.  
The fuel is natural gas.    A suitable amount of oxygen is injected into the combustion process 
to oxidise the fuel.   A small amount of the exhaust is removed continuously for controlled 
disposal of the CO2 and to maintain a constant proportion of water in the exhaust.  The 
exhaust must be cooled before it is returned to the engine.    
 
Fig.5.3 Option 3  - Closed Cycle: CO2 Working Fluid: Natural Gas 
Fuel Oxidised with Oxygen 
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6.0 DISCUSSION – TECHNICAL ISSUES. 
 
 This section addresses the technical issues associated with gas turbines and relates 
them to the CO2 abatement Options.  The Options themselves are then examined in some 
detail.  Where there are substantial technical issues, more detail is given in various 
Appendices. 
 
   
6.1  GENERAL TECHNOLOGY ISSUES 
 

The high cost of purchase and operation of large gas turbines and combined cycle 
plant for large scale power generation has made this a relatively conservative industry, 
particularly in terms of investing in equipment of new or innovative design unless there are 
the strongest legislative or business drivers.  The implications of having to shut down large-
scale generation plant for development, modification or repair necessarily has an impact on 
plant availability. Loss of availability, particularly in the early years of the project, has a 
major impact on the financial performance of power generation plant.  Somewhat in contrast, 
the technology of aero engine gas turbines has evolved rapidly due in part to fierce 
competition; some of this technology feeds into the power generation field, particularly in the 
smaller engine sizes(<60MW). 
 

The development, marketing and market introduction of a new design of gas turbine – 
in both the power generation and aero fields - is a high cost, high risk undertaking.  The risks 
of introducing new designs and technology are carefully assessed both for their intrinsic merit 
and in terms of the value against other options or "opportunity" costs.  The design and 
development of a wholly new large gas turbine can take 4 to 6 years or more and can cost 
over $1bn.  This is rarely done these days – most new engine products are derivatives of 
existing machines, and the development cost is of the order of one tenth of this amount. 
 

One technology in power generation, the integrated gasification combined cycle 
technology (IGCC), is of particular relevance to this carbon dioxide abatement study.  Coal 
continues to be, and is likely to be into the foreseeable future, the most important single 
energy source for power generation (accounting for some 39% of total energy sources for 
power generation).  The clean combustion of coal is accepted as a major international 
imperative with strong support from United States government agencies and from the 
European Union, among others.  Following extensive research, full-size demonstration plants 
are now under development and operation, often with substantial financial backing from 
governments.  The most important of these demonstration projects was started in the early 
1990s.  According to the US Dept. of Energy, (Ref. 11): “Outside the United States, the clean 
coal technology market is projected to climb as high as $870 billion through the year 2010….  
Of this, it is estimated that $215 billion will be available for new applications such as IGCC 
systems”.  
 

IGCC relies on the gasification of coal of using oxygen and water.  The resulting gas, 
"syngas" can contain up to 50% hydrogen.  Many aspects of the gas turbines used in such 
plants, including combustion and performance, are similar to the carbon dioxide abatement 
solutions using 50% hydrogen.  The plant associated with the gas turbine, namely, the air 
separation plant, gasifier, compressors, heat exchangers and the steam generator and steam 
turbines impose similar requirements on the handling and transient performance of the power 
plant.  Some further discussion of gasification is offered in Appendix 9. 
 

The investment in IGCC plant will make this a favoured option for further 
development for carbon dioxide abatement for most gas turbine manufacturers.  This means 
that Option 1B, employing 50% hydrogen, is likely to be favoured by the manufacturers. 
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In practice, the difficulty of using 100% hydrogen as fuel may well be overrated.  The 

concern is that if hydrogen were to be used as the fuel within a diffusion fuel combustion 
system, the level of oxides of nitrogen would be unacceptably high.  Equally, the problems 
associated with pure premixed hydrogen combustion are seen as complex and having a 
relatively high technical risk in relation to an uncertain and perhaps a small market.  
However, aero gas turbines are being considered for hydrogen combustion aircraft, "the 
cryoplane", and these proposals include pure premixed hydrogen combustion.  It is worth 
noting that GE’s research showed that hydrogen addition allowed them to achieve lower NO 
emissions in diffusion combustion by obtaining a stable flame with greater amounts of steam 
dilution.  A full review of hydrogen fuel and its potential has been published by IEA (Ref 3). 
 

The role of the IGCC gas turbine development will influence some of the 
technologies likely to be first used in the context of carbon dioxide abatement from gas 
turbines.  The integrated gasification combined cycle (IGCC) readily lends itself to the 
development of the integrated reformer combined cycles (IRCC).  In this case, the coal 
gasifier is replaced with the natural gas reformer.  This allows carbon monoxide produced to 
be converted to carbon dioxide and removed, followed by the combustion of hydrogen gas 
along with nitrogen which may have been produced in the air separation plant.  
Fundamentally, there is a strong case for separating the carbon and hydrogen from the fuel at 
the earliest opportunity as this would most likely result in the simplest integration of the gas 
turbine within a system where carbon dioxide sequestration is required. 
 

The market for gas turbines employing recycling of exhaust products is difficult to 
define.  If a market does emerge, it would be initially small and may not be viewed 
favourably given the opportunity costs associated with much larger conventional market and 
opportunities for more readily converting IGCC technology to carbon dioxide abatement 
technology.  Of the two gas turbines cycles employing exhaust gas recycling studied, the 
cycle using pure oxygen (instead of air) - Option 3 - may be more attractive because, in the 
absence of nitrogen, the removal of carbon dioxide will be much easier.  However, Option 3 
will be more difficult to develop. 
 

This report is limited to the role of stationary gas turbines of over 100 MW.  Many of 
the major gas turbine manufacturers are also in fields such as nuclear power, fuel cells and are 
actively considering "mini and micro" distributed power systems, and see some of the above 
as competing solutions. 
 
 
6.2 REVIEW OF CURRENT AND PROJECTED GAS TURBINE CYCLES AND 
CONFIGURATIONS FOR POWER GENERATION 
 

For completeness, a comprehensive review of this topic is provided in this report.  
However, since some readers will be familiar with much of the material, it is given as 
Appendix 4.  It is based largely on Ref. 7, and covers the principles of gas turbines, power 
generation using gas turbines in simple cycles, combined cycles, inter-cooling, and 
recuperation, etc.  The key present day and future technology issues associated with gas 
turbine engines are discussed below. 

 
6.3 REVIEW OF CURRENT AND FUTURE GAS TURBINE TECHNOLOGY  
 
6.3.1 OPERATIONAL USE OF GAS TURBINES 
 

Over recent decades, gas turbines have been used more and more for base load, 
having originally entered the industry mainly for peak lopping. Question B5 of the 
questionnaire (Section 8.7) addresses the issue of the future use of gas turbines for peak 
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lopping or base load.  Broadly, answers are split evenly.  It can be concluded that CO2 
abatement schemes may not affect the use to which gas turbines are put in power generation 
in this respect.  It should be noted that load-following is more difficult if significant chemical 
or processing plant is associated with the gas turbine, and this may mean that CO2 abatement 
schemes will have less operational flexibility. 
 
 Based on current experience, the service availability of turbines with significant 
modifications could be less than predicted for many years; this period could be 6 years or 
more from when the machines start to enter service. 
  
6.3.2  ENGINE CYCLES AND EFFICIENCY TRENDS   
 

There has been a steady improvement in thermal efficiency with time in large gas 
turbines, and this fact alone contributes to a reduction in CO2 emissions per unit of power.  
Figure 6.1 illustrates the trend.  Simple cycle efficiencies of modern machines are in the range 
35-40%.  Thermal efficiencies of aero derivatives now exceed 42%, but the largest of these is 
around 60MW at present.  The efficiency improvements have come from increased operating 
temperatures, higher overall pressure ratios and better component efficiencies.  Table 12.1 
shows the key parameters of some typical modern engines.  The thermal efficiencies of 
current engines have not been compromised by the need to design combustion systems and 
choose operating temperatures to meet stringent emission regulations in many parts of the 
world.  Some further details on engine cycles and efficiency are given in Appendix 4.  

 
In Appendix 1, responders to the questionnaire give opinions on the future trend in 

thermal efficiency – see question B4 and Section 8.6.  They believe that by the year 2020 
efficiencies will be between 32% and 57%, with the average being 40% to 45%.  It might be 
concluded that this would not be different whether or not CO2 abatement schemes proceed. 
 
6.3.3 ENGINE SIZE AND TRENDS   
 
The natural growth in demand for power has tended to result in larger sizes of gas turbines 
being placed on the market.  The current and projected market size has already been discussed 
in Section 4.3 above.  In recent years, there has been some movement away from centralised 
large-scale power generation plants towards distributed generation and this has partially 
slowed the trend towards larger machines.  Fig 6.1 displays the current trend in engine size.  
The largest machines are presently around 250MW.  Machines near 300MW are in the 
development stage, being promised for the early years of the next decade.  The addition of 
CO2 abatement schemes is most likely to happen on the larger engine sizes, because of the 
capital cost issues.  This is unlikely to alter significantly the trend in size, which is governed 
by many other issues, both technical and economic. 
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Fig.6.1.  Trends of Power and Efficiency with Time 
 
6.3.4 EMISSION REGULATIONS AND TRENDS   
 

The main emissions which are applicable to gas turbines and which are curre
controlled by legislation in many industrialised countries (mainly USA, Western Europe
Japan) are Nitrous Oxides (NOx), Carbon Monoxide (CO), unburned hydrocarbons (“UH
and smoke. In some instances other substances, such as volatile organic compounds (VO
are also controlled by legislation but at levels which, although very low, seldom po
problem for gas turbine manufacturers to achieve.  In addition to national legislation, m
new power plants are required to meet local regulations and may have further limita
imposed as part of planning permission to locate the power plant.  The Kyoto Protoco
1997 is a set of targets agreed by nations for the reduction of emissions, including CO2
very few countries so far have converted this into some form of legislation.  Norway
passed legislation imposing a carbon tax. 
 

Of the emissions listed above, and setting aside CO2 for the moment, NO
technically by far the most difficult for manufacturers to reduce to the levels require
legislation.  At base-load power, UHC and CO emissions are essentially zero with mo
combustors.  Smoke is required to be virtually invisible and at that level, the amoun
carbon ejected to the atmosphere is small compared with that in the CO2. 
 

A fuller discussion covering emissions and the relevant technologies is provide
Appendix 5, which is based on Reference 13. 

 
It is worth commenting that diesel engine manufacturers continue to find

management of pollutant emissions a major concern. 
 

The emission levels required by legislation for gas turbines are generally of
following order (see also Appendix 5): 
 
 NOx: typical current legislation requires emissions below 65 volume parts per mi
(vppm).  Often the requirement is around 25 vppm and targets of 9 vppm and even 3 v
have been set.  California is especially stringent. The NOx requirements are by far the ha
for manufacturers to meet.  The effects of using of pure hydrogen as fuel depend on the 
of combustor.   These matters are discussed in Section 6.3.5 below and in Appendix 5. 
 
 CO: legislation typically requires below 10 vppm and manufacturers usually meet
requirement (with current hydrocarbon fuels) without undue difficulty at high power.  At 
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low power it is harder to avoid emitting CO, but usually there are no legislative limits because 
the plant rarely operates at low power for long periods, and even if it does, the amount of CO 
emitted is small.  Use of hydrogen fuel results in no emissions of CO. 
 
 UHC: requirements are generally below 10 vppm, and these too are generally 
achieved without difficulty at high power.  Like CO, UHC is sometimes emitted at low 
power, but in low quantity and not for long. 
 
 Smoke: the requirements are set to achieve an “invisible” exhaust plume and there are 
various measures of this.  Current machines meet this requirement without problems.  
   
 CO2: there is presently virtually no legislation to control emissions of CO2; this is 
because until relatively recently it has not been regarded in many areas of the world as an 
emission in the same sense as the substances already mentioned.  Up to the present time – and 
indeed likely to apply into the foreseeable future – CO2 emissions per MW produced have 
been reduced by the simple fact that thermal efficiencies have improved steadily, spurred on 
by intense competition. Furthermore, the use of natural gas fuel (mainly CH4) instead of 
kerosene (CH2) reduces by about 20% the amount of CO2 produced per MW of power.  The 
matter of international control of CO2 is discussed in Section 4.3.3, in Appendix 5 and in 
Ref.13.       
 
6.3.5 COMBUSTORS   
 

The major trend seen in combustor design in recent years has been from single-stage 
diffusion style combustion to staged premixing.  The objective of this change is to reduce 
NOx emissions.  Other ways of reducing NOx are by injection of H2O into the combustor 
(which requires significant plant) or by the use of SCRs.  Injection of H2O is discussed in 
Section 6.3.11.   

 
Diffusion style combustors, which have been in use for many years, are those in 

which the fuel is injected directly into the combustion zone where it mixes with the air, or 
other oxidant, and burns at points where the mixture becomes combustible.  Stability of the 
flame is achieved by a suitable re-circulation in the flow. The effect is that there are some 
very hot regions in the flow and these are diluted with the air to reduce the temperatures to 
acceptable levels before the hot gases enter the turbines.  NOx production is approximately 
proportional to temperature to the 5th power, and so the hot regions in the combustor create 
large amounts of NOx.  Engines with diffusion style combustors (without H2O injection) can 
emit NOx at well over 500 vppm; as noted above, in many countries the modern requirement 
is for 65vppm or less.  The mixture first becomes combustible at the rich burning limit of the 
fuel air mixture.  At this condition the flame temperature achieved is significantly lower than 
the maximum achievable with “chemically correct” (or stoichiometric) fuel air ratio.  The 
mixture continues to burn as it is weakened by the further addition of air to the burning 
mixture by both diffusion and turbulent mixing.  As the fuel-to-air-ratio approaches 
“chemically correct” values, the flame temperature rises to approximately 2500K for 
conventional hydrocarbon fuels.  This is much higher than the turbine inlet temperatures used 
(and indeed possible) with current gas turbines.  These very high temperature gases are mixed 
with additional unburned air to provide gases at the turbine inlet plane at the appropriate 
design turbine inlet temperature.  It is inevitable therefore that when diffusion flames are 
employed within combustion systems, using conventional hydrocarbon fuels and air, that very 
high levels of oxides of nitrogen are emitted (unless steam or water is injected). 
 

This problem is overcome, without resort to H2O injection, by use of premixing (“dry 
low emissions”).  The premixing needs to be undertaken within a “premixing duct”.  
Appendix 5 (Fig A5.11) shows diagrams of diffusion and premixed combustors. The lower 
the flame zone fuel-to-air-ratio (and hence the premixing duct fuel to air ratio) and the better 
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the quantity of the premixing, the lower the flame temperatures in the hottest part of the 
combustion process.  Low flame temperatures result in a reduction of the level of oxides of 
nitrogen produced.  However, “perfect” pre-mixing is difficult to achieve because the time 
required (or the length of the premixing duct) may have to be such that the possibility of “auto 
ignition” increases sufficiently as to preclude this option.  Further, lowering the flame zone 
fuel to air ratio moves the combustor design closer to its “weak extinction limit”.  One 
consequence of this is that such designs may have limitations in terms of transient 
performance, particularly in the context of “load shedding”.  Another potential problem is that 
premixed combustors using lean or weak fuel air ratios are prone to combustion pulsation.  
Nonetheless, maximum flame temperatures within the burning zone tend to be significantly 
reduced over those typically involved with combustion systems employing diffusion flames.  
These lower maximum flame temperatures result in very substantial reductions in oxides of 
nitrogen and hence the trend in modern gas turbines towards pre-mix combustion systems.  
 
 In diffusion flames, the stoichiometric flame temperature is higher with hydrogen 
than with natural gas and this means more NOx.  In premix flames, NOx can be lower with 
hydrogen fuel because the lean burn temperature limit is lower.  With dilutants, such as H2O 
or N2, the effect on NOx is independent of the fuel, although H2 may be able to burn at a 
lower temperature.  There is little experience at the low temperature end of operation with all 
fuels. 
 
 Switching fuel from natural gas to hydrogen will require much more change to a 
premix combustor than to a single stage diffusion combustor, because the aerodynamics of the 
premixing zones will need to be altered significantly.   
 
 NOx emissions may also be reduced by fitting a Selective Catalytic Reduction (SCR) 
unit in the exhaust.  Very low NOx levels can be achieved this way.  SCR units are large and 
expensive although their costs are falling. 
 
 Current combustor research to reduce emissions should continue, as there is still 
much to do on premix systems.  Additional research is likely to be needed to adopt hydrogen 
fuel for CO2 abatement.  All the Options discussed in this document require combustor 
development. 
 

Further discussion of combustion is offered in Appendix 5. 
 
 
6.3.6  FUELS   
 
 The properties of fuels and their abundance are large topics.  A summary is given in 
Appendix 9.    
 
 The two fuels considered in this report are hydrogen (mixed with up to 50% molar 
fraction of nitrogen) and natural gas. 
 

The use of hydrogen, whether mixed with nitrogen or not, ensures that the gas turbine 
produces no CO2 and therefore this fuel is suitable for use in all types of open cycle plant 
where CO2 abatement is required.  This is covered by Options 1A and 1B in this report. 
Hydrogen mixed with nitrogen is a fuel commonly produced by gasification processes or 
methane reforming (see Appendix 9).   

 
Burning natural gas, which is mainly methane (CH4), does produce CO2 in the engine 

exhaust.  In open cycle the exhaust would then typically contain 3% to 6% CO2.  This CO2 
can be extracted from the exhaust using a solvent, but large size plant is required. Therefore 
some form of closed cycle is best to concentrate the CO2 to facilitate its sequestration, and 
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such cycles are covered in this report by Options 2 and 3. 
        
 
6.3.7 MATERIALS AND COATINGS   
 

Materials technology is crucial to the development of improved gas turbine engines.  
Engine efficiency is limited as a consequence of the operating temperature of the engine, and 
thus the “hot end” of the engine requires materials of high temperature quality.  Operating 
temperatures have risen by 500 degrees C in the past 40 years. 

 
Choices of materials and coatings throughout the engine are determined almost 

exclusively by the local temperature levels. Thus compressors are made in titanium and steel 
whereas the combustors and turbines are made in various forms of nickel alloys.  Ceramic 
coatings, such as Yttria-Stabilised-Zirconia, are used in combustors and turbines as thermal 
barriers to protect the metal from the hot gases.  Other types of coatings are also used in 
various parts of the engines as corrosion inhibitors.   

 
In Options 1A and 1B, the fuel is hydrogen with nitrogen. The hydrogen is rapidly 

converted to a small amount of steam and the nitrogen is inert.  A gas turbine designed to 
burn natural gas also produces a small amount of steam in the combustor.  In Option 3, the 
working fluid is essentially CO2, which is inert. Therefore, the materials and coatings chosen 
for a gas turbine would not basically alter as a result of changes to the fuels or working fluids 
being considered in this report.  

 
The nickel alloys used in combustors and turbines are already the best available.  

Thus it would be expected that best use would be made of any gas turbine by running it at the 
highest operating temperature for which it was designed regardless of the fuel or working 
fluid employed.  However, it must be noted that when the working fluid is changed, such as to 
CO2, it may not be possible to use the same operating temperatures for other reasons (related 
to turbine metal temperatures) - these matters are discussed later in this report. 

 
For Options 1A and 1B, the fuel system piping material must be reviewed, to check 

against possible hydrogen embrittlement. 
 

6.3.8  COOLING 
 
6.3.8.1  COOLING WITH INTERNAL GAS (AIR OR CO2). 
   

In any gas turbine, the main areas receiving cooling are the combustor and the 
upstream turbine stages.  Typically, about 20% of the mainstream air is used for cooling and it 
bypasses the inner combustion chamber. The split of this 20% is about 12% to cool the first 
nozzle row, about 5% to cool the first turbine rotor blades, and the remaining 3% for cooling 
and sealing in the downstream turbine stages. Excessive cooling air has a detrimental effect 
on performance – some figures are given on Table 12.2.  Turbine blade cooling is a highly 
developed technology. 

 
The firing temperature of the engine has a major influence on the power of the engine 

and on the degree of cooling required.  In the hydrogen-burning Options 1A and 1B, the 
turbine cooling could be essentially unaltered if the average firing temperature were 
unchanged, because the gas is still virtually all air. In Option 3, the main gas stream is 
virtually all CO2, and in this Option – and to a lesser extent Option 2 – it is essential to re-
assess the effect on the heat transfer behaviour in the hot parts of the engine. This has been 
attempted for a single example and the results are given in detail in Appendix 6.  It is found 
that the changed gas properties of CO2 relative to air causes the turbine blade to be about 
40deg C hotter in the CO2 case, for the same average turbine entry temperature.  The 
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calculation is approximate, but serves to show that the effect is sufficiently large as to require 
careful attention.  An increase of 40 deg. C in metal temperature would typically reduce the 
life of a given turbine blade by a factor of 3 or 4. 
 
6.3.8.2 COOLING WITH STEAM 
 
 Some manufacturers are actively developing the use of steam to cool the combustors, 
nozzles and turbine blades of their gas turbines – notably GE and Siemens Westinghouse.  
Steam cooling is potentially very effective and if suitably applied can substantially reduce 
emissions of NOx.  This feature does not affect the development of the CO2 abatement 
Options discussed in this report.  Please see also Section 6.3.11 (water and steam injection). 
  
6.3.8.3 INLET AIR COOLING 
 
 In some plants the engine inlet air is chilled to improve power output, particularly on 
hot days. 
 
  
6.3.9 INTER-COOLING  
 

Inter-cooling is a technique used to increase the specific power of a gas turbine, and 
in certain circumstances the thermal efficiency.  The compression process is split in two parts 
so that the second compressor receives the air at a temperature only a little above ambient.  
This reduces the power demand of this compressor.  Maximum specific power occurs when 
the pressure ratio of the two compressors is approximately the same.  The thermal efficiency 
will be lower than that of the simple cycle with the same pressure ratio and turbine inlet 
temperature.  The characteristics of inter-cooled cycles are similar when different fuels and 
working fluids are considered but the details of the cycle and the mass balance between 
compressor and turbine change slightly. 

 
 In a simple cycle the optimum pressure ratio for a given temperature is lower than 
that for an inter-cooled cycle.  Also the pressure ratio may be limited by the requirement to 
cool the turbine - a high pressure ratio results in hot turbine cooling air and more of it is 
required resulting in a performance penalty.    
 

Thermal efficiency can be increased with inter-cooling because it allows a large 
increase in pressure ratio.  The efficiency at this pressure ratio is better than that of the simple 
cycle at the optimum (but lower) pressure ratio.  The inter-cooler also reduces the temperature 
of the compressor delivery air used for turbine cooling.  Finally, compressor losses have less 
influence on performance. 

 
These considerations have given rise to active investigations of very high pressure 

ratio, aero-derivative, cycles for mid-merit power generation.  Thermal efficiencies of 45% 
and more have been predicted using these cycles.   The introduction of a heat exchanger does 
not result in an undue penalty in terms of size and weight because compact heat exchanger 
designs can be produced with liquid coolants. 

 
It is not expected that inter-cooled engines would be used for combined cycle 

applications.  The efficiency of an inter-cooled cycle becomes attractive at very high pressure 
ratios.  This results in low exhaust temperatures, which give relatively poor bottoming cycles.   

 
Another disadvantage is the need to use a liquid coolant, increasing the logistic 

complexities.  The condensation of water in humid environments is also a worry.  The risk of 
surge is a concern because current low emission combustors have large volumes.  When these 
volumes are packed with gases at high pressure, a surge incident becomes very worrisome 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES 24

because of the large mass of air involved and its very high energy content.  
 
Pressure to reduce CO2 emissions in the future could result in an increasing use of 

inter-cooled solutions of very high pressure ratio in simple cycle plant. 
 
Further discussion of inter-cooling is offered in Appendix 4.   

      
 

6.3.10 RECUPERATION.  
 

Recuperation is a technique used to improve the efficiency of a gas turbine engine.  If 
the cycle is such that there is a significant temperature difference between the compressor 
delivery air and the turbine exhaust, the gas path can be modified so that some of the 
temperature rise at the highest cycle pressure takes place within a heat exchanger, saving 
some fuel.  The heat supply for the heat exchanger is the engine exhaust flow.  

 
The characteristics of recuperated cycles are similar when different fuels and working 

fluids are considered but the details of the cycle and the mass balance between compressor 
and turbine may change. 

 
The Solar Mercury 50 is a very advanced example of such a gas turbine, a small 4 

MW class engine with a cycle efficiency of 40 percent. Another example of a recuperated 
engine is the 1.4 MW Schelde Heron machine. 

 
A recuperator would be fitted to gas turbines of relatively low pressure ratios.  

Probably the biggest advantage of this technique is the large improvement in thermal 
efficiency at part load.  This makes such a cycle suitable for situations where significant part 
load operation is envisaged.  Recuperators are quite attractive for small engines, where the 
small gas paths make the implementation of high pressure ratios too expensive in terms of 
turbo-machinery component efficiencies. 

 
Recuperators tend to be bulky, typically they occupy twice the volume and have twice 

the weight of the gas turbine.  Also, although they improve the efficiency of a simple cycle 
gas turbine of relatively low pressure ratio, they do not yield the high efficiency of the 
combined gas and steam cycle.  This is because the recuperated engine rejects heat at a higher 
temperature, as dictated by the cycle pressure ratio.   

 
On the other hand the first cost of a recuperated or inter-cooled and recuperated plant 

is much lower than that of a combined gas and steam cycle.  It would be expected that for 
small or medium plant of up to industrial CHP scale (50 MW) recuperated plant might be 
used.   

 
The combination of inter-cooling and recuperation is very attractive.  This cycle 

allows a higher pressure ratio, thus increasing efficiency and specific power.  Also, the higher 
density of the compressor delivery air enables a more compact cold-side heat exchanger.  The 
recuperator also gives the cycle a very good part-load efficiency characteristic.  The Rolls-
Royce WR21 is an advanced design of this type, expected to reach a thermal efficiency of 45 
percent.  This machine is designed for ship propulsion, but it presents many attractive features 
for mid-merit electricity generation. 

 
Recuperated gas turbines are not suited for combined cycle applications.  The heat 

extracted from the exhaust reduces very much the quality of a bottoming cycle (see Section 
6.3.13). 
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In the context of CO2 abatement by achievement of high efficiencies, recuperation is 
unlikely to be used in future on large scale power producing machines, for the reasons of bulk 
and cost discussed above. 

 
Further discussion is offered in Appendix 4. 

  
 
6.3.11  WATER AND STEAM INJECTION  
     

Water injection can be used to increase the power output of a gas turbine, and it also 
helps as a NOx suppressant. 

 
Compressor inlet water injection is useful in hot days.  The evaporation of the water 

upstream of the compressor reduces the temperature of the air stream entering the engine and 
results in a cycle of higher power.  Some compressor inter-cooling effect may also result.   
This technique is useful in a relatively dry environment at high ambient temperatures.  If the 
environment is humid, the amount of evaporation upstream of the compressor is small and the 
benefit is greatly reduced.  If the water does not evaporate the continuous impingement of 
droplets on the aerofoils will give rise to erosion and degradation of the engine.   

 
Combustor steam injection can be used to increase the power output of a gas turbine.  

The effect is to suppress the flame temperature, thus allowing more fuel to be added at the 
same turbine entry temperature. It also has a beneficial effect on efficiency if the steam is 
raised using a heat recovery boiler taking advantage of the heat in the exhaust gases.  If, to 
dispense with the cost and complexity of a heat recovery boiler, water is injected in the 
combustor there will be an increase in power output but a reduction of thermal efficiency.  
The power of the engine is increased mainly because the mass and the heat capacity of the 
fluid through the turbine are greater than that of the compressor.   

 
A good example of an advanced gas turbine using steam injection is the GE LM5000.  

This 35 MW gas turbine when modified to the steam injection mode can produce over 50 
MW.  The thermal efficiency rises from about 37-38 percent to 42-43 percent.  The amount of 
water used is quite large, typically of the order of 50 tonnes per hour.  This water has to be 
clean, boiler quality water and it is not recovered.   

 
Another advantage of water or steam injection is that by reducing the flame 

temperature it reduces the emissions of NOx.  In many gas turbines, a modest amount of 
steam is injected for emissions abatement rather than boosting the power output.  This is 
particularly useful when liquid fuels are used. 
  

The use of steam is also envisaged for cooling purposes (see also Section 6.3.8).  If 
steam is generated for a bottoming cycle, some of it may be used for cooling purposes in the 
gas turbine.  Westinghouse and General Electric are proposing such designs, Westinghouse in 
the combustor and General Electric in the turbines.  If turbine blades are cooled with steam 
this enables a higher turbine entry temperature for the same flame temperature because the 
dilution effect of the turbine cooling air is reduced.  This has a benefit in terms of thermal 
efficiency without increasing flame temperature, which is a primary factor in the generation 
of nitrogen oxides.  Machines such as these are being developed aiming at combined cycle 
thermal efficiencies of 60 percent. 
  

In the context of CO2 abatement, the development of steam and water injection is 
unaffected, and should be pursued for its inherent benefits of power improvement and NOx 
reduction.   

 
 Further discussion of H2O injection is offered in Appendix 5. 
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6.3.12 REHEAT   
 

Reheat is a technique used to increase the specific power of a gas turbine, and to 
increase the thermal efficiency in combined cycles.  The turbine expansion process is split in 
two parts by using a second combustor.  This increases the power output of the engine 
without increasing firing temperatures, thus reducing NOx emissions (see Appendix 4).  This 
configuration has been used by ABB in its latest large machines.  Maximum specific power 
occurs when the pressure ratio of the two turbines is approximately the same.  The thermal 
efficiency will be lower than that of the simple cycle with the same pressure ratio. 

   
 In combined cycle applications the exit temperature of a simple cycle gas turbine and 
the quality of the steam cycle falls as pressure ratio is increased.  Currently, simple cycle gas 
turbines intended for combined cycle applications are designed with a pressure ratio of 
approximately 15.  This is expected to rise to over 20 in the next generation currently being 
developed.  This relatively low pressure ratio (40 and more is used in aircraft gas turbines) is 
dictated by the optimum combination of gas and steam turbine cycles for maximum 
efficiency.  
 
 If reheat is introduced, the pressure ratio of the gas turbine can be increased without a 
reduction in exhaust temperature.  This allows a more efficient gas turbine to be used without 
sacrifices on the steam cycle.  ABB has two designs in service, the 170 MW GT24 (for the 
60Hz market) and the 250 MW GT26 (for the 50Hz market).  These gas turbines are designed 
with a pressure ratio of 30.  Using a high pressure ratio gives a better efficiency despite the 
use of reheat. 
 
 In these designs the reheat combustor is working at pressures comparable to the main 
combustor of competing state of the art simple cycle gas turbines in combined cycle duty.  
Reheat cycles are very well suited to use in combined cycle applications.  The characteristics 
of reheated cycles are similar when different fuels and working fluids are considered but the 
details of the cycle and the mass balance between compressor and turbine may change. 
 
 An advantage of reheat, as expressed by a manufacturer, is that by introducing reheat, 
the energy injection into the cycle is distributed, allowing lower turbine inlet and flame 
temperatures.  This has a beneficial effect in the reduction of NOx emissions, but has a small 
detrimental effect on thermal efficiency. 
 
 ABB’s reheated gas turbines have started commercial service in the late 90s and it 
appears that they are performing as well as any new gas turbine entering service.  The 
challenges of burning in vitiated air and the more complex design and engine system issues 
seem to have been met with ingenious design philosophies. 
 
 In the context of CO2 abatement, choice of reheat for any project is unaffected.  The 
remarks made above concerning combustor changes apply to both combustors in this case, 
thus making the cost of combustor changes greater than for other engines. 
 
 Further discussion of reheat is offered in Appendix 4. 
   
6.3.13 BOTTOMING CYCLES 
 
 Although bottoming cycles are outside the scope of this report, a brief study has been 
done to examine the general effects on plant performance of changes to engine exhaust 
temperature.  It is found that, broadly, a 50oC rise in exhaust temperature would raise the 
steam plant thermal efficiency by about 1 percentage point (from say 35% to 36%) and its 
power by about 15% to 20%, all else being equal. 
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6.4 THE TECHNICAL OPTIONS FOR CO2 ABATEMENT 
 
6.4.1  THE ENGINE MODELS 
 

This section discusses the performance and other technical issues of the CO2 
abatement Options described in section 5.0 (Options 1A, 1B, 2 and 3).  In order to relate the 
results to current machines, three current large gas turbines have been selected to create a 
datum for the investigations.  All are currently fuelled by natural gas.  All three are single 
shaft machines with the load (electrical generator) mechanically connected to the engine 
shaft.  They are as follows. 

 
 ABB   GT13E2   166 MW   
 SIEMENS AG-PG-V94.3A  255 MW  
 GE  MS9001FA   227 MW  
  
More details of these engines are given on table 12.1. 
 

Cranfield University has created, for the purpose of the present work, a new 
performance code (“VARIFLOW”) capable of modelling the performance of these engines at 
both design point and off-design conditions.  The code is also capable of representing, 
rigorously, the performance effects of changes to the fuels and working fluids of any engine.  
Some details of the properties of the gases and fuels involved in this study are given in 
Appendices 2 and 9.  A full discussion of the physics of the performance effects of the various 
gases is given in Appendix 3. 
 

The gas turbine engine configurations, which can be represented by the VARIFLOW 
code, are single shaft, simple cycle non-reheated, machines with either a connected power 
turbine or a free power turbine.  The code can be run in synchronous or non-synchronous 
mode.  The code has been rigorously validated against two other performance codes; one is a 
long established code in frequent use at Cranfield University (“TURBOMATCH”), and the 
other is a new simplified code specially written in a different language by a consultant and 
itself validated against yet a fourth code.  Agreement between all the codes is very close. 
 

The details of the performance of the chosen engine models (listed above) are shown 
on TABLE 12.1.  It can be seen that the match between the published data and the Cranfield 
University VARIFLOW performance code is very close in all cases. 
 
 
6.4.1.1  MODERN REFERENCE ENGINE (MRE) 

 
Using the four engines listed above as a guide, an imaginary engine has been created 

for use in the technical studies of this report.  This engine is called the Modern Reference 
Engine (MRE).  It has reasonably up-to-date technology levels in all respects.  It is a 
connected-shaft engine having an overall pressure ratio of 17, a turbine entry temperature of 
1550K and good component efficiencies.  It is sized to deliver 250MW.  Further details are 
shown on Table 12.1.  This engine is very similar to an average of the ABB, GE and Siemens 
engines listed above, and therefore is a good basis for the technical studies. 
 
The Cranfield University VARIFLOW code has been used to examine the effects on the MRE 
of changing the fuels and working fluids in accordance with the Options 1A, 1B, 2 and 3.  
The performance results are discussed below in the context of each Option, and the technical 
issues arising are reviewed.  Appendix 8 gives more details of the performance of all the 
Options for the MRE engine. 
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6.4.2   ENGINE DEVELOPMENT COSTS AND TIME-SCALES 
 
 In considering the engine changes required for the various Options for CO2 
abatement, it is worth noting that the parts of an engine which are most difficult and 
expensive to develop are the “hot end” parts, that is the combustor and high pressure turbine.  
Often the fuel control system cost is significant also, particularly where new fuels are to be 
used, or staged combustion is required for emission reduction.  Typical figures are shown 
below.  To design and develop a wholly new large engine might take 4 to 6 years and cost in 
excess of $1bn: however, virtually all engines these days are derivatives of existing machines 
and their development costs are much lower than this.  The cost of developing a derivative 
depends on the amount of change, but can be of the order $50M to $100M or more. The table 
below is based on the author’s industrial experiences, and is intended only as a rough 
indication. 
 

It usually takes several years for a manufacturer of a new large engine to see a 
positive return on the investment.  

 
TABLE 6.1 TYPICAL FRACTION OF DEVELOPMENT COST AND TIME 

 
 COMPRESSOR COMBUSTOR TURBINE FUEL SYSTEM 
COST 10% - 20% 30% - 50% 20% - 40% 20% - 40% 
TIME 50% - 70% 90% - 100% 70% - 100% 70% - 100% 
 
 
 
6.4.3  DEVELOPMENT OPTIONS - OPTION 1A 
   
 The first Option considered for abatement of CO2 is an open cycle gas turbine, 
burning essentially pure hydrogen (95% hydrogen and 5% nitrogen) instead of natural gas or 
liquid fuel, with air as the working fluid - see Fig 5.1. This Option produces no CO2 at all 
from the gas turbine.  However, the process of producing the hydrogen fuel by synthesis of a 
hydrocarbon fuel would have involved the production of CO2 and this would have been 
extracted before using the residual hydrogen in the gas turbine. Significant plant would be 
required therefore to produce the fuel, but consideration of such plant is not within the scope 
of this report, although there is some further discussion offered in Appendix 9.   
 
 The adaptation of existing turbines to burn essentially pure hydrogen is not novel, but 
is not widely used and still requires considerable development.  Several manufacturers have 
completed studies and other work.  This matter is discussed elsewhere in this report. 
 
6.4.3.1 OPTION 1A: PHYSICAL MODIFICATIONS TO ALLOW BURNING OF 
HYDROGEN.   
 

Thermodynamically, an engine designed to burn natural gas would behave very 
similarly when burning hydrogen.  However, modifications to the control system, the fuel 
supply system and the combustor are required, but otherwise the gas turbine can be 
unchanged. 

  
Turbo-machinery: unchanged. Extra stages are not needed, nor is redesign of existing 

stages required. 
Fuel supply system: this will need to be entirely new relative to burning natural gas or 

liquid fuel. Storage and handling of the hydrogen are major issues but are outside the scope of 
this report. The hydrogen would need to be supplied at sufficient pressure to enter the engine 
combustor.  Most gasifiers produce syngas at a sufficient pressure, but the power to do this 
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must be considered in the overall plant accounting (over 60MW is required to compress 
10kg/sec of gaseous hydrogen to a pressure of 20 atmospheres).  If the hydrogen fuel were 
brought in from outside, it would probably be in liquid form.  The heat to evaporate it might 
advantageously be taken from the engine inlet air.  The plant and equipment needed to handle 
the gaseous or liquid hydrogen would have significant cost, but this is not the subject of this 
report.  

Fuel control systems: new software and hardware (such as valves) will be needed. 
Combustors: changes are needed, but the extent of change will depend on whether the 

combustor has a diffusion type flame or a premixing system (this matter is also discussed in 
section 6.3.5).   

Diffusion flames are those in which the fuel is injected directly into the burning zone. 
Existing and future engines with diffusion type flames will require suitable injectors.  There is 
a risk that the production of NOx will be higher than with natural gas or liquid fuel due to the 
higher burning temperatures.  However, there is little new technology required.  

In contrast, engines with a premixing system in the combustors will require a more 
radical change to prevent flashback into the mixers themselves.  This will require significant 
alterations to the combustors.  However, premix combustor systems fundamentally produce 
much lower NOx emissions and are gradually superseding diffusion type combustors.  Some 
premix systems are already in service, but since they are a more recent development than 
diffusion systems, less is generally known about their technology.  Research and development 
on premix combustors are continuing, particularly to understand pressure fluctuations, which 
can be strong enough to cause damage. 
 

The manufacturers, who responded to the Questionnaire (Appendix 1, question B1), 
estimated that the percentage of the engine that would have to be changed to accommodate 
burning of hydrogen would be on average about 35 to 40 % of the engine, by cost; but 
answers varied from 5% to 85%. The users and others made similar estimates, with a similar 
wide scatter. Based on the present work, a reasonable estimate is 20 to 35%, but it would 
depend on the type of combustor. 
 

About 80% of manufacturers and 70% of users and others considered that the 
development of new technology would be required to implement Option 1A (Appendix 1, 
question B2). This is certainly true of pre-mix combustors. 

 
6.4.3.2  OPTION 1A: PERFORMANCE.    
 

The engine, if modified as described, could operate at the temperatures for which it 
was originally designed and will give slightly more power.  A slightly better fuel consumption 
will be achieved by the gas turbine, measured in terms of power achieved per Joule of fuel 
input; see Table 6.1 below and Appendix 8.  Changes to the overall plant efficiency will occur 
depending on the accounting of the power consumed for fuel production and losses from 
storage and pumping - these latter can amount to 2-3% of plant efficiency.  Exhaust 
temperatures from the gas turbine will be a little lower, and so bottoming cycles will be 
slightly less efficient. 

 
The reason for the small changes to the performance of the engine when burning 

hydrogen instead of natural gas is that the properties of the gas in the turbine change and this 
causes matching changes in the engine.  
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TABLE 6.2 OPTION 1A AND 1B PERFORMANCE 
 MODERN REFERENCE ENGINE 

OPTION DATUM 1A (ISA) 1B (ISA) 
1B (ISA)  
Incl. fuel 

prep’n power 
WWoorrkkiinngg  FFlluuiidd  Air Air Air Air 

FFUUEELL  NS Nat Gas ~100% H2 
~50% H2 ~50% 

N2 
~50% H2 ~50% 

N2 
PPOOWWEERR        ((MMWW))  250 261 336 255 
HHEEAATT  RRAATTEE  ((BBttuu//kkWWhh))  
((LLHHVV))  8819 8612 7824 9178 

EExxhh..  MMaassss  FFllooww  kkgg//sseecc  635 629 706 614 
EExxhh  GGaass  TTeemmpp  ((KK))  857 852 835 857 
OOPPRR  17.0 17.1 19.2 16.5 
SSOOTT  ((KK))  1550 1550 1550 1550 
TTHHEERRMMAALL  EEFFFFYY  
((LLHHVV))    ((%%))  38.7 39.6 43.6 37.2 

FFuueell  FFllooww  ((kkgg//sseecc))  13.413 7.152 85.707 76.211 
FFiinnaall  NNoozzzzllee  PPRR  1.042 1.042 1.053 1.041 
RRPPMM    3000 3000 3000 3000 
NNoonn--ddiimm  SSppeeeedd  8.80 8.80 8.80 8.80 
IInnlleett  FFllooww  WW11  ((kkgg//sseecc))  622 622 620 622 
NNoonn--ddiimm  FFllooww  1.4957 1.4949 1.4907 1.4949 
TT33  ((KK))  696 697 721 690 
CCCCPPLLOOSSSS  ((%%))  5.5 5.4 4.4 4.2 
NNddWW44**AA44  ((mm22))  0.218 0.218 0.218 0.218 
TTuurrbb..  TThhrrooaatt  AA55  ((mm22))  0.372 0.372 0.372 0.372 
P4/P6 15.41 15.50 17.40 15.20 
NNoozzzzllee  AArreeaa  AA88  ((mm22))  10.83 10.83 10.83 10.83 
 
 
        
6.4.4  DEVELOPMENT OPTIONS – OPTION 1B 
   

This option is like Option 1A in all respects except that the hydrogen fuel has mixed 
with it up to 50% nitrogen by molar fraction, that is, 93% by weight.  This arises from the 
method of producing the fuel (synthesis of a hydrocarbon fuel).  Like Option 1A, no CO2 is 
produced by the gas turbine. The very large amount of nitrogen in the fuel requires 
appropriate plant equipment, and it also has a significant effect on the engine performance.  
The computation of the overall plant performance must take into account the power required 
for the fuel handling (the third column of Table 6.2 above shows the effect of NOT 
accounting the power for fuel handling).   

 
If the fuel is produced by reforming a hydrocarbon such as coal or natural gas, and 

uses the compressor delivery air from the engine in the process, then the fuel will be supplied 
at nearly sufficient pressure to enter the engine. This process is shown diagrammatically in 
Appendix 9.  In this case the compression power will automatically be accounted (fourth 
column of Table 6.2 above).  The slight fall in pressure ratio is due to the engine rematching 
(see Section 6.4.4.2). 

 
6.4.4.1 OPTION 1B: PHYSICAL MODIFICATIONS TO ALLOW BURNING OF 
HYDROGEN WITH NITROGEN INJECTION. 

 
Physical changes to the gas turbine are broadly similar to those described above for 
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Option 1A, together with some additional modifications.  
More fuel piping and changed fuel injectors would be needed to handle the nitrogen 

mixed with the hydrogen fuel. The hydrogen and the nitrogen would need to be supplied at 
sufficient pressure to enter the engine combustor.  Unless the fuel production process 
automatically provides the fuel at high pressure, the fuel would have to be compressed; the 
power requirements to do this should be taken into account in the overall plant economics. 
Over 60MW is required to pump 10kg/sec of gaseous hydrogen to a pressure ratio of 20:1 and 
a further 60MW is required to pump 140kg/sec of gaseous nitrogen to the same pressure. The 
plant and equipment needed to handle the liquid hydrogen and nitrogen have significant cost, 
but are not the subject of this report.  

In the control system, which would need considerable modification, it may be 
possible, by incorporation of a device, to detect the fraction of nitrogen in the fuel.  This 
would enable a plant and gas turbine to be designed to cope with a limited range of nitrogen 
to hydrogen fractions.  

The turbo-machinery would be unaltered from the basic engine, except that a small 
increase in turbine capacity may be advisable to ensure adequate compressor surge margin.  
(See below).  There may be a small effect on the turbine cooling required due to the presence 
of extra nitrogen in the flow (note that the ratio of turbine cooling fluid to mainstream fluid 
will be essentially unaltered). 
 The combustor, if originally designed to burn natural gas, would need modification, 
relative to a standard machine, but less than for Option 1A, because the nitrogen would have a 
damping effect on the flame temperatures and so less NOx could be produced.  This would 
need assessment on a case by case basis, and like Option 1A, would depend on whether the 
combustor was diffusion style or pre-mix style.  The technology to burn 50/50 H2/N2 mix in 
diffusion style combustors is available. 
 

The manufacturers who responded to the questionnaire (Appendix 1 question B1) 
considered that on average about 25 % of the engine would need modification to burn 
hydrogen-nitrogen mixtures. The scatter was 5% to 50%.  The users and others gave very 
similar results.  The present work supports these figures. 
 

About 60% of manufacturers and 50% of users and others considered that the 
development of new technology would be required to implement Option 1B (Appendix 1, 
question B2).  
 
 
6.4.4.2 OPTION 1B: PERFORMANCE. 
 

The performance of Option 1B is apparently significantly better than that of the base 
machine (natural gas fuel) or its Option 1A version (see column 3 of Table 6.2 above).  This 
is because a very large amount of nitrogen is injected with the fuel and this provides “free” 
work in the engine turbines, because the compression power required for the nitrogen is not 
deducted from the engine’s output power.  The amount of nitrogen injected with the hydrogen 
in this Option is 50% by molar fraction; however this translates to 93.3% of nitrogen by 
weight.  Thus, if the hydrogen injected is, as is typical, about 1.0% of the working fluid by 
weight (to provide the required combustor temperature rise), the nitrogen injected is 14.0% of 
the working fluid by weight.  This increases the available turbine expansion power with no 
penalty. Thus, assuming the power to compress the fuel is not accounted, the thermal 
efficiency apparently rises by about 5 points – from 38.7% to 43.6% for the MRE - and the 
power at a given turbine inlet temperature rises by about 34%. Appendix 8 gives further 
details of the engine performance.   

 
These improvements would be significantly less if the performance were debited by 

the power required to compress the nitrogen and the hydrogen (even in liquid form).  The 
fourth column of Table 6.2 above shows the performance of Option 1B for the case where the 
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engine compressor supplies the air for the fuel reforming process (this is shown 
diagrammatically in Appendix 9). Now the power is only marginally higher than the datum 
engine and the efficiency is slightly worse.  

 
In the case where the engine does not supply the fuel processing air (third column of 

Table 6.2) an additional effect of injecting the nitrogen is to raise the working line of the 
compressor towards surge.  The effect is shown on Fig A.8.4 in Appendix 8.  This is likely to 
be unsatisfactory.   A small bleed from the compressor or increasing the flow capacity of the 
turbine may be required to offset this – see Fig 6.2 below, which shows various ways of 
moving the compressor operating point away from surge (all at constant TET). Increasing the 
turbine throat area can sometimes be achieved by slightly altering the machining angle on the 
platforms of the NGV castings.  This method of restoring surge margin will nearly always 
result in less performance loss than taking bleed.  The third alternative is to increase the final 
nozzle area, but this has a very poor rate of return.  Referring to Table 6.2, third column, as 
datum, the following table shows the effect of using bleed and also changes to the turbine 
throat area (A5) to restore the compressor operating point to its design position.  As can be 
seen, the loss of performance is far less if the turbine throat area were enlarged, compared 
with taking bleed. 

 
OPT 1B: Restoration of Compressor Pressure Ratio by Bleed or Turbine Throat Area  
OPTION 1B DATUM 11% BLEED +15% A5 
POWER MW 336 269 336 
THERMAL EFF’Y % 43.6 38.4 42.3 
SOT K 1550 1550 1550 

 
Fig. 6.2. MRE Engine.  Effects o
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17.0 (without changing the turbines) requires a modified compressor to be provided, which is 
larger in flow by about 1.5% at a speed.  This gives little change in overall performance 
relative to the last column of Table 6.2, but requires the compressor change described. 
 
6.4.5 DEVELOPMENT OPTIONS – OPTION 2 
   
 This Option involves the re-circulation of a good proportion (typically 60%) of the 
exhaust gases back to the inlet of the gas turbine in order to concentrate the CO2 and thus 
facilitate its removal - see Fig 5.2.  It is a semi-closed cycle.  The “working fluid” is therefore 
a mixture of air and CO2, which is continuously replenished by a stream of air.  The 
concentration of CO2 in the exhaust is typically 15%, compared with about 3%-6% in an open 
cycle.  The fuel is natural gas.  Appendix 7 considers in detail the fraction of the exhaust gas 
being re-circulated, and the resultant increase in concentration of CO2, for various power 
levels and excess air levels. 
 
6.4.5.1 OPTION 2: PHYSICAL MODIFICATIONS TO USE THE ENGINE IN A SEMI-
CLOSED CYCLE. 
  

As can be seen from the performance details in Table 6.3 below, there would need to 
be only minimal changes to operate an existing engine in a semi-closed cycle (unless the plant 
were to be operated at an elevated pressure level throughout to increase power output).  In 
that case there would have to be suitable strengthening of the casings and checking of stresses 
throughout.  As discussed in the next section on performance, a good proportion of the 
exhaust gas is continuously replaced to ensure sufficient oxygen for burning.  The engine will 
therefore operate in a manner very close to its original behaviour.  It may be necessary to 
reduce the turbine entry temperature by about 6C to maintain the blade metal temperatures the 
same as for the datum case.  This would reduce power by about 1% and have negligible effect 
on thermal efficiency.  In summary, for Option 2 the changes to the engine are as follows. 

 
Turbo machinery – unchanged.  
Combustor – changes are needed particularly if it is of the pre-mix type. 
Control system – changes would be needed to software to accommodate variations in 

the re-circulation fraction in the semi-closed cycle.  Additional control systems would be 
needed to control the valves and equipment for adjusting the re-circulation fraction. 

 
It should be noted that a cooler is likely to be required to reduce the temperature of 

the re-circulated exhaust gases. 
 
The manufacturers who responded to the questionnaire (Appendix 1, question B1) 

considered that on average about 40% of the engine would need change to operate in semi-
closed cycle, with a fair concentration of CO2 in the working fluid.  The scatter was high, 5% 
to 85%.  The users and others also thought that about 40% change would be needed, but with 
somewhat less scatter.  Based on the very small change in performance relative to open cycle 
operation, it would seem that all these estimates are too conservative (too high), for the engine 
alone. There would of course be very significant changes to the plant relative to standard open 
cycle operation. 
 

About 40% of manufacturers and 70% of users and others considered that 
development of new technology would be required to implement Option 2 (Appendix 1, 
question B2).  The technology changes would affect the plant more than the engine. 
 
 
6.4.5.2 OPTION 2: PERFORMANCE. 

 
A large fraction of the working fluid has to be extracted and continuously replenished 
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with air.  The reason for this is that the oxidant for the fuel is the oxygen in the air.  During 
normal open cycle operation with air as the working fluid, about one third of the oxygen is 
burned.  Thus, to ensure a stable semi-closed cycle operation, about 30% to 50% of the re-
circulating fluid must be replaced with fresh air. The amount will depend on the operating 
temperature of the engine (i.e. the fuel to fluid ratio) and upon the amount of excess oxygen 
needed to ensure full combustion of the fuel.  
 

This phenomenon is demonstrated in Appendix 7, which also provides a diagram of 
the various flows.  It also shows the calculation methods for the flows and also graphs 
showing how the fraction of re-circulating fluid and the concentration of CO2 in the exhaust 
are both affected by the operating temperature of the engine – that is its fuel-to-fluid ratio – 
and the excess oxygen supplied.  The CO2 concentration is typically 12 to 15% in the turbine 
and exhaust and 7 to 9% in the compressor. 
 

The effect of changing the working fluid is, obviously, to change its thermodynamic 
properties.  Appendix 2 shows the gas properties compared with air.  The effects of these 
property changes are to change the internal matching of the gas turbine.  However, since in 
this case a good proportion of the working fluid is air, and only about 7% to 15% is CO2, the 
performance of the engine is only slightly changed from the basic machine (see Table 6.3 
below and Appendix 8).  However, the engine would need to be slightly re-rated if it were not 
altered to suit the Option 2 operation; a small reduction in operating temperature (estimated at 
about 6C) would be needed to maintain the same turbine metal temperature as for open cycle 
operation. 
 
TABLE 6.3 OPTION 2 PERFORMANCE 
 
 MODERN REFERENCE ENGINE 
OPTION  DATUM 2 (ISA) 

WWoorrkkiinngg  FFlluuiidd  Air 
Air + Recirculating Flue 

Gases 
10% Excess O2 

FFUUEELL  NSNG NSNG 
PPOOWWEERR  ((MMWW))  250 262 
HHEEAATT  RRAATTEE  ((BBttuu//kkWWhh))  
((LLHHVV))  8819 9053 

EExxhh..  MMaassss  FFllooww  kkgg//sseecc  635 621 
EExxhh  GGaass  TTeemmpp  ((KK))  857 882 
OOPPRR  17.0 16.8 
SSOOTT  ((KK))  1550 1544 
TTHHEERRMMAALL  EEFFFFYY  
((LLHHVV))    ((%%))  38.7 37.7 

FFuueell  FFllooww  ((kkgg//sseecc))  13.413 14.414 
FFiinnaall  NNoozzzzllee  PPRR  1.042 1.042 
RRPPMM    3000 3000 
NNoonn--ddiimm  SSppeeeedd  8.80 8.76 
IInnlleett  FFllooww  WW11  ((kkgg//sseecc))  622 607 
NNoonn--ddiimm  FFllooww  1.4957 1.4832 
TT33  ((KK))  696 671 
CCCCPPLLOOSSSS  ((%%))  5.5 5.3 
NNddWW44**AA44  ((mm22))  0.218 0.2186 
TTuurrbb..  TThhrrooaatt  AA55  ((mm22))  0.372 0.372 
P4/P6 15.41 15.30 
NNoozzzzllee  AArreeaa  AA88  ((mm22))  10.83 10.83 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES 35

 
As can be seen, the engine delivers about 5% more power but with 1.0 percentage 

points lower thermal efficiency.  Exhaust temperature increases by about 25 C, which is 
beneficial to any bottoming cycle.  These performance changes are entirely due to the effects 
of the changes in gas properties of the working fluid in the engine, which cause re-matching 
of the components. 
 
 In practice, the exhaust pressure of the engine would need to be slightly increased to 
overcome the pressure losses in the recirculating duct, but no allowances have been made for 
this in the data shown in the Table 6.3 (last column).  The recirculating duct pressure loss in a 
typical plant will be of the order of a few percent of total pressure, and this will penalise the 
overall performance by a few percent.   
 
6.4.6  DEVELOPMENT OPTIONS – OPTION 3 
   

Option 3 is a closed loop arrangement in which the exhaust gases are re-circulated 
back to the inlet of the gas turbine. See Fig 5.3.  However in this case, unlike Option 2, the 
working fluid is virtually all CO2, with a little water, and virtually all the exhaust gases are re-
circulated. Only a small amount of exhaust gas is extracted (equal to the weight of the 
injected fuel and oxidant) to recover the CO2 prior to its disposal. The fuel is natural gas and it 
is injected with a suitable amount of oxygen to oxidise the fuel. More than the exact 
stoichiometric amount of oxygen would probably have to be injected, in practice, to ensure 
full burning of the fuel and hence avoid emission of unburned hydrocarbons.  The amount of 
surplus oxygen required would depend on the details of the combustor; the figure should be 
kept as small as possible to reduce cost, but is unlikely to be less than about 10% of the 
stoichiometric oxygen flow, and could be rather more.  This is an important issue as oxygen is 
expensive.  Option 3 emits no NOx, if the oxidant is oxygen. 

  
 Unlike Option 2, the change of working fluid causes, in this case, very large changes 
to the matching of the engine.  The main effect is that a gross (and impossible) increase in 
aerodynamic over-speed would be required in the compressor to retain synchronous 
operation.  What this means in simple terms is that if an attempt were made to drive the 
engine to its normal synchronous speed of 3000 or 3600 rpm, the compressor inlet flow would 
generally choke long before this speed was reached, causing engine surge.  The gas property 
changes are shown in Appendix 2.  A demonstration of the matching changes for Option 3 is 
shown in Appendix 3 covering a typical compressor, combustor, turbine and whole engine.  
As a measure of the effect, it is worth noting that CO2 is about 50% more dense than air at a 
given pressure and temperature, and the speed of sound in CO2 is about 79% of the speed of 
sound in air at a given temperature. 
 
 Some at least of the water produced by the combustion process must be extracted in 
the recirculating duct (see Fig 5.3).   By suitable control of the amount of water removed, it 
may be possible to adjust the properties of the gas re-entering the engine to offset, in part at 
least, the inlet flow choking problem.  A brief study of this has been done and the results are 
shown below.  As can be seen the effects are fairly small; the thermal efficiency improves 
marginally, but because of the loss of power, it would suggest that the re-circulating water 
quantity be kept reasonably low.  Typically the engine combustion process produces H2O 
which weighs about 5% of the working fluid flow. 
 
Option 3: Effect of Re-circulating Water with the CO2 Working Fluid 
% CO2 % H2O Thermal Eff’y % Power % EGT deg K 
100 0 DATUM DATUM DATUM 
90 10 +0.16 % - 3.1% - 2.7 deg.  
80 20 +0.31 % - 6.2 % - 5.1 deg. 
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 The gas re-entering the engine will probably be slightly hotter than ambient.  This 
effect has been examined briefly in Appendix 8 which shows that increasing the inlet 
temperature causes a significant performance loss at synchronous speed (Figs. A.8.12 to 
A.8.15). 
 
6.4.6.1  OPTION 3: PHYSICAL MODIFICATIONS REQUIRED FOR OPERATING WITH 
CO2 AS THE WORKING FLUID.   

 
 The compressor behaviour is greatly affected due to the difference in the Gas 
Constant between air and CO2 (see Appendix 3).  The major effect is that the compressor 
would operate at gross aerodynamic over-speed to run synchronously – see the Table 6.3 
below and Appendix 8.  It can be safely assumed that no existing compressors are capable of 
such an amount of aerodynamic over-speeding.  Thus, an existing engine would need a new 
compressor to operate with CO2 as the working fluid, if the rest of the engine were retained. 
Any new compressor designed for operation on CO2 could use existing technology and would 
operate satisfactorily – a typical case is illustrated in Table 6.4.  Alternatively, the use of 
variable inlet guide vanes and variable stators to the compressor may enable sufficient shift in 
the flow speed relationship of an existing gas turbine compressor to enable the speed to be 
raised sufficiently.  The amount of change required is, however, large and so this is a tall 
order; but it may just be possible in some cases.  
 

If the combustor size were unaltered, it would exhibit a lower pressure drop with CO2 
because the Mach number levels would be lower.  If the pressure drop were say 5.5% with air, 
it would be about 3.7% with CO2, giving a small performance benefit (1.0% in power and 
1.0% of heat rate).  In practice, the combustor would have to be re-designed to give the 
pressure drop required to drive the cooling of the combustor and the first row of turbine 
NGVs. 
 
 If, when changing to CO2, the turbine were unaltered, and operated synchronously, it 
would effectively have a lower loading than when operating on air due to its higher effective 
speed.  This would result in a small efficiency gain, of the order 2% in the MRE engine under 
consideration (worth about 3.2% power and 3.2% heat rate).  The logic for this is more fully 
explained in Appendix 3.  
 

It can be seen from figure 6.3 that the turbine operates at a significantly higher 
pressure ratio in Option 3 than in the other cases, assuming the compressor aerodynamic over-
speed can be accommodated by modification to the compressor.  This might be difficult for 
the turbine but may be possible – the matter should be reviewed on a case-by-case basis. 
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Fig 6.3 Turbine Operating Point for Option 3 Relative to Other Options. 
 
 An alternate way of overcoming the compressor speed problem is to insert a gearbox 
between the turbine and the compressor.  This would involve mechanical complication but in 
some circumstance may be an easier development option than to modify the compressor.  

 
For reference, Table 12.2 shows overall performance changes for small changes in 

component performance for the datum engine (MRE).  
 
 The combustor would need significant changes independent of its type.  This would 
be necessary to accommodate the substantial changes to the aerodynamic flow behaviour. 
 
 There would have to be changes to the fuel system and the control system to 
accommodate the requirement for an oxidant to be injected. 
 
 In summary, the following changes would be needed for Option 3. 

 
Turbo-machinery – a new compressor is essential.  An existing turbine system could 

probably be used, but it will operate at a higher expansion ratio and should be checked on a 
case by case basis. 
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Combustor – this would need substantial modification. 
Control system – this would need modification, and additions to cope with the 

oxidant and the closed circuit characteristics. 
 
The manufacturers who responded to the questionnaire (Appendix 1, question B1) 

considered that about 65% of the engine would need to be changed for it to operate on CO2 in 
closed cycle.  The scatter was again large, 15% to 95%.  The users and others found the 
change needed nearer to 50%, with a scatter of 15% to 85%.  The present work supports these 
figures and suggests that 50% to 75% change is required. 
 

About 90% of manufacturers and 85% of users and others considered that the 
development of new technology would be required to implement Option 3 (Appendix 1, 
question B2). This is most likely to be true for the combustor. 
 
 
6.4.6.2 OPTION 3: PERFORMANCE. 
       

Switching an existing air breathing gas turbine engine from air to CO2 as the working 
fluid would give the performance changes shown in the Table 6.4 below and Appendix 8. As 
discussed the compressor would in practice need to be replaced for this performance to be 
achieved.  The compressor behaviour is shown in detail on Fig A.8.15.  Furthermore, the 
turbine entry temperature would need to be reduced by about 40C to retain the same turbine 
metal temperatures as for the datum engine – the rationale for this is given in Appendix 6. 

 
Two possibilities for change are shown in Table 6.4.  The first (column 2) assumes 

that the existing compressor can be modified to operate at a gross aerodynamic over-speed.  
This is unrealistic as can be seen from the figures.  Apart from the compressor over-speed, the 
overall pressure ratio increases by 50%, which would have major mechanical implications.  
However, if the engine were supplied with a new compressor, and strengthened to take the 
added pressures, there would be a large increase in the power – double the air breathing value, 
due to the high density of CO2.  However, the thermal efficiency reduces about 2 points 
(38.7% to 36.6% for the MRE) because there is more residual energy thrown away in the 
exhaust due to the way the engine rematches.  The physics of this behaviour is given in 
Appendix 3. 

 
A more likely possibility is shown in the third column of Table 6.4.  This alternative 

uses a new compressor but designed to such parameters that the engine can operate at its 
standard pressure. The TET would still have to be lower by about 40K to maintain the turbine 
metal temperature at its datum level (see Appendix 6 for further details).  In this case there is 
still a useful power increase of about 14% but the heat rate is much poorer, being some 25% 
worse.  There is a substantial rise in the exhaust gas temperature, which will assist in 
achieving efficient and effective bottoming cycles. 

 
The starting procedure for Option 3 requires careful consideration.  The engine could 

be started on air and the CO2 gradually introduced, or the plant could be primed with CO2 
from the outset.  To choose the best method requires assessment on a case-by-case basis. 

 
It must be concluded that operation with CO2 as the working fluid can be made to 

work with essentially current technology capabilities. It requires, in practice, that the engine is 
designed for operation on CO2 from the outset – conversion of a standard air breathing engine 
requires much change.  Adequate power can be obtained but a more complicated and hence 
more expensive engine is required to achieve satisfactory fuel consumption. 
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TABLE 6.4 OPTION 3 PERFORMANCE 
 

 MODERN REFERENCE ENGINE 

OPTION 
DATUM 3 (ISA) 

MODIFIED 
COMPRESSOR 

3 (ISA) 
NEW 

COMPRESSOR 
WWoorrkkiinngg  FFlluuiidd  Air CO2 CO2 

FFUUEELL  NS Nat Gas Stoichiometric 
mixture NSNG / O2 

Stoichiometric 
mixture NSNG / O2 

PPOOWWEERR  ((MMWW))  250 509 (2) 312 (2) 
HHEEAATT  RRAATTEE  ((BBttuu//kkWWhh))  
((LLHHVV))  

8819 9330 
 

10075 
 

EExxhh..  MMaassss  FFllooww  kkgg//sseecc  635 1188 758 
EExxhh  GGaass  TTeemmpp  ((KK))  857 954 1002 
OOPPRR  17.0 26.7 17.0 
SSOOTT  ((KK))  1550 1510 1510 
TTHHEERRMMAALL  EEFFFFYY  
((LLHHVV))  ((%%))  

38.7 36.6 (1)(2) 33.9 (1)(2) 

FFuueell  FFllooww  ((kkgg//sseecc))  13.413 139.69 (1) 92.61 (1) 
FFiinnaall  NNoozzzzllee  PPRR  1.042 1.117 1.049 
RPM  3000 3000 3000 
NNoonn--ddiimm  SSppeeeedd  8.80 11.31 11.31 
IInnlleett  FFllooww  WW11  ((kkgg//sseecc))  622 1049 665 
NNoonn--ddiimm  FFllooww  1.4957 2.124 1.347 
TT33  ((KK))  696 589 541 
CCCCPPLLOOSSSS  ((%%))  5.5 3.5 3.2 
ηηtpolytpoly  ((%%))  91.0 92.7 93.4 
NNddWW44**AA44  ((mm22))  0.218 0.221 0.221 
TTuurrbb..  TThhrrooaatt  AA55  ((mm22))  0.372 0.372 0.372 
P4/P6 15.41 23.06 15.68 
NNoozzzzllee  AArreeaa  AA88  ((mm22))  10.83 10.83 10.83 
 
(1) Includes oxidant flow. 
(2) The power to produce the fuel and oxygen are not accounted. 
 
 
A summary of the characteristics of all the Options is given in the following table. 
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TABLE 6.5.  SUMMARY OF CHARACTERISTICS OF ALL CO2 ABATEMENT 
OPTIONS.  MODERN REFERENCE ENGINE. 
 
OPTION DATUM 1A 1B  

(Note 1) 
2 3 

a) “Modded” 
compr. 
b) New 
compr. 
(Note 4) 

FUEL NS Nat gas H2 50/50 molar 
H2/N2 

NSNG NSNG 

WORKING 
FLUID 

AIR AIR AIR AIR + CO2 CO2 

CYCLE OPEN OPEN OPEN PART 
CLOSED 

CLOSED 

OVERALL 
P.  RATIO 

17.0 17.1 19.2 
[16.5] 

16.8 a) 26.7 
b) 17.0 

TET  K 1550 1550 1550 1544 (3) a) 1510 (3) 
b) 1510 (3) 

INLET 
FLOW kg/s 

622 622 620 
[622] 

607 a) 1049 
b) 665 

POWER 
MW 

250 261 336 (Note 2) 
[225] 

262 a) 509 
b) 312 

THERMAL 
EFF’Y % 

38.7 39.6 43.6(Note 2) 
[37.2] 

37.7 a) 36.6 
b) 33.9 

EXHAUST 
TEMP.  K 

857 852 835 
[857] 

882 a) 954 
b) 1002 

Compressor DATUM No change Small 
upgrade 

No change a) Modded 
b) New 

Combustor – 
diffusion 

DATUM New 
injectors 

New 
injectors 

New 
injectors 

a) New 
b) New 

Combustor – 
pre-mix 

DATUM Major 
changes 

Some 
redesign 

Some 
redesign 

a) New 
b) New 

Turbines DATUM No change Throat area 
change 

No change a) Upgrade? 
b) Upgrade? 

Fuel and 
control syst. 

DATUM New New Modified a) Modified 
b) Modified 

% of 
ENGINE 
CHANGED 

DATUM 20 – 40% About 25% 20 – 40% a) 50 – 75% 
b) 50 – 75% 

  
(1) Alternative figures shown thus [..] for Option 1B take account of the power required to 
compress the nitrogen into the engine. 
(2) Large input of nitrogen is “free”. 
(3) TET reduced from 1550K to maintain datum turbine metal temperatures. 
(4) The power to produce the fuel is not accounted. 
Interpolation between options 1A and 1B may be made on a linear basis to a good 
approximation. 
 
 
6.5 FREE POWER TURBINE 
 
 All the gas turbine engine investigations in this report apply to single shaft, connected 
shaft configurations.  Some engines, such as the Avon and RB211, have a separate turbine to 
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drive the generator, and this is known as a “free power turbine” configuration (see Appendix 
4). 
 
 A brief study has been conducted on a model of the Avon, and as a result, it can be 
said that, broadly, the conclusions are not affected by the configuration.   This is readily 
understandable for Options 1A, 1B and 2, where the main changes are in the combustion and 
fuel systems.   
 

In Option 3, the same types of performance matching problems arise, due to the 
working fluid changing from air to CO2.  In summary, the broad effects for a free power 
turbine configuration are as follows.  The datum is, as throughout this report, an engine 
designed to breathe air and fuelled on natural gas. 
 
At fixed compressor aerodynamic (non dimensional) flow, i.e. at fixed inlet flow Mach 
number: 
 
 Power    - 20% 
 TET    - 200 deg 
 Overall pressure ratio  slight reduction 
 Heat Rate   + 30% 
 
Thus a very poor engine results from trying to use the same compressor. 
 
At fixed TET: 
 
 Compressor aero over-speed + 38%  (requires a new compressor) 
 Overall pressure ratio  + 53%  (requires new casings) 
 Power    + 100%  
 Heat Rate   + 10% 
 
Thus a fairly powerful but inefficient engine can be built having a new compressor and new 
casings.  The turbine aerodynamic capability would need to be checked. 
 
7.0 DISCUSSION – NON TECHNICAL ISSUES 
  
7.1 GENERAL SCOPE 
 

The report thus far has addressed technical issues and barriers to development of gas 
turbines for CO2 abatement schemes.  This section considers some non-technical issues such 
as the major companies, their business stance and legislative and fiscal matters.  Potential next 
steps are suggested. 

 
Other issues of a non-technical nature are covered by the Questionnaire, which is 

discussed in Section 8 and Appendix 1.  These issues include the past, present and current 
levels of activity on CO2 abatement schemes: also in Section 8, costs, development time-
scales, institutional barriers and financial incentives are discussed. 
 
7.2 THE MAJOR COMPANIES, THE BACKGROUND, ATTITUDES AND 
BUSINESS STANCE. 
 

There are three major original equipment manufacturers of stationary gas turbines 
sized above 100 MW and a number of other important manufacturers who are either licensees 
or have some other arrangement with the three major manufacturers.  The major original 
equipment manufacturers are ABB-Alstom, GE and Siemens (including Westinghouse).  The 
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major manufacturers and their licensees and associates are among the most respected 
mechanical engineering and electrical engineering companies.  Gas turbine technology is a 
very demanding engineering field and the high financial investment required has meant that 
only technologically competent and financially sound companies have survived in this field. 
 

Broadly, the stance of these companies towards influencing policy on environmental 
issues such as carbon dioxide abatement is that they will ensure that appropriate technology to 
meet any environmental legislation is developed in a timely fashion.  It is their view that 
public pressures and informed opinion will lead to changes in environmental legislation. The 
role of business is to respond to changes in legislation by offering products which meet the 
legislative requirements whilst at the same time meeting financial and performance targets set 
by the power generation industry. 
 

One complication in gas turbine manufacturers attempting to influence environmental 
policy and legislation is that their existing customers may not welcome such a stance.  
Changes in environmental legislation would require the existing customers to change 
equipment ahead of the planned time.  The new equipment would result in additional sales, 
which would benefit the gas turbine manufacturers, apparently at the cost of the customers. 
 

A consequence of this is that, while the gas turbine manufacturers are active in 
undertaking and in supporting research, they play a relatively small part in influencing 
opinion and legislation. This is in spite of their research being directed towards improving the 
environment and ensuring that they have a technology base able to respond to business needs 
and legislative requirements. 
 
 
7.3 CARBON DIOXIDE EMISSION REDUCTION BY REPLACING OLDER 
PLANT BY CURRENT HIGHER EFFICIENCY PLANT. 
 

The view of the major companies is that time-scales required to develop low carbon 
dioxide emissions technology will be much shorter than the time frame within which the 
market for low carbon dioxide emissions power plants is likely to emerge. 
 

Also, the cost of using design and development resource targeted towards the product 
for a market, which is as yet undefined, is an unlikely outcome. These design and 
development resources would be utilised in areas where the market potential is large and is 
visible.  It is the "opportunity costs" which have to be taken into account. 
 

Further, the engine manufacturers are of the view that a very substantial reduction in 
the level of carbon dioxide produced from large-scale stationary power generation could be 
obtained in two other ways. The first is from a shift in the type of fuel used for power 
generation and the second comes from replacing older, less efficient, machines with current 
higher efficiency machines. 
 

There is a view (expressed by one of the major manufacturers) that the requirement 
for larger quantities of lighter, higher grade liquid fuels will result in large quantities of heavy 
"refinery bottoms" becoming available.  These “refinery bottoms” are unlikely to have much 
market potential and may have to be sold at prices lower than those for coal.  If this were the 
case, the quantity of carbon dioxide produced per unit of power generated would be lower, as 
the fuel used (refinery bottoms) would now have some hydrogen present as well as carbon. 
Coals are essentially carbon only by weight.  They have carbon-to-hydrogen weight ratios 
from about 15:1 (lignite) up to about 30:1. This compares with 3:1 for methane and 6:1 for 
aviation fuels and kerosene.  Refinery bottoms are about 11:1.  As a speculative example, if 
the mix of fuel between coal and liquid hydrocarbons changed from about 65% coal and 35% 
liquid hydrocarbons to 50% coal and 50% liquid hydrocarbons (including refinery bottoms), 
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then the reduction in the amount of carbon dioxide produced is likely to be about 10% per 
unit of power.  This assumes a sufficient supply of refinery bottoms.  Currently there is plenty 
of oil available.  Thus the shift would only occur if legislation creates the situation where coal 
is unattractive relative to refinery bottoms.  Note also that gas turbines in combined cycle can 
burn refinery bottoms at 55% efficiency compared to the 35% efficiency available burning the 
same fuel in a steam cycle. 
 
Furthermore, a speculative view - expressed by a leading engineer in one of the large 
Companies and supported by the authors - may be taken as follows.  If the mean thermal 
efficiency of the installed power generating plant were increased by replacing older plant with 
current and future generation plant, then a further substantial reduction in the amount of 
carbon dioxide produced from large-scale stationary plant becomes possible.  An initial 
assumption could be made that the average thermal efficiency of the currently installed coal-
fired plant is 35%, and that this could be increased within the decade to 45% and to 50% 
within two decades. This brings about a further reduction of some 15% of carbon dioxide 
assuming that coal is the fuel used for some 39% of power generation.  Likewise, if the 
assumption were made that the current gas fired power-plants have a mean efficiency of 40% 
and that this could be increased to 55% within a decade and to 65% within two decades then a 
further reduction of some 10% of carbon dioxide would be possible.  The total reduction of 
carbon dioxide produced by updating plant could be as high as 25%.  There is of course no 
desire amongst users to replace existing plants unless it is economically advantageous.  
However it would happen if CO2 abatement were enforced, for example by heavy carbon 
taxes. 
 
If the 10% possible reduction resulting from a partial shift from coal to coal and heavy 
"refinery bottoms" materialised, then the reduction of carbon dioxide possible could be as 
high as 35%.  A 30% reduction by 2010 would meet the Kyoto requirements.  The gas turbine 
Options studied in this report address deeper cuts than this. 
 
 
7.4 LEGISLATIVE AND FISCAL ISSUES 
 

Carbon dioxide abatement appears to be a problem without ownership or "without a 
passport".  These problems require a solution by the global community and an appropriate 
global forum has yet to be defined. 
 

The additional costs of using gas turbines directed towards carbon dioxide abatement, 
to any individual generating company, will probably be sufficiently large as to make it most 
unlikely that such technology will be utilised without either subsidy or legislative 
requirements. 
 

The Kyoto Protocol resulted in various countries agreeing to certain reductions in 
emissions including carbon dioxide. Whilst some countries are moving towards the 
introduction of a "carbon tax", others are recommending "trading" in carbon dioxide. Such 
measures for abatement are likely to require international agreement before significant 
progress can be made.   

 
It is highly probable that legislation to reduce CO2 emissions will be enacted in many 

countries during the next decade.  This matter has already been discussed in Section 4.3.3. 
 
 

7.5 SALES NEEDED TO SUPPORT REQUIRED DEVELOPMENTS 
 
 This issue, which the IEA wishes addressed, is highly complex and can only receive 
scant attention in a report of this nature. The complexity arises from the presumption that no 
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industry can remain in business if it sells at an overall loss. For any manufacturer or user to 
adopt a CO2 abatement scheme, there must be a net profit in an acceptable period from the 
start of the investment. There are many elements in determining whether a loss or a profit is 
made, including the provision of spares and servicing for supporting abatement schemes and 
developments.  
 

For a manufacturer, the costs of developing the technology, of carrying out the new 
design work and of conducting the proving trials are amortised over a run of production 
engines.  The size of the production run must be estimated in advance and is therefore a 
matter of judgement.  A CO2 abatement project is likely to have a higher factory cost than a 
standard current project, due to the extra development and production costs.  In order for a 
manufacturer to remain in business, it might be assumed that the engine price would have to 
be appropriately increased unless the manufacturer received some other sort of financial help, 
such as Government grants. 
 
 The user’s (plant operator’s) first option is to pass on any extra costs to the customer, 
and this could reduce sales of power.  Some sort of Government help such as tax relief on fuel 
could be an alternative.  The final outcome is that the end user, the customer, the consumer, 
will have to pay somehow, whether directly or indirectly, for CO2 abatement.  
 
 Separate from the price, however, is the question of how one overcomes the natural 
reluctance to be the first to buy a new engine using unproven technology.  Nobody wants to 
be the guinea pig.  There will probably have to be some incentives for the first buyers of these 
machines. 

 
 

7.6 NEXT STEPS 
 
 Consideration of the foregoing technical and non-technical issues leads to some 
suggestions for possible next steps. The list is in no particular order of priority. 
 
Legislation.  It will, of course, be necessary for both manufacturers and users to monitor 
actual legislation and to react accordingly.  However, it is also important for industry’s voice 
to be heard as potential new legislation is being formulated.  Legislation will only be effective 
if industry can accommodate it and at the same time remain competitive and solvent.  
Otherwise, there will be no Companies capable of providing the new products needed for CO2 
abatement schemes.  The current participation of industry in the relevant discussions must be 
kept under continuous review to ensure that at all times it is adequate. 
 
Effects of burning hydrogen and nitrogen mixtures. The technical work described in this 
report shows clearly that the CO2 abatement Options using hydrogen fuel are capable of being 
developed, albeit at some cost.  The next step would be to conduct more detailed studies and 
project evaluations; some such work has been done in the past and more is under way. 
Following this, full scale project evaluations of engine and plant would be required.  In the 
engine, the main issue is the combustion chamber, where more research and development is 
required particularly for premix systems. 
 
Effects of recirculating CO2.  The technical work described in this report shows that the two 
Options related to concentration of the CO2 in the exhaust are technically feasible.  The first 
of these (Option 2) could be achieved with relatively little change to existing engines, but the 
other, Option 3, would require significant modification to existing engines. 
 

In the engine for Option 2, there are no serious technology issues except the 
combustor, on which the first resources for research and development should be spent.   
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The engine operating on CO2 (Option 3) will, however, need to be specially designed.  
The next step in industry would be the project design of a suitable engine, in order to evaluate 
its development cost, its first cost and its market potential. 
 
Research on the Atmosphere.  Significant research on the characteristics of the atmosphere 
and the effects of CO2 on global warming has already been done, but there is still sufficient 
uncertainty in the results as to cause continued debate.  Research should continue.  Large 
computer capacities are required to model the atmosphere, therefore as computers increase in 
size, better understanding of the atmosphere should follow.  Measurements of atmospheric 
composition and behaviour must continue.  Civil aircraft could perhaps be used more to 
provide atmospheric samples on a routine basis to provide data for better understanding and 
computer modelling. 
 
Combustion Research.  The CO2 abatement schemes considered in this report all require 
additional technology in the combustor of the gas turbine.  The changes to the fuels and 
working fluids will automatically mean combustor redesign.  These changes, coming at a time 
when combustors are changing from well established diffusion style to less well understood 
pre-mix style, will complicate current research.  Additional research will therefore be 
required. 

 
 

8.0 QUESTIONNAIRE 
 
8.1 SCOPE 
 

In order to obtain a wide range of views on CO2 abatement, a comprehensive 
questionnaire was prepared and sent to about 100 contacts, including many of the major 
manufacturers and users of the world. The questionnaire was aimed at obtaining direct 
answers to the questions posed in the IEA contract. A response rate of about 25% was 
achieved, and although this looks a relatively low fraction, responders do include major 
players from across the world. It is felt that a reasonable degree of authority is therefore 
vested in the analysed replies. At about the time the questionnaire was in circulation, 
discussions were also held at very senior level with ABB, Alstom, GE (USA), National 
Power, Norsk Hydro, Rolls-Royce and Siemens (Westinghouse).   

 
This Section reviews the answers to the questionnaire. The results from 

manufacturers are differentiated from users and others.  In some cases, added weight has been 
given to the major players.  All answers are presented anonymously. The details of the 
questions, the replies to the questionnaire and some further detailed analysis are given in 
Appendix 1. 

 
The questionnaire was divided into 4 sections: 
 
Section A addressed the status of responder’s work on the technical Options of this 

report. 
Section B requested advice about technical and non-technical barriers, related to the 

Options. 
Section C asked responders to suggest possible means for overcoming these barriers. 
Section D is a general section about the importance of greenhouse gas effects.  
 

 
8.2 THE GREENHOUSE GAS (GHG) TIME-SCALE 
 
 The final section of the questionnaire (section D) should perhaps be addressed first, as 
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it sets the rest in context.  It asks the responders to state when they thought that GHG effects 
might create a major climate problem, whether GHG research was important and when gas 
turbine manufacturers should start addressing the problem. 
 

The majority opinion is that it will be 20 to 50 years before GHG creates a major 
climate problem, with the next largest groups of responders choosing 0 to 20 years and 50 to 
100 years.   

 
On the questions of timing of research and industrial activity, the answers to this 

section of the questionnaire were inconclusive, and have not been presented.  However, the 
overall view of the major players on these complex issues is discussed at some length in 
section 7, to which the reader is referred.  The status of industrial research and development 
activity is addressed in the next Section. 
 
 
 
8.3 STATUS OF ACTIVITY ON TECHNICAL OPTIONS 
 

The first three questions of Section A of the questionnaire were aimed at determining 
the past, present and future levels of activity on each of the four CO2 abatement Options.  

 
Responses to the questionnaire indicated that currently the level of project activity on 

the Options is not very high.  Out of the 24 responders, two manufacturers (not always the 
same Companies) are working on each of the 4 Options, and one user is working on Option 
1B.  However, by comparison, there has been significant activity in the past and significant 
activity is claimed to be planned for the future.  Over half of all the work, whether past, 
current or planned is on the hydrogen fuel Options (1A and 1B). As discussed in section 7, the 
time-scale for CO2 abatement schemes to become mandatory is likely to be much longer than 
the time it will take for the industry as a whole to respond. 

 
On the subject of general research on topics related to CO2 abatement, there appears 

to be a reasonable amount of activity, past, present and planned. This is no surprise – 
manufacturers and, to some extent users, tend to prepare for potential markets and possible 
new legislation by ensuring that likely technology is in place. Furthermore, much of the 
research is generally applicable to a wider range of power producing projects than the CO2 
abatement Options of this report.  
 
 The work done in the past is largely theoretical work, although in two cases relevant 
projects have been taken through to commercial production – both involving the combustion 
of hydrogen mixed with nitrogen (Options 1A and 1B).  Hitachi has taken a hydrogen burning 
project (Option 1A) to the pilot plant stage and have also taken to the pilot plant stage an 
engine operating with CO2 as the working fluid (Option 3). 
 
 The future work planned by 13 responders is spread more or less evenly between the 
Options, treating the two hydrogen burning Options (1A and 1B) as separate.  Options 1A, 
1B, 2 and 3 are of interest to 5, 8, 6 and 4 of them, respectively.  The interest in hydrogen fuel 
as a whole is obviously strongest overall, and this is not very surprising. 
  
 
 
8.4 DRIVING FORCE FOR ACTIVITY 
 
 The fourth and final question of Section A of the questionnaire asks what the driving 
forces are behind the past, present and planned work on the CO2 abatement Options. The 
manufacturers, users and others declare that a firm driving force for their activity is actual or 
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potential emissions legislation.  However, Government initiatives, market expectation and 
market competition also have a strong influence.  Pressure from the public, mainly from 
“green” groups, is there, but currently not a great direct influence on industrial activity.  Of 
course, the “green” groups can influence legislation and Government initiatives.  The table 
below shows the statistics. 
 

 Government 
initiatives or 
incentives 

Legislation 
for emissions 

reduction 

Market 
expectation and 

competition 

Public 
pressure 

M 5.75 7 6 2.25 
U 7 6 7 2 

NB: the number in each cell represents the total number of ticks that manufacturers (M) and 
users (U) have put for a particular driving force.  Non-whole numbers arise from averaging 
of answers where a responder has given more than one reply. (See Appendix 1 for details).  

 
 
8.5 DEVELOPMENT COSTS AND TIME SCALES (see also Section 6.4) 
   

Additional engine development time and cost will be needed for each of the Options 
and this therefore represents a barrier to progress. The first 3 questions of section B of the 
questionnaire seek to address the issues. 

 
A good measure of the required development activity, and hence cost and time, can 

be gauged from the extent to which the whole gas turbine engine has to be altered for each of 
the Options. It is worth noting that the design and development of a wholly new large gas 
turbine takes 4 to 6 years and can cost over $1bn.  This is rarely done these days – most new 
gas turbines are derivatives of existing machines and their development costs are of the order 
of $50M to $100M. 

 
The first question of section B of the questionnaire asks for opinions on how much 

change would be needed to an engine to apply it to each Option for CO2 abatement.  On 
average, all responders considered that Option 3 would require the most change, which is 
consistent with the technical findings of this report (table 6.5). The amounts of change 
estimated by the manufacturers for options 1A, 1B, 2 and 3 are, on average, approximately 
35%, 20%, 50% and 75% respectively.  For the users, the figures are respectively 40%, 40%, 
25% and 50%.  The differences in these figures suggest that the users may be instinctively 
considering the plant as well as the engine.  

  
For Options 1A and 1B, burning hydrogen mixed with nitrogen, the results from 

questions B2 and B3 of the questionnaire suggest that manufacturers believe that the main 
problems will be concentrated on the combustor and fuel system. The users and others believe 
that the combustor, materials, cooling and operability will take the highest shares of the cost 
and time.  Changing the engine by 20% to 40% should take 1 to 3 years and cost about 20% 
to 40% of a new project.  The real figures may well be higher than this because combustion 
chambers and fuel systems are notoriously difficult to develop quickly and inexpensively.   
 

Option 2, burning natural gas in a semi-closed cycle, requires on average about 35% 
of the engine to be changed, mainly the fuel system and combustor.  This should take 2 to 3 
years and cost about 35% of a new project.  Again the real figures may be higher, for the 
reasons discussed above. Manufacturers indicate that the combustor, the control system and 
the engine operability will take the largest development effort in time and cost.  The users and 
others believe it will be the combustor, mainly, with cooling and operability also prominent.  
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It is not clear why cooling is prominent. 
 
Option 3, operating in closed cycle with a working fluid of carbon dioxide (CO2), was 

judged to require 50% to 75% of the engine to be changed; new compressors, casings, 
combustor and fuel system are required as a minimum.  This should take 3 to 4 years and cost 
say 60% of a new project.  Again, because of the fact that the components needing changing 
are difficult to develop, more realistic figures are likely to be 4 to 5 years and 60% to 80% the 
cost of a new project.  Manufacturers again put the combustor high on the list, but all 
technical matters require more attention in this Option.  Users and others do not regard the 
task to be as daunting as do the manufacturers, but they too recognise the importance of the 
combustor, together with materials, cooling and operability.  In this Option, turbine blade 
cooling does require attention. 
 
 
8.6 ENGINE THERMAL EFFICIENCY TREND (see also Fig. 6.1) 
 
 Question B4 of the questionnaire seeks views on whether the advent of CO2 
abatement schemes would affect the continuing increase in thermal efficiency of gas turbine 
engines, and thereby represent a barrier to progress.  The responses seem to suggest that by 
AD 2020 the expected level of thermal efficiency (for the engine alone) will be on average in 
the mid 40% range, with Options 2 and 3 perhaps slightly lower than Options 1A and 1B.  
Reference to fig 6.1 suggests that this means a slowing of the rate of increase in thermal 
efficiency observed in recent decades.  This does not necessarily mean that CO2 abatement 
schemes will cause a slowing in the rate of progress, because such a slowing may be 
inevitable as technology improvements become harder to develop. 
 
 
8.7 ENGINE OPERATIONAL FLEXIBILITY 
 
 Question B5 of the questionnaire asked for views on whether the advent of CO2 
abatement schemes would influence the suitability of the engine for peak lopping or base load 
use.  For Options 1A, 1B and 2, about half the responders considered that the engine would 
only be suitable for base load, the other half considering it capable also of peak lopping.  For 
Option 3, about two thirds of responders considered that the engine would be suitable only for 
base load operation. On the whole, for all Options, the majority of those who considered the 
engine only suitable for base load were the users.  
 
 The conclusion is that CO2 abatement schemes will reduce the operational flexibility 
of power producing plant, not however, due to the engines, which are still basically gas 
turbines, but due to the response rate of the ancillary systems and the plant.  For example, in 
all the Options, the fuel supply and control system is much more complex than for a simple 
engine breathing air and burning natural gas. 
 
 
8.8 ENGINE INSTALLATION COST (FIRST COST) 
 

The answers to Question B6 of the questionnaire indicate that the vast majority of 
responders considered that the installation cost (first cost) of all the Options would be 
between one and two times the cost of engines in relation to the current best available 
technology.  The three who disagreed with this all thought it would cost 5 times as much.  It 
was also felt on the whole that Option 3 – closed cycle with recirculating CO2 – would be 
marginally more expensive that the others.  

 
 Assuming these estimates are right, it is clear that CO2 abatement schemes will 
increase the cost of power. The customer - the “end user” - pays for this extra cost of power.  
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8.9 ENGINE OPERATING COST 
 

This issue is addressed by question B7 of the questionnaire, which asked for an 
estimate of the increases in operating costs in relation to the current best technology.  Most 
answers, for all Options, were in the range 1 to 2 times current levels.  However, amongst the 
manufacturers, two thought that Option 1A (hydrogen fuel) would cost 5 times as much and 
one of those also thought that Option 1B (hydrogen and nitrogen fuel) would cost 5 times as 
much. Option 2 (semi-closed cycle) had no answers outside the 1 to 2 times range. Option 3 
(closed cycle re-circulating CO2) was thought by three manufacturers to cost 5 times as much 
to operate in relation to best available current technology.  All the users and others were in the 
1 to 2 times range for all Options. 
  
 Engines operating continuously consume in one year fuel approximately equal in cost 
to the initial cost of the gas turbine.   The overall operating cost over the life of the plant – say 
25 years – is therefore dominated by fuel cost.  Thus the operating cost change depends to a 
great extent on the cost of hydrogen based fuels in the future and in the case of Option 3, on 
the cost of the oxidant. Based on this, the present work suggests that the operating cost for 
CO2 abatement will be greater than current operating costs but much less than twice current 
costs. This conclusion would only be altered if the plant costs – amortisation and maintenance 
- became very high, for example for storing and handling liquid hydrogen fuel. 
 
 
8.10 INSTITUTIONAL BARRIERS TO DEVELOPMENT 
 
  Question B8 of Appendix 1 asks responders to judge the likely reaction of various 
institutions, such as banks, local communities and industry to the implementation of schemes 
for CO2 abatement.   
 
 The main supporters of CO2 abatement schemes are judged to be local communities, 
environmentalists and Governments.  Local communities and environmentalists are 
presumably in favour of the environmental effect, and by implication prepared to pay for it 
(although this issue was not directly explored).  Governments now have international 
pressures and corresponding national targets to meet, such as those resulting from the 1997 
Kyoto protocol. 
 
 Manufacturers are expected to be neutral.  They are torn between the desire for new 
business and the problem of upsetting their current customers by bringing the CO2 abatement 
schemes to them before their older plant has reached the end of its life.  This matter is 
discussed elsewhere in this report. They will react to market and legislative pressures in a way 
that gives them the best chance of remaining in business. 
 
 Banks and insurers are judged to be slightly resistant: there is always added risk in 
something new, but both Institutions will presumably react favourably in the end to sound 
business proposals.  
 

Power utilities, general industry and the public as a whole are judged to be resistant to 
CO2 abatement schemes probably because of the likely increase in the cost of power and 
hence electricity. 
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8.11 WAYS OF OVERCOMING NON-TECHNICAL BARRIERS 
 
 Questions C1 and C2 of the questionnaire address this issue and the results are 
summarised in the table below. The following methods of overcoming non-technical barriers 
are placed in order of effectiveness, as judged by the responders. The likelihood of each 
method is also shown. The manufacturers, users and others all held similar views. 
 
ORDER OF 
EFFECTI-
VENESS 

METHOD OF OVERCOMING 
BARRIER 

LIKELIHOOD OF 
OCCURING 
10 = Max,                  0 = Min 

3.3 to 6.4 = “likely” 
1 Decrease in capital cost of the plant. 2.4 
2 Tax on CO2. 5.0 
3 Guaranteed size of market (caused by 

legislation against CO2). 
2.9 

4 Government grants (as a force to introduce 
legislation). 

4.8 

5 Decrease in cost of fuel. 2.1 
6 Government loans. 4.0 
7 Further research in understanding the effects 

of CO2 on the atmosphere and global 
warming. 

5.7 

8 Increased public awareness. 
 

5.0 

 
 
 
9.0 CONCLUSIONS 
 
9.1 GLOBAL WARMING - CONCLUSIONS 
 
 Of all the pollutant gases, CO2 has the greatest influence on global warming.  
There has been an increase of 15% in the fraction of CO2 in the atmosphere over the past 35 
years, from 310 to 360 parts per million, all caused by mankind in various ways. 
 
 Mankind produces about 6% of the CO2 created by all global processes. The 
contribution of gas turbines to CO2 production is presently about 5% of that produced by 
mankind. 
 
 Gas turbine technology has already contributed to massive reductions in CO2 
production due to improvements in thermal efficiency, and due to increasing use of natural 
gas in preference to liquid hydrocarbons.  Turbine technology advances are slowing down, 
but there is still considerable scope for CO2 abatement. The direction of current turbine 
technology research should not be altered except to add extra investigations associated with 
CO2 abatement. 
 
 
9.2 TECHNOLOGY BARRIERS - CONCLUSIONS 
 
 In the gas turbine itself, the technical modifications needed to burn hydrogen 
in air are mainly confined to the combustor, fuel system and control system. Considerable 
plant investment would be needed for production, storage (if necessary) and handling the fuel. 
  
 Additional small modifications to the gas turbine, comprising larger piping 
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and fuel injectors, would be required if significant amounts of nitrogen were mixed with the 
hydrogen fuel.  Significantly larger plant components would be needed for the fuel supply, 
relative to natural gas or pure hydrogen.  However, the changes to the combustor may be less 
than for burning pure hydrogen. 
 
 A gas turbine, designed to operate fuelled with natural gas and having air as 
its working fluid, requires relatively little modification to operate in a semi-closed cycle with 
an air plus CO2 mixture as its working fluid. The air is continuously replenished to provide 
oxidant for the fuel: this replenishment constitutes 30% to 50% of the working fluid.  Some 
small modifications to the turbine capacity may be advisable.  Combustor and fuel system 
changes are needed. 
 
  Changing the working fluid of a gas turbine from air to pure CO2 (operating 
in a closed circuit plant) requires considerable modifications to the engine. For synchronous 
operation, a new engine compression system is necessary, but could be designed and 
developed using existing technology.  Additional plant would be required to inject an oxidant, 
such as oxygen, to oxidise the fuel.  There are significant changes to the engine performance – 
power is potentially increased, for a given engine size and technology level, but efficiency is 
reduced.  An engine could be designed to operate on CO2 with a new compressor and using an 
existing turbine and combustor casing, and using current technology.  Achievement of 
reasonable power is not a problem using CO2 but a more expensive engine is required than 
one breathing air to achieve an acceptable heat rate. 
 
 
9.3 COST AND TIMESCALE BARRIERS - CONCLUSIONS 
 
 The cost of modifying plant to burn hydrogen or a hydrogen and nitrogen 
mixture is relatively small for the gas turbine, but large for the fuel storage and handling. 
 
  The time-scale to modify to burn hydrogen or a hydrogen and nitrogen mix 
might be about 2 to 4 years for the gas turbine. 
 
 The cost to modify the gas turbine from using air to using air and CO2 
mixture as the main flow with natural gas fuel is relatively small. 
 
 The time-scale to modify a gas turbine to use air and CO2 mixture as the main 
flow, with natural gas fuel, is perhaps 2 to 3 years. 
 
 The cost to modify to a gas turbine to use CO2 as main flow with natural gas 
fuel is about 50% to 75% of the cost of developing a new engine. 
 
 The time-scale to modify a gas turbine to use pure CO2 as main flow, with 
natural gas fuel, is about 3 to 5 years. 
 
 The cost of power will rise as a result of the incorporation of CO2 abatement 
schemes.  The main increase will be due to the added first cost of the plant and to a lesser 
extent the extra first cost of the engine.  It is outside the scope of this report to estimate how 
much the cost of power will increase. 
 
9.4 INSTITUTIONAL BARRIERS - CONCLUSIONS 
 
 The main supporters of abatement schemes appear to be local communities, 
extreme environmentalists (environmental effect), and Governments (international pressure 
and national targets).   
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 Manufacturers are neutral.   
 
 Banks and Insurers are judged to be slightly resistant (higher risks). 
 
 Power utilities, general industry and the general public appear to be resistant 
(due to increased cost of electricity).  
 
9.5 INCENTIVES - CONCLUSIONS 
 
 The main incentives to manufacturers to incorporate CO2 abatement features 
would all be financial, such as grants and loans of money.  Legislation would only work if 
applied sensitively and progressively, as has been the case in connection with other past 
emission legislation. 
 
 The main incentives to the users would be a decrease in the capital cost of 
plant, although the likelihood of this is small.  The most likely and effective incentive would 
be a CO2 Tax. 
 
 
9.6 FUTURE AVAILABILITY OF GAS TURBINES - CONCLUSIONS 
 
 The future availability of gas turbines in the context of CO2 abatement is not 
in jeopardy due to any technical or technological barriers.  Changes have to be made relative 
to currently operating machines in order for them to be used in the type of schemes discussed 
in this report.  The main technology requiring research effort in the gas turbine is combustion. 
 
 In order to support development of CO2 abatement options, the sales required 
would be pro rata with the development cost as with all projects. 
 
9.10 NEXT STEPS – CONCLUSIONS 
 
• The voice of industry must be assured a place in the formulation of emission legislation. 
• More detailed project evaluations of the engine and plant are required in order to use 

hydrogen and mixtures of hydrogen and nitrogen as fuel. 
• More detailed project evaluations of the engine and plant are required in order to use CO2 

as the working fluid in a gas turbine. 
• New combustion technology is the most important technical requirement.  Research is 

essential to apply CO2 abatement needs to the evolving pre-mix combustor systems. 
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12.0 TABLES 
 
TABLE 12.1: DATA FOR LARGE INDUSTRIAL ENGINES. 
 

AABBBB  GGTT1133EE22  GGEE  PPGG99335511  ((FFAA))  

SSiinnggllee  SShhaafftt  ––  CCoonnnneecctteedd  SSiinnggllee  SShhaafftt  --  CCoonnnneecctteedd  

 

Published 
Data 

VARIFLOW 
Model ∆ (%) Published 

Data 
VARIFLOW 

Model ∆ (%) 

W1 (kg/sec) - 521.7 - - 609.0 - 
OPR 14.6 14.6 0.0 15.4 15.4 0.0 

MM
aa ii

nn   
II nn

pp uu
tt   

DD
aa tt

aa   

SOT (K) - 1400.4 - - 1578.0 - 
ηcpoly  (%) - 89.0 - - 89.5 - 
Bleed  (%) - 4.8 - - 7.0 - 

CCPLOSS (%) - 5.5 - - 5.5 - 
ηtpoly (%) - 90.0 - - 92.5 - OO

tt hh
ee rr

  
II nn

pp uu
tt   DD

aa tt
aa   

Nozzle Mach - 0.25 - - 0.25 - 
Power (MW) 165.1 164.7 -0.3 255.6 255.8 +0.1 
HR(Btu/kWh) 9550 9478 -0.7 9250 8845 -4.4 
EMF (kg/sec) 532 531 -0.2 624 623 -0.2 

EGT (K) 797 798 +0.1 882 882 -0.1 
ηth  (%) - 36.0 - - 38.6 - 

FF (kg/sec) - 9.50 - - 13.77 - OO
uu tt

pp uu
tt   DD

aa tt
aa   

Nozzle PR - 1.0425 - - 1.0422 - 
 

SSIIEEMMEENNSS  AAGG--PPGG  VV9944..33AA  MMooddeerrnn  RReeffeerreennccee  EEnnggiinnee,,  MMRREE  

SSiinnggllee  SShhaafftt  --  CCoonnnneecctteedd  SSiinnggllee  SShhaafftt  --  CCoonnnneecctteedd  

 

Published 
Data 

VARIFLOW 
Model ∆ (%) Published 

Data 
VARIFLOW 

Model ∆ (%) 

W1 (kg/sec) - 627.0 - - 622.0 - 
OPR 17.0 17.0 0.0 - 17.0 - 

MM
aa ii

nn   
II nn

pp uu
tt   

DD
aa tt

aa   

SOT (K) - 1548.0 - - 1550 - 
ηcpoly  (%) - 89.5 - - 89.5 - 
Bleed  (%) - 6.0 - - 6.0 - 

CCPLOSS (%) - 5.5 - - 5.5 - 
ηtpoly (%) - 92.2 - - 91.0 - 

OO
tt hh

ee rr
  II n

n pp
uu tt

  
DD

aa tt
aa   

Nozzle Mach - 0.25 - - 0.25 - 
Power (MW) 255.0 256.1 +0.5 - 250.0 - 
HR(Btu/kWh) 8862 8653 -2.4 - 8819 - 
EMF (kg/sec) 641 640 -0.1 - 635 - 

EGT (K) 850 849 -0.1 - 857 - 
ηth  (%) - 39.4 - - 38.7 - 

FF (kg/sec) - 13.48 - - 13.41 - OO
uu tt

pp uu
tt   DD

aa tt
aa   

Nozzle PR - 1.0423 - - 1.0423 - 
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TABLE 12.2. EFFECTS ON OVERALL PERFORMANCE OF COMPONENT 
CHANGES.  MODERN REFERENCE ENGINE AT DESIGN POINT, USING 
NATURAL GAS AND BREATHING AIR. 

 
 Power (MW) HR (Btu/kWh) EGT (K) 

Datum 
MMRREE 250.0 8819 857 

 New value ∆ (%rel) New value ∆ (%rel) New value ∆ (K) 
+2% ηCPOLY 258.7 +3.48 8637 -2.06 856 -1 

-2% CCPLOSS 252.8 +1.12 8720 -1.12 853 -4 
+2% ηTPOLY 258.1 +3.24 8541 -3.15 846 -11 
-2% Bleed 260.9 +4.36 8630 -2.14 860 +3 

-2% Noz. Mach No 250.2 +0.08 8811 -0.09 857 ~0 
 

+100 K SOT 
(TET) 288.3 +15.32 8691 -1.45 918 +61 

+10%rel OPR 249.0 -0.40 8662 -1.78 840 -17 
 
 
 
Please see Section 3 for nomenclature. 
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APPENDIX 1 
 

QUESTIONNAIRE 
 
A1.0 INTRODUCTION TO QUESTIONNAIRE 

This appendix deals with the questionnaire submitted by Cranfield University to key gas 
turbine manufacturers, users and other informed parties. 

Paragraph A1.1 contains a copy of the questionnaire form that has been sent. 
Paragraph A1.2 lists those who responded to the Questionnaire. 
Paragraph A1.3 summarises the results in a table/numerical format. 
Paragraph A1.4 summarises the results in chart form. 

Cranfield University prepared this questionnaire with the aim of inviting major 
organizations in the field of gas turbines to describe their positions and views regarding the 
adoption of technical options for gas turbine power plants, which would reduce the emissions of 
CO2 to atmosphere. 

The questionnaire also requested information on other relevant current and projected 
developments in gas turbine technologies.  

The questionnaire explored the incentives necessary to persuade manufacturers to 
develop hydrogen-fired and exhaust gas recycle gas turbines. Possible incentives might include 
providing a guaranteed size of market for the gas turbines or financial inducements such as 
development grants or loans. 

The questionnaire invited approximate estimates of the likely costs and time scales of the 
required development programmes.  

Finally, the questionnaire sought opinions on the barriers to the introduction of such 
novel turbines and possible ways of overcoming these barriers. It also requested some general 
views. 

The study and the questionnaire cover only the gas turbine engine and specifically 
exclude other elements of any plant such as downstream boilers, CO2 extraction plant and fuel 
compression systems. 

 
The questionnaire is divided into 4 sections. 

• SECTION A: STATUS OF TECHNICAL OPTIONS. Status of research and development 
programmes in the proposed technical options for CO2 abatement. 

• SECTION B: BARRIERS. Technological, cost-related and institutional barriers related to the 
proposed technical options for CO2 abatement. 

• SECTION C: METHODS OF OVERCOMING BARRIERS. Possible means for overcoming 
the above-mentioned barriers. 

• SECTION D: GREENHOUSE GASES (GHG) GENERAL ISSUES. General issues about the 
importance of the GHG effects. 
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     A1.1 QUESTIONNAIRE FORM 

Section A:  Status of Technical Options 
 
A1 Your organisation may have done work, or be planning work, on GAS TURBINES for the 

following possible TECHNICAL OPTIONS for CO2 abatement. For each option, please tick the 
appropriate box.  

      Work done    Working at    Planning    No work done 
 Task Fuel Working fluid      in the past     present     future work   nor planned 

 1A 100% H2 Air 1 2 3 4 
 1B 50% H2; 50% N2 Air 1 2 3 4 
 2 Methane Air + CO2 recycled 1 2 3 4 
 3 Methane + Oxygen Mainly CO2 recycled 1 2 3 4 
 
A2 Your organisation may have done work, or be planning work, on other GAS TURBINE 

technology, which could be relevant to the above TECHNICAL OPTIONS for CO2 abatement. If you 
are willing to respond to this question, please tick the appropriate boxes. 

 
      Work done    Working at    Planning    No work done 
         in the past     present     future work   nor planned 

  Blast Furnace Gas as industrial fuel  1 2 3 4 
  Fuel Gas from gasification as industrial fuel 1 2 3 4 
  Gas Turbines with higher inlet pressures and temperatures 1 2 3 4 
  Hybrid Industrial/Aeroderivative Gas Turbines 1 2 3 4 
  Intercooling 1 2 3 4 
  Novel materials and cooling techniques 1 2 3 4 
  Recuperation 1 2 3 4 
  Refinery Gases as industrial fuel 1 2 3 4 
  Reheat gas turbines 1 2 3 4 
  Other(s), please specify below 
  ............................................................................... 1 2 3 4 
  ............................................................................... 1 2 3 4 
 
A3 Please indicate the stage reached by your organisation in any work on the TECHNICAL OPTIONS 

and other GAS TURBINE technologies. 
      Theoretical    Experimental   Project   Demonstration   Commercial 
                       studies only     research  design     plant or pilot      production 
 Task Fuel Working fluid      plant 

 1A 100% H2 Air  1 2 3 4 5 
 1B 50% H2; 50% N2 Air  1 2 3 4 5 
 2 Methane Air + CO2 recycled 1 2 3 4 5 
 3 Methane + Oxygen Mainly CO2 recycled 1 2 3 4 5 
  
 Other(s), please specify below 
  ............................................................................... 1 2 3 4 5 

  ............................................................................... 1 2 3 4 5 
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 A4 Please indicate the driving force for any work, past, present or future, undertaken by your 
organisation relating to the TECHNICAL OPTIONS. 

 
  Government initiatives or incentives 1 
  Legislation for emissions reduction 2 
  Market expectation and competition 3 
  Public pressure 4 
  Other(s), please specify below 
  ......................................................................................... 5 
  ......................................................................................... 6 
 
 
 
 
Section B: Barriers 
 
 
 Technological Barriers 
 
B1 Existing GAS TURBINE engines will need some degree of change in order to use them in the CO2 

abatement options listed below. Please give an assessment of this degree of change. 
 
 
  Approximate fraction of engine 
  needing change (see Note 1) 
 
 Task Fuel Working fluid Up to 5%     5-25%     25-75%     75-95% 95-100% 

 1A 100% H2 Air  1 2 3 4 5 
 1B 50% H2; 50% N2 Air  1 2 3 4 5 
 2 Methane Air + CO2 recycled 1 2 3 4 5 
 3 Methane + Oxygen Mainly CO2 recycled 1 2 3 4 5 
 
 [Note 1: An approximate estimate is requested, based on the ratio of the development cost for the new parts as a 

fraction of the development cost of a whole new engine] 
 
 
B2 Does your organisation consider that the implementation of the proposed TECHNICAL OPTIONS 

for CO2 abatement will require the development of new technologies? 
 
 
 Task Fuel Working fluid Yes No 

 1A 100% H2 Air 1 2 
 1B 50% H2; 50% N2 Air 1 2 
 2 Methane Air + CO2 recycled 1 2 
 3 Methane + Oxygen Mainly CO2 recycled 1 2 
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B3 Please give an estimate for the severity of the development and commissioning costs and timescales 
represented by the implementation of the following design issues and technologies in the proposed 
TECHNICAL OPTIONS.  Please circle scores ranging from 1 to 6, where: 

 
 For Costs 1 = <10% of new engine development and commissioning costs 
  6 = 90-100% of new engine development and commissioning costs 

 For Timescales 1 = <10% of new engine development and commissioning timescales (approx. 6 months) 
  6 = 90-100% of new engine development and commissioning timescales (approx. 5 years) 

 
 Tasks 1A & 1B: Costs Timescales 
 Adaptability of existing gas turbines 1 2 3 4 5 6 1 2 3 4 5 6 
 Combustion design 1 2 3 4 5 6 1 2 3 4 5 6 
 Control system 1 2 3 4 5 6 1 2 3 4 5 6 
 Cooling (turbines, nozzles and combustors) 1 2 3 4 5 6 1 2 3 4 5 6 
 Fuel handling 1 2 3 4 5 6 1 2 3 4 5 6 
 Fuel system components 1 2 3 4 5 6 1 2 3 4 5 6 
 Gas turbine operability 1 2 3 4 5 6 1 2 3 4 5 6 
 Integration of gas turbine components 1 2 3 4 5 6 1 2 3 4 5 6 
 Materials (coatings, fluid-material interactions) 1 2 3 4 5 6 1 2 3 4 5 6 
 Other(s), please specify 

 ................................................................................. 1 2 3 4 5 6 1 2 3 4 5 6 

 ................................................................................. 1 2 3 4 5 6 1 2 3 4 5 6 
 
 
 Task 2: Costs Timescales 
 Adaptability of existing gas turbines 1 2 3 4 5 6 1 2 3 4 5 6 
 Combustion design 1 2 3 4 5 6 1 2 3 4 5 6 
 Control system 1 2 3 4 5 6 1 2 3 4 5 6 
 Cooling (turbines, nozzles and combustors) 1 2 3 4 5 6 1 2 3 4 5 6 
 Gas turbine operability 1 2 3 4 5 6 1 2 3 4 5 6 
 Integration of gas turbine components 1 2 3 4 5 6 1 2 3 4 5 6 
 Materials (coatings, fluid-material interactions) 1 2 3 4 5 6 1 2 3 4 5 6 
 Other(s), please specify 

 ................................................................................. 1 2 3 4 5 6 1 2 3 4 5 6 

 ................................................................................. 1 2 3 4 5 6 1 2 3 4 5 6 
 
 
 Task 3: Costs Timescales 
 Adaptability of existing gas turbines 1 2 3 4 5 6 1 2 3 4 5 6 
 Combustion design 1 2 3 4 5 6 1 2 3 4 5 6 
 Control system 1 2 3 4 5 6 1 2 3 4 5 6 
 Cooling (turbines, nozzles and combustors) 1 2 3 4 5 6 1 2 3 4 5 6 
 Gas turbine operability 1 2 3 4 5 6 1 2 3 4 5 6 
 Integration of gas turbine components 1 2 3 4 5 6 1 2 3 4 5 6 
 Materials (coatings, fluid-material interactions) 1 2 3 4 5 6 1 2 3 4 5 6 
 Oxygen handling 1 2 3 4 5 6 1 2 3 4 5 6 
 Oxygen system components 1 2 3 4 5 6 1 2 3 4 5 6 
 Other(s), please specify 

 ................................................................................. 1 2 3 4 5 6 1 2 3 4 5 6 

 ................................................................................. 1 2 3 4 5 6 1 2 3 4 5 6 
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B4 Modern GAS TURBINES, which do not incorporate features for CO2 abatement, currently achieve in 
excess of 40% thermal efficiency (GAS TURBINE alone). Without CO2 abatement, thermal efficiency of 
new engines would be expected to increase. This increase could be different with CO2 abatement features. 
Please indicate the level of thermal efficiency you would expect by the year 2020 for GAS TURBINE 
engines incorporating CO2 abatement (GAS TURBINE alone).  

 
 Task Fuel Working fluid    30-35%       36-40%   41-45%      46-50%    51-55%    56-60% 

 1A 100% H2 Air  1 2 3 4 5 6 
 1B 50% H2; 50% N2 Air  1 2 3 4 5 6 
 2 Methane Air + CO2 recycled 1 2 3 4 5 6 
 3 Methane + Oxygen Mainly CO2 recycled 1 2 3 4 5 6 
 
 
 
B5 Please indicate the operational flexibility of power plants implementing GAS TURBINES that use 

the proposed TECHNICAL OPTIONS for CO2 abatement.  Please tick the suitability in each case. 
 
 Suitable for: 
 Task Fuel Working fluid Base load Peak load 

 1A 100% H2 Air 1 2 
 1B 50% H2; 50% N2 Air 1 2 
 2 Methane Air + CO2 recycled 1 2 
 3 Methane + Oxygen Mainly CO2 recycled 1 2 
 
 
 Cost Barriers 
 
B6 Please give an estimate of the increase in installation cost in relation to the current best available 

technology.  (Imagine a possible future in which all the power plants ordered use the proposed TECHNICAL OPTIONS.) 
 
    Same or 50% Twice as Five times 
 Task Fuel Working fluid   less more much as much 

 1A 100% H2 Air 1 2 3 4 
 1B 50% H2; 50% N2 Air 1 2 3 4 
 2 Methane Air + CO2 recycled 1 2 3 4 
 3 Methane + Oxygen Mainly CO2 recycled 1 2 3 4 

 
 
 
B7 Please give an estimate of the increase in operating costs in relation to the current best available 

technology. (Imagine a possible future in which all the power plants ordered use the proposed TECHNICAL OPTIONS.) 
 
    Same or 50% Twice as Five times 
 Task Fuel Working fluid   less more much as much 

 1A 100% H2 Air 1 2 3 4 
 1B 50% H2; 50% N2 Air 1 2 3 4 
 2 Methane Air + CO2 recycled 1 2 3 4 
 3 Methane + Oxygen Mainly CO2 recycled 1 2 3 4 
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 Institutional Barriers 
 
 
B8 Please give your view of the expected position of the following institutions in relation to the 

development of GAS TURBINE power plants implementing the proposed  TECHNICAL OPTIONS 
for CO2 abatement. 

 
 Circle scores ranging from -3 to +3, where -3 = ‘Major resistance’ to +3 = ‘Favourable interest’. 
 
 
  Major Favourable 
  resistance Neutral interest 
 
 Banks (investment risks) -3 -2 -1 0 1 2 3 

 Extreme environmentalists (environmental impact) -3 -2 -1 0 1 2 3 

 Government (national competitor) -3 -2 -1 0 1 2 3 

 Insuring companies (uncertainty in quantifying risks) -3 -2 -1 0 1 2 3 

 Local communities (environmental impact) -3 -2 -1 0 1 2 3 

 Manufacturers (interested in a return from developments) -3 -2 -1 0 1 2 3 

 Power utilities (interested in return from investments) -3 -2 -1 0 1 2 3 

 Public and industry (interested in cheap electricity) -3 -2 -1 0 1 2 3 

 Other, please specify 
 
 ................................................................................. -3 -2 -1 0 1 2 3 
 
 
Section C:  Methods for Overcoming Barriers 
 
 
C1 The following list highlights methods for overcoming the barriers to reducing CO2 emissions. How 

do you rate the effectiveness of each method? 
 
 
 Methods for overcoming barriers:    Not     Effective Very 
     effective  effective 
 

  Decrease in capital cost of plant 1 2 3 
  Decrease in cost of fuel 1 2 3 
  Further research in understanding effects of CO2 on the 1 2 3 
  atmosphere and global warming 
  Government grants (as a force to introduce legislation) 1 2 3 
  Government loans 1 2 3 
  Guaranteed size of market (caused by legislation against CO2 ) 1 2 3 
  Increased public awareness 1 2 3 
  Tax on CO2 1 2 3 
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C2 Please also assess the future likelihood of each of the methods actually occurring. 
 
 
 Methods for overcoming barriers:    Not     Likely Very 
     likely  likely 
 

  Decrease in capital cost of plant 1 2 3 
  Decrease in cost of fuel 1 2 3 
  Further research in understanding effects of CO2 on the 1 2 3 
  atmosphere and global warming 
  Government grants (as a force to introduce legislation) 1 2 3 
  Government loans 1 2 3 
  Guaranteed size of market (caused by legislation against CO2 ) 1 2 3 
  Increased public awareness 1 2 3 
  Tax on CO2 1 2 3 
 
 
C3 Please add other comments, if you wish, including any suggestions for further ‘methods’ of 

overcoming barriers to reducing CO2 emissions. 
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
Section D:  Greenhouse Gases (GHG) General Issues 
 
 
D1 When do you think that GHG effects are going to create a major climate problem? 
 
  Never 1 
  In the next 20 years 2 
  Between 20 and 50 years 3 
  Between 50 and 100 years 4 
  More than 100 years 5 
 
D2 Do you consider that industrial power generation makes a major contribution to the emission of 

GHG?  
 
  Yes 1 
  No 2 
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D3 Should the power generation GAS TURBINE manufacturers start addressing the problem as from 
now? 

 
  Yes 1 
  No 2 

 
D4 Do you think that research into GHG is: 
 
  Important? 1 
  Not important? 2 

 
 
 
D5 Please add any further general comments, if you wish. 
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  
 
 ........................................................................................................................................................................  

 
 

THANK YOU FOR YOUR CO-OPERATION IN COMPLETING THIS QUESTIONNAIRE 
 

Please return the completed questionnaire to: 
 

Professor R. Singh 
School of Mechanical Engineering 

Cranfield University 
Cranfield 

Bedfordshire 
MK43 OAL 

United Kingdom 
 
 

©  School of Mechanical Engineering, Cranfield University, 1998 
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A1.2 LIST OF RESPONDERS 

 The following manufacturers answered the questionnaire: ABB Power Generation, 
Alstom, GE Power Systems(USA), Hitachi, Rolls Royce Ansty, Rolls Royce Bristol, Rolls Royce 
Derby (2 answers), Rolls Royce Allison, Siemens (Westinghouse), Toshiba and Yanmar Diesel 
Engines. The total number of answers from manufacturers is therefore 12, although the Rolls-
Royce answers have been averaged as if they were a single response. At the time of this report, 
ABB and Alstom, though not yet merged, had planned to merge within a short time. 
 The following users and other informed parties answered the questionnaire: BP, Dept. of 
Aerospace Eng. of Chosun University, Central Research Institute of Electric Power Industry 
(Japan), European Commission, Elsamprojekt, National Power, NEDO (Japan), RWE Energie, 
Dept. of Aerospace Eng. of Seoul University, SaskPower, Science and Technology Agency of 
National Aerospace Laboratory (Japan), Statoil, Swiss Federal Office of Energy, Vattenfall. The 
total number of answers from users and other informed parties is therefore 14.   
 From now on the responders will not be identified with their names because of 
confidentiality issues. Some responders will therefore be identified with a label (as M1, M2 for 
the manufacturers and U1, U2 for the users and other informed parties). 

 

A1.3 ANALYSIS: NUMERICAL/TABLE FORMAT 

 Some of the questionnaire results have been analysed on an average basis. Where one 
Company has supplied answers from several groups, the answers have been averaged so that the 
weighting given to that company is appropriately accounted. In the tables M stands for 
manufacturers and U stands for users and other informed parties. The averages are based on all 
the responders. 
 Other questionnaire results have been analysed on a single-organisation basis. In these 
tables 5 main manufacturers and 5 main users, who’s answers deserved more weight, have been 
chosen and identified with the labels M1,M2,M3,M4,M5 and U1,U2,U3,U4,U5. This numbering 
is random but consistent throughout the analysis. 
 
QUESTION A1 

Your organisation may have done work, or be planning work, on GAS TURBINES for the 
following possible TECHNICAL OPTIONS for CO2 abatement. For each option, please tick the 
appropriate box. 

 Work done Working Planning work Total 
M 3.75 2 2 7.75 Task 1A: fuel 

~100% H2 U 6 0 4 10 
M 2.75 2 3.25 8 Task 1B: fuel 

H2 + N2 U 3 1 4 8 
M 3 2 2 7 Task 2: partial 

recirculation U 4 0 4 8 
M 3.75 2 0 5.75 Task 3: CO2 

closed cycle U 3 0 4 7 

NB: the number in a cell says how many manufacturers/users have declared to have done work or 
be doing work or be planning work on a particular Task. 
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QUESTION A2 

Your organisation may have done work, or be planning work, on other GAS TURBINE 
technology, which could be relevant to the above TECHNICAL OPTIONS for CO2 abatement. If 
you are willing to respond to this question, please tick the appropriate boxes. 

 Work done Working Planning work Total 
M 42.25 39.5 26.5 108.25 
U 16 24 37 77 

NB: the number in a cell represents the summation of the ticks put by all the 
(manufacturers/users) in the (work done/working/planning work) category. No distinction is 
therefore made between the various “other gas turbine technologies” and the results, as presented, 
only assess the amount of involvement in gas turbine research and activities. 

QUESTION A3 

Please indicate the stage reached by your organisation in any work on the TECHNICAL 
OPTIONS and other GAS TURBINE technologies. 

 M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Task 1A: fuel ~100% H2 5 2 2 1 1 1 0 2 0 1 

Task 1B: fuel H2 + N2 3 1 5 1 1 1 0 0 3 1 
Task 2: partial recirculation 1 1 1 1 0 1 1 0 3 0 

Task 3: CO2 closed cycle 1 1 1 1 2 0 1 0 0 0 

NB: 1 = ”Theoretical studies only”, 2 = ”Experimental research”, 3 = ”Project Design”, 4 = 
”Demonstration or pilot plant”, 5 = ”Commercial production”. 

QUESTION A4 

Please indicate the driving force for any work, past, present or future, undertaken by your 
organisation relating to the TECHNICAL OPTIONS. 

 Government 
initiatives or 
incentives 

Legislation for 
emissions 
reduction 

Market 
expectation and 

competition 

Public 
pressure 

M 5.75 7 6 2.25 
U 7 6 7 2 

NB: the number in a cell represents the total number of ticks that (manufacturers/users) have put 
for a particular driving force. 
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QUESTION B1 

Existing GAS TURBINE engines will need some degree of change in order to use them in the CO2 
abatement options listed below. Please give an assessment of this degree of change. 

 M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Task 1A: fuel ~100% H2 50 50 2.5 15 50 15 50 50   
Task 1B: fuel H2 + N2 15 15 2.5 15 50 15 50 50 2.5  
Task 2: partial recirculation 50 85 15 15 85 15 50 15 2.5 15 
Task 3: CO2 closed cycle 50 97.5 50 85 97.5 50 50 50  15 

NB: the number in a cell represents the approximate fraction of engine needing change, in %. An 
approximate estimate is required, based on the ratio of the development cost for the new parts as a 
fraction of the development cost of a whole new engine. 

 

QUESTION B2 

Does your organisation consider that the implementation of the proposed TECHNICAL 
OPTIONS for CO2 abatement will require the development of new technologies? 

 Yes No 
M 5 2 Task 1A: fuel 

~100% H2 U 10 3 
M 4.75 3.25 Task 1B: fuel 

H2 + N2 U 7 6 
M 2.75 5.25 Task 2: partial 

recirculation U 9 4 
M 5 2 Task 3: CO2 

closed cycle U 11 2 

NB: the number in a cell represents the total number of ticks that (manufacturers/users) have put 
in a particular box of question B2. 
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QUESTION B3 

Please give an estimate for the severity of the development and commissioning costs and time-
scales represented by the implementation of the following design issues and technologies in the 
proposed TECHNICAL OPTIONS.  Please circle scores ranging from 1 to 6, where: 
• for costs: 1=  “<10% of new engine development and commissioning costs”, 6= “90-100% 

% of new engine development and commissioning costs”; 
• for time-scales: 1= “<10% of new engine development and commissioning time-scales 

(approx. 6 months)”, 6= “90-100% of new engine development and commissioning time-
scales (approx. 5 years)”. 

 

Tasks 1A & 1B: Costs M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Adaptability of existing gas 
turbines 3 3 1 2 4 3 2 1  3 

Combustion design 4 5 1 2 6 4 5 2 1 2 
Control system 2 3 1 1 3 2 4 3  2 
Cooling (turbines, nozzles and 
combustors) 3 5 1 1 4 4 2 2  2 

Fuel handling 4.5 4 1 2 3 4 2 1  1 
Fuel system components 3.5 3 1 2 5 4 2 1  1 
Gas turbine operability 1.5 5 1 1 4 2 2 2  2 
Integration of gas turbine 
components 1.5 4 1 2 3  2 1  1 

Materials (coatings, fluid-
material interactions) 2 5 1 1 4 5 2 2  2 

 
 
 
 
 
Tasks 1A & 1B: Time-scales M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Adaptability of existing gas 
turbines 3 4 1 2 4 3 1 1   

Combustion design 4 5 1 2 6 5 2 4 1  
Control system 2 3 1 1 3 2 1 4   
Cooling (turbines, nozzles and 
combustors) 3 4 1 1 4 4 1 6   

Fuel handling 4.5 4 1 2 3 3 1 3   
Fuel system components 3.5 3 1 2 4 3 1 3   
Gas turbine operability 1.5 6 1 1 4 2 1 6   
Integration of gas turbine 
components 2 4 1 2 3  1 3   

Materials (coatings, fluid-
material interactions) 2 6 1 1 4 5 1 6   
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Tasks 2: Costs M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Adaptability of existing gas 
turbines 3 5 1 3 3 2 6 1 1  

Combustion design 4 5 1 3 6 4 5 1   
Control system 3 4 1 3.5 3 3 2 3   
Cooling (turbines, nozzles and 
combustors) 2 6 1 3 3 3 6 2   

Gas turbine operability 3 6 1 3 5 5 2 3   
Integration of gas turbine 
components 3 5 1 2 2  2 1   

Materials (coatings, fluid-
material interactions) 3 6 1 1 3 5 3 2   

 
Tasks 2: Time-scales M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Adaptability of existing gas 
turbines 3 6 2 3 3 2 6 1 1  

Combustion design 4 6 2 3 6 5 6 3   
Control system 3 4 2 3.5 3 3 2 4   
Cooling (turbines, nozzles and 
combustors) 2 6 2 3 3 3 6 6   

Gas turbine operability 3 6 2 3 5 4 2 6   
Integration of gas turbine 
components 3 6 2 2 3   3   

Materials (coatings, fluid-
material interactions) 3 6 2 1 3 5 4 6   

 
 
 
 
 
Task 3: Costs M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Adaptability of existing gas 
turbines 6 6 3 5.5 4 4 6 1 6  

Combustion design 5 6 3 5 6 4 6 3   
Control system 4 5 3 5 5 5 3 3   
Cooling (turbines, nozzles and 
combustors) 4 6 3 5 4 5 6 2   

Gas turbine operability 4 6 3 5 4 5 3 3   
Integration of gas turbine 
components 5 5 3 4 4  3 1   

Materials (coatings, fluid-
material interactions) 2 6 3 4 3 6 4 2   

Oxygen handling 3 5 3 1.5 5 2 2 2   
Oxygen system components 2 5 3 1.5 6 2 2 3   
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Task 3: Time-scales M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Adaptability of existing gas 
turbines 6 6 5 5.5 4 4 6 1 6  

Combustion design 5 6 5 5 6 4 6 6   
Control system 4 5 5 5 4 4 3 6   
Cooling (turbines, nozzles and 
combustors) 5 6 5 5 4 5 6 6   

Gas turbine operability 4 6 5 5 4 5 3 6   
Integration of gas turbine 
components 5 5 5 4 4  6 3   

Materials (coatings, fluid-
material interactions) 2 6 5 4 3 5 5 6   

Oxygen handling 3 5 5 1.5 5 2 2 4   
Oxygen system components 2 5 5 1.5 6 2 2 3   

QUESTION B4 

Modern GAS TURBINES, which do not incorporate features for CO2 abatement, currently 
achieve in excess of 40% LHV thermal efficiency (GAS TURBINE alone). Without CO2 
abatement, thermal efficiency of new engines would be expected to increase. This increase could 
be different with CO2 abatement features. Please indicate the level of LHV thermal efficiency you 
would expect by the year 2020 for GAS TURBINE engines incorporating CO2 abatement (GAS 
TURBINE alone). 

 M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Task 1A: fuel ~100% H2 43 48 38 48 43 53 38 58 43 48 
Task 1B: fuel H2 + N2 43 48 38 48 43 48 38 58 38 48 
Task 2: partial recirculation 43 43 38 48 38 48 38 48 48  
Task 3: CO2 closed cycle 43 43 38 43 38 53 38 53 38  

QUESTION B5 

Please indicate the operational flexibility of power plants implementing GAS TURBINES that use 
the proposed TECHNICAL OPTIONS for CO2 abatement.  Please tick the suitability in each case. 

 M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Task 1A: fuel ~100% H2 B/P B/P  B/P B B/P B/P B B B 
Task 1B: fuel H2 + N2 B/P B/P B B/P B B B/P B B B 
Task 2: partial recirculation B/P B  B/P B/P B B/P B B  
Task 3: CO2 closed cycle B/P B  B/P B B B/P B B  

NB: “B/P” stands for “suitable for base load and peak load”, “B” stands for “suitable for base 
load only”. 
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QUESTION B6 

Please give an estimate of the increase in installation cost in relation to the current best available 
technology (imagine a possible future in which all the power plants ordered use the proposed 
TECHNICAL OPTIONS). 

 M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Task 1A: fuel ~100% H2 1.5 1 1 1 1.5 1.5 2 2 2 1.5 
Task 1B: fuel H2 + N2 1.5 1 1 1 1.5 1.5 2 1.5 2 1.5 
Task 2: partial recirculation 1.5 1.5 1.5 1.5 2 1.5 2 1.5 1  
Task 3: CO2 closed cycle 1.5 2 1.5 2 2 1.5 2 2 1.5  

NB: 1=”same or less”, 1.5=”50% more”, 2=”twice as much”, 5=”five times as much”. 

QUESTION B7 

Please give an estimate of the increase in operating costs in relation to the current best available 
technology (imagine a possible future in which all the power plants ordered use the proposed 
TECHNICAL OPTIONS). 

 

 M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Task 1A: fuel ~100% H2 1.5 2 1 1 1 1.5 1.5 2 1.5 1 
Task 1B: fuel H2 + N2 1.5 1.5 1 1 1 1.5 1.5 1.5 1.5 1 
Task 2: partial recirculation 1.5 2 1.5 1.5 1.5 1.5 1.5 1.5 1  
Task 3: CO2 closed cycle 1.5 5 1.5 2 1.5 2 1.5 2 1  

NB: 1= “same or less”, 1.5= “50% more”, 2= “twice as much”, 5= “five times as much”. 

QUESTION B8 

Please give your view of the expected position of the following institutions in relation to the 
development of GAS TURBINE power plants implementing the proposed TECHNICAL OPTIONS 
for CO2 abatement. Circle scores ranging from -3 to +3, where -3 = ‘Major resistance’ to +3 = 
‘Favourable interest’. 

 M1 M2 M3 M4 M5 U1 U2 U3 U4 U5 
Banks (investment risks) -2 -2  0.5 -1  0  -2 0 
Extreme environmentalists 
(environmental impact) 2 1  3 2  3  0 3 

Government (national 
competitor) -1 1  2 2  2  3 1 

Insuring companies 
(uncertainty in quantifying 
risks) 

0 -2  0.5 -2  -1  -1 0 

Local communities 
(environmental impact) 1 1  0 2  0  2 2 

Manufacturers (interested in a 
return from developments) -1 -1  0 -2  -1 2 1 1 

Power utilities (interested in a 
return from investments) -2 -2  0 -3  -2 0 -2 1 
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Public and industry (interested 
in cheap electricity) -2 -3  0 -2  -3 2 -2 -1 

QUESTION C1 

The following list highlights methods for overcoming the barriers to reducing CO2 emissions. 
How do you rate the effectiveness of each method? 

Not effective Effective Very 
effective 

Score  

M U M U M U M U 
Decrease in capital cost of plant 0 1 2.4 6 4.6 7 11.6 20 
Decrease in cost of fuel 1 4 4.6 5 1.4 5 7.4 15 
Further research in understanding 
effects of CO2 on the atmosphere 
and global warming 

3.2 6 3.6 4 0.2 1 4.0 6 

Government grants (as a force to 
introduce legislation) 0 1 3.8 8 3.2 3 10.2 14 

Government loans 1 3 3.8 9 2.2 1 8.2 11 
Guaranteed size of market (caused 
by legislation against CO2) 

0 0 0.4 10 6.6 3 13.6 16 

Increased public awareness 4.4 6 0.6 5 2.0 2 4.6 9 
Tax on CO2 0 0 1.2 6 5.8 7 12.8 20 

NB: the number in any cell belonging to the columns (not effective/effective/very effective) 
represents the total number of ticks that the (manufacturers/users) have put in a particular box of 
question C1. The last column shows a score that is calculated as the summation of the number of 
ticks in the “non effective” column times 0, plus the number of ticks in the “effective” column 
times +1, plus the number of ticks in the “very effective” column times +2. The score summarizes 
therefore the rating of the effectiveness of each method.  
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QUESTION C2 

Please also assess the future likelihood of each of the methods actually occurring. 

Not likely Likely Very likely Score  
M U M U M U M U 

Decrease in capital cost of plant 5.8 6 0.2 7 0.0 1 0.2 9 
Decrease in cost of fuel 5.8 8 0.2 4 1.0 2 2.2 8 
Further research in understanding 
effects of CO2 on the atmosphere 
and global warming 

2.0 1 4.0 8 1.0 5 6.0 18 

Government grants (as a force to 
introduce legislation) 1.4 2 3.6 7 2.0 4 7.6 15 

Government loans 2.0 5 5.0 6 0.0 2 9.0 10 
Guaranteed size of market (caused 
by legislation against CO2) 

1.8 7 3.2 5 2.0 1 7.2 7 

Increased public awareness 0.4 2 4.6 8 2.0 3 8.6 14 
Tax on CO2 1.2 2 3.4 8 2.4 4 8.2 16 

NB: the number in any cell belonging to the columns (not likely/ likely /very likely) represents 
the total number of ticks that the (manufacturers/users) have put in a particular box of question 
C2. The last column shows a score that is calculated as the summation of the number of ticks in 
the “non likely” column times 0, plus the number of ticks in the “likely” column times +1, plus 
the number of ticks in the “very likely” column times +2. The score summarizes therefore the 
rating of the likelihood of each method. 

QUESTION D1 

When do you think that GHG effects are going to create a major climate problem? 

 In the next 
20 years 

Between 20 
and 50 years 

Between 50 
and 100 

years 

More than 
100 years Never 

M 2.0 4.6 1.4 0.0 0.0 
U 3 7 2 0 1 

NB: the number in a cell represents the total number of ticks that (manufacturers/users) have put 
in a particular box of question D1. 
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A1.4 ANALYSIS: CHART FORMAT 

SECTION A: STATUS OF TECHNICAL OPTIONS 

Questionnaire results: MANUFACTURERS Analysis 
Question A1 

Involvement in Technical Options for CO2 abatement and relative proportions of past, present and 
future work 
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Questionnaire results: MANUFACTURERS Analysis 
Question A3 

Stage reached by responders in any work on the Technical Options 
(1 = Theoretical studies only, 2 = Experimental research, 3 = Project design, 4 = Demonstration 

or pilot plant, 5 = Commercial production) 
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SECTION B: BARRIERS 

Questionnaire results: MANUFACTURERS Analysis 
Question B1 

Approximate fraction of engine needing change in order to use it in the CO2 abatement Technical 
Options 
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Questionnaire results: USERS & OTHERS Analysis 
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Questionnaire results: MANUFACTURERS Analysis 
Question B3 

Severity of D&C costs and time-scales for Tasks 1A & 1B 
(1=<10% of new engine D&C costs or time-scales 
6=>90% of new engine D&C costs or time-scales) 
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Questionnaire results: MANUFACTURERS Analysis 
Question B3 

Severity of D&C costs and time-scales for Task 3 
(1=<10% of new engine D&C costs or time-scales 
6=>90% of new engine D&C costs or time-scales 
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Questionnaire results: USERS & OTHERS Analysis 
Question B3 

Severity of D&C costs and time-scales for Task 2 
(1=<10% of new engine D&C costs or time-scales 
6=>90% of new engine D&C costs or time-scales) 
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Questionnaire results: USERS & OTHERS Analysis 

Question B3 
Severity of D&C costs and time-scales for Task 3 
(1=<10% of new engine D&C costs or time-scales 
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Questionnaire results: MANUFACTURERS Analysis 
Question B4 

Level of LHV thermal efficiency expected by the year 2020 for Gas Turbine engines 
incorporating CO2 abatement 

30

32

34

36

38

40

42

44

46

48

50

Task 1A: fuel ~100%
H2

Task 1B: fuel H2 + N2 Task 2: partial
recirculation

Task 3: CO2 closed
cycle

M5

M1
M2
M3
M4

U1
U2
U3
U4

 
Questionnaire results: USERS & OTHERS Analysis 

Question B4 
Level of LHV thermal efficiency expected by the year 2020 for Gas Turbine engines 

incorporating CO2 abatement 
 

30

35

40

45

50

55

60

Task 1A: fuel ~100%
H2

Task 1B: fuel H2 + N2 Task 2: partial
recirculation

Task 3: CO2 closed
cycle



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES A1.25

Questionnaire results: MANUFACTURERS Analysis 
Question B6 

Estimate of the increase in installation cost in relation to the current best available technology 
(1 = same or less, 1.5 = 50% more, 2 = twice as much, 5 = five times as much) 
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Questionnaire results: MANUFACTURERS Analysis 
Question B7 

Estimate of the increase in operating cost in relation to the current best available technology 
(1 = same or less, 1.5 = 50% more, 2 = twice as much, 5 = five times as much) 
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Questionnaire results: MANUFACTURERS Analysis 
Question B8 

Expected position of institutions  
(-3=major resistance, +3=favourable interest) 
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SECTION C: METHODS FOR OVERCOMING BARRIERS 
 

Questionnaire results: MANUFACTURERS Analysis 
Question C1 

Effectiveness of methods for overcoming the barriers to  
reducing CO2 emissions 
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Questionnaire results: MANUFACTURERS Analysis 
Question C2 

Likelihood of methods for overcoming the barriers to 
reducing CO2 emissions 
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APPENDIX 2.  

 
GAS PROPERTIES 

 
A.2.1. GAS DATA 
 
 All of the gases used in the gas turbine performance calculations are assumed to 
behave as ideal gases. 
 
 The table that follows presents a sample of the extensive thermodynamic data 
(specific heat, gas constant, and gamma) for the gases and gas mixtures considered in this 
study.  
 

Table A.2.1 – Thermodynamic Properties of Gases  
 

Gas Rgas  (J/kg.K) Temperature (K) Gamma Cp (J/kg.K) 
300 1.3945 918.4 Oxygen 259.8 

1500 1.2949 1140.9 
300 1.3995 1039.7 Nitrogen 296.8 

1500 1.3143 1241.1 
300 1.3985 1011.4 Air 288.2 

1500 1.3100 1217.7 
300 1.3029 2229.1 Methane 518.3 

1500 1.1018 5611.4 
300 1.2868 2133.7 Natural Gas 475.5 

1500 1.0969 5380.3 
300 1.4049 14311.8 Hydrogen 4124.5 

1500 1.3458 16052.1 
300 1.2877 845.7 Carbon Dioxide 188.9 

1500 1.1666 1323.0 
300 1.3706 1109.3 Air and burnt Natural 

Gas 
300.9 

1500 1.2674 1421.4 
300 1.2931 912.0 Carbon Dioxide and 

burnt Natural Gas 
206.7 

1500 1.1721 1407.7 
 
 

Observations: 
 
a) For air a composition by volume of 21% oxygen and 79% nitrogen has been assumed. 
 
b) For natural gas, the volumetric composition of that originating from North Sea has been 

assumed, which is a mixture of 94% methane, 4.3% propane, 1.5 % nitrogen and 0.2% 
carbon dioxide. 

 
c) For air and burnt natural gas, stoichiometric combustion of North Sea Natural Gas 

(NSNG) and air, with 71.6% nitrogen, 9.8% carbon dioxide and 18.6% water vapour is 
shown.  Appropriate changes were made to allow for non-stoichiometric combustion. 

 
d) For carbon dioxide and burnt natural gas, it was assumed that the composition of product 

gas originated from a stoichiometric burning of NSNG and oxygen and diluted with 
carbon dioxide, according to the reaction (NSNG+O2)+11CO2. This reaction gives a total 
fuel (NSNG+O2) to working fluid (CO2) ratio of 0.1746, which is appropriate to a gas 
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turbine with pressure ratio of 15 and turbine stator outlet temperature of 1600 K running 
Option 3. For this case, the product gas composition is 85.4% carbon dioxide and 14.5% 
water vapour and 0.1% nitrogen. 

   
A.2.2. METHOD OF REPRESENTING GAS PROPERTIES 
 

The thermodynamic values described in the table above, for all of the species and 
mixtures considered, were calculated based on the National Aeronautics and Space 
Administration (NASA) Technical Memorandum 4513 [Reference 12].  
 

The specific heat Cp is calculated by using a fourth-order polynomial equation, which is a 
function of temperature. The temperature is expressed in Kelvin and the specific heat 
calculated is expressed in J/kg.K. The specific heat Cp is calculated by using the following 
polynomial equation: 

 
Cp = (a1 + a2*T + a3*T2 + a4*T3 + a5*T4)*(R/MW)*1000 
 
In the above equation, R is the universal gas constant, which is equal to 8.314510 

kJ/kmol.K; MW is the molecular weight of the specie, expressed in kg/kmol;  The polynomial 
coefficients a1, a2, a3, a4, and a5 are related to each specie being considered and also to the 
temperature assumed for calculating the specific heat. In the NASA document in reference, 
for given specie, these coefficients are different for temperature intervals 300 to 1000 K, and 
1000 to 5000 K. 

   
The gas constant Rgas, in the table, is calculated dividing the universal gas constant R 

(kJ/kmol.K)  by the molecular weight MW (kg/kmol) of the specie or mixture considered. 
This value is then multiplied by 1000 in order to have its value in J/kg.K, as shown in the 
table above. 

 
Rgas = (R/ MW)*1000 
 
In the case of a gas mixture, its mixture molecular weight is calculated by doing a 

summation of the products of the molar fraction (xi) of each specie i taking part in the gas 
mixture, by its molecular weight (MWi), according to the equation shown as follows: 

 

MWmix =∑i (xi*MWi) 
 
Gamma (γ) is, by definition, the relation between the specific heat at constant pressure 

and the specific heat at constant volume, for a specie or mixture at certain temperature (K), 
which is given by the equation: 

 
 
Gamma, γ = Cp/(Cp – Rgas)  
 
 
 

A.2.3  COMBUSTION CALCULATIONS 
 

For all the combustion processes, it is necessary to work out the fuel-to-working fluid 
ratio, the adiabatic flame temperature and the molar fraction of the constituents of the 
combustion products. 
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In this study, complete combustion of the fuel is assumed: thus the combustion product is 
a gas mixture composed of carbon dioxide, water vapour, oxygen and nitrogen. This 
composition of combustion products is determined by writing simple atom balances for 
reactants (fuel plus oxidiser) and products, assuming that the fuel reacts to form an ideal set of 
products. 
 

The fuel-to-working fluid ratio is defined as the ratio between the total mass of fuel and 
the total mass of working fluid taking part in the combustion process in the combustor.  
 

To calculate the adiabatic flame temperature for a constant pressure combustion process, 
the absolute enthalpy of the reactants at the initial state has to be equal to the absolute 
enthalpy of the products at the final state. The temperature of the products of combustion at 
the final state is then the adiabatic flame temperature.       
 

The absolute enthalpy (in kJ/kmol) of a specie at a certain temperature T (K) is defined as 
the heat of formation at the reference temperature T0 plus the sensible enthalpy relative to the 
reference temperature, according to the equation: 

 
                T 

h = hf
0 + ∫T0 ( CpdT)          

 
In the previous equation, the values of enthalpy of formation, hf

0, and sensible enthalpy at 
temperature T, relative to the reference temperature T0,    ∫( CpdT), can be obtained from the 
NASA document already mentioned in this appendix [Reference 4]. 
 

In Reference 4, the absolute enthalpy (kJ/kmol) of certain specie i in temperature T (K) is 
calculated by using the same polynomial coefficients as used for calculating its specific heat 
Cp, and the integration constant b1, through the following equation: 
 

h = (a1T+ a2*T2/2 + a3*T3/3 + a4*T4/4 + a5*T5+b1)*R 
 
 In the case of a gas mixture, its absolute enthalpy is calculated by doing a summation 
of the products of the molar fraction (xi) of each specie i taking part in the gas mixture, by its 
absolute enthalpy (hi), according to the equation: 
  

hmix =∑i (xi*hi) 
 

 
 

A.2.4 TYPICAL RESULTS  
 
The following charts are samples showing the thermodynamic properties of combustion 

products for: 
 

- Burning hydrogen with air;  
- Burning natural gas with oxygen in a gas turbine combustor, which has carbon 

dioxide as working fluid. 
 
  The charts shown are: 
 

- Specific heat (Cp) versus temperature for different fuel-to-working fluid ratios; 
- Gas constant (Rgas) versus fuel-to-working fluid ratio for the combustion products 

considered; 
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- Combustion temperature rise (∆T) versus fuel-to-working fluid ratio for different 
working fluid temperatures delivered by the gas turbine compressor.  
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Natural Gas Combustion with Oxygen  
Carbon Dioxide as Working Fluid
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APPENDIX 3.  

 
PERFORMANCE EFFECTS OF GAS PROPERTY CHANGES. 

 
The effects of changing either the working fluid or the fuel in a gas turbine are to 

change the performance of the components and thus the overall performance of the engine.  
The performance of each component is a function of the following properties of the gases 
passing through it. 
 
 Gas Constant R   ( = Cp – Cv) 
 Specific heat at constant pressure Cp 
 Specific heat at constant volume Cv 
 (Hence - Ratio of specific heats Cp/Cv = γ    called “gamma”) 
 

These properties vary significantly between gases (see also Appendix 2).  
Furthermore the specific heats, Cp and Cv, vary for a given gas as a function of temperature. 
Also, adding small amounts of other gases such as combustion products to a given gas can 
also affect the gas constant, R.  For the Options discussed in this report, the largest effect on 
the whole engine is in Option 3, which has CO2 as the working fluid; the fuel is natural gas 
and enough oxygen injected to ensure complete combustion of the fuel.  Typical rounded 
values of R, Cp and γ for air and CO2 are as follows. 
 
GAS PROPERTIES AT 288K (Rounded)   
  AIR CO2 
Gas constant, KJ/kg.K R 288 189 
Specific Heat at constant pressure, 
KJ/kg.K 

Cp 1011 834 

Ratio of Specific Heats, Cp / Cv. γ 1.40 1.29 
 
GAS PROPERTIES AT 1550K (Rounded)   
  AIR WITH 

NATURAL GAS 
COMBUSTION 

PRODUCTS 
(FUEL/AIR 

RATIO 0.0229) 

CO2 WITH 
NATURAL GAS 
PLUS OXYGEN 
COMBUSTION 

PRODUCTS 
(FUEL/AIR 

RATIO 0.0243) 
Gas constant, KJ/kg.K R 293 202 
Specific Heat at constant pressure, 
KJ/kg.K 

Cp 1305 1390 

Ratio of Specific Heats, Cp / Cv. γ 1.29 1.17 
 
 

In order to illustrate the effects of changing the gases in a gas turbine, three examples 
(compressor stage, turbine stage and whole engine) will be summarised, with some 
explanations.  The gases of Option 3 are taken for all 3 examples (natural gas fuel with O2 
oxidant and CO2 working fluid) and compared with the same engine breathing air and using 
natural gas fuel. 
 
Section A.3.1. A typical compressor stage 
Section A.3.2. A typical high pressure turbine stage 
Section A.3.3. A typical whole engine 
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A3.1.   EFFECTS OF CHANGE IN WORKING FLUID FOR A TYPICAL 
COMPRESSOR STAGE. 
 

A typical compressor stage (to suit the Modern Reference Engine) is now taken as an 
example to demonstrate the effects of switching the working fluid from air to CO2.  The stage 
is designed for air and then operated with CO2.  The design has been done for the “mean line” 
of the compressor, that is the line joining the mid height points of the blades.  The physical 
dimensions of the blading and the annulus have been kept unchanged when the working fluid 
is switched from air to CO2.   
 
 

STATOR BLADEROTOR 
 AIR 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

FIG A3.1 DIAGRAM OF COMPRESSOR STAGE 

The operating point with CO2 has the same inlet flow Mach number as the air design 
point.  It also has a rotational speed such that the incidence on the rotor is the same as for the 
air design point. This means the blade Mach number is very close to the same value as for the 
air design point, and thus represents the same non-dimensional speed as the air design point.  
The purpose of the calculations is to investigate whether the pressure ratio and efficiency of 
the compressor stage change when it operates on CO2 rather than air, at the same non-
dimensional speed and inlet Mach Number. 
 
 
COMPRESSOR OPERATION  AIR CO2 
Inlet pressure KPa 101.33 101.33 
Inlet temperature K 288.15 288.15 
Inlet flow Mach Number  0.6 0.6 
Inlet area sq. metres 3.071 3.071 
Inlet flow rate kg / sec 622.0 744.1 
Inlet flow density kg/cu. metre 1.025 1.562 
Blade speed metres / sec 304.8 239.5 
Rotational speed rpm 100% 78.6% 
Rotor incidence degrees 0.0 0.0 
Rotor inlet dynamic head KPa 90.8 85.9 
Rotor loss / dyn head % 4.96 4.97 
Rotor exit angle degrees 46.24 46.24 
CONTINUED    
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COMPRESSOR OPERATION 
(CONTINUED) 

 AIR CO2 

Rotor exit annulus area sq. metres 2.614 2.614 
Stator incidence degrees 0.0 +0.7 
Stator inlet dynamic head KPa 36.27 34.60 
Stator loss / dyn head % 4.83 4.83 
Stator exit angle degrees 0.0 0.0 
Stator exit annulus area sq. metres 2.486 2.486 
Stator outlet Mach Number  0.5472 0.5470 

RESULTS    
MASS FLOW RATE kg / sec 622.0 744.1 
PRESSURE RATIO  1.379 1.364 
EFFICIENCY (polytropic) % 88.0 88.09 
TEMPERATURE RISE K 31.59 23.97 
POWER INPUT KW 19860 14865 
ROTATIONAL SPEED rpm Datum 78.6% 
 
EXPLANATIONS 
 

In the inlet, at fixed Mach Number, the ratio of total to static temperature can be 
found, as can the ratio of total and static pressure.  They are functions of gamma (γ). 
 
T / t = 1 + [( γ - 1)/2] M2 
 
P/p = (T/t)k, where k = γ/(γ- 1) 
 
Thus at 0.6 Mach Number (M), for T = 288.15K, t = 268.85K for air and 273.7K for CO2. 
 
Also at 0.6 Mach Number, for P = 101.33 KPa, p = 79.45 KPa for air and 80.76 KPa for CO2. 
 
The speed of sound, c, in a gas is c  =  √(γ Rt) 
 

In the inlet this gives c = 329.2 m/s for air and c = 258.6 m/s for CO2, mainly due to 
the differences in the Gas Constant, R.  So the velocity of the air at the inlet (0.6 Mach 
Number) is 197.5m/s for air and 155.1m/s for CO2, which is 78.6% of the value for air. 
 

The density, ρ, of the inlet air is  ρ = p/(Rt).    
 

In the inlet this gives ρ = 1.025 kg/m3 for air and 1.562 kg/m3 for CO2, a 53% 
increase.  Again, the difference is largely due to the difference in the Gas Constant, R. 
 

The mass flow rate is W = ρAv.  In the inlet this gives W = 622.0 kg/s for air and 
744.1 kg/s for CO2 (a 20% increase due to 1.52 times higher density and 0.79 times the 
velocity). 
 

Because all the angles of the velocity triangles are virtually the same for air and CO2, 
the function ∆h/u falls for CO2 by the same amount as all the velocities (78.6% of the value 
for air).  Thus the work per kg/sec of flow (= ∆h = u x change in whirl velocity) falls by 
(0.786)2  = 0.62.  The work per kg/sec, ∆h = Cp.∆T.  Thus the temperature rise for air is 31.6 
deg and for CO2 is 24.0 deg (0.75 times).  This arises because for CO2, the work per kg/sec is 
0.62 times and the Cp is 0.82 times the values for air.   
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The pressure ratio is given by P4/P1 = (T4/T1)n where n = [γ/ (γ-1)] . [1/η] where  η 
is the polytropic efficiency. This gives a pressure ratio of 1.379 for air and 1.364 for CO2 
assuming the same efficiency. 
 

The efficiency is calculated by taking the same loss for each blade row expressed as a 
fraction of the dynamic head entering the blade row. This is justified in this case because 
there is no significant change in incidence on either blade row.  This calculation shows that 
the efficiency of the two cases is virtually identical, the CO2 case being only 0.09% higher 
efficiency than with air.  Thus the assumption of equal efficiencies to calculate the pressure 
ratios is valid. 
 

It is important to note that the exit Mach number is virtually identical in the two 
cases.  This means that subsequent stages in a multi-stage machine will show very similar 
differences between the air and CO2 operating parameters.  
 
A.3.1.1 CONCLUSIONS FOR COMPRESSORS. 
 
a) The air based compressor characteristics used for engine calculations can be used for 
CO2 using the characteristics expressed in the full non-dimensional forms as follows. 

 
FLOW  [W √T / P ] [ R/γ] 

 
      SPEED  N / [√(γRt)]  
 
b) The efficiency should be increased by 0.09% polytropic when using CO2. 
c) The pressure ratio should be scaled down in the ratio 1.364/1.379 = 0.989. 
 
A3.2  EFFECTS OF CHANGE OF WORKING FLUID AND FUEL IN A TURBINE. 
 

The turbine chosen is a typical first stage of a turbine from a single shaft, 250 MW 
machine (very like the MRE) of about 17.0 overall pressure ratio and 1550K firing 
temperature, driving a synchronous electrical generator.  The engine is designed for operation 
on air and natural gas, and the effects of changing the working fluid to CO2 and the fuel to 
natural gas with oxygen injection are discussed.  The turbine main parameters are listed below 
for the two cases.  Gas properties are given earlier in this Appendix.  The turbine is assumed 
to be running synchronously in both cases, with the same inlet conditions to facilitate 
comparison. 
 

6 5 4 

COMBUSTOR

FIG A3.2 DIAGRAM OF TURBINE STAGE 

ROTURBINE NOZZLE TOR BLADE  
 
 
 
 
 
 
 
 
 
 
 
 
 
 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES A3.5

 
TURBINE OPERATION  AIR CO2 
Inlet pressure KPa 1627.8 1627.8 
Inlet temperature K 1550 1550 
Fuel  Natural gas Natural gas 
Oxidant  Air Oxygen 
Fuel to fluid ratio  0.0229 0.0326 
Nozzle throat area sq. metres 0.371 0.371 
Nozzle throat Mach Number  1.0 1.0 
Nozzle exit annulus area sq. metres 0.879 0.879 
Nozzle exit gas angle degrees 65.0 65.0 
Rotor outlet annulus area  sq. metres 1.069 1.069 
Rotor inlet hub diameter metres 2.170 2.170 
Rotor inlet tip diameter metres 2.414 2.414 
Rotor inlet mid height blade 
angle 

degrees 43.7 43.7 

Rotor outlet mid height blade 
angle 

degrees -57.0 -57.0 

Rotational speed r.p.m. 3000 3000 
    
PERFORMANCE RESULTS    
    
Total gas flow rate kg / sec 598.1 688.1 
Outlet total temperature K 1336 1398 
Outlet total pressure KPa 802 773 
Total power output MW 162.5 144.8 
Efficiency % poly 91.0 93.3 
Loading (∆H)/U2 2.10 1.62 
    
Rotor inlet relative Mach No.  0.584 0.514 
Rotor inlet gas angle degrees 43.7 34.8 
Rotor outlet gas angle degrees -57.0 -57.0 
Rotor inlet dynamic head KPa 214 154 
Rotor dynamic head loss  0.246 0.257 
 
Note: slight differences between these figures and some quoted elsewhere in this report are 
due to the following. Firstly there is a high level of detail considered in the turbine design 
shown above relative to the overall engine data given elsewhere.  Secondly, equal inlet 
conditions have been selected for the two columns, which does not occur in practice in the 
data quoted elsewhere. 
 
Explanations. 
 

i) Gas flow.   
 
The gas flow rate is a function of the inlet temperature (T) and pressure (P), the throat area 
(A) and Mach Number (M), and the gas properties. 

 
 

W   =   A . P . M . √γ . [ 1 + {( γ  - 1)/2}. M2] [- (1 + γ )/(2{ γ  - 1)]   
  √[ R . T ] 
 
Inserting the gas properties (R and γ) and M = 1 gives the results above.   
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As further illustration, the ratio of the flows for the two cases is approximately equal 

to the following simplified expression (derived from the full one above). 
 
W (CO2)        =     √[ γc / γa ] . √[ Ra / Rc ]  approximately 
W (AIR) 
 
Where suffices “a” and “c” refer to air and CO2 respectively.  Putting in the numbers from 
above shows how the flow change arises. 
 
W (CO2)        =     √[ 1.174 / 1.297 ] . √[ 292.9 / 206.0 ] 
W (AIR) 
 
  = 0.951  x  1.192 =  1.134 approximately  
 
(i.e. about 13.5% increase – compares well with the accurate value of 15.0% increase above). 
 
The same conclusion can be drawn from consideration of more basic equations, as follows. 
 
Density. 
 
 Density   =  p / (R . t )  
 
where p and t are the static pressure and temperature respectively. 
 
In the case considered, the total pressure and temperature are assumed equal at inlet and so 
there will be small differences in the static pressure and temperature due to the changes in gas 
properties.  However, it can be easily seen that the ratio of densities at equal pressure and 
temperature is simply the inverse ratio of the gas constants, Rc and Ra. 
 
Thus, assuming equal pressures and temperatures, since Rc = 206.0 and Ra = 292.9,  the 
density ratio is 
 
Density of CO2 =  292.9 / 206.0 = 1.45 
Density of Air 
 
So, at equal conditions, CO2 is about 42% denser than air. 
 
Speed of Sound 
 
Speed of sound in a gas, C,  is 
 
C = √ [ γ . R . t ]. 
 
As a simple example, for t = 1300 K, say 
 
Speed of sound in AIR, (Mach = 1),   Ca  =  703  metres / sec 
 
Speed of sound in CO2, (Mach = 1),    Cc  =  560  metres / sec 
 
So, at equal temperatures, the throat velocity in a choked turbine will be about 25% faster for 
air than for CO2. 
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Taking the simple, accurate equation of flow through and area: -  
 
 
W = Density  x  area  x  velocity 
 
 
Since the areas are equal in this case, it can be seen that the flow of CO2, with about 42% 
higher density but 25% lower velocity, will be about 13.5% higher than for air on a mass 
basis.  This also agrees well with the more rigorous approach above.  
 
 

ii) Efficiency 
 
The polytropic efficiency changes when the operating gas changes.  If the engine is operating 
synchronously (as assumed above), the blade speeds will be unaltered.  Assuming as above 
that the turbine is choked, the axial velocity for the CO2 case will be 25% less than for air, 
leading to a negative incidence on the first rotor of 9 degrees.   Turbines are generally able to 
operate efficiently with this incidence level.   A small increase in rotor dynamic head loss has 
been incorporated to allow for the incidence change, as shown above. (The NGV loss is 
assumed unchanged for this exercise – a reasonably valid assumption).   The efficiency can 
then be re-computed, and for the case above this actually gives an efficiency increase of about 
2.3% despite the slightly increased fraction of dynamic head loss in the rotor.  This is because 
the dynamic head onto the rotor is 28% lower than for air.  As a further check, the efficiency 
change result is very consistent with the Smith Chart, which correlates efficiency against 
loading (∆H / u2). 
 
 
A.3.2.1 CONCLUSIONS FOR TURBINES. 
 
a) The turbine may be simulated in the engine calculations by a fixed nozzle throat area 

and by adjusting the efficiency. 
 
b) The efficiency of the turbine should be adjusted according to changes in the loading 

parameter, ∆H / u2, by using the Smith Chart correlation. 
 
 
 
 
 
A3.3    EFFECTS OF CHANGE OF WORKING FLUID AND FUEL IN AN ENGINE. 
 

To demonstrate the effects of changing an engine from using air to using CO2 as its 
working fluid, a typical large engine for power generation has been chosen.  It has a single 
shaft connected directly to the generator and runs at a fixed speed of 3000 rpm.  It is designed 
for air and then is operated on CO2 at the same (design) turbine entry temperature (TET) and 
rotational speed.   The effect is that the compressor suffers a gross aerodynamic over-speed.  
Also, the power is greatly changed.  Reference is made to the main body of the report for 
details of how an engine designed for operating on air must be changed to operate on CO2.  A 
diagram of the engine configuration is shown in Fig. A.3.3 below. 
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GENERATORTURBINE

 COMBUSTOR

  EXHAUST
Air

Fuel

 COMPRESSOR

2 3 4 6

FIG A3.3 GAS TURBINE ENGINE  -  STATION NUMBERING

 
 
 
ENGINE OPERATION  AIR CO2 
    
Inlet pressure KPa 101.33 101.33 
Inlet temperature K 288.15 288.15 
Fuel  Natural gas Natural gas 
Oxidant  Air Oxygen 
Turbine throat area sq. metres 0.3720 0.3720 
Rotational speed rpm 3000 3000 
Final nozzle area sq. metres 10.85 10.85 
   

 
 

RESULTS    
Inlet gas flow rate Kg / sec 622 1049 
Inlet Mach Number M2 0.60 

0.532 
Impossible 

1.0 !! 
Non-dimensional speed N/√γRT 8.80 11.31 
Inlet non-dimensional flow (W√T/P).(R/γ) 1496 2124 
Overall pressure ratio P3 / P2 17.0 26.7 
Compressor outlet temperature K 696 589 
Compressor power MW 262 306 
Turbine entry temperature K 1550 1510 
Turbine expansion ratio P4 / P6 15.4 23.4 
Exhaust total pressure  KPa 105.6 113.1 
Turbine total power MW 512 816 
NET POWER MW 250 509 
HEAT RATE Btu/KW.hr 8819 9330 
 
Explanations. 
 
The fixed rotational speed results in a large increase in non-dimensional speed (+28%) when 
changing from air to CO2.  Referring to typical compressor characteristics (e.g. Appendix 8) 
shows that this results automatically in a large increase in the non-dimensional inlet flow rate 
(typically +30% or more).  There is a corresponding increase in the actual flow rate.  This is 
an impossible behaviour for any compressor designed efficiently to operate on air.  However, 
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for the purpose of the rest of this demonstration, it is assumed that, with modification, the 
compressor can deliver this increase in flow. (It would have to have been designed with a 
quite low inlet Mach Number to cope with both air and CO2 or be redesigned for CO2).  
 
The next step in this engine calculation is to find the compressor pressure ratio required for 
the engine to operate at the same TET as for air. This is an iterative procedure, which requires 
continuity in the turbine nozzle throat area to be satisfied.  There is only one solution of 
pressure ratio for each TET.  It is found that there has to be a large increase in the compressor 
pressure ratio (from 17.0 to 26.7 in this case).  This is also an impossible task for a 
compressor designed efficiently to operate on air.  Thus on two counts there has to be a 
change in the compressor when changing from air to CO2.  The casings of the engine would 
also need substantial thickening to accommodate the increase in pressure. 
 
The final step is to extract sufficient power from the turbine (by changing the generator 
demand) such that the exhaust gas flow, the pressure and temperature satisfy continuity for 
the final nozzle area.  The result is that there would be a large increase in the power (nearly 
doubling) at a TET when changing from air to CO2 if the compressor were modified to 
accommodate the large aerodynamic over-speed. The heat rate worsens when changing to 
CO2 because the average temperature at which the fuel is added is lower, giving lower cycle 
efficiency. 
 
A.3.3.1 CONCLUSIONS FOR ENGINES 
 
There are major changes to the internal and overall performance of an engine if its working 
fluid is changed from air to carbon dioxide.  A new compressor is required, and the turbine 
performance should be reviewed on a case by case basis. 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES A4.1

 
APPENDIX 4.  

 
CURRENT AND PROJECTED GAS TURBINE CYCLES AND 

CONFIGURATIONS FOR POWER GENERATION 
 

(Based on Ref 7 and unpublished studies for UK Dept of Trade & Industry) 
 

A4.1   SCOPE 

This Appendix gives, first, a brief description of a typical simple gas turbine.   

It continues with a technical description of the current and future status of gas turbine 
and combined cycle power generation and reviews the potential improvements that may be 
realised by future technology developments. The data presented in this section of the report is 
based on internal work done by ALSTOM (prior to their joining with ABB) and by Rolls-
Royce plc. 

A4.2 DESCRIPTION OF SIMPLE GAS TUBINE 

Gas turbines are engines, which deliver either shaft power or, in the case of most 
aircraft engines, jet thrust.  They are designed for a range of fuels from liquid kerosene to 
gases such as natural gas, methane and syngas.  They range in size from a few kilowatts to 
over 250 MW. 

Fig A4.1 Single Shaft Gas Turbine 

Station numbering: 

 4      4.1  3  2  6  7  5  1 

Bleed 

Nozzle 

Generator 
Turbine 

Combustor 

Compressor Intake 

1 Ambient  4.1 Throat of Turbine Nozzle Guide Vanes 
2 Compressor entry  5 Turbine exit 
3 Compressor exit  6 After bleed return 
4 Combustor exit   7 Nozzle exit 

Fig A4.1 above shows a typical power producing gas turbine engine having one shaft.  
The gas turbine is a “steady flow” machine, drawing in its working fluid (often air) 
continuously through an intake. The components of the engine are then, in sequence, a 
compressor, a combustor, a turbine and a final nozzle.  
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The air (or other working fluid – air will be used for the rest of this description for 
simplicity) is prepared by the intake. This involves “straightening” the air and, if necessary, 
filtering it or drying it. 

The air is then compressed to a suitable pressure by the compressor; in some modern 
aero engines this pressure can be in excess of 40 atmospheres. The compression process heats 
the air by as much as 600 Centigrade degrees. Modern compressors are often multi-stage axial 
machines.  On small engines centrifugal compressors are sometimes used. 

The fuel is then injected into the air and burnt in the combustor.  Typical average 
temperatures at combustor outlet are 1500K to 1700K for power producing machines.   

The hot, high pressure gases from the combustor then pass through a turbine, which 
extracts power from these gases.  The power produced by the turbine is used to drive the 
compressor via a shaft. This process reduces the gas pressure and temperature, but the gases 
still have excess power available: this excess power can either be used to produce jet thrust 
for an aircraft, or be extracted by the turbine system to drive a generator (as is the case in Fig 
A4.1).   

The gases are then exhausted to atmosphere or to downstream heat recovery systems 
through the final nozzle. 

Many large, ground based power producing engines are of the configuration shown in 
Fig A4.1.  The configuration is known as “connected shaft” because the engine and generator 
are mechanically connected on the same shaft. However, sometimes a “free power turbine” 
configuration is used, in which the power extraction for the generator is done by an additional 
downstream turbine; such an arrangement is shown on Fig A4.2.  There are advantages and 
disadvantages for both configurations.  Since generators must run at constant speed when on-
line, the connected shaft engine must also run at constant speed whatever the power demand; 
the free power turbine engine speed can vary, giving greater flexibility and easier control.  
However, the free power turbine arrangement is more complex mechanically, having an extra 
shaft and bearings.  The free power turbine shaft also needs special arrangements for control 
of the shaft axial load. 

Fig. A4.2 Free Power Gas Turbine 

Station numbering: 

6  6.1     4   4.1  7   3  2  8  5  1 

Bleed

FP Turbine Nozzle 

Generator 
  HP Turbine

 Combustor

Compressor Intake 

1 Ambient    5 HP Turbine exit 
2 Compressor entry   6 After bleed return / FP Turbine entry 
3 Compressor exit   6.1 Throat of FP Turbine NGVs 
4 Combustor exit    7 FP Turbine exit 
4.1 Throat of HP Turbine NGVs  8 Nozzle exit 
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A4.3 BACKGROUND 

 

Industrial and aero-derivative gas turbine systems are employed around the world in 
many situations as power plants for electricity generators and mechanical drives, primarily 
because of their unique combination of efficiency, power density, cost and reliability. This 
success is the result of over 50 years of development, which to date has witnessed an almost 
continuous rise in turbine operating temperature and pressure ratio. By the mid 1980’s the gas 
turbine's performance had also become sufficiently advanced to enable the emergence of 
commercially attractive combined cycle power plants, based on integrated gas and steam 
systems. This heralded new heights in the levels of efficiency achievable for power 
generation. These efforts, supported by intensive engine and component development 
programmes, have steadily increased cycle efficiency and specific power output (power 
density) enabling lower levels of fuel consumption and capital cost. 

Latter-day standardisation, packaging and plant modularization initiatives 
consolidated these benefits by playing a crucial role in reducing construction time-scales, 
manufacturing and maintenance costs. This process is on going to-date and still provides 
much benefit. 

Ultimately all of this has led to the steady evolution of a mature and highly 
competitive family of systems with the sort of economic performance as discussed in more 
detail below. Future improvements will continue by exploiting similar trends.  

However, as the gas turbine has matured, a number of constraints have emerged 
which require significant R&D efforts. Current development activities, such as those of the 
ATS programme in the USA, observe many of these constraints; not least the significant 
problem posed by increasing combustion temperatures beyond today’s best. In this respect the 
ATS programme, and others, pivot strongly on reducing the efficiency burden of hot section 
cooling, whilst keeping the flame and flow path component temperatures within current 
limits. This is achieved by developing applications involving advanced cooling systems and 
ceramic coatings.  

Additional approaches, aimed at improving system cost and, or, efficiency, involve 
exploiting alternative cycle topologies to obtain appropriate benefits. These are numerous, 
such as reheat combustion in the gas turbine (like the ABB GT24/26), an inter-cooled aero-
derivative (like the CAGT or FMGT proposals), or an inter-cooled and recuperated gas 
turbine (like the Rolls-Royce WR21).  

Beyond this, an increase in the firing temperature of the gas turbine system, matched 
with an appropriate increase in pressure ratio, is the most significant means of providing a 
system with a substantially higher efficiency and lower specific cost.  It is also likely that this 
would provide specific cost benefits for other associated systems (the specific costs of 
ancillary items may scale down with increases in gas turbine power density). Cost savings 
may also accrue from system changes enabled by new technologies that may be simpler or 
have a higher power density (for example magnetic bearings or a high-speed generator). 

This Appendix contains performance maps that have been included only for 
illustration purposes. These have been produced using a relatively simple thermo-dynamic 
model where the efficiencies and specific powers quoted by these maps are accordingly of 
general accuracy. These do not include detailed consideration of any transformer or other 
auxiliary system losses.  

These maps cover some of the cycles discussed in this report namely the simple 
cycle, combined cycle, reheat cycle, inter-cooled, recuperated and steam injected gas turbine 
cycles. A gas turbine combined cycle performance map is also given. The cycles represented 
in map form are also shown in schematic form. 
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The specific powers quoted for these cycles have been defined as the net power 
output (in MWe) divided by the air flow rate into the compressor (in kg/s).  Specific power is 
an indication of the size of the engine for a given power.  It should be noted, however, that the 
relationship between engine size and cost is not simple. Generally, smaller engines are more 
expensive per unit of power for a given cycle. 

These maps can be used to obtain indicative cycle performances by firstly selecting a 
turbine Rotor Inlet Temperature (RIT), in Kelvin, and then selecting an overall pressure ratio 
for the cycle. Selected examples of gas turbines are give on some of the maps - many of 
which are currently sold by UK manufacturers. In addition to this, potential future concepts 
have also been clearly marked.  

Illustrations are also included in this section to give a broad comparison of the cycles 
discussed. These show how developments such as inter-cooling or steam injection can alter 
the performance of a basic gas turbine cycle. 

 

A4.4 GAS TURBINE SIMPLE CYCLE 

The basic gas turbine cycle plant is commonly referred to as the “simple” cycle. 
“Simple cycle” plant consists of a gas turbine and generator.  The gas turbine has no extra 
equipment such as inter-coolers or a recuperator, and there is no downstream equipment such 
as Heat Recovery Steam Generators.  Figs A4.1 and A4.2 are simple cycles.  

A schematic of another simple cycle gas turbine is shown in figure A4.3 below. It 
comprises of one or more compressors followed by a combustion system and turbines. Single 
shaft arrangements are common, particularly with “heavy frame” industrial engine designs 
(Fig A4.1). However, especially with aero-derived industrial engines it is possible to have 
more than one shaft (spool). The gas turbine schematic shown below (figure A4.3) has three 
shafts, the high pressure (HP), intermediate pressure (IP) and low pressure (LP). 

LPIPHPHPIPLP

Compressors

Generator

Turbines

Combustor

Exhaust

Air In

Fuel

 

Fig. A4.3 Gas Turbine Simple Cycle Schematic 
 
Over the many years of development the simple cycle gas turbine performance and efficiency 
has steadily increased and will continue to do so (although with diminishing returns as the 
technology matures). Potential performance improvements are indicated on the simple cycle 
performance map shown in the figure A4.4 below where the effect of diminishing returns can 
be seen. 
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Fig. A4.4 Gas Turbine Simple Cycle Performance Map 
 

This map is merely an illustration but broadly shows the relationship between turbine 
rotor inlet temperature (RIT) – also called Turbine Entry Temperature (TET) - and cycle 
overall pressure ratio (OPR). This illustration shows the diminishing effect of RIT on the 
cycle efficiency. An increase in the RIT of a gas turbine system, matched with an appropriate 
increase in pressure ratio, can still, clearly provide a system with a better performance – 
particularly in terms of specific power. However, raising the RIT of the gas turbine, so that 
the combustor flame temperature exceeds say 1850K, has a number of implications that must 
be considered carefully. The most important of all, currently faced, is the link between higher 
temperatures, NOx emissions and hot section durability. Although the mitigation of these 
problems may theoretically be achievable it will require substantial R&D efforts. Beyond this, 
the stoichiometric flame temperature restricts further increases in efficiency, (this would be 
typically in the range of ~2300-2700K at low and high pressure ratio respectively). 

Current state-of-the-art R&D activities, like those of the ATS programme, recognise 
the significant problems posed by increasing combustion temperatures beyond today’s best 
achievable, not least because of the rapid and environmentally unacceptable rise in NOx 
production for combustion temperatures exceeding about 1850K. To this effect the ATS 
programme has focused strongly on reducing the burden of hot section cooling by developing 
advanced cooling systems, which include closed loop cooling and ceramic materials 
developments, to gain performance and cost benefits. 

The performance of the simple cycle gas turbine, under non-standard ambient 
conditions, can also be a problem for operators in hot climates. The simple cycle gas turbine’s 
performance, in terms of efficiency and power output, is badly affected on days where high 
ambient temperatures are experienced. This is particularly problematic when it coincides with 
high demand for electricity – for example in air conditioning during the summer months. This 
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problem is now occurring in the USA where electricity demand is higher in summer than 
winter. In this respect the use of cost-effective cooling systems for the engine inlet air is 
advantageous. These systems could be refrigeration plant, or water injection or even the use 
of blocks of ice, simply to cool the inlet air temperature before it enters the gas turbine 
compressor; each would have the effect of restoring the engine performance.  Although inlet 
air chilling technology exists, many plants still do not use it even in hot countries. 

 

A4.5 COMBINED CYCLE 

A schematic diagram of a gas turbine based combined cycle is shown in figure A4.5 
below. This comprises a gas turbine, as described above, and a steam “bottoming cycle” 
utilising waste heat from the gas turbine engine exhaust. The exhaust from a gas turbine 
contains a significant amount of heat energy (often between 60% and 70% of the total energy 
input as fuel into the cycle). This waste heat energy can be used to produce steam at pressure, 
via a Heat Recovery Steam Generator (HRSG), which in turn can be passed through steam 
turbines to produce additional power with no extra fuel burn. These steam turbines can drive 
their own separate generator or may be aligned along a single shaft, shared by the gas turbine 
engine, driving a single generator. 
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Fig. A4.5 Combined Cycle Schematic 
A combined cycle performance map is shown in figure A4.6 below (NB - this map 

does not cover reheat gas turbine cycles). As with the simple cycle, increased firing 
temperatures can obtain higher specific powers, but with CCGT this also increases the cycle 
efficiency more substantially. With a combined cycle, and for a given firing temperature, 
power is obtained from both the gas turbine and the steam turbines. To obtain the best overall 
efficiency the pressure ratio of the gas turbine has to be chosen carefully.  This choice also 
influences the relative amounts of power generated in the respective systems which is 
strongly a function of the gas turbines exhaust gas temperature (which is in turn influenced by 
the pressure ratio). With current state-of-the-art designs, the optimum combined cycle 
efficiency is around 58% with a work split near to 2:1 (Gas Turbine: Steam Turbine). 
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Fig. A4.6 Combined Cycle Performance Map 

By using a combined cycle, higher overall cycle efficiencies are obtained as well as 
higher specific powers. To illustrate the performance benefits of the combined cycle a 
comparison with the simple cycle performance map is shown in figure A4.7 below. 
Efficiencies approaching 65% are obtainable from the combined cycle, but the simple cycle is 
limited to less than 50%.  
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Fig. A4.7 Comparison of Simple Cycle and Combined Cycle Performance Maps 

 
Early CCGT plants used relatively simple single pressure level steam cycles that 

could be boosted by incorporating supplementary firing in the gas turbine exhaust. This 
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improved steam conditions and boosted the steam cycles power output.  This supplementary 
or duct firing technique is still used today in some applications where economic benefits can 
be gained by the flexible generation of extra power. Supplemental firing is however rarely 
used today on large base load CCGT plants. As combined cycles have evolved over time, 
more complex and more efficient steam cycles have been developed often using multiple 
pressures level HRSGs. 

As with the simple cycle gas turbine, many types and size of combined cycle are 
available from small co-generation systems to large utility sized systems (over 800MWe). 
The largest systems are composed of more than one gas turbine providing their exhaust heat 
to one steam cycle. This can often make sense in economic terms for the steam cycle which, 
being larger, has a lower specific cost. With closer integration of the steam cycle it is possible 
to specify a cycle with closed loop steam cooling for the gas turbine (GE H series CC). With 
such developments combined cycles with efficiencies of 60% are on offer. 

 

A4.6 OTHER GAS TURBINE CYCLES 

The gas turbine simple cycle can be improved upon by various means. These include 
inter-cooling, recuperation and steam injection or humid air turbines. 

 

A4.6.1 Inter-cooling 

A schematic diagram of an inter-cooled gas turbine is shown in figure A4.8 below. 
This is composed of basic gas turbine components with the addition of a heat exchanger 
(inter-cooler) part way through the compression system. 
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Fig. A4.8 An Inter-cooled Gas Turbine Cycle Schematic 

 
For an equivalent pressure ratio, inter-cooling reduces the power requirement of the 

compressor (cooled air is more readily compressed thus saving work of compression).  The 
surplus turbine power is redirected to the generator, which not only allows an increase in 
electrical power output but also, under certain conditions, allows a small increase in cycle 
efficiency. Performance maps for two inter-cooled gas turbine cycles are shown in figure 
A4.9 and A4.10 below. 
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Fig. A4.9 An Inter-cooled Gas Turbine Performance Map 

Figure A4.9 shows a cycle where the inter-cooler is placed in the compressor to 
achieve maximum power output (the LP compressor pressure ratio is equal to the combined 
pressure ratio of the IP & HP compressors – as drawn in figure A4.8). Little or no efficiency 
improvement is sustained with this cycle. The main benefit is in the increase in power density.  
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Fig. A4.10 The Effect of Location of the Inter-cooler on The Cycle Performance 
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Figure A4.10 shows how the inter-cooler location affects the cycle performance. It 
can be seen that a small rise in efficiency can be achieved by placing the inter-cooler nearer to 
the compressor inlet (the LP compressor pressure ratio is less than the combined pressure 
ratio of the IP & HP compressors – as drawn in figure A4.8). 

Inter-cooling can allow higher overall pressure ratios to be attained practically, in the 
region of 50:1-60:1. Future advanced cycles may benefit from such pressure ratios, 
particularly if rotor inlet temperatures continue to increase. However this demands significant 
development of the gas turbine from combustion, aerodynamic and structural points of view. 
The need for a water supply for the inter-cooler is also a possible restriction on the use of 
inter-cooling in some parts of the world. 

With the exception of machines like the Rolls-Royce WR21 (which is inter-cooled 
and recuperated) and the Hitachi H15, there are no production based inter-cooled gas turbines 
offered by manufactures. However, notable proposals for such machines have been made by 
the US DOE (for the Flexible Mid-sized Gas Turbine) and groups such as the CAGT 
(Collaborative Advanced Gas Turbine). 

 

 

A4.6.2 Reheat Cycle 

 

In this option the expanding turbine gas goes through a secondary combustion 
system, located part way down the turbine, which reheats the gas to a temperature identical to, 
or comparable with, the primary combustion temperature, figure A4.11 below. This improves 
the performance of the gas turbine in two ways, firstly, by increasing the efficiency and 
secondly by increasing the specific power. The efficiency is improved by increasing 
mean/average temperature at which heat is added to the cycle.  The specific power is 
increased because the secondary combustor allows more fuel to be burned in the system. This 
option offers a similar increase in specific power to inter-cooling. 
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Fig. A4.11 Schematic of a Reheat Gas Turbine 
By adding fuel in two stages of combustion, and obtaining the intrinsic efficiency 

benefits described above, the cycles maximum temperature can be kept lower than in non-
reheat systems thus obtaining relative NOx emission benefits. However, the temperature into 
the second combustion system is currently limited by practical problems including problems 
associated with the fuel’s auto ignition temperature. Higher pressure ratios are also required, 
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usually in excess of 30:1. These issues currently restrict the true potential of this cycle. 

Currently, ABB is the only manufacturer to offer such a gas turbine (GT26/GT24 50 
& 60 Hz respectively). This machine is a heavy frame design with a 30:1 pressure ratio and 
an efficiency of 38% (58% in combined cycle). 

 

A4.6.3 Recuperation 

 

A schematic representation of a recuperated gas turbine cycle is shown in figure 
A4.12 below. In addition to the basic gas turbine components a heat exchanger (recuperation) 
is added to the gas turbine exhaust. 
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Fig. A4.12 A Schematic of a Recuperated Gas Turbine Cycle 
 

The recuperator recovers waste heat from the turbine exhaust and transfers it to the 
air exiting the compressor.  This raises the inlet temperature to the combustor, thus saving 
fuel. This can give rise to a significant increase in the cycle efficiency of 10% or more, 
depending on the cycle pressure ratio and firing temperature. For recuperation on its own, the 
optimum cycle pressure ratio is low - in the order of about 8:1. This is because high 
compressor outlet temperatures, consistent with high pressure ratios, reduce the opportunity to 
transfer heat from the exhaust. Because of this recuperation is generally considered in 
conjunction with inter-cooling which reduces the compressor delivery temperature at a given 
pressure ratio. This combination, shown in figure A4.13, simultaneously obtains the 
efficiency benefits of recuperation and the higher specific power of inter-cooling.  

An example of an engine using inter-cooling, recuperation and reheat is the Schelde 
Heron 1.4 MW machine, currently on test.  It is small in the context of this report. 
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Fig. A4.13 A Schematic of an Inter-cooled and Recuperated Gas Turbine 

 
A performance map of an inter-cooled, recuperated gas turbine is shown below in 

figure A4.14. 
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Fig. A4.14 Performance Map for a Inter-cooled, Recuperated Gas Turbine 
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This cycle’s potential is comparable with today’s combined cycles at current pressure 

ratios. However, delivering this level of performance would require significant developments 
in the performance and integrity of recuperator (heat exchanger) design. 

 

Currently only a small number of gas turbines of this type are on offer and many are 
of the regenerative type for applications such as mechanical drive. Regeneration differs from 
recuperation only in the respect that a different type of heat exchanger is used (i.e. a 
regenerator). The regenerator is a heat exchanger with a moving surface that generally rotates 
between the hot and cold streams - thereby transferring heat. A regenerator is generally 
considered to be less efficient/desirable than a recuperator due to steam leakage and the need 
for moving parts.  

 

NREC and Solar offer small, recuperated systems for power generation. The Rolls-
Royce WR21, which is optimised for marine propulsion, offers the combination of inter-
cooling and recuperation. 

 

A4.6.4 Steam Injection and Humid Air Cycles 

 

A schematic diagram of a gas turbine with steam injection is shown in Figure A4.15 
below. As with the recuperated cycle described above a heat exchanger (HRSG) is added to a 
basic gas turbine engine’s exhaust.  
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Fig. A4.15 A Schematic of a Steam Injected Gas Turbine 
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Another way of increasing the gas turbine cycle efficiency is by increasing the 

humidity of the air after the compressor. The compressor air may be saturated in an ‘off 
engine’ system like a saturator column and there are numerous cycles based on this ‘wet 
cycle’ theme.  The GE “Sprint” cycle for the LM6000 injects a fine mist of water in between 
the LP and HP compressors within the engine. 

With steam injection, the heat required to produce the steam is obtained from the gas 
turbine exhaust after which the steam is injected immediately after the compressor or directly 
into the combustion system. For a given air flow rate, the compressor power demand remains 
unchanged but the flow through the turbine increases. In addition, the water requires no 
compression and pumping energy requirements are small. This increased flow therefore gives 
rise to significant additional net power.  

As the steam generated is lost to the cycle exhaust, a constant supply of new water 
will be required. This can add to the costs of operating the plant. In some parts of the world 
this may be very significant. A performance map for a steam-injected gas turbine is shown in 
figure A4.16 below. 
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Fig. A4.16 Performance Map for a Steam Injected Gas Turbine 

 
There are a number of steam injected cycles which are currently available. These 

range in size and efficiency. Currently the highest efficiency offered from these systems is 
~44%. The development of more modern gas turbines, to operate in this mode would yield 
efficiencies between 50 and 55%. Further developments could yield wet cycles with 
efficiencies of up to 60%. 
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A4.7  OTHER BOTTOMING CYCLES 

 

The main bottoming cycle used in conjunction with a gas turbine is the steam cycle. 
This has been described above. There are however other cycles such as the air bottoming 
cycle and the Kalina cycle that have been promoted by some manufacturers to gain certain 
performance improvements. 

The air bottoming cycle utilises an additional gas turbine where some of the heat 
from the main gas turbine exhaust is used to provide the energy for the second gas turbine. A 
heat exchanger replaces the second gas turbine's combustion system. The addition of an air 
bottoming cycle will typically give 45% to 48% combined cycle efficiency. This is somewhat 
lower than the efficiency achieved with a steam bottoming cycle. The main benefit therefore 
of an air bottoming cycle over a steam bottoming cycle is a potentially lower cost (in terms of 
$/kWe) and a more compact size. The selection of an air bottoming cycle over a simple a 
steam bottoming cycle will therefore be application specific. 

The Kalina cycle utilises a mixture of ammonia and water as the working fluid in the 
bottoming cycle - rather than the pure water as in a conventional steam bottoming cycle. This 
creates a working fluid with a variable temperature boiling process that allows a better 
temperature match between the working fluid and hot exhaust gases. This results in more 
bottoming cycle power and hence a more efficient cycle. The composition of the ammonia 
and water mixture can be varied to suit the specific application.  

The drawbacks of this system are that larger heat recovery system areas are required 
and a more complicated distillation and condensation subsystem is necessary. The application 
will also need a large store of ammonia, which has safety implications. An advantage is that a 
smaller ‘steam’ turbine is required. Estimates for the specific cost of this type of system vary 
but it is unlikely to be cheaper than a conventional steam turbine system. 

Other bottoming cycles, utilising other working fluids like Dowtherm and ISO-
Butane, have also been proposed using the same principle as the Kalina cycle. These all suffer 
in a similar manner. 
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APPENDIX 5 

 
GAS TURBINE GENERATED POLLUTANTS AND THE 

EMERGING TECHNOLOGY SOLUTIONS 
 

Based on Reference 13 
 
A5.1  INTRODUCTION 
 

Concerns about the possibility of ecological disasters of global proportions have led 
to a number of important studies aimed at heightening public understanding and influencing 
national and international policy. A milestone report was “The Limits to Growth” by 
Meadows et al for the Club of Rome, published in 1972. This study showed that during the 
twenty-first century, a very wide range of scenario assumptions always led to the conclusion 
that ecological disasters would lead to massive population reductions, unless an appropriate 
pollution limitation strategy was adopted by about the turn of the century. An important 
recent report is ‘ Energy for Tomorrow’s World’, World Energy Council, 1993 (Ref. 14). 
 

In recent years, the United Nations have held a number of important international 
conferences on environment and climate, and a number of Agreements have resulted. Of 
particular importance is the UN World Commission’s Report on Environment and 
Development, “Our Common Future” 1987 (Ref. 15), and the UN Conference on 
Environment and Development in Rio di Janeiro, 1992. The Rio Conference defined and set 
the broad guidelines for “sustainable growth”. The UN’s Framework Convention on Climate 
Change called for a stabilisation of greenhouse gas concentrations in the atmosphere, and by 
March 1993, over 150 countries had signed the Convention.  The historic Kyoto Protocol was 
signed in December 1997. 
 
 
A5.2  GAS TURBINE GENERATED POLLUTANTS AND THEIR CONSEQUENCES 
 

The principal pollutants emitted by gas turbines are listed in Figure A5.1, and Figure 
A5.2 describes in the broadest terms the pollutant limitation strategy in the context of the gas 
turbine. 
  

Carbon dioxide, (CO2), is the consequence of complete and successful combustion of 
a fuel containing carbon. Carbon dioxide is identified with global warming. Whilst human 
activity contributes some 6% of the total carbon dioxide emitted by the earth, the fact that the 
gas is very stable and will remain in the atmosphere for very long periods has led to some 
concern regarding global warming via the greenhouse effect. One major limitation strategy, in 
the short and medium term, must be centred on using less fuel, mainly by improving the 
thermodynamic efficiency of the gas turbine, the combined cycle plant or any future cycle 
that may get adopted. Significant efficiency improvements have already taken place in the last 
four or five decades, but more is possible.  A second limitation strategy is of course the 
subject of this report – the sequestration of carbon dioxide, either removed from the fuel 
before it is burned in the gas turbine, or removed from the gas turbine exhaust. 
 

Oxide of sulphur, is both toxic and corrosive. All the sulphur present within a fuel is 
inevitably converted to oxides of sulphur. The only viable limitation strategy is to remove 
sulphur from the fuel prior to combustion, or to burn the fuel in such a manner that the 
sulphur is retained, as for example, in pressurised coal-fired fluidised bed combustors. The 
level of oxides of sulphur permissible in fuels has already been progressively reduced over 
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the years with some applications and regions requiring sulphur content to be limited to values 
as low as 0.2%. 
 
 
  POLLUTANT     EFFECT 
 
 Carbon Dioxide (CO2)    Global Warming 
 
 Oxides of Sulphur (SO2)   Toxic, Corrosive 
 
 Carbon Monoxide (CO)   Toxic 
 
 Unburned Hydrocarbons (HC)  Toxic 
 
 Smoke Soot (C)    Visible 
 
 Oxides of Nitrogen (NOX)   Toxic, Depletion of Ozone  
       within Stratosphere 
       Ozone increase at Ground Level 
 

Figure  A5.1 
 
Carbon monoxide and unburned hydrocarbons are both products of partial 

combustion, and are formed in quantity in circumstances where the combustion zone 
temperature is low and/or the time available for combustion is insufficient. Within the gas 
turbine, both carbon monoxide and unburned hydrocarbons tend to be produced in any 
quantity only at low power conditions, and then in designs where the combustion zone 
temperatures are low. Increasing the combustion zone temperature to an appropriately high 
level, at low power, in principle, would reduce the production of carbon monoxide and 
unburned hydrocarbons to acceptable levels. However, as will be discussed later, simply 
increasing the combustion zone temperature is seldom an appropriate route. Carbon monoxide 
reduces the capacity of the blood to carry oxygen, and can cause asphyxiation and, at high 
concentrations, even death. Unburned hydrocarbons can themselves be toxic, and also 
combine with oxides of nitrogen via photochemical reactions to form toxic “smog”. 
 

 
 POLLUTANT    LIMITATION  STRATEGY 
 
 Carbon Dioxide (CO2)     1. Increase Thermodynamic Efficiency of  
            Gas Turbine /System.   
        2. Sequester CO2 
 
 Oxides of Sulphur (SOX)    Remove Sulphur from Fuel 
  
 Carbon Monoxide (CO) and    Increase Combustion Temp and / or Time. 
 Unburned Hydrocarbons(HC)   Sufficient Local Oxygen Concentration 
        
    
 Smoke / Soot (C)     Avoid Local Fuel Rich Zones.    
          
 Oxides of Nitrogen     Reduce Combustion Temp. and / or Time 

Figure  A5.2 
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Smoke or soot is formed in local fuel-rich regions within the combustor. The 

propensity to produce carbon increases markedly with pressure. Therefore, engines designed 
to operate at high pressure ratios are likely to produce higher quantities of soot than those 
operating at modest pressure ratios. Carbon is only formed in fuel-rich regions. Within the gas 
turbine combustor, operating on air as the working fluid, there is always a very substantial 
excess of oxygen available, taken as an overall average value. If no fuel-rich regions are 
present, then it should be possible to avoid the formation of carbon. Carbon formation 
therefore is nearly always the result of local rich combustion. The design of the fuel injector 
and the mixing of air with the fuel have a very large impact on whether or not a particular 
combustor produces substantial quantities of smoke.  In recent years, improvements in fuel 
injector technology, particularly based round the air spray and air blast sprayers, has in many 
engines eliminated soot or smoke production. Whilst smoke from gas turbine combustors is 
visible and results in soiling, it is not toxic at the concentrations emitted. However, some 
smoke suppressants contain heavy metals such as barium, and whilst they may eliminate or 
reduce smoke produced by a gas turbine, the resulting emissions now contain the highly toxic 
heavy metal. 

 
Oxides of nitrogen are produced within the combustion zone if the combustion 

temperature is sufficiently high to dissociate molecular oxygen to atomic oxygen. Leaving 
aside carbon dioxide, nitrous oxides are by far the most difficult emissions to reduce in gas 
turbines. Figure A5.3 shows simplified nitric oxide and nitrous oxide generation mechanisms, 
originally proposed by Zeldovich  et al (Y B Zeldovich, P Y Sadovnikov and D A Frank-
Kamenetskii, ‘Oxidation of Nitrogen in Combustion’, USSR, 1947) (Ref. 16). 
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Fig. A5.3 Formation of Thermal Nitrous Oxides 
 

As shown in Figure A5.3, nitric oxide production falls very rapidly as combustion 
temperatures are reduced, particularly if the residence time within the combustor is also low. 
In the context of the gas turbine combustor, provided flame temperatures are kept below 2000 
K, the level of oxides of nitrogen produced will be low, and if flame temperatures are kept 
below 1800 K, then the level will be diminishingly small. The application of these limits to 
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gas turbine combustor design poses a number of challenges, particularly for liquid and dual 
fuel engines.  
 

At ground level (that is within the troposphere), the presence of oxides of nitrogen 
results in an increase in ozone concentration, as shown in Figure A5.4. Nitrogen dioxide 
reacts photochemically to produce nitric oxide and atomic oxygen. The atomic oxygen reacts 
with molecular oxygen to form ozone. This is also a simplification of an often much more 
complex chemical reaction. The troposphere is the region from the earth’s surface to 
approximately 10 kilometres above the earth’s surface. The curve shown in Figure A5.4 is 
based on a number of measurements taken over a long period of time at altitudes from one to 
three kilometres. It should be noted that the ozone has been increasing for some time ahead of 
any substantial industrial activity. However, the rate of increase in the last 20 years is now 
nearer 2.4% per annum, compared with about 1.6 % per annum for the preceding 20 years. Of 
equal concern is the absolute level, now approaching 50 ppb (parts per billion) over Western 
Europe.  Prolonged exposure, near  100 ppb is associated with respiratory illnesses, impaired 
vision, hearing disorders, headaches and allergies. Ground level ozone, and hence NOx, is 
particularly of concern in those regions where there is very large road vehicular traffic and 
where strong sunshine is prevalent. The ozone produced by the photochemical reaction can on 
occasion build up in concentration if the topological features of the local region are such that 
the local weather system cannot readily remove the ozone formed. Los Angeles is such a 
region that particularly suffers from the combination of the circumstances described above. It 
is therefore not surprising that the drive towards very stringent emissions legislation in terms 
of oxides of nitrogen has first emerged from Los Angeles. 
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Fig. A5.4 Ozone Formation in the Troposphere 
 

During the latter half of the 1980’s, public awareness of the damage caused to the 
ozone layer over the Antarctic pushed forward legislation limiting CFC gases, and also 
created pressure to understand and limit possible depletion of ozone in the stratosphere by 
oxides of nitrogen. The concentration of ozone in the stratosphere is much greater than that in 
the troposphere.  Figure A5.5 shows the depletion of ozone within the stratosphere (relative to 
1969 levels and at an altitude of 25 km). The so-called “hole” in the ozone layer has 
continued to grow since its initial discovery, and is today approximately the area of the 
United States. Equally alarming is the discovery of a “hole” in the ozone layer in the Northern 
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Hemisphere. Nitric oxide reacts with ozone to produce nitrous oxide and molecular oxygen. 
Nitrous oxide in turn reacts with atomic oxygen to form nitric oxide and molecular oxygen. 
Thus, the nitric oxide, having depleted the ozone, is regenerated and is hence able to continue 
with the depletion of the ozone over very many such cycles. This mechanism is particularly 
effective in the stratosphere, where atmospheric conditions are very stable with little or no 
mixing to dilute concentrations of nitric oxide once these have been deposited within the 
stratosphere. The process described is a simplification. The ozone layer absorbs the ultra-
violet radiation from the sun. The depletion of ozone hence results in an increase in ground 
level ultra-violet radiation, which causes skin cancer and eye diseases.  
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Fig. A5.5 Ozone Depletion in the Stratosphere 
 
A5.3  LEGISLATION, REGULATIONS AND COMBUSTOR DESIGN 
IMPLICATIONS 
 

Legislation and regulations concerning ground level emissions from combustion 
equipment including prime movers is a most complex subject. Not 
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Fig. A5.6 Some Emission Regulations 
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surprisingly, the legislation varies from country to country, and is overlaid by local 
regulations and ordinances, and eventually pollutant emission levels have to be agreed as part 
of the planning permission process. Additionally, there are different laws or directives 
governing the size and usage of the plant under consideration, the type of fuel to be used, and 
in general, the level of pollutant emission allowed is reduced with the passage of time, as 
more stringent legislation is enacted. 
 

Figure A5.6 summarises the EEC Directive of 19th August 1992 concerning NOx and 
carbon monoxide emissions for liquid and gaseous fuels for gas turbines over and under 50 
Megawatts. These levels are then compared with some legislation from the US and Japan. 
Many governments or governmental bodies issue emissions law or guidelines. Among these 
are  the EC (European Community), Environmental Protection Agency (United States), T A 
Luft (Germany),  and Air Pollution Control Agency (Japan). 
 

For most stationary gas turbine applications, carbon monoxide and unburned 
hydrocarbons are only a concern at low engine power, as illustrated in Figure A5.7. 
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Fig A5.7 Gas Turbine Emissions 
 

As engine power is increased, the higher pressures and temperatures within the gas 
turbine’s combustor are such that these partial products of combustion are reduced to 
acceptable levels. If this is not the case, then an increase in the combustion zone temperature 
at low power will nearly always remove the problem. These pollutants are therefore usually 
only of consequence during the relatively short period associated with engine start-up and 
shut-down. 
 

Oxides of nitrogen, however, increase with engine power and are at the highest level 
when the machine is producing its design or rated power. It is at this condition that the 
machine will spend much or most of its operating time. Given the very serious environmental 
hazards associated with oxides of nitrogen, much of the drive towards more stringent 
legislation has been directed towards oxides of nitrogen. Figure A5.8 shows the changes in 
NOx legislation reducing from over 200 vppm (volume parts per million) to requirements as 
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low as 25 vppm and 9 vppm. In addition to the legislation limiting NOx, there is often the 
requirement to use “BACT” (Best Available Control Technology”) or “LAER” (“Lowest 
Available Emission Rate). 
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Fig. A5.8 Changes in NOx Legislation 
 

The primary or combustion zone of conventional gas turbines operates over a very 
wide range of temperature, and can be as large as 1000 - 2500 K.  As illustrated in Figure 
A5.9, this would result in both very high levels of carbon monoxide at low power, and very 
high levels of oxides of nitrogen at high power.  
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Fig. A5.9 Combustor Emissions and Primary Zone Temperatures 
 
The range within which low emission combustors would be permitted to operate will 

need to be restricted by the stringency of the emissions regulations that have to be met. In any 
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case, conventional gas turbine combustor technology will prove to be inadequate. New low 
emission combustors will be required to operate over the entire power range of the machine 
whilst keeping the combustion temperatures within a relatively narrow restricted band. These 
requirements can only be met by the introduction of “staged” combustors. This relatively new 
technology is now being applied with some success to gas fired combustors. The application 
of this technology to liquid fuels is much more demanding.  

 
 
A5.4   LOW EMISSION COMBUSTORS 
 

Conventional combustor design technology is fundamentally unable to deliver the 
low emission targets already on the horizon for the reasons already discussed.  
 

New low emission combustors will be required to operate over the entire power range 
whilst keeping the combustion zone temperatures within a relatively narrow restricted band. 
This requirement can only be met by the use of “staged” combustors as illustrated in Figure 
A5.10.  
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Fig. A5.10 Three Stage Combustor 
 

These staged combustors can either be based on “rich burn rapid quench” or “lean 
pre-mix” concepts. The rich burn quick quench combustor concept strives to deliver low 
flame temperatures firstly in the rich stage and next, within the rapid quench lean burn stage. 
The rich first stage has low combustion temperatures because of the very large excess of fuel 
relative to the stoichiometric or chemically correct proportion. The advantage of burning rich 
is that the first stage is not operating near a stability limit and this is likely to result in better 
“drop-load” capability and gives a lower level of background thermodynamic pulsation within 
the combustor. The design intention is that the second stage would rapidly mix the rich first 
stage exhaust with a fresh intake of air and fuel, and the second stage of the combustor would 
operate lean and with a low flame temperature. An inherent problem with this type of design 
is the concern that it may prove very difficult to burn up fully the very large quantities of 
carbon that will form in the rich first stage. Whilst this concept is still being pursued, the 
majority of stationary gas turbine manufacturers have chosen to opt for the lean pre-mix 
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staged combustor design approach.  Fig A5.11 compares diagrammatically a typical two stage 
pre-mix combustor and a conventional diffusion combustor 

 
Fig. A5.11 COMBUSTORS - DIFFUSION-vs- PREMIX 
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The basic principle of pre-mixing is that the air and fuel are well mixed before they 

enter the combustion chamber.  This gives a uniform flame relatively free of “hot spots” and 
therefore the minimum nitrous oxides are produced for a given average flame temperature. 
Within the lean pre-mix staged concept, a number of possible solutions are available. The first 
stage or stages are usually used for low power operation. Subsequent stages are brought into 
operation as the engine power is increased. The lean pre-mix design is essentially free from 
carbon production, particularly when gaseous fuels are used. The absence of carbon has the 
added advantage that the radiation produced by the combustion gases is much reduced, in turn 
reducing the quantity of air required for cooling the combustor. This is an important 
consideration given that lean combustion assumes that a greater proportion of the air will 
enter the combustion zone, and hence less air is likely to be available for cooling. However, 
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the use of a lean combustion zone will result in a reduction of “drop-load” capability and a 
risk of an increase in the level of pressure pulsation within the combustor, which could lead 
typically to wear and frettage problems. Depending upon the quantity of air required for lean 
combustion, there would be a corresponding shortage of air available for cooling and the 
control of the exit temperature traverse at the outlet of the combustor and into the nozzle 
guide vanes and turbines. The life of the turbine section of a gas turbine operating at base load 
and using natural gas is essential determined by considerations of ‘creep life’. Creep life is 
reduced to a half, each time the turbine blade metal temperature is increased by 15 - 20 K. 
Thus, a reduction in the ability to control the temperature at the exit of the combustor can 
have a major impact on the life cycle costs of the machine.  
 

Some designs seek to address the concern of reduced drop-load capability and low 
margins to weak extinction in pre-mix combustors by incorporating a diffusion combustion 
zone. This diffusion combustion zone has associated with it only a small quantity of fuel but 
has a considerably enhanced weak extinction capability. Another fundamental choice for the 
designer is whether the staged combustion should take place in “series” or in “parallel”. The 
parallel geometry solution occupies less length, and is able to utilise the same pre-mix module 
design; this may aid both development and manufacture. If the number of pre-mix modules is 
large, and the engine manufacturer is willing to contemplate a relatively complex fuel 
scheduling system, then such a design inherently offers prospects of relatively low levels of 
oxides of nitrogen. A criticism of such designs is that it may be more difficult to control the 
level of carbon monoxide and unburned hydrocarbon production at low power levels. This is 
because the neighbouring pre-mix modules, which need to be shut off to allow the machine to 
operate at low load, mix at the edges of an already lean combusting mixture.  This leads to a 
risk of “chilling” the flame at the edges leading to high levels of carbon monoxide and 
unburned hydrocarbons. 
 

The alternative strategy of staging in series avoids the problem of the flow of one 
zone substantially chilling the reacting gases of another zone. Also, the earlier staged zone or 
zones should, by pre-heating, increase the weak stability capability of the subsequent stages, 
and this could assist both with the drop-load capability of the machine and a reduction of the 
level of pressure pulsation.  
 

Major gas turbine manufacturers are currently pursuing both the series approach and 
the parallel approach to staged combustion. In the longer term, it is possible that staging of 
the airflow by the incorporation of suitable valving or variable geometry as well as the staging 
of the fuel will become more of a design option. Allied Signal is using variable geometry in 
its “ASE" line of gas turbines. 
 

The requirement of low emission combustion will have consequences for the engine 
beyond the modification of the combustor. Staged combustion already requires a more 
complex fuel scheduling and control strategy. It is possible that single and multi-shaft engines 
will seek different solutions, and some manufacturers will seek to include variable geometry 
within the engine to keep combustor temperatures within a narrow range by modulating 
airflow through the engine. One major manufacturer has recently taken the considerable step 
of introducing a “reheat” gas turbine to limit NOx emissions. In the longer term, the cycle 
efficiencies of simple cycle and combined cycle machines may be limited to a lower value 
than would have been possible in the absence of concerns relating to NOx emissions. The 
need to use a greater proportion of air for combustion in the lean pre-mix designs may 
increase the pressure for high temperature material development, or even steam-cooled 
combustors and turbo-machinery because the amount of air available for cooling may 
otherwise limit design progress. Reaching low emission targets with gaseous fuels is a 
challenge, but achieving similar targets with liquid fuels will prove much more complex, 
given the problems of pre-evaporation and auto-ignition of liquid fuels at the high pressure, 
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high temperature conditions associated with the inlet conditions of current gas turbine 
designs. 
 

A5.5  CONCLUSIONS 
 

In spite of the evidence that can be presented to make the case that action on pollutant 
emission reduction is long overdue, it has to be admitted that a case can also be made for the 
opposite point of view. However, in spite of the uncertainties, given the most serious long 
term possible consequences of pollutant emissions, there is now a general acceptance that 
pollutant reduction must be given a high priority. 
 

The gas turbine is likely to be the major prime mover for power generation for some 
decades. The gas turbine is a prime mover that offers the potential of the lowest possible 
pollutant emission levels. Nonetheless, much work needs to be done in the area of low 
emissions combustion and engine technology, offering important opportunities to those 
engine manufacturers who are willing to commit to pollutant reduction programmes.  
 

The users of gas turbines will be expected to be good neighbours by using low 
emission gas turbines. As purchasers of machinery, they are in a strong position to influence 
future engine developments to ensure that emissions reduction continues to receive the 
importance it deserves. 

 
Current research into emission reduction in combustors should not be altered to 

accommodate CO2 abatement schemes, because much remains to be done.  Therefore research 
into potential modifications to combustors for the CO2 abatement Options discussed in the 
main part of this report should be additional to current ongoing research. 
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APPENDIX 6 
 

TURBINE BLADE COOLING.   EFFECTS OF GAS PROPERTIES 
 

 In any gas turbine, the main areas receiving cooling are the combustor and the early 
turbine stages. Altogether about 20% of the mainstream air bypasses the combustor and is used 
for cooling and sealing in the turbine system. This 20% is split into about 12% to cool the first 
nozzle row, about 5% to cool the first stage turbine rotor blades and the remaining 3% is used for 
cooling and sealing in the downstream turbine stages. 
 
 In order to analyse the effect of blade cooling with changing the working fluid from air to 
CO2, the mean blade temperature (Tb) is worked out using the following approximate 
calculations. As the cooling working fluid passes through the blade, some heat convection and 
also heat conduction take place. However, as turbine blade alloys have a relatively low thermal 
conductivity, the conduction term will be neglected. To express the overall effect of convection in 
cooling the turbine blade, the heat flow equation (q = h.A.∆T) is used. Here q is the heat flow 
rate, the quantity h is called the convection heat transfer coefficient, ∆T is the overall temperature 
difference between the wall and the fluid, and A is the surface area. 
 
 Considering a heat balance for an elemental length of blade, the following equation 
applies: 
 

hgAg(Tg-Tb) = hcAc(Tb-Tc), 
 
where hg and hc are the gas-side and coolant-side heat transfer coefficients respectively, Ag and Ac 
are the surface areas of the gas flow and the cooling fluid respectively, Tb is the mean blade 
temperature, Tc is the temperature of the cooling fluid, and Tg is the mean effective gas 
temperature relative to the blade.  

 
The heat transfer characteristics for air and CO2 were calculated based on data from the 

performance analysis of a typical gas turbine engine, shifting the working fluid from air (on 
design point) to CO2 (off design point). For this example, the gas turbine engine was assumed to 
have an overall compressor pressure ratio of 15.0 and a turbine entry temperature (TET) of 1600 
K. The resulting temperature of the cooling air (Tc) is 673 K and the temperature of the cooling 
CO2 (Tc) is 580 K. 

 
The table, which follows, presents some thermodynamic parameters and also heat 

transport properties for air and CO2. These data enabled the calculation of the mean blade 
temperature when using the two different working fluids.    

 
The heat transfer coefficients were calculated from the Nusselt number (Nu=hd/κ) 

correlation applied for turbulent flow (Table A6.1 below gives the nomenclature used in this 
Appendix): 

 
Nu = 0.023 Re 0.8 Pr 0.4 

 
 In the correlation above, Re (ρCd/µ) is the Reynolds number, and is a function of 
velocity as well as properties of the fluid. Pr (Cpµ/κ) is the Prandtl number and is also a function 
of properties of fluids.  In these relations, d is the characteristic length considered in calculating 
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these properties. A typical dimension of 5.00 cm was assumed as the chord of the blade for the 
main stream, and a typical dimension of 10.00 cm was assumed as the length of the cooling 
passage for the internal cooling stream. The ratio between the external and internal surface areas, 
(Ag/Ac), was taken as 2.5 for both air and CO2. 
 

Table A6.1 - Thermodynamic Parameters and Transport Properties for Air and CO2 
 
     

Air CO2  
Tc  

(673K) 
TET 

(1600K) 
Tc  

(580K) 
TET 

(1600K) 
ρ (density - kg/m3) 7.52 2.08 13.26 3.12 
Cp (specific heat - kJ/kg.K) 1.0689 1.2480 1.0640 1.3357 
κ (thermal conductivity - W/m.K) 0.0508 0.1000 0.0387 0.1038 
µ (viscosity - kg/m.s) 3.248 E-05 5.630 E-05 2.728 E-05 5.658 E-05 
Pr  (Prandtl number)  0.6834 0.7030 0.7500 0.7281 
M (Mach number) 0.3 1.0 0.3 1.0 
C (gas velocity – m/s) 152.90 720.31 108.80 569.38 
Re (Reynolds number) 3.540 E+06 1.331 E+06 5.288 E+06 1.570 E+06 
Nu (Nusselt number) 3426.10 1584.35 4902.13 1833.68 
h (heat transfer coefficient – W/m2.K) 1740.46 3168.71 1897.13 3806.72 
Tstat (gas static temperature – K) - 1392.15 - 1478.26 
Vrel (relative gas velocity – m/s)  - 411.46 - 273.94 
Mrel (relative Mach number) - 0.5712 - 0.4811 
Trel (relative total temperature – K) - 1459.75 - 1506.43 
Tg (mean effective gas temperature 
relative to the blade – K)  

- 1449.75 - 1502.20 

Tb (mean blade temperature – K) - 1309.80 - 1349.90 
 

 Using all the relations described above, in order to calculate the mean blade temperature 
using air as the blade cooling fluid, and also for CO2 as the blade cooling fluid, the ratio of heat 
transfer coefficients for these two situations are: 
 
[hg/hc]air  = 1.82 
 
[hg/hc]CO2  = 2.00   
 
 Considering these data altogether, it can be concluded that the mean blade temperature 
when using CO2 as the working fluid is circa 40 K hotter than that obtained by using air as the 
working fluid, despite the lower temperature of the cooling CO2.  In the case of running the gas 
turbine with CO2 as the working fluid, the engine should therefore operate either with a lower 
turbine entry temperature or it should bleed more CO2 from the compressor for blade cooling if 
the turbine blade is unaltered. These requirements are necessary in order to cool down the mean 
turbine blade temperature to the same value as for the gas turbine using air as working fluid.  
Reducing the TET by 40 K will cause a decrease in useful power of the order 5%.  On the other 
hand, a modification to the turbine blade of the engine in order to retain the TET would increase 
the cost of the engine development. 
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A7.1

 
APPENDIX 7 

 
OPTION 2: RECIRCULATION CONSIDERATIONS 

 
A7.1 OVERVIEW OF ENGINE FLOWS 
 
 The purpose of this Appendix is to determine, for Option 2 (partially closed cycle) the 
fraction of the engine exhaust flow which is recirculated and the concentration of the CO2 in 
the engine exhaust.  For a normal open cycle gas turbine, the exhaust concentration of CO2 is 
about 3%-6%. 

The following diagram shows the configuration of a gas turbine engine with exhaust 
gas re-circulation. The recycling of exhaust gas increases the CO2 concentration and 
decreases the volume of exhaust gas thus making capture of CO2 easier. 

 It is assumed that the CO2 is captured from the non-recirculating part of the exhaust 
gases and that the water vapour present in the recirculating massflow is not extracted by 
condensation.  Condensation of water vapour from the recirculating massflow, previously to 
the mixing with the new air, should not significantly affect the results. 
 

 

mair 

mfuel 

mrec 

EXHAUST
AIR 

FUEL 

 COOLER 

 
          ENGINE 
 

The three following mass flows are defined (other nomenclature is explained in the 
text): 

 
mair: mass flow of new incoming air 
mrec: recirculating mass flow 
mfuel: fuel mass flow entering the combustor 
 

Discounting the composition (species mass fractions), every choice of the three mass 
flows gives a possible solution. 

However, the composition has to be considered and the constraint must be imposed 
that the composition of the exhaust gases is the same as that of the recirculating gases. The 
only way to express this constraint analytically is to analyse the single species flows. 

First it is necessary to review some chemistry involved in the combustion of the 
North Sea natural gas, which is considered as the fuel for Option 2. 
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A7.2

A7.2  STOICHIOMETRY CONSIDERATIONS 
 
 The North Sea natural gas has the following composition: 
 
 

 Molar Fraction 
CH4 0.94 
C3H8 0.043 
CO2 0.002 
N2 0.015 

  
 
In the following calculations, it assumed that the fuel does not contain nitrogen. This 

is not exactly true in the case of natural gas: the North Sea natural gas considered in this study 
contains 1.5% molar of N2, which will be considered as additional CO2 to simplify the 
discussion. Therefore the combustion of an “ideal” natural gas of the following composition 
will be considered. 

 
 

 Molar Fraction 
CH4 0.94 
C3H8 0.043 
CO2 0.017 

 
 The combustion reaction that takes place is the following: 
 
(0.94*CH4+0.043*C3H8+0.017*CO2)+n(O2+3.762*N2)→1.086*CO2+2.052*H2O+(n-
2.095)O2+n*3.762*N2 
 
where n = 2.095 for stoichiometric burning. 
 It can be seen that for less-than-stoichiometric combustion of the fuel, the amount of 
CO2 produced is related to the fuel flow through a constant that will be called KfCO2. By 
calling mfCO2 the mass flow of CO2 produced in the combustion process, the following 
expression can therefore be written: mfCO2 = KfCO2*mfuel. By means of simple calculations 
involving the species molecular weights and the above chemical reaction, the value KfCO2 = 
2.6965 can be obtained. 
 Also the amount of H2O produced in the combustion is related to the fuel flow.  By 
calling mfH2O the massflow of H2O produced in the combustion process, the following 
expression can therefore be written: mfH2O = KfH2O*mfuel. In this reaction KfH2O = 2.0857. 
 The combustion also acts as an “oxygen sink”. The amount of oxygen that is 
“absorbed” for the production of water vapour and carbon dioxide is also independent of the 
fuel to fluid ratio, and therefore the expression mfO2 = KfO2*mfuel can be written.  Here mfO2 
represents the massflow of oxygen used by the combustion process and KfO2 = 3.7822. 
 Obviously, if the presence of nitrogen in the fuel is ignored, the following relation 
holds: 
 

KfO2+1 = KfCO2+KfH20 
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A7.3 NITROGEN FLOW 
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In this diagram: 
• mairN2 represents the mass flow of nitrogen entering the engine as part of the total 

air mass flow. Defining YairN2 as the mass fraction of nitrogen in air, it follows 
that mairN2 = mair*YairN2. 

• mrecN2 represents the mass flow of nitrogen recirculating in the engine. 
 

 
With these assumptions the flow of nitrogen at any point of the plant can be defined 

by the two previously defined mass flows: the air nitrogen mass flow (mairN2 = mair*YairN2) and 
the recirculating nitrogen mass flow (mrecN2). 

 
A7.4 OXYGEN FLOW 
 

mfuelO2 

mrecO2 

mairO2-mfuelO2 mairO2 

 
 
 
 
 
 
 

As explained before, the combustion of fuel acts as an oxygen sink.  
The flow of oxygen in the recirculating machine is therefore defined by three mass 

flows: the air oxygen mass flow (mairO2 = mair*YairO2), the combustion generated oxygen mass 
flow (negative mass flow mfO2 = KfO2*mfuel) and the recirculating oxygen mass flow (mrecO2). 

 
A7.5 CARBON DIOXIDE FLOW 
 
 mfuelCO2 

mrecCO2 

mfuelCO2 

 
 
 
 
 
 
 

The flow of carbon dioxide in the recirculating machine is defined by two mass 
flows: the combustion generated carbon dioxide mass flow mfCO2 = KfCO2*mfuel and the 
recirculating carbon dioxide mass flow mrecCO2.  
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A7.6 WATER VAPOUR FLOW 
 
 

mfuelH2O  
 

mrecH2O 

 mfuelH2O 
 
 
 
 

The flow of water vapour in the recirculating machine is defined by two mass flows: 
the combustion generated water vapour mass flow mfH2O = KfH2O*mfuel and the recirculating 
water vapour mass flow mrecH2O. 

 
A7.7  DEFINITIONS AND ANALYTICAL RELATIONS 
 

Now that all the total and single-species mass flows have been defined, it is possible 
to introduce some parameters that will be useful in expressing the behaviour of the engine for 
various recirculation configurations. 

The first one is the recirculating fraction, RF, defined as follows: 
 

RF = mrec/(mair+mrec+mfuel) 
 
The second one is the fuel-to-fluid-ratio, FFR, defined as follows: 
 

FFR = mfuel/(mair+mrec) 
 
Now the constraints must be imposed that the mass fractions of the four species are 

the same in the flue gases and in the recirculating mass. Some analytical expressions for the 
exhaust/recirculating gas species mass fractions can therefore be found (Y stands for mass 
fraction, as previously defined for air): 
 
YrecN2 = [RF/(1-RF)]*[(1/RF-1-FFR)/(1+FFR)]*YairN2 
 
YrecO2 = [RF/(1-RF)]*[YairO2*(1/RF-1-FFR)/(1+FFR)-KfO2*(1/RF)*(FFR/(1+FFR))] 
 
YrecCO2 = [1/(1-RF)]*[FFR/(1+FFR)]*KfCO2 
 
YrecH2O = [1/(1-RF)]*[FFR/(1+FFR)]*KfH2O 
 

The composition of the fluid entering the combustor (defined by the four mass 
fractions YinN2, YinO2, YinCO2, YinH2O) can now also be found using the above expressions. 
 

YinN2 = YairN2-RF*(1+FFR)*(YairN2-YrecN2) 
 

YinO2 = YairO2-RF*(1+FFR)*(YairO2-YrecO2) 
 

YinCO2 = RF*(1+FFR)*YrecCO2 
 

YinH2O = RF*(1+FFR)*YrecH2O 
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Another interesting analytical relation is the formula that expresses the recirculating 
fraction RF as a function of fuel-to-fluid-ratio FFR and excess oxygen in front of combustor. 
The amount of excess oxygen EXO2 in the flow entering the combustor is a critical issue for 
the combustor, and can be defined as follows: 
 

EXO2 = (minO2-mfuelO2)/mfuelO2 
 
where minO2 represents the oxygen mass flow entering the combustor (minO2 = mairO2+mrecO2) 
and mfuelO2 is the combustion generated negative oxygen mass flow leaving the combustor, 
which is also the oxygen mass flow strictly necessary to burn all the fuel. The following 
relation can be found: 

 
RF = [FFR*KfO2*(EXO2+1)-YairO2]/[EXO2*FFR*KfO2-YairO2*(1+FFR)] 

 
 Yet another interesting analytical relation is the formula that expresses the 

recirculating fraction RF as a function of fuel-to-fluid-ratio FFR and excess air. The amount 
of excess air EXAIR can be defined as follows: 
 

EXAIR = (minO2-mrecO2-mfuelO2)/mfuelO2 
 

The following relation can be found: 
 

RF = [(1/FFR)-KfO2*(EXAIR+1)/YairO2]/(1+1/FFR) 
 

A7.8 CHARTS AND CONCLUSIONS 
  

The following chart, which depends on the engine chosen, shows the engine SOT (K) 
as a function of FFR, for various values of excess oxygen, EXO2.  The engine chosen in this 
case is the Modern Reference Engine (MRE) defined in Section 6 of the main report.  It can 
easily be seen that the value of EXO2 has practically no effect on the gas turbine combustion 
performance. Also shown is the datum operating line of the engine.  
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 The next chart, which also depends on the engine chosen, shows the engine SOT (K) 
as a function of FFR, for various values of excess air EXAIR.  

SOT vs FFR, varying EXAIR
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The results shown in the next chart are independent of the engine chosen. If EXAIR is 

used as a parameter instead of EXO2, it can be seen that the mass fraction of CO2 in the 
exhaust gases does not depend on the fuel to fluid ratio FFR. 

Mass fraction of CO2 in flue gases vs FFR, varying EXO2
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Mass fraction of CO2 in flue gases vs EXAIR
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The next chart shows the recirculating fraction RF as a function of FFR, for various 

values of EXO2. These results are independent of the engine chosen. 
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 The next chart shows the recirculating fraction RF as a function of FFR, for various 
values of EXAIR. These results which are independent of the engine chosen. 
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CONCLUSIONS 

It can be seen, for instance, that for a limiting SOT of 1550 K (design value for the 
MRE), the maximum value of carbon dioxide mass fraction in the exhaust gases for a non-
recirculating solution is around 6% (corresponding to a FFR of around 0.0225).  

If the engine is used in a recirculating solution, we can reach a maximum value of 
carbon dioxide mass fraction in the exhaust gases of around 16%. This is between two and 
three times as much the concentration that we could have without recirculation. The CO2 
capture problems are therefore simplified. 
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APPENDIX 8. 

 
 

ENGINE PERFORMANCE DATA AND CHARTS 
 
 
 
A.8.0 INTRODUCTION 
 
 This Appendix provides some additional details of the performance of the Modern 
Reference Engine (MRE), for all the CO2 abatement Options which are the subject of this 
report.  It is therefore complementary to Section 6 of the main report, which discusses the 
performance and other characteristics of the Options.   
 
A.8.0.1  THE MODERN REFERENCE ENGINE (MRE ) 
 
 The Modern Reference Engine (MRE) is an engine cycle created for this report.  It 
has the characteristics similar to that of some typical modern large power producing engines. 
 
 CONFIGURATION    Single shaft, connected. 
       Simple cycle 
 DESIGN WORKING FLUID   AIR 
 DESIGN FUEL     NATURAL GAS 
 POWER     250 MW 
 THERMAL EFFICIENCY   38.7 % (LHV) 
 INLET FLOW     622 kg/sec  
 OVERALL PRESSURE RATIO  17.0 
 TURBINE ENTRY TEMPERATURE  1550K 
 EXHAUST GAS TEMPERATURE  857K 
 
All the performance figures above apply to Standard Day conditions at Sea Level (“ISA”), 
that is 15oC.  Some data is also shown in this Appendix at “ISA + 30”conditions, that is 30 
deg. C above ISA, which is 45oC at Sea Level. 

 
The resulting performance of the MRE is illustrated on the next two charts, which 

show the general cycle performance of a range of engines designed with the same component 
efficiencies as the MRE.   

 
Thermal efficiency, specific power and exhaust gas temperature are shown as 

functions of design overall pressure ratio and SOT (turbine entry temperature).  It can be seen 
that at fixed SOT, increasing the overall pressure ratio of the engine design - which would 
make it more expensive - would yield better thermal efficiency but would require a larger 
engine for a given power. Increasing the overall pressure ratio also reduces the exhaust gas 
temperature, which is a disadvantage for any bottoming cycle. A compromise choice must be 
made based on economics.  

 
Raising SOT is good for thermal efficiency, specific power and exhaust gas 

temperature, but is bad for engine durability and reliability.  Again a compromise is required 
based on economics.  The need for continuous research into higher operating temperatures is 
clear. 
 
 
 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES 
 

A8.2

 

Design Point Performance
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Fig A8.1 General Cycle Performance: Thermal Efficiency and Specific Power 
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Fig A8.2 General Cycle Performance: Exhaust Gas Temperature. 
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A.8.0.2  THE MRE COMPRESSOR AND SURGE MARGIN 
 
 In order to calculate the behaviour of the MRE with different fuels and working 
fluids, component characteristics had to be represented in the performance computer model.  
A single throat area easily represents the turbine.  The compressor had to be represented in 
more detail; a typical high-pressure-ratio compressor characteristic was chosen and used 
throughout.  The graphs presented in this Appendix include the compressor performance for 
each Option. 
 
 Any compressor in a gas turbine must operate in an efficient and safe part of its 
characteristics.  This usually means that at the highest powers, there is about 5% of flow 
margin left in the compressor.  It also means that there is a margin of pressure which is 
expressed as “surge margin”, which is usually defined as the pressure margin divided by the 
operating pressure.  Typical values are around 20%.  In Option 1B, the surge margin is eroded 
by the way the engine has to operate, and in practice this would require attention (see Fig 
A.8.6).  Increased turbine throat area or bleed of air from the discharge of the compressor 
would be required (this is also discussed in Section 6.4.5.2 of the main report). 
 
 
 
A.8.1 OPTIONS 1A AND 1B (HIGH HYDROGEN CONTENT FUELS) 
 
 The following charts show the main performance parameters of the MRE when 
changing the fuel from NSNG to a mixture composed mainly of hydrogen (Option 1A), and 
to a mixture composed of around 50% nitrogen and 50% hydrogen (Option 1B). All the 
performance charts do not consider the power requirement for the fuel production: it is 
assumed that the fuel mixtures are provided at the adequate pressures without any power 
penalty for the gas turbine. The following tables show the exact composition of the fuels for 
the two cases and their Low Calorific Value. 
 
 

OOppttiioonn  
11AA    

Molar 
fraction 

OOppttiioonn  
11BB  

Molar 
fraction 

H2 95.3 H2 52.8 
CO 0.6 CO 0.4 
CO2 0.2 CO2 2.4 
N2 0.1 N2 43.3 
Ar / Ar 0.5 

CH4 3.5 CH4 0.3 
H2O 0.3 H2O 0.3 

 
 

 LHV (MJ/kgfuel) 
OOppttiioonn  11AA 92.26 
OOppttiioonn  11BB  8.98 

   
The working fluid is air in both Options. 
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LHV Thermal Efficiency - Options 1A & 1B  (high hydrogen content fuels)
Syncronous Operation

33

35

37

39

41

43

45

1440 1460 1480 1500 1520 1540 1560
SOT (K)

L
H

V
 T

he
rm

al
 E

ffi
ci

en
cy

 (%

Design Fluid and Fuel

Option 1A (~100% H2)

Option 1B (~50% H2
~50% N2)
MRE Design Point

 
Figure A.8.3: ηth vs SOT 
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Figure A.8.4: Power vs SOT 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES 
 

A8.5

EGT - Options 1A & 1B  (high hydrogen content fuels)
Syncronous Operation 
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Figure A.8.5:  EGT vs SOT 

 

 

 The next chart shows the position of the operating point of the MRE on the 
compressor characteristic. All the points have the same SOT and shaft speed as the MRE 
Design Point. On the horizontal axis is the non-dimensional flow at compressor inlet times the 
flow area at compressor inlet. The values on the speed lines represent the non-dimensional 
shaft speed divided by the mean radius at compressor inlet. The same variables are used in all 
the Options. 
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Compressor Map - Options 1A & 1B (high hydrogen content fuels)
Syncronous Operation and same SOT as Design Point
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Figure A.8.6: Operating Points on Compressor Characteristic 
High and Low Limit Lines Show Extent of Test Data Available 

 
A.8.2 OPTION 2 (PARTIAL RECIRCULATION) 
 

The following charts show the main performance parameters of the MR
operating the engine on a semi-closed cycle with partial flue gas recirculation. The d
the semi-closed cycle parameters are analysed in Appendix 7. 

LHV Thermal Efficiency - Option 2 (partial recirculation)
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Power - Option 2 (partial recirculation)
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Figure A.8.8: Power vs SOT 
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Figure A.8.9: EGT vs SOT 

The following chart shows the displacement of the operating point of the MRE on the 
compressor characteristic. All the points have the same SOT and shaft speed as the MRE 
Design Point.  
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Compressor Map - Option 2 (partial recirculation)
Syncronous Operation and same SOT as Design Point
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High and Low Limit Lines Show Extent of Test Data Available 

 
The next chart shows an enlargement of the above chart, in the region where 

ISA+30 points fall. 
Compressor Map - Option 2 (partial recirculation)
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A.8.3 OPTION 3 (CO2 CLOSED CYCLE) 
 

The following charts show the main performance parameters of the MRE when 
operated in a closed cycle with CO2 as working fluid and a stoichiometric mixture of NSNG 
and oxygen as fuel. The Low Calorific Value of the fuel mixture is 9.963 MJ/kgfuel.  

LHV Thermal Efficiency - Option 3 (CO2 closed cycle)
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Figure A.8.12 : ηth vs SOT 

 

Power - Option 3 (CO2 closed cycle)
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Figure A.8.13: Power vs SOT 
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EGT - Option 3 (CO2 closed cycle)
Syncronous Operation 
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Figure A.8.14: EGT vs SOT 

 The following chart shows the displacement of the operating point of the MRE on the 
compressor characteristic. All the points have the same SOT and shaft speed as the MRE 
Design Point. 

Compressor Map - Option 3 (CO2 closed cycle)
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Figure A.8.15: Operating Points on Compressor Characteristic 
High and Low Limit Lines Show Extent of Test Data Available 
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APPENDIX 9  

 
FUELS 

 
 
A9.1   GENERAL   
 

Many modern power producing gas turbines are fuelled by natural gas (mainly CH4) 
because of its availability and its “clean burning” properties.  It produces about 20% less CO2 
per megawatt than liquid fuels such as kerosene (CH2). Natural gas lends itself to premixing 
with the oxidant and is therefore suitable for use in premix combustors, thus facilitating NOx 
reduction.  (It is worth noting that whilst natural gas is better suited to lean pre-mix 
combustion systems, the same design concepts are also utilised for low NOx emission 
combustors using good quality liquid hydrocarbon fuels).   Changing a natural gas fuelled 
engine to hydrogen fuel requires modifications to the premix system (if present) and the 
combustor, because the flame speed and the auto-ignition delay times are different.  The 
flame speed is faster and the auto-ignition delay time is shorter for hydrogen. The flame speed 
here is defined as the velocity at which unburned gas mixture of a given composition, 
pressure and temperature flows into a stable flame in the direction normal to the flame 
surface. The auto-ignition delay time refers to the time from the instant of mixing of hot 
streams of fuel and oxidant, to the instant at which flame appears.  
 
 
A9.2  COMMON FUELS FOR GAS TURBINES 
 
 The most common gaseous fuel for industrial gas turbine engines is natural gas. Most 
natural gases have a high heat content per unit weight, while the heat content of the synthetic 
gases originated from the gasification of either coal or biomass varies from intermediate to 
low. All gaseous fuels are advantageous in terms of clean burning (soot and ash free). 
 
 Fuel gases are commonly classified into three categories: gases with high, medium 
and low heating values. The heating value, also called calorific value, is the heat release per 
unit mass, or per unit standard volume, when the fuel, initially at 25 °C, reacts completely 
with oxygen and the products are returned to 25 °C.  
 
 Common fuel gases of high heating value per unit mass are methane (CH4) and 
hydrogen (H2), with nitrogen contents of less than 11%. Gases of medium heating value per 
unit mass contain between 65% and 70% of carbon monoxide (CO) and hydrogen (H2) in 
various proportions, and between 5% and 15% of methane (CH4). The remainder is mostly 
carbon dioxide (CO2). Fuel gases of low heating value originating from a gasification process, 
may contain more than 55% nitrogen (N2), and between 20% and 35% of carbon monoxide 
(CO) and hydrogen (H2) in various proportions. Low heating value gas can not be 
economically transported and therefore, it will normally be used on the site where it is 
produced. This low heating value gas may be burned in the gas turbine combustor with a high 
overall efficiency of energy conversion. 
  
  Table A9.3 presents a summary table of some properties for the fuels 
considered in this project. 
 
 
 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES A9.2

 
Table A9.3 – Summary Table 
 

Low Heating Value Fuel Composition 
(molar fraction) MJ/kg MJ/m3 

Gas Constant 
R - (J/kg.K) 

Molecular 
Weight 
kg/kmol 

Density 
Kg/m3 

(1 atm, 
288.15 K) 

100% H2 119.91 10.23 4124.47 2.0159 0.0853 
100% CH4 50.03 33.95 518.27 16.0428 0.6785 
NSNG.   94% CH4, 4.3% 
C3H8, 0.2% CO2, 1.5% N2  

 
48.17 

 
35.62 

 
475.53 

 
17.4846 

 
0.7395 

95.3% H2, 3.5% CH4, 
0.6% CO, 0.2% CO2, 
0.3% H2O,  0.1% N2 

 
92.23 

 
11.00 

 
2947.57 

 
2.8208 

 
0.1193 

52.8% H2, 43.8% N2, 
0.3% CH4, 0.4% CO, 
2.4% CO2, 0.3% H2O   

 
8.98 

 
5.55 

 
569.30 

 
14.6047 

 
0.6177 

  
Note. “Low Heating Value” is defined as the heat produced excluding that obtained from the 
latent heat of condensation of the water.  “High Heating Value” includes the latent heat and 
is typically 10 to 20% higher than the Lower Heating Value.  Care must be taken when 
comparing engine and plant efficiencies to be clear about the definition being used. 
 
Note that hydrogen has a very much higher heating value per unit mass than natural gas, but 
a much lower heating value per standard volume. 
 
 
A9.2.1  NATURAL GAS 
 
 Natural gas is currently a popular fuel for industrial gas turbines. It is found 
compressed in porous rock and shale formations sealed in rock strata, below the ground.  
Frequently, it exists near or above oil deposits.  
 
 Natural gas consists mainly of methane (CH4), along with minor amounts of other 
gaseous hydrocarbons such as butane, ethane and propane. The composition varies around the 
world. Carbon dioxide and nitrogen are sometimes present, although generally proportions of 
these non-combustible gases are very low. In the case of North Sea Natural Gas (NSNG) used 
in this project, its heating value is about 35.62 MJ/m3.  
 
 
A9.2.2  COAL GAS 
 
 Coal gas is produced by the carbonisation of bituminous coals in gas retorts or coke 
ovens. Its composition and heating value vary with the type of coal and the temperature of 
carbonisation. The major combustible components of coal gas are hydrogen, carbon 
monoxide and methane. A common impurity of coal gas is sulphur. Sulphur itself is not 
harmful, but if trace metal compounds like sodium and potassium are present with sulphur, 
then turbine blade corrosion can occur.  Carbonisation is not the same as gasification: the 
latter requires partial oxidation of the coal but the former does not.  Gasification is discussed 
below in Section A9.2.4. 
  
 Fuel gas must be substantially clean prior to entry to the gas turbine combustor, if it is 
not to damage the turbine, or to result in polluting emissions. Coal gas contains particulate 
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matter, alkali metal compounds, trace elements, and sulphur and nitrogen containing 
compounds, all of which must be removed at high temperature if optimum gas turbine 
performance is to be achieved. 
 
 
A9.2.3  HYDROGEN 
 
 Hydrogen is a gas with a heating value of about 10.23 MJ/m3, and it has been under 
investigation for use as a fuel for stationary gas turbines. Hydrogen can be produced through 
steam reforming of natural gas and through the gasification process of either coal or biomass. 
Also, it is possible to produce hydrogen gas using a catalytic conversion with the steam 
reforming of carbon monoxide and with the steam reforming of methane. 
  
 A team consisting of Westinghouse and a Canadian utility, Hydro-Quebec, has been 
working toward development of a hydrogen-fuelled combustion turbine system designed to 
meet the goals set by the WE-NET (World Energy Network) Program, which is supported by 
the Japanese New Energy and Industrial Technology Development Organisation – NEDO. 
These goals include greater than 60% higher heating value thermal efficiency, more than a 
10% reduction in cost of electricity and reliability-availability-maintainability equivalent to 
current base-loaded natural gas-fired combined cycles, with no environmentally damaging 
emissions. It is expected that this project will be demonstrated initially in the year 2002 with a 
pilot plant in the 10-50 MW size range, and with a higher heating value thermal efficiency 
greater than 55%.   
 

In tables A9.2 and A9.3 below, hydrogen properties are compared with those of 
methane (the main constituent of natural gas).  In table A9.2, the results given for flame speed 
are those for horizontal propagation at atmospheric pressure, and at fuel-air mixture strengths 
giving the maximum velocity. These values were obtained from Ref. 17. Flame speed falls as 
pressure increases, and rises with increasing temperature of the reactants. 

 
Table A9.2 – Flame Speed for Hydrogen and for Methane Burning in Air  
 

Fuel Flame Speed (m/s) 
H2 (hydrogen) 3.5 
CH4 (methane) 0.43 
 
 
 In table A9.3 below, values of auto-ignition delay time are presented for different 
values of pressure ratio, equivalence ratio and initial temperature. Premixing of the fuel and 
air is assumed.   
 
 The results of auto-ignition delay time for atmospheric pressure and stoichiometric 
combustion were calculated using a combustion computer code developed at Cranfield 
University. The results of auto-ignition delay time for pressure of 30 bars and an equivalence 
ratio of 0.6 were obtained from Ref. 18.  
 
Table A9.3 – Auto-ignition delay time for hydrogen and methane 
  

Auto-ignition delay time (s) 
Pressure = 1 atm, Eqv. Ratio =1.0 Pressure = 30 atm, Eqv. Ratio=0.6 

 
Fuel 

Tini = 850 K Tini = 1000 K Tini = 850 K Tini = 1000 K 
H2 (hydrogen) 0.853 0.00017 0.135 0.003 
CH4 (methane) 5.92 0.565 0.18 0.013 
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 The lean flammability limit of hydrogen and air mixtures is lower than that for 
natural gas and air mixtures.  This coupled with the shorter auto ignition delay times 
associated with hydrogen combustion and higher flame speeds would require new research to 
establish the design rules for lean pre-mixed combustion systems.  The use of hydrogen in 
diffusion combustion systems is not seen as a problem.  However, where the fuel is virtually 
all hydrogen, diffusion systems would produce a substantial increase in the level of oxides of 
nitrogen: this might be offset by water injection or by mixing nitrogen with the hydrogen. 
 

Whilst the stationary gas turbine industry is reluctant to commit to the possible use of 
lean pre-mixed hydrogen combustion systems, the aero gas turbine industry is much more 
confident that such combustion systems can be developed.  Indeed, experimental research 
programmes to underpin and demonstrate this are already underway. 
 

When hydrogen is substantially diluted with inlet gases such as nitrogen, the 
maximum flame temperature achievable is much lower than that which results when either 
pure hydrogen or even natural gas is burnt with air.  In such circumstances (hydrogen diluted 
with inlet gases) it would be possible to use diffusion flame combustion systems and still 
deliver relatively low levels of oxides of nitrogen. 
 

In the longer term, there would be opportunities to consider catalytic combustion or 
exhaust gas clean-up to produce low emissions of oxides of nitrogen. 
 
A9.2.4  FUEL GASES FROM GASIFICATION PROCESSES 
  

The gasification of coal and biomass began in about 1800 and the superior properties 
of gaseous fuels relative to solid fuels caused this technology to develop quickly.  Please see 
References 19 and 20. 

 
Using gas from biomass material as fuel for gas turbines reduces their carbon dioxide 

emissions.  As the elemental carbon contained within the biomass is captured from the earth's 
atmosphere, using biomass does not increase the amount of atmospheric carbon, but simply 
recycles it.  If genetically modified vegetation were developed to enhance the effectiveness of 
biomass as fuel, then it may be possible to combine two current day environmental concerns, 
namely carbon dioxide emissions and genetically modified vegetation, in a way which 
benefits the environment. 
 
 In a gasification process the fuel is successively heated up, dried and pyrolysed to 
produce gases and char. These products then react further in a complex way with a 
gasification agent, which can be mainly air, oxygen and steam. The solid fuel feedstock, the 
gasification agent used and process conditions (pressure, temperature, residence time, heat 
loss, and external heat input) determine the composition of the fuel gas. 
 

Gasifiers operate in one of two ways: with heat supplied directly, by partial oxidation 
of the feedstock, or indirectly, through a heat-exchange mechanism. 

 
Nowadays, there are many gasifiers using air as the oxidant, at atmospheric pressure, 

operating commercially. In these, the fuel gas is cleaned, compressed to the combustor 
pressure and injected into the gas turbine combustor. Some pressurised gasifiers have started 
service particularly in the US in the late 1990s, with substantial government financial support. 
Currently, their availability levels are generally somewhat below the 98% to 99% normally 
required of generating plant, and are therefore still under development. Most operate with a 
pressure in the range 20 to 35 bars, but higher pressures are being developed also. 
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Gasifiers are commonly operated in the temperature range from 1500 to 1800K but 
deliver the fuel gas to the engine in the range 900K to 1200K.  The main species present in 
the fuel gas are hydrogen, carbon monoxide, carbon dioxide, water vapour, methane, and 
nitrogen. There are also small concentrations of other hydrocarbons like ethene (C2H4) and 
ethane (C2H6).   
 
 In the gasification process the following important chemical reactions take place: 
 
CO  + H2O    =   CO2 + H2       (1) 
C + 2H2    =   CH4         (2) 
C + H2O   =   CO + H2       (3) 
C + CO2   =   2CO        (4) 
C + O2    =   CO2                                (5) 
 
  
The high temperatures favour, kinetically and thermodynamically, the “Boudouard” reaction 
(eqn. 4) and the “water-gas” reaction (eqn. 3), which are highly endothermic. 
 

Biomass-integrated gasifier gas turbine systems will be similar in some respects to 
coal-integrated gasifier gas turbine systems, but biomass is more reactive than coal and so can 
attain very high gasification efficiencies with gasification temperatures lower than those 
required for coal. This allows a variety of alternative gasifier designs to be considered with 
the potential for reduced costs. Also most biomass contains little or no sulphur in which its 
removal at high temperatures is an economic obstacle in the case of coal gasification. On the 
other hand, alkali and moisture contents are higher in biomass rather than in coal, which is a 
challenge for feeding biomass into a gasifier. 
 
 
 
A9.2.5  CO2 SEQUESTRATION FROM LOW HEATING VALUE FUELS 
 
 In this section, two different gas turbine power cycles, which burn hydrogen are 
considered. The hydrogen gas is produced from hydrocarbon fuels through chemical 
reactions, and the carbon dioxide thus produced is sequestered before the fuel enters the gas 
turbine.   
  
 
 
A9.2.5.1 CHEMICALLY RECUPERATED GAS TURBINE 
 

In a chemically recuperated gas turbine the exhaust gas from the combustion turbine 
passes through a methane reformer to provide the energy required to heat the fuel/steam 
mixture and to conduct the endothermic fuel conversion reactions. Methane (the fuel), and 
steam (the reactant) undergo an endothermic reaction that produces hydrogen and carbon 
monoxide (CH4 + H2O => 3H2 + CO). The carbon content of the fuel is oxidised by the 
oxygen in the steam, while the hydrogen in the fuel and in the steam is released. The resulting 
carbon monoxide is subject to a further reaction – the water-gas shift reaction  (CO + H2O => 
H2+ CO2), in which it is again reacted with steam to produce more hydrogen and carbon 
dioxide.  The carbon dioxide is captured from the process using a solvent and the resulting 
hydrogen gas then goes into the gas turbine combustor. This is one of the possibilities for 
producing hydrogen gas for Option 1A.  

 
The overall endothermic nature of the reforming chemical reactions is to produce a 

low heating value fuel, which increases the overall thermal efficiency of the power cycle.  
 



KEY COMPONENTS FOR CO2 ABATEMENT: GAS TURBINES A9.6

 A diagram of the plant is shown in fig A9.1 
 
 
 
 
Figure A9.1 – Chemically Recuperated Gas Turbine Plant for Option 1A   
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A9.2.5.2 GASIFIER – AIR SEPARATION UNIT – GAS TURBINE PLANT  
 
 Figure A9.2. below shows a gas turbine plant with an air separation unit (ASU) and a 
gasification process for production of hydrogen gas. This cycle presents one of the 
possibilities for option 1B, in which the fuel is mainly composed by 50% nitrogen and 50% 
hydrogen by volume. In this process, the solid fuel (coal or biomass) is gasified, using pure 
oxygen as the gasification agent. The products of gasification, mainly carbon monoxide and 
hydrogen, are then cleaned-up and put through a carbon monoxide shift reaction – the water-
gas shift reaction  (CO + H2O => H2+ CO2), in the same way as described in the chemically 
recuperated gas turbine (CRGT) cycle described above.  The carbon dioxide is captured from 
the process in the same way as in the chemically recuperated gas turbine (CRGT) plant, using 
a solvent. The hydrogen gas produced in the gasification process, together with the nitrogen 
from the air separation unit then go into a gas turbine combustor.  
 
 Another possibility for the power cycle configuration shown below is to substitute the 
gasification system by a reformer in which natural gas is partially oxidised with the oxygen 
from the air separation unit.  In this case, natural gas is used instead of solid fuel, and the 
technological requirements for the cycle using natural gas are more readily achieved than for 
the cycle using solid fuel. 
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Figure A9.2 – Gasifier – Air Separation Unit – Gas Turbine Plant for Option 1B 
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