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This study is part of a project contracted to Cranfield University, UK, by the IEAGHG

R&D Programme (IEA Greenhouse Gas Research and Development Programme). The

objective of this organisation is the evaluation of technical options, which reduce the emissions

of carbon dioxide (CO2) to the atmosphere.

OOBBJJEECCTTIIVVEE  AANNDD  SSCCOOPPEE

The objective of the thesis was to evaluate the modifications required by stationary gas

turbines to make them suitable for incorporation with four proposed technical options for CO2

emissions abatement. The changes in performance, which are due to the changes in fuels and

working fluids’ properties, are most carefully considered, but due regard is also given to other

technical issues, such as combustion and turbine cooling.

The thesis concentrates on four technical options (named 1A, 1B, 2 and 3) which will be

described in detail in proceeding sections.

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 plants, perhaps more than 100 MW. In this thesis,

therefore, only gas turbines of 100 MW or more are considered.

The thesis addresses only the gas turbine itself. All other plant components, such as

plant for fuel manufacture and preparation, for fuel storage, for fuel compression, for CO2

extraction and disposal, bottoming cycles and plant controls are outside the scope of the thesis.

The assessment of the real economic and environmental benefits of these technical solutions

would require the undertaking of a study on the complete plant. However, the present study

remains important because it can be considered as part of the complete plant analysis and it

highlights the problems that are also likely to be found in a complete plant configuration.

A final objective of the thesis was to explore the views of gas turbine manufacturers and

users towards global warming, CO2 emissions abatement from power plants, and, in particular,

towards the four analysed technical options. A substantial questionnaire was therefore prepared

and circulated to major players in the field, and the results were analysed.

II NN TT RR OO DD UU CC TT II OO NN

The greenhouse gas 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

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.

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
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greenhouse gases have increased in concentration since the beginning of the industrial

revolution.

As a result of these higher concentrations, scientists predict that the greenhouse effect

will be enhanced and the Earth’s climate will become warmer.

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

atmospheric concentrations of greenhouse gases. The anthropogenic sources of this gas, which

amount to about 54 Gt per year, include fossil fuel combustion and vegetation changes.

Electricity generation accounts for about 9 GtCO2 emitted per year to the atmosphere by

combustion of hydrocarbon fuels. Hydrocarbon based power generation consequently accounts

for about 17% of the total global anthropogenic CO2 emissions.

There are many possible methods to reduce CO2 emissions from power generation

plants. They can be broadly classified in technical and non-technical methods.

The technical methods are:

1) improvement of the plant-transmission-user system efficiency (combined cycle

plants, IGCC systems without CO2 capture, compound gas turbine–fuel cell

systems, CHP plants);

2) utilisation of low carbon content fuels (biomass and alternative energy utilisation);

3) CO2 capture and storage.

Non-techical methods include, for example, the reforestation of vast land areas, the

application of global legislation on CO2 emissions, the introduction of a carbon tax or of

emission trading.

Industrial and aero-derivative gas turbines are the main components of many of the

power generation schemes mentioned above. World wide, gas turbine based systems account

for approximately 30% of the market for power plants, double the figure of 10 years ago, and in

the future this figure seems set to increase. Gas turbines are therefore deeply involved in the

quest for CO2 abatement.

TTHHEE  FFOOUURR  TTEECCHHNNIICCAALL  OOPPTTIIOONNSS

The technical options for CO2 abatement considered in this study all belong to the CO2

capture and storage methodology, but there are differences in how the carbon is actually

removed from the system.

In technical options 1A and 1B the carbon is removed from the hydrocarbon fuel before

its combustion. The resulting fuel mixture is usually composed of nitrogen and hydrogen, in

various proportions.

In technical option 1A the gas turbine operates in an open cycle, burning essentially

pure hydrogen (95% by volume), instead of natural gas. The working fluid is air. The gas turbine

arrangement is shown in Figure 1, case a).
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In option 1B the hydrogen fuel has been mixed with up to 50% nitrogen by volume, that

is 93% by weight. This fuel has therefore a very low calorific value. The gas turbine

arrangement is shown in Figure 1, case b).

In technical options 2 and 3, the CO2 is removed from the flue gases.

Technical option 2 involves the recirculation of a good proportion (typically 40%) of the

exhaust gases back to the inlet of the gas turbine in order to concentrate the CO2 and thus

facilitate its removal. It is a semi-closed cycle. The working fluid is a mixture of air and CO2. The

exhaust gas concentration of CO2 is typically 15% by mass, compared with about 3-6% in an

open cycle. The fuel is natural gas. The gas turbine arrangement is shown in Figure 1, case c).

Option 3 is a semi-closed loop arrangement in which virtually all the exhaust gases are

recirculated back to the inlet of the gas turbine. The working fluid is virtually all CO2, with a little

water. A small amount of exhaust gas is extracted to recover the CO2 prior to its storage. The

fuel is natural gas and is injected with a suitable amount of oxygen to oxidise the fuel. More than

the exact stoichiometric amount of oxygen would have to be injected, in practice, to ensure  full

burning of the fuel and hence avoid emissions of unburned hydrocarbons. The gas turbine

arrangement is shown in Figure 1, case d).
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Figure 1: Gas turbine arrangements for the four technical options

TTHHEE  VVAARRIIFFLLOOWW  CCOODDEE

A new performance code, named Variflow, has been created for the purpose of the

present work. This code is capable of modelling the performance of gas turbines at both design

and off-design conditions and also of representing, rigorously, the performance effects of

changes to the fuel and working fluid.

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.

Even though it is necessary to input the values of component efficiencies at both design

and off-design point, the code has been conceived in such a way that it would be simple to

upgrade it by adding component efficiency maps.
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Variflow has been rigorously validated, with standard fuels and working fluids, 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. Agreement between all codes is very close: by modelling the

same engine with TURBOMATCH and Variflow, the relative differences in most of the output

performance variables are constantly below 1% for both design and off-design conditions.

The thesis contains details about the Variflow algorithm, the working fluid modelling

(ideal mixture of ideal gases), the gas turbine modelling, the component modelling, the

subroutines, the code validation and the main numerical issues.

Additionally, concurrent studies have been performed to understand the detailed

aerothermodynamic behaviour of the compressor and turbine when the working fluid properties

vary significantly (as in technical option 3). These studies have confirmed that when the working

fluid properties change considerably it is fundamental to use the complete non-dimensional

parameters for representing the compressor and turbine performance. These studies also have

suggested a method for assessing the off-design efficiency of the turbine relying on a Smith

chart, without the need for a proper turbine efficiency map.

PPEERRFFOORRMMAANNCCEE  AANNDD  OOTTHHEERR  TTEECCHHNNIICCAALL   IISSSSUUEESS

Using as a reference three current large gas turbines, an imaginary engine has been

created for use in the technical studies of the thesis. It is called the Modern Reference Engine

(MRE). It is a connected shaft, 250 MW engine, having an overall pressure ratio of 17, a turbine

entry temperature of 1550 K and component efficiencies that reflect up-to-date technology. It is

very similar to the average of the three commercial engines mentioned above.

It is important to note, however, that the conclusions of this study are not affected by the

choice of the MRE parameters. Additionally, a brief study conducted on a free power turbine

configuration suggests that, broadly, the conclusions are not affected by the gas turbine

configuration either (single shaft or free power turbine).

CC OO NN FF II GG UU RR AA TT II OO NN Datum 1A 1B 1B* 2 3 3*

WW oo rr kk ii nn gg   ff ll uu ii dd Air Air Air Air Air + CO2 CO2 CO2

FF uu ee ll   mm ii xx tt uu rr ee
Natural

gas
~100% H2

~50% H2 +
50% N2

~50% H2 +
50% N2

Natural gas
Natural gas +

O2

Natural gas +
O2

CC yy cc ll ee Open Open Open Open Semi-closed Semi-closed Semi-closed

AA mm bb ii ee nn tt

cc oo nn dd ii tt ii oo nn ss
ISA ISA ISA ISA ISA ISA ISA

PPoowweerr   ((MMWW)) 250 261 336 255 264 540 313

EE xx hh aa uu ss tt   tt ee mm pp ..

(( KK ))
857 852 835 857 885 979 1040

OO vv ee rr aa ll ll   pp rr ..   rr aa tt ii oo 17.0 17.1 19.2 16.5 16.9 27.2 17.0

TTEETT  ((KK)) 1550 1550 1550 1550 1550 1550 1550

EEff ff ’’ yy   (( LLHHVV))   ((%%)) 38.7 39.6 43.6 37.2 37.8 36.7 32.9

FF uu ee ll   ff ll oo ww

(( kk gg // ss ee cc ))
13.413 7.152 85.707 76.211 14.517 147.351 95.620
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SS hh aa ff tt   ss pp ee ee dd

(( RR PP MM ))
3000 3000 3000 3000 3000 3000 2180

II nn ll ee tt   ff ll oo ww

(( kk gg // ss ee cc ))
622 622 620 622 607 1049 651

Table 1: MRE performance in the various technical options

OPTION 1A

Thermodinamically, an engine designed to burn natural gas would behave very similarly

when burning hydrogen. The engine could operate at the temperatures for which it was

originally designed and would give slightly more power and a slightly better efficiency. Exhaust

temperatures from the gas turbine would be a little lower, and so bottoming cycles, if present,

would be slightly less efficient.

The hydrogen fuel would probably be pressurized in liquid form, and therefore all the

parts of the engine in contact with the liquid hydrogen (fuel piping and injectors) would have to

be suitably modified.

Changes would also be needed to the combustor: these would be small in the case of

diffusion technology (but NOX emissions could be high because of the high flame temperature of

hydrogen), and to a greater extent in the case of premix staged technology.

In conclusion, modifications to the fuel control system, fuel supply system and

combustor would be required, but the remainder of the gas turbine could remain unchanged.

OPTION 1B

In this case the very large amount of nitrogen in the fuel would have a significant effect

on the engine performance, making it much better than that of the datum case. The reason for

this is that the very large amount of nitrogen injected with the fuel would provide “free”

expansion work in the turbine, as the work required for compressing the fuel has not been taken

into account. The output power would increase by about 34% and the thermal efficiency would

also rise from 38.7% to 43.6%. An additional effect is that the compressor operating point would

move towards the surge line (Figure 2). Various possible solutions to this problem are proposed

(all of them would negatively affect the performance).

All these performance improvements would be significantly less if the power required to

compress the fuel was taken into account. This has been done in column 1B* of Table 1 by

bleeding a significant fraction of the compressor delivery air and using it in an IGCC type plant

to reform natural gas, obtaining the high pressure mixture of hydrogen and nitrogen. Now the

power would be only marginally higher than the datum configuration, and the efficiency would

be worse.

Fuel piping and injectors would need total redesigning because of the very high values

of fuel flow. If the fuel was not obtained by an IGCC type plant, the fuel mixture should be

compressed in liquid form, as this would save a lot of compression power. In this case all the

parts of the machine in contact with the liquid mixture should be suitably modified.
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The combustor would also need some redesign, even if in this case NOX problems are

likely to be less important because of the lower adiabatic flame temperature of the hydrogen-

nitrogen fuel mixture with respect to the pure hydrogen mixture.

In conclusion, in both cases modifications to the fuel control system, fuel supply system

and combustor would be required.

Figure 2: Compressor operating point for datum configuration and technical options 1B and 3

OPTION 2

For option 2 the performance depends on the amount of excess oxygen at the

combustor inlet but this dependence is not strong. A value of 10% excess oxygen has been

assumed for the calculations. Also, ISA conditions have been assumed at the compressor inlet.

In this case the engine would operate in a manner very close to its original behaviour.

Output power would increase by about 6% and the thermal efficiency would decrease from

38.7% to 37.8%. No changes would be needed to the turbomachinery.

Modification could be needed to the combustor, but of less importance than in options

1A and 1B. The fuel control system and fuel supply system could remain unchanged.

OPTION 3

The changes in the working fluid properties cause, in this case, very large changes to

the matching and the performance of the engine. The main effect is that a gross increase in

aerodynamic over-speed would be required in the compressor to retain synchronous operation

(Figure 2). It can be safely assumed that no existing compressors are capable of this amount of

over-speeding. There are two possible solutions:
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•  To substitute the existing compressor with a new one, designed for operation on

CO2. This new compressor could use existing technology and would operate

satisfactorily;

•  To insert a gearbox between the compressor and the turbine. This solution would

need detailed mechanical evaluation.

Table 1 contains two columns which refer to option 3. The first column (3) represents

the performance of the MRE in the case that the compressor could accommodate the large

aerodynamic over-speed. The overall pressure ratio would increase by 60%, which would have

major aerodynamic and mechanical implications. There would be a large increase in power,

more than double the datum. However, the thermal efficiency would reduce to 36.7%. The

second column (3*) represents the performance in the case that the original compressor was

substituted. This has been modelled in the code by letting the shaft speed drop enough to

achieve the datum compressor pressure ratio (17). In this case there still would be a useful

power increase of about 25%, but the thermal efficiency would be much worse (32.9%). There

would be a substantial rise in exhaust gas temperature, which would assist in achieving efficient

and effective bottoming cycles; however, it could mean that changes would be needed to

materials and other design features in the downstream equipment.

The combustor would need significant changes, whatever its type. This would be

necessary to accommodate the substantial changes to the aerodynamic flow behaviour caused

by the change in working fluid. Also, provision for injection of the oxygen would be needed.

There would have to be changes to the fuel system and the associated control system

to accommodate the oxygen.

A study has been done to investigate the heat transfer effects in the first turbine stage

and its cooling system. This indicates that when the working fluid is changed from air to CO2, at

fixed turbine entry temperature the metal temperature of the first turbine rotor rises by about 10

K. This is caused by the different gas properties, speeds, temperatures and heat transfer

coefficients for both the external and internal cooling flows. This effect, even if based on some

simplifying assumptions, is important enough to warrant attention in a real case.

NNOONN--TTEECCHHNNIICCAALL   IISSSSUUEESS

A substantial questionnaire was prepared and circulated widely in the field of gas

turbines, to manufacturers, users and other informed parties. In addition, direct discussions

were held at a senior level with the key major players, including ABB, Alstom, GE, Rolls Royce,

National Power, Norsk Hydro and Siemens.

Broadly, the stance of these companies towards influencing policy on environmental

issues such as CO2 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
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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.

Further, the engine manufacturers are of the view that a very substantial reduction in

the level of CO2 produced from large-scale stationary power generation plants 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.

In conclusion, the additional costs of using gas turbines directed towards CO2

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.

CC OO NN CC LL UU SS II OO NN SS

The four analysed technical options all have a potential for 100% reduction in CO2

emissions, but the modifications required to the gas turbine are different.

In the gas turbine itself, the technical modifications needed to burn hydrogen in air

(option 1A) are mainly confined to the combustor, fuel system and control system. The

performance of the gas turbine improves slightly.

Additional small modifications to the gas turbine, comprising larger piping and fuel

injectors would be required if significant amounts of nitrogen were mixed with the hydrogen fuel

(option 1B). However, the changes to the combustor may be less than for burning pure

hydrogen. The performance varies whether the fuel compression power is taken into account or

not. In the first case, efficiency and power would both increase considerably, in the second case

efficiency would slightly decrease and power slightly increase.

A gas turbine, designed to operate fuelled with natural gas and having air as its working

fluid, requires relatively little modifications to operate in a semi-closed cycle with an air plus CO2

mixture as the working fluid (option 2). Combustor changes could be needed, but the fuel

system could be unchanged. Efficiency would slightly decrease and power increase.
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Changing the working fluid of a gas turbine from air to CO2 (option 3) 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 the oxygen. In this case there are

significant changes to the engine performance: power would considerably increase, but

efficiency would considerably reduce.

At the moment no specific legislation exists to limit CO2 emissions, and gas turbine

manufacturers believe that the global warming problem can be tackled by the natural evolution

of new power plants towards higher efficiencies and by the utilisation of low carbon content

fuels.

If specific legislation or taxation were fixed on CO2, then manufacturers are confident

that the appropriate technology would be developed in a timely fashion.


