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ABSTRACT

There is overwhelming evidender anthropogenicallydriven climate chang and as such it is
critical to reduce the emissions of greenhouse gases. A large source of these is combustion for

energy.

Combined Cycle Gas Turbi(@CGTpower generation is going to be a significant part of the
future of base power load generation the UK and internationally. The €@missions of gas

turbines are significantly lower than coal, but must still be addressed.

Gas exhaust emissions also presgnhallenge due to the low volume percentage of,@Qhe
exhaust as the current most maturtechnology for carbon capture is post combustion capture

using solvents, which is significantly more efficient with higherga@ial pressures.

This thesis looks at potential ways to increase @@ial pressire in the gas turbine exhaukir
improved capture efficiency. To do this exhaust gas recirculdf@iR and humidified ai(HAT)
or a combination could be beneficialhere is a lack of bench and pilot scale expertaien
research into this areaA Turbec T100 Microturbine was used to investigthe impacts of EGR

and HATthrough the addition of C£and Steam before the combustor.

In addition the turbine particulate emissions were analysed. This is as gas combustion has high
emissions of fine particulate matter. Particulates are of increasingsideration as an

environmental pollutantand may contribute to solvent degradation.

The investigations found that the performance of the turbine is largely deéaetrupon ambient
temperature. The results matched with the literature showing impaxt the combustion
process reducing peak temperaturesd anincrease in unburned hydrocarboresd carbon
monoxide. This resulted in a slightly reduced generation efficiency. However this loss in turbine
efficiency is potentiallysupersededby a gain in capre efficiency and neCCGTow carbon

generation withcarbon capture and storage
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1 Introduction

1.1 Climate Change

Since the industrial revolution human activities have been rétgagreenhouse gas emissions

and removing natural carbon sinks but the pace of which has increased from the mid twentieth
century. At this point, atmospheric concentration increases became more apparent, and a
related change in climate has been recordelde Tise in the average global temperatures is an
anthropogenic climate change.

¢tKS 3INBSyK2dzaS 3IasSa NBftSIFIaSR OFdzasS |y AyO
atmosphere, an increase in the amount of radiative energy absorbed from the sun, tthés is
balance of energy coming in and leaving, with a positive effect on the radiative forcing leading

to warming. Different gases released by human activities, such asar@Onethane, cause

varying degrees of radiative forcing, and remain in the atmosphar different periods of time.

C2N) 6KSaS NBlFazyas 3INBSyKz2dzaAaS 3IIFrasSa | NBE NG
(GWP) which takes account of these variations. Carbon dioxide does not have a particularly high
global warming potential but due téhe quantity emitted, and the difficulty in providing
alternatives to its source, it is vastly the most significant GHG, and hence the focus of much
attention, the significant increase in atmospheric concentration and corresponding radiative

forcing is aar inFigurel-1 Radiative forcing of G¥,995 B, 2005A0 8].
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Figurel-1 Radiative forcing of C£¥,995 BQ& 2005AD[8].

The atmospheric concentration of @@cently pe&ed at over 400ppni9] the highest reorded

in over 650,000 years, as evidenced through ice cores, the levels have been increasing at an ever
higher rate, only slowing since the middle of the last century through periods of economic
recessior8].

The high levels of greenhouse gas and positive impacadiative forcing, it is believed, with a

very high certainty, to have contributed to most of the increase in the rate of warming in the
last 4 decades. Global average temperatures have risen on average byQ@ & decade
between 1901 and 2010, but aven more than double that of the average between 1979 to
2010 at 0.169C per decade, with the northern hemisphere warming at a rate of 0Q4ier
decade during this periqd0].

This increasing temperature is a major concern due to the potential impact on sea feasts,
water, crops and extreme weather events. This increases the pressures on plants and animals
adaptability to temperature rise mean that Z0% of the species assessed are at increased risk

of extinction[11].

22



There is, and will be an increasingly significant human cost to the anthropogenic alteration of
climate. The World Health Organisation in particular has highlighted concerns withetatsd
mortality, coastal flood, diarrhoeal disease, malaria, denghue and malnutrition causing
increased fatalitieq.12]

All of these affects are as a result of the current warming up of the earth to what is very likely
to exceed a ZC rise this century, on the p#adustrial average global temperatures

Currently, the rate of greenhouse gases being released in to the atmosphere, and hence the
increase in the radiative forcing, puts the probable temperature rise of the Earth by the end of
the century to be closer to °€ over prendustrial averages. Thinpacts of this could be
catastrophic, with up to one third of Africa experiencing huge crop reductions, and sea levels
threatening cities such as Shanghai, New York, London, Tokyo, Hong Kong etc. Partial collapse
of the Amazonian rainforest, up to 50%spiecies are facing extinction, increased risk of extreme
weather, in the form of hurricanes, fires, flooding drought etc. As well as a significantly higher

risk of sudden change in key climate systems, such as the Atlantic thermohaline cirddidtion

1.2 Emission Sources

The significance of energy supply emissions can be seen in the Greenhouse gas emissions
statistics released by DECId]. Seen inTablel-1 UK GHGmissions 1992012energy supply

is the primary contributor, with transport being a noteworthy second, a sector thatgawith

others could be more easily decarbonised using alternative low carbon technologies, the

legitimacy of which depends upon the provision of electricity from a decarbonised grid.
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Tablel-1 UK GHG missions 1992012[15]

MtCO.e
1990 1995 2000 2005 2010 2013 2014
2779 237.9 220.9 231.0 206.7 189.5 163.8
Energy Supply
121.9 122.2 126.7 130.4 120.1 116.6 117.9
Transport
. 115.4 113.4 116.8 109.9 94.9 90.9 88.5
Business
) . 80.1 81.7 88.7 85.7 87.6 77.3 64.2
Residential
. 58.7 58.1 546 50.9 48.3 48.1 49.1
Agriculture
Waste Management 68.8 71.0 66.5 52.1 29.9 211 18.8
. 60.0 50.9 27.2 206 12.7 13.0 13.0
Industrial Process
Public 13.5 13.3 12.1 11.2 9.7 9.5 8.1
LULUCF 0.3 -0.1 -29 -5.5 -7.8 -8.6 -9.0
796.6 748.5 710.6 686.3 602.1 557.3 514.4
Total

With 31%of the GHG emissions coming from supply, and an additi@%lf2om transport that
could be electrified, it is clear that it is impossible to reduaeghouse gas emissions 8@%m
1990 levels by 2050, as mandated by the UK 2008 Climate ChangeitAatit making huge

reductions in the energy supply of emissions.

The National Grid facilitates and coordinate energy supplies in the UK; looking at tb&@Gxem

HaMM NBLER2NI FNRY (GKS arysS &@SIFENJIa KS Syaa

500gCQ@kWh, with projections that this will be 48g@&Wh by 2030. This is approximately in
line with the fourth carbon budgeset in 2011 for the p@od 2023¢ 2027, which states that the
grids carbon intensity should be 50gZi®h in order for the budgets overall greenhouse gas
emissions target, which has been voted into law, is to be [hé}t[17]. It is estimated that an
increase in generating capacity of 83l0GW of low carbon generation will allow the carbon
intensity target and the increases in demand to be meFagirel-2 National Grid predicted

energy mix to 203(16][18].
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Figurel-2 National Grid predicted energy mix to 203Q6]

This reduction in carbon intensity of power generation must be met with alternative
technologies. Stringent European legislation, in therf@f the Industrial Emissions Directive,
which encompasselledium Combustion Plants, already makes many current coal plasts
economically competitivelue to penalties on SONQ and particulate emissions, that new
plants would have to have expensiegilities to treat, that gas does not requi®d]. The carbon
intensity of unabatedatoal is also much too high at 920g£k@/h, and even gas at 400g&kWh
means that they cannot play a large part in a decarbonised grid with a carbon intensity of 0
50gCQ@kWh, to make up the shortfall with lower emission technologies such as Carbon €aptur

storage must be employ€@0Q].

1.3 Emissions Reduction

For these reasons it is critical to reduce the global emissions of greenhouse gases, and this was
recognised internationally at the Rio Earth Summit in 1992, titeawne of which was further
discussions and the drawing up of an agreement in 1997, namely with the Kyoto Protocol.
Although successful as a starting point, with the aim to reduce emissions to 95% of what they

were in 1990 which was established as the basélS & S| NX» a2 NB2OSNJ G4 KS LJ
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until 2005, and has now expired, it had a number of key exemptions, particularly with no targets
for developing nations, whose emissions have grown at the fastest rates, and it was never
ratified by the largset emitter, the United States. Unfortunately the targets were also
insufficiently ambitious in their levels of reduction, with the aim to reduce global emissions by
5% not being sufficient to avoid warming 6f22by 210021].

In 2008, the UK introduced the first legally binding framework to reduce domestic GHG
emissions by 80% by 2050 on a territorial basis This is a significant piece of legislation, and
impacts heavily on the future direction of UK pemgeneration due to the carbon intensive

nature of the energy supph22].

1.4 Electrification

In conjunction with the need to decarbonise the current generating power in the UK, there is
also a significant additional requirement to meet an increased energy demand attributable not
only to economic growth but also to the electrdign of transport, industry, and properties. If

6KS&4S IINBFa INB y2G St SOIGNARTASR (GUKSy AG A&
with a reduction of 8@cby 2050 as they currently account for nearly half of the UKs emissions

[22].
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Figurel-3 Current UK emissions totahnd areas that could be electrified in context of the
Climate Change Act and Carbon Budgets.

Looking at the emissions trendskigure 1-3 Current UK emissions totand areas that could

be electrified in context of the Climate Change Act and Carbon Bufigaisthe DECC 2050
Pathways Calculator, under the Governments baseline scenario under which no action is taken,
and the country carries on as normal, then the GHG emissions rise and the reduction targets will
all be missed. Ignoring changes in peoples behaviour and focusing on industry adapting to meet
changes in demand in a carbon constrained manner, then only the most optimistic of
assumptions allows the GHG reduction targets to be met. These assumptignsnrahe
national grid being decarbonised, thus necessitating Carbon Capture Storage roll outjsand t
shows that without it, therthe targets are unachievable.

A decarbonised grid, with CCS playing a significant role, would have the potential to further
significantly increase the capacity to meet the higher demands that could be expected from

electrification of other sectors to assist in the net reduction in GHG emissions. Providing that the
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capacity for the further electrification of heating, coolingo&ing and electric transport, will
make them genuine low carbon alternatives. This increased low carbon generation is particularly
important for decarbonising transport. Global g®oduced from transport is 6,755.8 MtgO
which is more than 20% of thet global emissions, a number similar in scale to allhibat

and electricity C®emissions from developing nations. The potential for decarbonising this
sector is huge, whether this is achieved through electrification or the use of hydrogen, the
sourceof this energy will be stationary, the increase in electricity demand that this will create is
likely to still come from carbonaceous fuels creating a potential increase in the emissions, or the

potential additional opportunity for a growth in CCS to déxenise other sectors indirect[23].

1.5 Accumulated Emissions
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carbon budget of 1,440 GT 14,701 Mt
2000-2050. CO, emissions
14000 with 50% chance of causing ]
above 2°Crise. 13’3?2 Mt .
Feasible scenario accounts for
86% of UK accumulated
12000 / / emissions budget.
9,080 Mt
/ Optimum accounts for 58% of
8000 1 accumulated emissions
6000

/

10000

Mt of CO,e GHG

= Carbon Budget Emissions

4000 //
2000 _7/
—— Electrification Feasible

Electrification Baseline

0
2008 -2012 2013-2017 2018-2022 2023 - 2027 2028 - 2050
Carbon Budget Period

—— Electrification Optimum

Figurel-4 Accumulated UK emissions pathways

Beyond the climate change acts legislated reduction, it is the necessary to consider where these

reduction targets come from.
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The UK aims to contribute its share of emissions cuts @pa global attempt to reduce them

and give a 50% chance of avoiding an average global temperature riS€ dfy2100, this in
truth is probably optimistic[24]

However to do this, the global concentration@® must be controlled with consideration to its
atmospheric lifespan and the amount of time it woubike for sinks, such as the oceans and
plant growth, to consume carbon dioxide and there will be net reductions in the atmospheric
concentration. This mens simply providing a step change in GHG emissions close to 2050 to
meet the target in the manner in which it has been legislated, would not have contributed the
ySiG NBRAZOGAZ2Y 2F nH &SIFENAW ¢2NIK 2F O2yarads
If it is assumed that the UK can continto take a global share of the net emissions that it did in
1990, the baseline for most targets originating from the Kyoto agreement, this would give an
allowance of 15,574MT of G@quivalent emissions when taken in conjunction with the carbon
budgets @ recommended by the climate change commit[2s, 26].

In 2007, power generation, and all possible sectors with potential to be electrified aetbun

for 47% of the UKs GHG emission total. However these emissions can be avokigdreag-4
Accumulated UK emissions pathwaysing DECCs pathway analysis even with the most
optimistic roll out of all low carin technologies, and with CCS playing a more significant part
than it is projected by any current body then the sectors would still consume 58% of this

allowance.

1.6 Low Carbon Technologies

The realistic alternatives for zero carbon generatare nucleaand wind power, with significant
contributions possible from solar and tidal sources.

On the microscale decentralised generation fridmre has been significant uptake of solar
over the last 5 years, having seen costs drop dramatically the technolodpebasie very

competitive. In 2013 DECC forecast there would be 10GW of installed capacity by 2020, this
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was already achieved in early 2016, with 20GW now a realistic possibility by that date, despite
reductions in subsidie$27] The true TWh generated per year thouighvariable and not

flexible to meeting demand due to its nature.

The UK has the best wind resource in Europe, and this could potentially generate up to 26% of

its power from wind farms both on and offshore, with a manageable installation rate of 2GW by
2024. The actual power potential offshore is huge, with more than 4,500 TWh; the annual UK
power consumption is approximately 360TWh. The main issue with wind power is that the
intermittent nature of the supply does not match the patterns of dem§2&j [29].

In addition to the best wind resources in Europe, the UK also has the largest available potential
tidal energy sources, capable of providing large scale reliable, predictable generation

compditively with other low carbortechnologies such as nuclear agrestdke prices over the

long term.[30, 31] A number of large potential generation sites are spread throughtioeitUK

TNBEY GKS hNJySe LatSQa G2 GKS {SOSNYy 94&iNHz N

up that the UK has potential to have up to 27GW of installed capacity by Z05%0.

Nuclear can supply large power demands reliably. However it is extremely corsiady@nd
depending on which account you read the costs range from between comparatively economic
with coal and gas, and many multiples more. Also it is difficult for traditional nuclear to be
flexible in its output to meet the peaks in the national powlemand.

Coal and gas have the advantage of being able to meet demands as and when necessary and to
ramp up supply at relatively short notice. This is a significant advantage, and although gas has
been traditionally volatile in price, the prospect of inased energy supply from shale may result

in more consistent pricing of energy.

There are also additional political energy security issues surrounding supply. Currently coal and

gas is imported. Having the capacity to generate energy from domestic supptieal or gas,
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if necessary, is advantageous as power stations take years to build and last decades, it is difficult
to predict political situations this far in advance.

Beyond the UK it must be considered that coal and gas provide the majority of2ldJvR W &
energy, and climate change is a global issue that cannot be simply tackled by one nations actions.
Altering domestic supply to nuclear and wind would not resolve the emissions made in
developing nations such as China, Brazil, India, etc. whose pmpply is dominated by coal,

and this is increasingly so.

Already developing (NeAnnex | Parties exempt from emissions control) produce moef@O
electricity and heat than developed nations, namely 6.954Gt&@lobal total of 12.48GtGO

Coal and gs accounts for 43% and 36% of the fuel emissions, and there was a growth in coal
CQ emissions of 4.9% to 13.1Gt globally. This is predicted to rise to 15.3Gt by 2035 if the energy
mix is not diversified and abatement measurements are not introduced. Memtbe potential

outlook with CCS is much brighter, with a predicted reduction to 5.66@UP3].

There need#o be a solution to mitigate the emissions of power stations where there is a certain
carbon lock in once they are built due to their life span, and the economic value meaning they

are extremely unlikely to be closed before the end of their useful life.

This breakdown of emissions sources and the important consideration of the impact of
accumulation is intended to depict the criticaded for CCR4]. It also highlights that with large

scale implementation other emission sectors could be electrified allowing the Eéhieve a
national reduction of 80%Without CCS it will simip not be possible to meet national or global
emissions targets which are based on the premise of avoiding a 2C global temperature rise or
more that would cause avoidable long term and catastrophic impacts for people and the

environment.
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1.7 Capital Driven Fssil Fuel Consumption

The challenges of decarbonisation are not just technical, physical, and policy based but financial.
Meinshausen et gR5] in 2009 estimated that the planebald absorb an additional 1,440Gt£O
between 2000 and 2050 and still have a 50% chance of not exceedi@varghing this century

above pre industrial temperatures. Between 2000 and 2011, an estimated 321&x@1sions

were released with emissions growg year on year. If it is considered that there are believed to

be fossil fuel reserves equivalent to at least 2,795 Gt@Qs clear that they cannot all be
extracted and used either without almost certainly causing unacceptable warming or without
being mitigated with technologies, such as carbon capture stofage32].

In 2004, Shell annmced to the market it had overestimated its reserves by 20%, and within
RFread GKS O2YLI yASawY akKlINBa FStft o0& mMm:X 2N M
The largest 100 coal, oil and gas companies have a combined net worth of over $7.42 trillion, a
price based on their proven arghrtially unproven reserves. If only 1,119Gt€0f the known
2,795GtC@were used then this would be a loss of 60% of their assets, and if this was reflected
on the markets it would be a loss of $4.452 trillion. This would be a significant loss that would
severely affect the market, pensions and jobs, and is a huge pressure and incentive for countries
and economies to continue to extract the value that they can from fossil [88]sThis kind of
pressure may necessitate a pragmatic solution, such as that which can be offered by carbon
capture and storage.

Carbon Capture and Storage is an energy smuthat can potentially abate the installed

OF LI OAGe 2F SYyYAraairzyasz ff2g RS aidgaw vyl A
for the utilisation of carbonaceous fuel assets whose economic value means it is unlikely they
will not be utilisedwithout contributing to climate change.

This all means strong incentive and pressure groups against abandoning fossil fuels.
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1.8 Research Objectives

Due to the critical need for CCS highlightiik researchaims to contribute to overcoming

some of the bariers for combined cycle gas turbines with post combustion amine capture due

to the energy intensive process of solvent regeneration. The intentitmbsild upon the

understanding oExhaust Gas RecirculatidbdGRand Humidified Air TurbinedHAT), soit may

be appliedto improve the net process efficienof Combined Cycle Gas Turbi@GT)

systems through demonstration of the enhancement technologies at a pilot Sdakewas

donethrough adaptation and experimentation withicro gas turbines.

Thestudy aims ¢:-

1.

2.

3.

9.

Establish the base performance of the turbines for relative comparison
Investigate what impact does EGR have on turbine combustivgsions
Determine what the EGR emissidndicateabout combustion performance
Determine the impact of EG# the mechanical performancef the turbine andnet
efficiency

Investigate whatmpactHAT ha®n the turbine combustioremissions

Determine what the HAT emissioimslicatecombustion performance

Determine the impact of HAGn the mechanical performarcof the turbine and net
efficiency

How these changes may impact post combustion capture efficigmoygh increased
exhaust C@partial pressures

Investigate whaparticulate emissions can be expected from gas turbine combustion

10. Determine the impact bEGR on particulate distribution

Of particular focushroughoutis the emissions increase in 80I1% for improved capture

efficiency.
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1.9 Thesis Structure

The research in the thesis is presented as below:

Chapter Onds an introduction to climate changemmission sources, fossil fuel dependence,

and the therefore critical importance of CCS to address the issues.

Chapter Twaeviews the literature of experimental & modelling studies into EGR, HAT and

particulate emissions. It then highlights the areasftother research that the thesisxplores.

ChapterThreeexplains the experimental set up for the gas turbine investigations,
measurement with FTIR and paramagnetic analysard establishes a base performance for

comparison of results

ChapterFourcoves the adaptation of @w Carbon GCombustionCentre facilities and turbine
for additional measurement and alteration of oxidising air composition. EGR is then simulated
using C®fed into the compressor. The results from changes in mechanical performance,

emissions, and specific fuel combustion are then analysed.

Chapter Fivecovers further adamation to allow humidification of the air post compression
using steam rendered fromseparateboiler. The results from changes in mechanical

performance, emissiongnd specific fuel combustion are then analysed.

ChapterSixcovers the need for further investigation inparticulatesimpact on post
combustion captureand how particulate size distributipmeasured using a DMS500

analysermay be altered by the addin of technologies designed to improve CCS such as EGR.

ChapterSevenis a discussion and summary of findings.

ChapterEightdiscusses experimental limitations amkesrecommendationgor future work
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2 Carbon Capture and Storage

2.1 What is Carbon Capterand Storage

There has been significant investigation into developing a commercial carbon capture and

storage project.

Until late 2015 there were two commercial UK bids for £1 billion of grant funding to
demonstrate CCS on a large plant. The prefebidgroject in Peterehead was to capture
emissions from a combined cycle gas turbine power plant using post combustion capture. This
would have been a very similar process to that researched in this thesis, with the potential of
exhaust gas recirculatioiEGR) and humidified air (HAT) technologies being applied to the

system.

2.1.1 Peterhead

The SSEs combined cycle gas power plant is based at Peterhead, and is in collaboration with
Shell was named as a preferred bidder for the government grant to develo débabnstration

project. The project is to use post combustion capture to prevent 90% of one of the 385MW
turbines emissions and transport them to the Goldeneye gas field operated by Shell in the

Northern basin[33]

The Goldeneye project pipes gas to St Fergus, 7.5km notlle @SE plant, and the Goldeneye
site itself is connected to the shore via a 105km pipeline. If the plant produces emissions of
400gCO2/kWH20] then the plant emissions per annum may be assumed to be 1,349,040 TCO2,
at 90% capture this is 1.21MT&O heElement Energgnd the European Commission Directate

General Energy, studies show significant suitable storage cafdaéitg5]
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2.1.2 White Rose

The White Rose project was a proposed 426MW oxyfuel poakr plant based at the Drax
power station with the ability to cofire with biomass and the plant would capture about 90% of
the emissions approximately 2 MTg®@r annum. The Inside Drax 2011 annual report reports
emissions of 760 tonnes per GWh in 20&gtrapolating 426MW is approximately 3,731 GWh
therefore 2.835MT and at 90% capture 2.55MT@E&r annum would be captured. The lower
estimated figure from the White Rose project site may be accounted for due to a higher biomass

mix, or energy dense qugliof coal.[36, 37]

The project lies 80km from the coast, looking at the projected pipelines and storage sites there
are a number of possible injectiortess for the depleted gas reservoirs in the Southern North

Sea basin.

2.2 Capture Techniques

There are a number of potential carbon capture and storage technologies. The focus of this

thesis, EGR and HAT technologies is for the development of post combugitanecsystems.

2.2.1 Pre Combustion Capture

Precombustion capture is the removal of €@efore combustion takes place. This can be
achieved by creating a syngas with the carbon removed and then burning this fuel in a nitrogen

atmosphere or with steam.

In canparison to a conventional gas or coal plant, a-poenbustion plant has the additional
energy impingements of an air separation unit (ASU), the reformation of fuel to a syngas and

then to hydrogen, and G@eparation and compression for storage.
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The natual gas is pressurised and preheated and it is introduced in to -aefwemer where
long chain hydrocarbons are reduced down to methane with the introduction of steam and this
creates H and CO, then HO. After this the off gases are then cooled for ate reformation

to create C@from the CQand pressurised for transpof3g].

The process of pre combustion can also be applied to coal in Integrated Gasification Combined

Cycle plants where the coal is gasified to create a syngas for combustion.

2.2.2 Oxyfuel

Oxyfuel substitutes some ofhe air with oxygen for combustion. It is derived from an air
separation unit, with the remaining mass flow made up from flue gas being recirculated which
also assists in the control of the temperature to within metallurgical constraints due to the
highercombustion temperature of the pure oxygen than air. Using oxygen to oxidize the fuel for
combustion, instead of air, results in a huge increase in thecGrentration in the exhaust

flue gasesThis resultén exhaustCQ being easier to separate, com@®vithout absorption as

post combustion capture, and hence there is no high energy penalty for the solvent

regeneration[39, 40]

2.2.3 Post Combustion Capture

Post combustion capture of G@ seen with oxyfuel as the most promising technology for the
commercial role out of CCSndiit is likely to be the most flexible option for retrofitting to

existing power stations in order to assistyhS A G Ay 3 G OF Nb2y 201 Ayéo
2.2.3.1 Adsorption

Adsorption is the physical process of Glaching to a solid surface. Once the adsorbent is
saturatedwith CQ, it is then regenerated either through heating or a shift in the pressure, called

the pressure swing adsorption, P$4L].
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Activated carbon and zeolites are the ideal mediums fos €Pture. However they are not

sufficientlyselective to treat low partial pressures of £0r achieve high capture rat¢41].

2.2.3.2 Cryogenic Separation

Cryogenic separation of @¢@om the flu gas is also a possible method of capture. Chilling to
56.6C at which point the G@ould condense, then the required refrigeration would need much
energy due to the large mass of the exhaust flow that is required to be treated, if the mass flow
were reduced and the G@oncentration was significantly higher, for example from oxygen

enrichal processes it may be more econorf¥d].

2.2.3.3 Membrane Separation

Due to the limited pressure drop required for membrane separation, it could prove to be an
energy efficient method of GQeparation, with polymer membranes potentially aghing CQ
separation near to 60%42]. Selectively permeable membranes could be duger CQ
separation. Membranes face significant selectivity challenges with the higher the selectivity than
the purer is the C@separated but thus less percentage volume unless it is driven by significant
pressures then requiring higher energy for puntpinr multiple membrane stages that require
increased capital expenditure. Alternatively, less selective membranes may be cheaper to build
and operate. However they are less selective and the @@ty would be a reflection of that

[41].

2.2.3.4 Absorption

The most mature process from industry is chemical absorption, and it is the basis upon which
most large scale capture plants, such as at Ferrybridge, West Yorkshire UK, have beenbuilt. CO
forms a weak bond with a chemical solvent, whichtien broken when the solvent is
regenerated under heat and pressure releasing pure @ allowing the solvent to be reused

for capture[41]].
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If the contaminants into the capture process, such as&@ Q, are kept low, the solvertan

be highly selective, with relatively low levels of degradafii].
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cooler
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solution
feed exchanger .
gas solvent reboiler

reclaimer

flue makeup k
gas fan
QJ
PN solvent waste

Figure2-1 A schematic of the amine absorption procep&3].

2.2.3.4.1 Pretreatment

SQ must be removed as effiently as possible from the exhaust gas before passing through the
capture solvent in the absorber otherwise they form heat stable salts. Thes$€luced by a

flue gas desulpherisation unit and the NOXx is removed with selective catalytic red[stjon

2.2.3.4.2 Absorption Column

The exhaust flue gas temperature into the absorber must also be controlled. Since high
temperatures damage the amine and result in the solvent evaporating. Cooling of the exhaust
gases is achieved through direzintact cooling, which is essentially a water wash system. At

Beighton this phase is combined with the Flue Gas desulperiddtibn
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Solvent is normally at a temperature of-80C in the absorber column for €€arubbing. After
the exhaust flue is scrubbed it goes through a water wash whiednteains solvent vapour and
this reduces the losses. Increased capture can be achieved with larger absorption columns, with

an increased energy penalty and capital expenditure requiremigds

The absorption reaction of the amine and L exothermic. This means that as the,GO
captured then the temperature in the absorber increases, and at the top of the absorber tower
the exhausted gas should have significantly reduced €@cerirations, by 70% to 90%,

depending on thecapture levels being operated.

2.2.3.4.3 Desorption Stripper

Rich C®is pumped via a heat exchanger to the top of the stripper to be heated by the reboiler
to a temperature of 10040C, thus liberating the GO'he hotterean solvent passes through a

heat exchanger with the rich loaded warming it before entering the stripper, and cooling the
lean solvent before entering the absorber to help reduce losses that would come from the

heating and cooling and improve the overabture efficiency proceq43].

The reboiler is the main energy penalty of post combustion carbon capture, with heat being
provided by steam bled from before the station turbines, meaning a loss in the potentially

generated energj41].

2.2.3.4.4 Solvents

Ideal sovent properties are ones whidiave a low heat of reactiowith CQ which means the
energy requirement for regeneration is low. The solvent should also have a high absorption
capacity, which means a reduced mass flow. Furthenust be stable under high temperature

variations.
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Amines are the most popular solvents, and there is significant industrial experience using them.
Monoethanolamine MEA has been used extensively and is able to captwatd@wv partial

pressures wiah is ideal for the combustion exhaust gases.

Amine solutions are weak base that react, binding with acidico€&S, making ionic
molecules. This is an exothermic reaction, with the amine solution heating up until saturation

at which point temperatureises slow.

Numerous reaction mechanisms are considered to be occurring, including two step reactions
where carbamic acid is formed, then carbamate through the transfer of a proton to the amine

base.[44]

80 YOG 2. (#/1 ( 21

YOO8 6®z 2. (#/ /" ( 22

Zwitterion mechanism has also been suggested as anothestemprocess:

60 YOG YOO #/ [/ 2-3

YOO #/ 1/ 6=z 2. (#/ 1" ( 2-4
CQ and amine have formed a zwitterion, from which a carbamateaslpced from

deprotonation to a base.

A single step simultaneous €&hd base reaction has also been suggested where the amine

bonds with the C®

6O YO'C "z 2. (#/ /" ( 25

This reactin is believed to be weak and temporaf4]
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Different amines have different reaction processes, and absorption and desorption rates. For
these reason mixes of different amine solution are being investigate more efficient capture, and

solvert regeneration.

Unfortunately it has draw backs in the degradation due to oxidisation, and the energy intensity

of regeneration.

Oxidation occurs in the absorber where the amine capture solutions first comes into contact
with the exhaust gas, which from giéurbines has a large mol% of Oxidation has been found

to be the most significant degradation method of amines, signifantly higher than thermal heat
cycling from regeneration and the exothermic capture reaction. Oxygen causes demethylation
reactions,forming acids, which further degrade the amine solution, and reduced its capture

functionality.[45] Oxidisation can be reduced thuigh the addition of metal inhibitorsuch as

iron and coppeto catalyse the oxidation procedg.6|

Also the MEAcan thermally degrade over 205°C. However this is significantly below the
operational temperatures. At 135°C DaMg] found that the amine degraded at a rate of about

2.5¢ 6% per week, and this is within the operational temperatydR.

50
40 40 wt% MEA, 0.4 mol CO,/mol MEA,
X
v 30
o %o, 04,135
—
< 20
wi 30,02, 135
210 - '
0 b s . . 30,0.4. 120 .
i 30. 0.4, 100
0 2 4 6 8
Time (Weeks)

Figure2-2 MEA losses as a function of tinjé7]
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Davis and Rochelle (20027] investigated the monoethanolamine losses due to thermal
degradation under temperatures similar to those experienced in the stripper column. Their
findings were that the majority of solvent degradation was thermal, with losses €6%.pe

week at 135047].

2.2.4 Retrofitting

Retrofitting combustion plants has the potential to produce a step change in the emifgions
what would be considered locked in carbon emissions. Studies have suggested that retrofitting
would result in a 11% overall reduction in plant efficiency which would cost about 675/kW Euro,

but with a significant potential cost reduction with a captueady plant desigi2].

2.3 Combustion

2.3.1 Gas Power

Gas power offers lower cost cstnuction, a smaller siteootprint, and lower emissionhan coal
power. The public perception of gas is also considerably more positive than for coal, as it is a

cleaner fuel that people are more accepting of and tend to oppose less.

For these reasonss well as the now levelling in the gas prices, gas turbines have been gaining
increasingly more popularity among private sector generators due to the lower capital

investment, and the relative ease of meeting legislated emissions targets.

The expansionfashale gas use in the US has also driven some new activities, with the possibility
of an increasing amount of exploitable reserves in the UK, Europe and Asia. As gas generation is
more efficient than coal, potentially higher fuel costs can be offset byrttproved efficiency in

the plants.
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2.3.1.1 Gas Turbines

Gas turbine cycles can be considered in terms of the Brayton cycle, with a compression,
combustion and expansion phase. Strictly speaking, the Brayton cycle is for working fluids in a
closed system whichis not possible with combustion requirement for additional air for

combustion. However it is assumed that energy is recovered from the exhaust gases, as it is in

most turbines.

compressor — W
turbine

é

i

|

i

Figure2-3 Theoretical Brajon cycle for simple gas turbineg].

The Brayton cycle is considered as an ideal model of the gas turbine combustion process, the
compres#on of air for combustion and the expansion over the turbine are considered to be

adiabatic as ifrigure2-3 Theoretical Braypn cycle for simple gas turbing48]., with no change
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in the heat of the working fluidand isentropic, with no change in entropy. The combustor is

considered isobaric, with no change in pressure.

Boyce (2012) splits the combustion in a gas turbine down into the first law of thermodynamics.

[48]

Compressors work: The work done by the compressor is the mass flow rate of the air times the

change in specific enthalpy.

Compressor work:

h = enthalpy = Cp*{Specific heat * temperature)

Turbine work: The total work done by the turbine is assumed to be the total mass flow through

it multiplied by the change in the specific enthalpy across it.

Turbinework:

@ a & Q27

Cycle output: The total work done by the cycle is the work produced by the turbine less the

impingement of the compressor.

Cycle output:

W 0w W 2-8

Heat energy added from the fuel: The heat energy is added over the combustor, and it is

equivalent to the flow rate of the fuel multiplied by its lower heating value (lower calorific value).
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Hea energy from fuel:

0 ad z0 Ow
2-9
a a Q anQ
This is equivalent to the total mass flow rate multiplied by the specific exit enthalpy of the

combustor less the mass flow rate of the air multiplied by the specific enthalpy at entry of the

combustor.

Overall cycle efficiency: The cycle efficiency is the cycles work output over the fuel energy put

into the system at the combustor.

Cycle efficiency

2-10

C-l‘ c-

The efficiencies of the turbine are generally limited by the temperature and pressure restraints
of the working materials. Improvements may be made through heat regouerthe heat

exchangers, integrated combined cycle and combined heat and power §ppileations.

The actual cycle differs to that of Brayton for numerous reasons. In reality no system is adiabatic,
all elements of the turbine cause losses and nonel&@% efficient. Further, the working fluid

is not truly incompressible and the specific heat is not constant.

The result is the actual cycle is less efficient than that, this is sd&gune2-4 Schematic of the

theoretical andactual Braytoncycle[48].
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Figure2-4 Schematic of the theoretical and actual Brayton cy§4sS]

(p))
(s}
m-

¢CKS alé¢ @FrtdzSa 2y (GKS 3ANFXLK AYRAOFIGS GK

dotted line of the ideal cycle.

The design principle of a gas turbine at its most basic level is relatively simple with a single shaft

driven by the turbine also driving the generator and the compressor.
2.3.2 Combined Cycle Gas Turbines

Large gas combustion power planisecombined cycléurbines. These Combine cycle turbines
KF@dS + KAIKSNI STFFAOASYyOe (i Klsyiot onfy Hoytiey @ige a2 NJ &
turbine directly from gas combustion, but using heat recovery steam is generated to drive
additional turbine(s) through the Rankine cycle, making more efficient use of theAfpédnt is
considered to be a combined cycle whérethot exhaust gas from the initial turbine is used to

power a steam plant and turbine, or multiple steam turbines. This combines both the Brayton

cycle for a gas, and the Rankine for a steam.
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The reported performance of manufacturers turbines is undemdard conditions. The air
intake is designed for ISO conditions of 60% relative humidity, 15C and 1.017 bar. Any alterations
to these conditions will impact upon the performance as the density of the air will alter and thus
the mass flow through the turbie will change, and the oxygen for stoichiometric combustion

will be affected. Higher temperatures result in less dense air, as well as an elevation in the

humidity [49].

Combined cycle efficiencies are most enhanced by higher firing temperatures, due to the heat
recoveed in the second steam cycle. This is different to simple cycles that benefit from increases

in the pressure rati§49].

2.3.2.1 Turbine Classes

Modern turbines and development are broadly classed into different series according to their
operating turbine inlet temperature at @iven pressure ratio. This is not the maximum
temperature in the unit which can be significantly higher in the flame of the combustor, than
when exiting the combustor the temperature and hitting the turbine blades. This delineation is
made as the highethe operating temperature and pressure that the turbine can operate then

the more efficient is the turbing49].

The delineation is not strict between each series or classes, as manufacturers have developed
and improved upon their original designs. Changes have allowdt designs to be run at
higher temperatures, or allowing the choice to run turbines that can operate at higher
temperatures lower in darade-off for greater flexible efficiency which may be required for
different customer needs. For example, insteacbeing used in steady state operation, the
turbine may be expected to be used as and when, ramping up and down its output to meet more

volatile intermittent market demands.
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2.3.2.2 Gas Turbine Series Examples of Development

D class turbines have dominated the m&k FTNRY GKS wmMdynQa 2yél N
demanded lower NOx emissions from stationary power sources. Much of the current UK fleet
dzaS 5 Oflaa Gdz2NDBAYyS& RdzS (2 GKS NRdzyR 2F Ay (
The turbines were the firstvith Dry Low NOx burnershat reduced production of Nitrogen

Oxides (NOx) through peak flame temperature control and reduction for environmental reasons,

and have turbine inlet temperatures in the 1,23®00C rang¢50].

H system gas turbines were developed to have a 1400C turbine inlet temperature, and tend to
be part of a combineatycle system using heat recovery steam generation from the exhaust

gased51] [52).

The GE H system utilises steam for cooling instead of chargeable air fraontipgessor and

this improves the turbines overall efficiency. This steam that is used for cooling is taken from
0ST2NBE (GKS AYUGSNNSRAIFIGS LINB&aadaNBE aidShkyY (dzNDb.
process to be reused in the IP turbifi].

The compressor pressure ratio is 23:1 with an air flow of@&Hkg/s feeding into a caannular
combustor, comprising fourteen lean combustion chambers. The fuel is injected into the
combustor via a swirling nozzle, or swozzle, using vanes within the combustor to induce a swirl
which also acts as points for fuel injection, before going throadhrther diffuser into the
combustor chamber. The combusted gas expands into a four stage turbine which itself is cooled

by both steam in a closeldop system and air by the third stage, with no cooling required or

used in the final staggs1].

The JSeries turbines, developed by Mitsubishi, achieve 1,600C turbine inlet temperatures fo

higher efficiency operation. This is achieved through more efficient lower compression ratios of
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23:1, down from 25:1 in g class turbines. Also it is managed through more efficient cooling

and better Thermal Barrier Coatings (TES3).

The combustor in the J series turbine uses Exhaust Gascitation to help reduce NOXx
emissions that are propagated by higher combustion temperatures. Steam cooling of the

combustor also contributes to keep emissions below about 15p8m

1700C Contemporary Inlet Temperature Target

There are also many joint government and industrial research projectsainatat driving
forward the development of ever more efficient gas turbines, a significant contemporary target
is the development of a 1,700C turbine inlet temperature, within the American Department of
Energy Advanced Turbine System development prograrh ®iE, and a Japanese national

project with Mitsubishi.

2.3.3 Gas Combustion

2.3.3.1 Exhaust Gas Recirculation

Exhaust gas recirculation has the potential to make the CCS process more efficient and reducing
the energy impingement and the capital costs associated veitel absorber columns and
reboiler duty. The largest energy penalty in the post combustion capture system is the energy
required to regenerate a GQoaded solvent in the stripper column, by increasing the CO
volume percentage of the mass flow through thestem this can be reduced. This would make

the unit cost of capture cheaper and hence the unit cost of CCS low carbon electricity for the

consumenr54].
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Figure2-5 Stripper energy demand as a function of @e[55]
As can be seen iRigure 2-5 Stripper energy demand as a function of226J55] the energy
demand of the reboiler can be significantly reduced. If the percentage o§@3 too high then

a negative affectan be seen due to the heat released during absorption no longer being counter

acted by the water vapourisation as the gas liquid ratios are snialgr
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Figure2-6 EGRefficiency penaltieg55].

Enriching tle CQ content and decreasing accordingly thed@ntent with EGR could also result
in less solvent degradation due to the oxidation by the oxygen of the solvent, or alternatively
removing or reducing the need for process alterations or chemical inhitdiditiaes that would

have otherwise been used to address the isg@.

Reducing the efficiency penalty and plant capture requirementslt®gusignificant economic
savings. Rokke and Hostad, (20Kbowed 50% EGR could reduce the capital expenditure for

capture by more than a fiftfb6]
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Figure2-7 EGR reducing total exhaust mass fl¢6]

2.3.3.1.1 Impact of EGR on Combtion

There are three major impacts of implementing EGR on combustion, namely thermal, radiation
and kinetic. The heat capacity of the £/&long with dissociation, reduces the flame speeds and

the increased radiativity of G@lso means radiation loss@srease linearly with CQlilution

[57].

2.3.3.1.2 Flame speed

The recirculation of exhaust gas has been shown to reduce the flame speed of combustion. The
increase in Bland CQfractions result in lower lamindtame velocities due to the reduced rates
of reaction which also contribute to increasing the flame instability over a range of equivalence

ratios[58].
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Figure2-8 CQ flame speedrelationship[58]

Burbano et al. (2011), demonstrated, through experimental data, the impact that increasing CO
concentrations s on reducing the flame speefh8] The reduction in speed is increasingly
more of an issue at lean, and particularly rich, equivalence ratios compared to normal
combustion due tdhe impact it has on flame stabilif$8]. This is caused by an increase in the
heat capacity of the G(product, and a reduction in the heat released reducing the reaction

rates.This effect is compounded by the recirculation, in the comparison to air.

2.3.3.1.3 Radiative and heat capacity changes

The higher specific heat of g@able2-1 Specific heat of working of the fluid specj&8] means
that more energyis required to increase its temperature. This means, with increasinga@D
reducing Qin the oxidisier, more fuel energy is required to raise the temperature the same
amount as would be required for combustion with air, which is mainly comprised ofeitr

This means lower combustion temperatures for the same fuel f&8j
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Table2-1 Specific heat of working of the fluid speci¢s9]

H,0 CO, N | o
T (K) kdlkg.K
250]  Liqud]  o0.782] 1044  0.910
1000  2267] 1232 1167 1085
2000 2832 137 1287 1180

CQis also more radiative than nitrogen, increasing the rate of the heat loss, as compared to air,

from the combustor before the combustion products even reach the turbine, thus resulting in

lower turbine inlet temperature$57].

2.3.3.1.4 Flame temperature

Recirculating COsignificantly reduces the flame temperature. As discussed in the literature,

increases in Columes to the combustor causes a reduction in the flame intensity. This results

in deceasing the flame temperature and consequentially NOx emissions through a reduction in

the production of thermal NOX, the primary source of NOx, particularly in gas combi&fjon

Not only are there heataductions due to the higher heat capacity and increased radiativity of

CQ but this in turn also causes slower combustion reactions and more diffuse fl&Tes
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Figure2-9 Temperature, CQ NOXx relationshig57].
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Lee et al, (2013), have demonstrated the correlation of increasingn@e oxidiser, lowers the
temperature and hence lowers the NOx emissi@ssFigure 2-9 Temperature, CQ NOx

relationship[57].
2.3.3.1.5 NOx

To tackle environmentally damaging NOx emissions, peak flame temperature began to be
controlled in gas turbines to reduce the formation. Initially thiswlane using steam and water
O22tAy3d |1 26SOSN] RdNAY3I GKS mMpynQa 3IFa Gdz2ND
bhEé o6dzNYySNEDP ¢KS&S o6dzNYySNA NBO&Of SR | LINE

combustor as a diluent, reducing flame temperatureldnence NOx formatiori49]

This technology was then considered for application to CCS, as it increased mol% of CO2, the
principle cause of temperature reductioBlKady et al. (2009) and others have noted a marked
reduction in NOx emissions with EGR, with a 50% remluetith EGR at 35%60] This can be
attributed to the reduced combustion temperatures, which they then countered with higher
equivalence ratios. This resulted in a restasatiof the desired combustion temperatures but

with higher UHC and CO levels then being observed.

Rokke and Hostad (2010) similarly showed the practical impact of EGR through the addition of
CQ, Npand Q to a 65kW gas turbine combustor. With the resdt®owing the expected trends

of CQand N causing a reduction in NOx emissions due to the reduced temperatures. They were
able to restore thestemperatures with oxygen vitiaon, but this again caused increases in NOx

[59.

Apart from the reduced temperature impact on NOx emissions, the reburning of the species,
such as NO and CO due teithrecycling, can reduce their quantities in the final emissjé6k

This also contributes to the observed reductions.

Flame stabilitylean blow out
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The general necessity to attain high efficiency and legislated low NOx emissions, which have
negative environmental and health impacts, results in the design of fuel lean combustion
systems. This fuel lean combustion can then be particutemgitive to changes in the oxidizer

with the lower stability of the flame than fuel rich systeb3],

Flame instability and lean conditions ultimately result in blow out. Recycling the exhaust gas
results in relatively lower @concentrations in the oxidiser for combustion. Bolland et al. (1997)
found that lean blow out occurred below 13.5%, @nd that 1618% is required for flame
stability. Li Hailong et al. (2011) looked at the vitiation of the osiched found that with EGR

a flame could be sustainable at 14%maol Gowever CO levels were high and there was
significant unburned hydrocarbons and they considered that this indicated EGR without O

enrichment would probably be limited to 40% for thesasond56].

Experiments were carried out by El Kady et al. (2009) looking at the combustion characteristics
of a commercially used dry loNOx combustor from an GEMrass turbine. Flame stability was
highlighted as a concern due to a reduction in the band of equivalence ratios that stable
combustion would be achievable. Lean blow out was a concern and this was made worse by
increasing thedvels of EGR on the premixture of the oxidiser and fuel, and to avoid lean blow

out in the tests they utilised a pilot fugd1].

Premixed combustion is more dependent on a good flame velocity for stability, consequently
the turbine flames are at greater risk of iasility than conventional diffusion flames. However
diffusion flames have much higher NOx emissions and so are not an acceptable alternative for

stable efficient combustion with EGE9].
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Figure2-10 Comparison of diffusion and premixed flame NOx emissions with ¢ugiivalence
ratio [59].

Rokke and Hustad (2010) found the instability from EGR caused lean blow out at egquvalen
ratios below about 0.6, and this is significantly higher than for a diffusion flame which occurs at
about 0.25. The equivalence ratio is the fuel air ratio divided by the stoichiometric fuel air ratio

requirement[59].

Increasing EGR levels increases the cd@centration, reduces the NOx and reduces the total

mass flow for post combustiocapture.
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Figure2-11Inlet mass and volume flow with EGR6].

In most studies, a levef 35% recirculation is considered the higher end of practically feasible
exhaust gas recirculation. The level of 35% causesoGrease to as much as 8% by volume

in the turbine exhausj61].

However, higher EGR levels have been modelled. H Lie @041)showed an EGR of 55%
would more than double CCrom 3.8mol% to 8.7% and reduces the gas mass flow to the
absorber by 56.2%. The reduction in volume reduces the duty on the reboiler by 60%. This is
slightly more optimistic than some other studies suctEa&ady et al. (2009), but still in fairly

reasonable agreemen66].

In a second study by Hailong et al. (2011) they simulated exhaustgiesulation ratios up to

50%, again finding similar results, increasing &®aust mol% from 3.8% to 7.9% in doing, and
reducing the mass flow of the exhaust gases by more than half. The study found that these high
levels of recirculation could reducde reboiler duty by 8.1% and create a net efficiency

improvement of 0.4% for a natural gas combined cycle kit
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Figure2-12 O, concentrations before and after combustion with EGE5]

As discussed irhis review, increasing EGR causédgher @©; concentration that can lead to
quenching,flame instability and blow outln addition a very low Qevels the flame can be
extinguished, ag-igure2-12 O, concentrations before and after combustion with E{5S]
Therefore although the increasing EGR levels to 55% has been investigated, other practical
studies would indicate that the reduction in @o0l% to 11% would most likely blowout. It would
certainly impact upon the combustion germance and flame stability due to the associated
reduction in the flame speed, and increased residence time. There would be a reduction in the
reaction rates, and combustion would be more spread out and the peak flame temperatures

reduced, with the resltiant increases in CO from reduced oxidation and dissoci&bidin

2.3.4 Microturbines

Microturbines can provide distributed afwhckup power economically and even more so when

used for combined heat and power applications providiotgl energyefficiencies otip to 77%
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and thus gving a short pay back period. The practical and economic advantages in tandem with

the improved ability to remotely controand monitor the turbines has deto increased

deployment[62].
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Figure2-13 Schematic of a simple cycle microturbine proc¢6g].

Recuperators are heat exchangers between the compressed air for combustion and the
combusted exhaust gas. This means they must withstand the pressures and a large temperature
differential betwean the inlet and exhaust gases that they come in contact with, the effect of
which may be worsened through thermal work fatigue if the turbine experiences numerous

switch offs and start ups.

Moisture evaporation in the inlet air may also contribute torosion as well as contaminants

in the hot exhaust air from the feed gas.

The recuperator can create significant improvements in the gas turbines efficiency and make
the cycles behaviour more closely follow that of the Brayton cycle. However in the edfecti
exchange of enthalpy there will be pressure losses incurred that affect the pressure in the

turbine and impinge upon the cycle efficiency and hence this becomes a balancing process.
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Figure2-14 Efficiercy improvement possible from the recuperat$62]

The effectiveness shown Figure2-14 Efficiercy improvement possible from the recuperator
[62] it is the ratio up to the potential maximum heat transfer in the exchanger. Although
effectiveness of 90% are not feasible, it can still be seen that effectiveness values in the 70%

rangecan contribute significant cycle efficiency improvements.

This effectiveness relationship is also described Bygare2-15Recuperatoperformance[48].
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Figure2-16 Schematic of a simple cycle gas turbipts].

The effectiveness of the recuperator is the percentage of energy that it recovers.

Recuperator effectiveness

YOy 2-11
~ Y

The effectiveness relates to the temperatures showReé&tuperatoreffectiveness particularly
the temperature of the exhaust gas T5 enteritne recuperator, and the temperature of the air

for the combustion leaving the recuperator T3.
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The improvement in theoretical efficiency, ignoring pressure losses, can then be calculated as:

Efficiency improvement from the recuperafd8]:

YOY 'Y Y 2-12

The pressure ratio has a significant impact on the expected efficiency performance and hence

also the specific power of a gas turbineisTtan be seen iRigure2-17 Impact of the pressure

ratio on theturbine performance[62].
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Figure2-17 Impact of the pressure ratio on the turbine performangé?2].

Reduction in the turbine output can be achieved through a reduction in the rotational speed
which then reduces the afeed, compression and fuel feed in turn. However these alterations

result in a decrease in the efficiency due to the turbine design load being higher.
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Figure2-18 Reduced performance below the optimum desidoad[62].

The ambient conditions of the turbine can severely effect the performance. The pressure and

temperature chages result in varying air densities from the designed parameters.

If the ambient temperature is high, or the altitude and hence pressure is high, then this will
result in a reduced density, which means that for the same fuel air mix and pressure ifaios, t

compressor has to work harder, or alternatively it does not provide the desired pressure or mix.

2.3.5 Humidified Air Turbines

Humidified Air Turbines (HAT), where steam is injected before combustion to improve the
turbine efficiency, reduces N@missionsand after being condensed out increases the volume
percentage of C&found in the exhaust. Humidified Air Turbines has been used historically to
improve turbine efficiency and reduce emissions. Also it has the benefit that after being
condensed out of thexhaust gases that the volume percentage of 8Gncreased, meaning

more efficient capture is possible with higher partial press{68]

In a conventional gas turbine the pressure ratio and turbine inlet temperature are the biggest

factors driving the performace of a turbine. With HAT, the rate of steam injection post
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compression becomes a strong influencing factor. Steam injection increases the specific power
output of the turbine and steam injection reduces Nformation. The addition of steam
increases thenass flow through the turbind63] If this steam is added post compression (as it

is in the experimental set up) it means additional mass flow through the turbine for which the
compressor has not had to do work for. This is indicated in the experiment by tistac
compressor pressure at vary steam injection rates. The addition of steam also increases the
specific heat capacity of the oxidising working fluid, implying that a greater heat transfer through
the recuperator can be achieved by increasing its efficy[64]. The steam also cools the flame
temperature and reduce N@ormation. Older lower NOx combustors used water for peak flame

temperature contro63].

The residence time and temperature are the factors that influence the thermafdi@ation.
Steam ats as a diluent reducing temperature. Although the addition of steam may appear to
augment the power output of the microturbine, this is not taking into account the energy of
rendering the steam which is done by an external Jé#] If water was dded instead of steam

to the post compression phase then efficiency gains would be reduced due to the energy

required to generate that into steam.

The addition of steam to create hunifiéd air can cause poor combusti@md this would be
shown by higher leels of UHC and J66]. It is possible to muce NQwithout increasing CO

and incompete combustion significantlyHowever it has been shown when HAT is used the
higher concentrations of G@an be achieved in the exhaust gas on condensing out tHé#ir

Ward De Paepg58], used aspray saturation tower and found humidification of the compressed
air post compression in a T100 micro gas turbine had an impact of improving the efficiency by
1.2 ¢ 2.4%, however their humidification percentage was not quantified, and emissions were
not published[69]. Mohammed Mansouli7Q] looked at both HAT, they found an improvement

in efficiency from 23% to 25.8% with 30g/s steam, equivalent to 108kg/h witf#A@AT
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2.4 CQ Transportation

The key energy penalties that are asstaxiawith the running costs and capital expenditure for

any form of CCS are the separation, compression, and transportation for sequestration.

Transport poses a number of challenges, in simple engineering terms designing a pipe to meet

the flow rates, andhe liquid properties of the CO

Beyond these key issues are the collaboration of stake holders, from the public, to land owners
to private investment, for the installation and operation, the key issue for all of these is the

distance from the site of G@roduction to the storage site.

Aside from the ability and permissions to provide a CCS transport network is the probable
necessity to be able to buffer the g@elivery at both point of source, and the point of storage

to allow for varying flows to bmade consistent from a G®ource and to allow for steady state
injection into the sequestration sites, or the temporary storage when the site sequestration site

or injection facilities may require maintenance.

An issue particularly in terms of public ef and perception is the often close proximity of

power plants to the populous and industry due to the demand they have created.

The release of liquid G@ould be potentially fatal, although dispersion may be rapid, high

concentrations and the displacemt of CQ can result in asphyxiation.

The economics of the GQ@ransport process are dominated by the volume of,GO® be

transported, and the distance for it to be transported.

This will also affect the appropriate economics of the mode of transponatgpelines and
ships. With pipeline transport generally proving to be more economic for large quantities, but it

is shipping for small quantities over large distances that is more economic.
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Beyond economic appropriate scenarios shipping could be wutifsepriming storage sites and

the early stages of commissioning of CCS networks.

Another key issue with mobile transmission of,Q@hether rail or shipping, is the inability to
capture the C@emissions released by the processes, however with pipaiamsport pumping

stations could be powered by decarbonised grid generation.

There are several GQipeline network proposals in Europe, the US and Australia. A particularly
promising idea is the concept for a European network due to the relative prgxohia large

number of emitters in different countries to good quality storage sites.
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Figure2-19 Potential CQ Europipe Networl]71]
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A European C{pipeline network has been the focus of significant work over the last 5 years or
so, and this is mainly in anticipation of a faster and greater uptake of demonstration and

commercial CCS projects.

The EU has aumber of projects, the oigoing Zero Emissions Platform (ZEP), theEt& pipe

project and the EC feasibility study for Eurepele CQinfrastructure[72].

Unfortunately all of these studies projections have been significantly affected by the regression
in Germanys CCS policy, but they do provide the best basis for the analysis ofethigband

feasible capacity.
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Figure2-20 Transport to distance cost comparisofig2]

For the purposes of comparison of the transportation costs, it is useful to look at the

Peterhead and White Rose projects.

2.4.1 CQ Usage and Storage

2.4.1.1 Enhanced Oil Recovery

{ Ay O0S (i K Shamlapgrused doEthe/ehanced oil recovery (EOR) to extract previously

unrecoverable resources. Potentially carbon capture could be subsidised by providingzthis CO
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for oil recovery and then storagd?]. Though the motive for using G@ for increased oil
extraction, not all of the CQOs recovered for recirculation and a prmion is sequestered
during the processThis could be self defeating dependant on how muchv@sld be
released from the combustion of recovered oil and gas, compared to how mugdk €6red

by the process.

2.4.1.2 Storage

The cost of avoided G different to the cost of capture.

Cost of avoidance is

2-13

6l ®OROGE QO

Economically capture from smaller more carbon intensive plants is significantly more

expensive.

2.5 Particulate Matter

Particulate matter is a fieldfancreasing research interest. Traditionally the particulate
emissions from large static power generation such as coal power plants has been identified as
an environmental pollutant, with legislation and corresponding emissions control technologies
implemented. Both legislation and technology focused on reducing larger particulate size
emissions. However with CCGT generation smaller particles dominate the emissions spectrum
and in much greater number, this requires research as to the potential environtriengact,

and possible requirement for improved legislation.

The patrticulate size and number can also be impacted by the addition of CCS technologies,
such as EGR and HAT. With EGR affecting flame temperature, and hence particulate formation,
and type. HA may also effect the nature of nucleation particles, with increased moisture able
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increasing the likely hood of acidic particle formation with uncombusted fuel. In addition the
increased humidity may increase particle agglomeration, affecting partideas hence

number.

The impact of particulates on the post combustion capture process has also received limited
research. There is a potential for increased amine solvent degradation, depending on the
nature of the particulate emissions. It is a necessaeyp in the research process to start
quantifying and identifying the particulates and modes emitted from gas turbine combustion

to provide data for further research.

2.5.1 Different PM categories PM10, 2.5, 1

There are currently three key particulate sizagas generally defined for consideration, namely
PM10, PM2.5 and PM1. PM10 are particulate matter up to the range>®fYLthis can include
debris from volcanoes or anthropogenic activities such as mining or combustion of
carbonaceous fuels. Coal ash wofdll into this category. Although it can have a serious impact

on health when inhaled, or the environment as a pollutant if allowed to escape into the
atmosphere, most emission sources can be dealt with relatively easily. Although its lifespan may
be moresignificant than smaller particles, it also settles within a relatively short period of time.

[73]

Above 10 micrometers patrticles tend to settle to the ground, below is#resol issue that may

stay in atmosphere for weeks.

PM2.5 can be more difficult to deal with than PM10. They are particles of diameter ‘Zahd

below. Although they are smaller in size, they are significantly more abundant, and much can be
removed by physical filters, but some cannot. PM2.5 can include sources such as in mining, but
combustion emissions tend to make up a significant praparof this category, including soot.

These emissions can be carcinogenic in nature containing oxidants, and heavy metals. However
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even the size of the particles, inert or not, can cause issues. They may also form the nucleation
of larger particles and sogs. Further it is possible for particles of this size to be more easily
inhaled, not trapped in the nose or by mucus, or removable by the body through coughing, etc.

[73]

PM1particles are particles of size up to a diameter ¥ Anthropogenic sources of these small
particles are significantly different from combustion, and are difficult to physically filter due to
their small size. Although volatile organic compounds of this size may have relatively short
atmospheric lifespas before oxidising or settling they are large in volume from combustion
sources, and after accumulation can coagulate to form larger particles. Particles of this size can
pass into cells and physically disrupt the replication of DNA which can lead toxqndAlso

they contribute to smogs, environmental pollution and acid {&i8.

Within the PM1 category are ultra fine particles, sub 8.¥(100nm) in diametef75] these
LI NIHAOfSa INB | aAIYAFAOLIYG LINBLR2NIA2Z2Y 27F (K

such as petrolem and gas.

Particles of this size can pass through the air blood barrier and the blood brain haéliand
FNE (0K2dAKG G2 0SS | aAi3y[rfeOudey ds baighpatgntially 1 OG 2 N

carcinogenic.
2.5.2 Why is particulate matter of concern?

Particulate matter can be a serious environmental pollutant. Particulates can cause direct harm
to humans through inhalation, in addition they can cause environmental damage through

polluting with their contents which can contain heavy metals, thus causing contamination.

Particulates also contribute to acid rain and smog, through the creation of sulphuric and nitric
acid nucleation particles originating from Nehd SQemissions[78] Also this has significant

impact on human health.
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Particulates have been recognised to impact on the climate and historically volcanic eruptions
have caused global cooling. Dependant on the plrize and nature, they can reflect radiation

and scatter it thus causing cooling, or they can absorb and reflect it thus causing warming.

Depending on the nature of the particulate emissions, size, distribution, number, composition it
is possible thatttey may be of concern for solvent degradation in post combustion capture. One
of the first steps to investigating this is to quantify the emissions on a pilot scale, as well as the
impact that the addition of CCS technologies such as HAT and EGR hawseopditticulate
compositions and distributions. This is as EGR can cause lower flame temperatures, affecting
complete combustion of fuel and the formation of particlétumidification may also cause

increased particle agglomeration and effect particle neménd size distribution.

2.5.2.1 Impact on human health

Particularly dangerous can be thoracic particles. These are respirable particles that can pass the
larynx and through the lining of the respiratory tra€horacic and respirable particle definitions

for human health risk assessment

Currently much legislation of particulates is on the basis of total emitted mass. However this
may be an increasingly inappropriate mechanism for legislative limits due to particles size be the
key factor that can effect human h#&h, and with modern power generation, such as that with
CCGT, large numbers of Ultra Fine particulate being produced, the total mass of which can be a
fraction of larger particulate matter, such as soot that can be produced by generation from coal

and bbmass.

2.5.3 Particulate Matter Sources

The principal components of the particulates are smoke, ash, ambient noncombustibles, trace
metals may also be present in particles and erosion and corrosion pro§it@f$wo additional

components that could be considered particulate matter in some localities are sulfuric acid and
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unburned hydrocarbons that are liquid at standard conditions, and these can go on to form

nucleation particles.

Particles tend to be comprised of sulphates, nitrates, and ammonia but also black carbon,

organic carbon, minerals and wat¢r.3]

2.5.4 PM1 analysed

Within PM1 there are numerousub categoriesof particle sizes. Ultrafine particles are
considered to have a diameter less than 100nm, and nanoparticles are those with a diameter
below 50nm. These size ranges account for the majority in number, of airborne particles.

Particles over 2 Yin diameter are considered coarse mo¢ié3]

Most studies consider two particulate modes within PM1, defined as nucleation up to 30nm,
and accumulation 30n¥500nm.[75] Some authors also considerd8! A G 1 Syé Y2RS o

10-50nm, and this occurs through the condensation of the nucleation mode particles.

2.5.4.1 Nucleatin

Nucleation mode particles are the smallest, they are newly formed from chemical reactions and

condensation processes and they are the potential start of larger particles colld@#hg.

Nucleation particles are generally considered to be sub 10nm in dianjé®@rthese particles
have relatively short atmospheric life spans with VOCs disapmeadand particles being

atmospherically oxidised.

There are two types of nucleation processes for particles to be formed. Heterogeneous
nucleation where substances condense on particles and grow and homogenous nucleation is
the other process with low vapowpressure molecules condensing and forming new particles.

[73]
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A common nucleation combustion particle is the formation of sulphuric ag®QHrom sulphur

dioxide emissios which can occur in combustion is an example of homogenous nucleathn.

2.5.4.2 Accumulation

The accumulation mode is where patrticles have started to join together to fornrlpegtcles,

and can have a longer atmospheric life span. Coagulation of particles slowly causes an increase
in particle size, and a reduction in their total numbfgt3] Sigrificant reductions in nucleation
particle numbers may be mirrored by only small growth in accumulation particles. With vapour
condensation and coagulation nucleation mode particles grow into accumulation mode

particles. These have a significantly longenaspheric life[73]

Accumulation mode particles may also comprise of metalguahgtyclic aromatic hydrocarbons

PAH, rather than from a slow agglomeration.

EGR also has timotential to increase the number of accumulation mode particles, with smaller
nucleation particles having longer residence times and possibly recycle several times in the

combustor before being exhausted, and growing in size.
2.5.5 Atmospheric partizlate distribution

Atmospheric particulates tend to be dominated by nucleation particles, with less accumulation
mode. Kumar et 4I79] reported nucleation mode paxles between & 6 x1¢ dN/dlog Dp (crf),

and accumulation at 1 x$@N/dlog Dp (crf).[79]

Similarly Cernuschi et [80] reported similar size range peaks in the PM1 range, but also with a
peak in the larger PM10 rangg81] These ranges and number are sater in the results

reported here ambiently, and for those in the gas turbines.
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2.5.6 Expected Gas Turbine Particulate Matter

Often combustion emissions will contain more than one peak in particle size. Standard
combustion emissions would be considered bimloddth nucleation and accumulation

particulate matter being observed.

Eli Brewer et a]75] also found that higher concentrations of nano particle®xhaust gas air
concluding further research as to the nature and volatility of particles below 10nm in diameter
being observed is required to determine their potential impact on health. They found particles

of diameter 23nm this being four orders of ngaitude higher than ambient condition5]

Combustion of natural gas has been found to produce high numbers of particles of diameters 2
3nm.[75, 82] This is the particle mode that we will expect to be observed in the results for GT1
and GT3. Minutolo teal [82] found that increasingly fuel rich combustion resulted in larger
particle size emissionf82] This will probably be less apparent for the Turbec 100 turbines, due

to the lean nature of the combustion.

However with C@additionthrough EGR, an increase in aromatic compounds can occur when
there is insufficient oxygen for complete combustion. These compounds are then involved in

condensation reactions that form particld82, 83] This increase in UHC is observed with EGR.

Fuel rich mixes create more fine particles as seen in Miny&f#pwho also found inefficient

fuel mixing resulted in more emissions of ultrafine particles below a diameter 100nm. They also
presented particles over in diameter 10nm being already present in theefdre combustion,

and not a product of it[82] The origin of the ultra fine particles was found to be aromatic
compounds that were incompletely condensed, and not oxidised. This could be Aitken zone

particles.

If particles are significant enough in number, it may be expected that they would coagulate and

create a bimodal trend.84]
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2.5.7 Particulate matter legislation

Most legislation of particulates is on a mass basis, however this mderan appropriate form
of legislation for gas turbines due to the ultrafine nature of most of the particulate emissions
from them.[75] The link béween health, and anthropogenic ultrafine particle sources needs

further investigation to determine possible appropriate future legislative meas(8ék.

2.5.8 Particulate emissions control technology

There are many effective particulate control technologies for large combustion power plants
that prevent and reduce significant particutatelease that can contribute to environmental

contamination,damageto human health and smog73]

The first primary emission control technology that has been used in comnobuptant and
cement works, etc is bag houses, these are coarse fabric filters through which exhaust emissions
pass, with particulate matter being trapped and building up on one side of a fabric filter. These
can be shaken out to collect sedimented coatgdaparticulates and allow the continuing use

of the filter without blockage of exhaust emissions, and this can be highly efficient, as shown in

Figure2-21 A typical fabric filter capture efficien¢g5].
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Figure2-21 A typical fabric filter capture efficienc{85]

There are also static electro precipitators. These are electrichlyged thin metal structures
or frames of wires where there is a large total surface area with positively charged particles
attracted to them and conglomerating. These electro static precipitators are then banged, or

shaken to release the particulate foollection.[85]

Cyclones can be utilised to remove particulates and they can be sized accordingly to the
expected distribution of size and mass of thertpalates emitted. Friable materials will

coagulate in them and drop from the bottom of the cyclone, and cleaner exhaust gases will be

emitted. [86]

Wet and humid particulate emissions treatment is also available, wet scrubbers can shower, and

charge, exhaust gases counter current, and remove entrained particulate emigsigns.

2.6 Summary

From review it is evident that post combustion capture and storage from a combined cycle gas
turbine power plant is a feasible possibility, with all individual elements of the psogven,

from combustion, to capture, to transportation to sequestration. However the technology is
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currently comparatively expensive, and the highest cost step of the process is the solvent
regeneration. This is due to its high energy intensity, howéwere is potential to reduce the
impact of this through the application EGR and HAT, with further pilot scale demonstration of

this being useful.

From the literature review it can be seen that there has been a significant number of modelling
papers reseeching the potential exhaust gas recirculation on gas turbines for increasing CO
emissions for improved capture efficiency. Modelled work has also looked at the probable
impact on turbine performance, and hence the likely net process efficiency changesgith

the addition of more extensive EGR application beyond the traditional flame temperature an

NOXx control. However experimentally there has been very little EGR turbine research.

Interesting research has been carried out on combustors alone, altdragxidising air mix to
investigate the emissions impact of higher recirculation ratios, and the impact on flame
temperature as an indicator of potential efficiency chan@®] However this did not look at

the complete turbine system, or post combustion capture potential.

One paper investigate the effect of uncontrolled accidental recirculation of exhaust emissions
into the turbine inlet, noting changes in inlet temperatuaad hence turbine frequency. This
was not a controlled experiment though, and did not include any emissions analysis, or

quantification of recirculation percentage[87]

There is also a significant number of papers which model the impact of humidified air on
turbine performane, power augmentation, and increases in,@al% in the exhaust emissions
for capture. The use of HAT for power augmentation and flame temperature control is not
novel, however there is not currently any experimental pilot scale studies that have

investigded the potential impact of combining both HAT and EGR technologies.
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This thesis will aim to address some of the knowledge gaps as to the impact on turbine
performance, and efficiency with experimental application of EGR on a pilot scale to a
microturbine It will also assess the impact of combining HAT and EGR on turbine performance,

and address the potential process gains from increased exhausto@@and net energy gains.

The thesis will also asses and report the particulate distribution from théugaisie, both

before and after adaptation with simulated EGR, due to the potential for particulates to
contribute to solvent degradation in the post combustion capture process. As currently there is
no experimental literature on the subject, and the issdailtra fine particulate emissions is

receiving increasing attention due to their potential impact on human health.
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3 Micro gas turbine operation baseline conditions

There extensive pilot scale test facilities houseti@yv Carbon Combustion CentreBrighton
near SheffieldProvidingflexible combustion, process, and treatment options showrfigure
3-1 Schematic of UKCCSRC PA&ETities this thesis investigates the performance and

adaptation of the two microturbines on site.
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Figure3-1 Schematic of UKCCSRC PHCilities

The turbines are the same model but different series. They are rated at 100kW electrical output,
and have a Combined Heat Power unit attached with 165kW output, and it consumes 333kW of
fuel per hour. Both are secordaand reconditioned units and so the performance may not be up

G2 GKS YI ydzZFlI OGdzZNENRa ALISOAFAOFGAZ2Y T LI NIAO
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The base performance of both Turbec 100 microturbines must be established before adaptatio
for enriching C@exhaust content, and for comparison. For this the emissions performance and
efficiency of the turbines have been established across all turn down ratios and compared in
combination with the capture process so it can accurately be detechas to what impact the
alterations to the turbines have upon on the energy intensity of carbon capture for the whole

process and its efficiency.

Initial experimentation will establish their current performance, in regards to maximum and
minimum poweroutput and their associated emissions. This data was collected across the range

of both turbines minimum and maximum power output.

The turbines will be run at steady state for 15 minutes, 3 times at each power ratiqd,00kW

in accordance with ISO 2810 determine emissions performancgteady state was determined
through a number of factors, the first was ensuring warm up and consistent temperature that
could impact emissions. This was done usingttineine outlet temperature stabilising close to
645°C, and with the addition of more thermocouples TC4 was also a reliable indicator of steady
temperature when it rose above 631G In addition to this constant power generation and engine
speed being achieved, with minimal variation during test r@ishighest importance are the

CO, C@and NQ emission levels. The data was analysed and outliers were investigated and if
AYAAIAYATFTAOLIYl RAAYAZAASR 0ST2NB (GKS NBYFAYAY
average emissions for each turbine at each pova¢ing and the efficiency of the turbine.

The turbines ran with the absorption capture plant in order to calculate the overall efficiency of

the process without an enriched level of G@the exhaust, or the Humid Air Turbine process.

This initial data \&s used to determine the base performance of the turbines that can be then
used for comparison with new data from simulated EGR and the HAT process. Looking at the

effect the processes have on the turbines emissions, efficiency, and the total processes
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efficiency. This data will provide a relative comparison that indicates the relative positive or

negative changes in the efficiency and emissions performance.

Each test base performance test received multiple runs at several power outputs on each
turbine inorder to ensure consistency in the results. Time constraints meant that 3 runs were
unachievable since 15 minutes running at each power, with allowances for 5 minutes ramping
up or down is 20 minutes per test. This would be a total of 360 hrs, or 45 waitkys, which is

towards the upper limit of the budget testing.
3.1 Beighton Facilities

There are two micro gas turbines at the PACT CORE facility. Both are Turbec T100 PH, provided
by NewEnco. The turbines are rated to provide 100kW of electrical powdr caihbined heat

units providing an additional 165kW of thermal power from hot water distribution. The supplied

as new efficiency is 30% electrically, and up to 77% with the combined heat units included.
Figure3-2 Photograph of Turbec series 1 gas turbisigows the turbine for which most of the

testing was conducted.

Figure3-2 Photograph of Turbec series 1 gas turbine.
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Figure3-3 Turbec T100 PEbmponent schematic

The turbine components are depictedkigure3-3 Turbec T100 Pebmponentschematic The
turbine is a single shaft, where the compressor is driven by the terkamd to which the
generator is also attached to one end. Ambient air is compressed by the centrifugal compressor
to the correct pressure ratio for the turbine at the desired power output. The maximum
designed pressure ratio is 4.5:1 (3.5BarG). This prisesl air passes through the recuperator
heat exchanger, where heat is recovered from the exhaust gases of the turbine outlet. After
recuperation, the air enters the combustion chamber. This heat recovery significantly increases
the overall turbine effi@ncy, above that of a simple cycle turbine. In the combustion chamber,
neutral gas mixes with the swirled oxidising air, and there is electrical ignition. The combustion
mix is air rich, and fuel lean, thus ensuring complete combustion and reduced emjssitch

as NQ without post combustion treatment. However this does mean additional unnecessary

work has to be done by the compressor.

The combusted gas passes through the radial turbine, thus driving further compression and the
generator. The combusth gases enter the turbine at up to 98D and 4.5 bar, this expands
through the turbine, with the pressure decreasing to almost atmospheric and the temperature
65C°C, at which point it passes through the hot side of the recuperator heat exchanger, thus
heaing the compressed oxidising air. After recuperation in the combined heat power units, the
gas enters the water heat exchanger at 3DPthis improving the net efficiency of the turbine,

before passing through the building exhaust pipe &0l he turbia auxiliary systems include
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lubrication, cooling, externally housed coarse inlet and fine internal air filtration, of which the
pressure drop is monitored on the Series 3. There is also a natural gas compressor on both units,
raising the fuel pressure up 6.5 bar, in the series this is incorporated in the unit, and is external

to the Series 1.

One of the turbines is an older Series 1 100kW model, however its peak power generation
is slightly below this due to age and work fatigue, although it was retiondd before the
PACT facility received delivery of it. The newer turbine is a Series 3 and also rated at 100kW

although capable of generating slightly more than this in reality.

Currently the two turbines ancillary equipment set up only allows for ambihe at a time

to run. This is due to shared flue gas, water cooling. During establishment of baseline
performance generated power could noé l@umped to the national gridgnd instead was
used to power an electrical heater that was in turn cooled byma This meanthe Standard
Operating Procedurenust be extra vigilantly followed when switching between use of one
turbine and another, to ensure adequate air provision, exhaust and cooling to avoid the
turbines tripping, the dynamic loading of which istrideal for ensuring the turbines

enduring performance.

After the ancillary equipment is correctly set up for the chosen turbine to run and the
isolator switches on the turbines are at an on position the start up, load generation and shut

down can be catmolled remotely.

The newer Series 3 turbine has a connection that allows its control and performance to be
O2yiUNRBftSR o0& GKS YIydzZFl OGdzNBENRa a2Fdol NB«
remote control and performance monitoring functionality thugh a computer browser,

however the browser does not provide data collection options
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The WinNap software connected directly to the turbine via LAN connection allows more
thorough observation of parameters through multiple inspection windows, with thetybili
to also log this data. The WinNap software also allows some control of the turbine, changing

power reference, and turbine alarm signals.

3.2 Methodology
3.2.1 Data Acquisition

The performance of the microturbines was monitored by their power output, fuelwopsion

and the monitoring of species changes in the exhaust gas as an indication of the efficiency of the
combustion occurring and the impact that EGR has upon the process. The turbine performance
data will be monitored and recorded through Turbecs owitveare. The Turbec software allows

the monitoring of fuel and air inlet temperature, turbine exit temperature, exhaust gas
temperature. Initially data from the Horiba analysers was logged, monitoringS® G, NQ,

and CO in the exhaust gases. Unburhgdrocarbons will also be analysed and logged. This was

later upgraded to FTIR monitoring using Calcmet libraries and software for recording of results.

How meterreadingsanddatafrom National Grid on natural ga®mpaosition is used to calculate

the energy input

There is provision to monitor or calculate most aspects of the turbine performance. However
during the baseline testing, pressure and temperature measurements were more limited with
no measurements before and after the compressor, in the aoshir and at the turbine inlet

point.

At the start of all testing days the analysers where necessary were zeroed and calibrated, and at

the end the calibration was checked.
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For the Signal and Servoflex analysers used this was done by zeroing witlyamptwge, and
known calibration cylinder gases of analysed species being used to set a point on the analyser

ranges, with the analyser then using proportional extrapolation to give readings within its range.

For the FTIR zeroing was done using a nitrdgleZNHE S F2NJ | al SNB ¢ & LISO
FyR GKSY Iy FANJ Gol Ol aINRBdzyRé &ALISOGNHZY 6ba Gt

a library, and do not require individual calibration.

To effectively determine the combustion and turbine efficiencywakl as the impact of EGR, on

all the tests days the following were recorded:
The atmospheric pressure and humidity.
The combustion gas pressure into the turbine and into the combustor.

The ambient air temperature and the inlet air temperature whicH bé affected by the

recuperation and EGR.

The turbines inlet temperature which is usually considered a key indication of potential efficiency,

and the turbines exhaust temperature.

The fuel flow ratérom meteringand heating valuérom twice daily regnally reported National

Grid data
Electrical power output, and net power output.

The shaft speed of the turbine.
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Figure3-4 Horiba gas analyser.

The Horiba analyseFgure3-4 Horiba gas analyseanere replaced by the FTIR due to calibration
difficulties since it was not possible to attain accurate readings with the analysers during the
initial independent testing. It was evident that the readings were incorrect since esig u
sample gases, such as air with known a&@d N concentrations values, were significantly
different. The C@readings were also known to be incorrect due the analysers being set up for
CQ ranges above 50% due to the analyser being a repeat of a pievialer for an oxyfuel rig

with significantly higher C@xhaust gas concentrations.

3.2.2 FTIR

The FTIR, Fourier transform infrared spectroscopy, measures the absorbance -oédnfoa
determine the gas species within a sample. It achieves this by measherapsorbance and
thus creating multiple data points using multiple frequencies directed at an interferometer

which splits the light source that is not absorbed and directs it at a photoelectric sensor. From
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all the samples collected, the absorption edch wavelength is known, and using a Fourier

transform the species within the sample can be calculated.

Figure3-5 Photograph of FTIR gas analysis setup.

The FTIR is connected as showRigure3-5 Photograph of FTIR gas analysis sedgpstandard,
all sample lines of the exhaust flue gases are heated to prevent condensation in the line from
the sample point or in the analyser. In addition filtexsen inFigure3-6 Photogaphs of the
complete heated sample filter for the FTIR, and dissemblprevent large debris from

contaminating the cells interferometer which is very sensitive.
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Figure3-6 Photogaphs of the complete heated sample filter for the FTIR, and dissembled.

Multiple spectrums are created over multiple ranges of infed, then the Fourier transfer
analysis is used by the computer program to create a spectrum of the absorption fontiptesa

The spectra must be compared to the background absorption and transmittance to determine
the difference that a sample gas creates on it. The background spectrum is taken before
sampling and should be replicable, significant deviation from the shhpers in Figure3-7
Example of optimuniTIRbackground reading shapes a strong indicator of potential fault that

needs resolving.

Figure3-7 Example of optimuntTIRbackground reading shape.
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The instrument must also be zero checked. Nitrogen is a diatomic molecule and does not absorb
infrared radiation, and hence will not interfere with the FTIR sample readings. It is used to purge
the cell interferometer betweesamples, and is used as a zero check gas to ensure that there is

not any unexpected absorbance. The optimum zero shape will be relatively fikiga®e3-8
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Figure3-8 FTIRzero example.

The Calcmet software for the FTIR contains a significant volume of intellectual property in the
form of spectrum libraries. These libraries contain the standard expect spectrum for different
gas species and concentratiorisrom this library, a selection was made to scan for relevant
expected gas species. Adhigure3-9 Highlighted gas species in FHER plotted during testing,

but all values are recorded. Even if a speciesioabe selected, if required old sample spectrum

can be analysed to see if they contain any gas species within the library. It is the advantage of
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the Fourier transformation of the results that makes the FTIR relatively quick, with the ability to

detect multiple species in single samples.

Figure3-9 Highlighted gas species in FTIR library.

3.2.2.1 Accuracy of the Results

The FTIR uses absorption units, the ratio of incident light to absorbed light. The residesl v
grarotsS NS STFSOGA@Ste YSIadNBa 2F GKS aSN
known sample spectrum is added to the library, the sample may then present peaks at 1.2um
and this is then used to identify g@he amplitude of absorbamrg or the amount absorbed at

this frequency is then used to indicate the concentration of the sample. This means that if a 5%
CQ sample would be expected to have x absorption units, and the sample actually reads x
0.001, then the 0.001 is the residual ffinathe expected value for that concentration and the
actual sample reading. For all samples, there is a residual value recorded in the raw data, so the
residual is a measurement of the discrepancy, however it is not necessarily a linear functional
representation of the error as a sample can contain multiple gas species with overlapping
spectra that could interfere with the expected absorption. It is however an indicator of how
accurate the sample is. Calibration gases of CO, ap@® passed through theTiR, showing
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the results of CO to be within 1ppm of the cylinder certificates, and providing the exact volume
percentage of CO These results are reassuring, however this cannot be taken to be indicative

of the accuracy of all gases due to the naturehaf FTIR sampling technique.

3.2.3 Servomex

Oxygen for baseline measurements was measured using a Servomex Mini MP 5200. The oxygen

was sampled from the same point as the FTIR sample was drawn.

Figure3-10 Phaograph of the Servomex MP 5200 & sample condensing unit.

The Servomex Servoflex MiniMP 5200 analyser can monitan@CQand this is done using a
nondispersive infrared sensor, where infrared light is passed through the sample gas where the
species spafic wavelengths are absorbed by the C&filter that blocks all frequencies outside

the CQ range covers an infreed sensor which is used to measure the difference between the
IR emitted and absorbed, this corresponds to the concentration ofiC@®e sample. The O
analysis is paramagnetic asi®attracted to strong magnetic fields it fills two glass spheres that
have a mirror mounted between, the field causes the suspension to rotate, a light reflects off

the mirror and photocells detect the chamgaused by the movement thus generating a signal
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that is linked to a feedback signal with a current going through the rotating suspension and this

current is proportional to the concentration of oxygen.

3.2.4 Fuel Meter

Both the Series 1 and 3 gas turbinesret Low Carbon Combustion Centre Beighton, share a
Quantometer turbine flow meter, witthe supplier certification claiminglass than 1% relative
error at calibration for the flow rates measuredowever this is a suspiciously accurate figure
and thereare concerns as to the potential error this introduces. As much as possible this is
mitigated through long test lengths, at minimum of 15 minutes each, and multiple runs of many

tests. The gas flow rotates an axial turbine in its path, which in turn draveneter display.

A - -
Jures :i: fog - e

>

s

Figure3-11 Photograph of the Quantometer gas meter.

The meter is designed and calibrated for flows of betwee 100nm¥/h. However as the meter
only sends signals every 0.1then readngs are taken manually for improved accuracy to 2

decimal places.

Common S.A manufactured and supplied the Quantometer, with calibration certificates showing
the relative error for readings. The maximum relative error is 0.63% af/B5mropping to

0.38% at 40n¥h. The meter causes minimal disruption to the gas flow, thus causing a maximum
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pressure drop of 5.85mbar (fuel is combusted #&ifar). This is depicted Figure3-12The error

and pressure drop of the Quantometer
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Figure3-12 The error and pressure drop of the Quantometer.

3.2.4.1 Fuel Composition

Energy data is provided online by the National Grid in terms of calorific value. Further details of

the compositim was supplied on request for each day tested.

National Grid provides twice daily reporevailable onlineof post code specifigascalorific
values. Though it is possible there may be dead spots, and lag in supply, the values reported by
National Gridwere very consistent. In addition composition can be requested, this data was

similarly consistent.

The calorific value of any fuel is the amount of heat energy available when it is fully combusted,
hence it is critical for determining turbine performanand efficiency. The natural gas supply is

regulated to keep within 37.5MJ/fto 43 MJ/n?.
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Figure3-13 Natural gas calorific value.

The average CV for all the test days was 39.3MJ4ith a standard deéation of 0.1MJ/m. This
is with the exception of test day 9, when there was a significant drop in the average fuel CV to

36.35MJ/ni. This is shown iRigure3-13 Natural gas calorific value

The National Grid dermines the calorific value of the gas supplied through chromatography at
multiple reception terminals throughout the UK. The calorific value for gas supplied to PACT is

FNRY (KS G9EAG %2y Sé 9as .fteo2NRdIdAKImMMngS /

I+

the CV stated in 1S6976, Natural gas Calculation of calorific values, density, relative density
and Wobbe index from composition. All calorific values are gross, high heating values (HHV),
turbine electrical efficiency is calculated on a LowerthgaValue basis, which is a lower net

value, as the latent heat of vaporisation of water is not recoverable for this process.

96



Average Fuel Composition

HEXANR.04
PENTANM.08
BUTANEO.36
PROPANH.36
M ETHANES.97
METHANES8.61

CARBON DIOXIDEGO
NITROGEN..78

0.00 10.00 20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00 100.00
VOLUME % DRY

Figure3-14 Natural gas fuel composition

UsingFigure3-14 Natural gas fuel compositiorand ISO 6976 the Higher Heating Value was
calculated to be the same as the stated values for each test days, and to calculate the turbine

electrical efficiency then a lower heating value was determiimefiable3-1 Gas calorific value

calculation.
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Table3-1 Gas calorific value calculation.

Typical Analysi] Density | Molar Mass [Molecula el % Volume Moles in|CV Superiq HHV e CV Inferior Sl Sl
(mole %) g/L g/mol Weight Mole of Compositiorn Mole/m3 m3 Gas] kJ/mol | MJI/mn3 Enthalpy kJ/mol Enthalpy LH

Natural Ga HHV MJ/mn3 MJ/mn3
Methane 88.61( 0.655¢4 16.04 14.21 20.94 88.6] 42.31 37.49 891.5¢ 37.74 33.49 802.64 30.1d
Ethane 5.97( 0.544( 30.071 1.80 1.41 5.97 42.3] 2.53 1562.14 66.1( 3.95 1428.84 3.61
Propane 1.36( 2.009( 44.1 0.60 0.3 1.36 42.31 0.59 2221.1¢  93.99 1.24 2043.3] 1.19
Butane 0.36( 2.480( 58.14 0.21 0.09 0.34 42.3] 0.14 2879.7¢ 121.84 0.44 2657.4 0.44
Pentane 0.08( 0.626( 72.14 0.06 0.0 0.09 42.31 0.03 3538.60 149.73 0.17 3277 0.11
Hexanes 0.044 0.6544 86.19 0.03 0.01 0.04 42.31 0.0 4198.24 177.6" 0.07 3887.2] 0.07
Nitrogen 1.78( 1.251( 14 0.2 0.42 1.79 42.3] 0.7 0.0d 0.0d
Carbon Dioxidé¢ 1.60( 1.562( 44 0.70 0.39 1.60 42.31 0.69 0.0d 0.0d
Oxygen o 1.429( 14 0.0d 0.0d 0.04 42.31 0.0d 0.0d 0.0d
Hydrogen o 0.07 1 0.04 0.04 0.04 42.3] 0.04 0.04 0.04
17.86 23.59 99.8( 42.2 Total 39.2§ 35.44

|Density kg/n 0.80

Using the fuel data from the composition, it is possible to determine the moles of oxygen required for stoichiometric ecmmblite gas. This is the
minimum amant required for complete combustion of all gas species to forma@ HO. From the moles of oxygen the corresponding volume can be
found, and with air comprising 29% nitrogen and 21% oxygen, the volume of air for combustion can be accurately essifetbezB-2 Stoichiometric

calculation.
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Table3-2 Stoichiometric calculation.

Molecular] Molecular Molecular Molecular Molecular | Moles |Moles of H2q Moles of | Volume of
No Carbon | Weight Weight No CO2| Weight No H20 Weight H20 02 Req| mass of O] O2req| exhaust/m3| Exhaust Exhaust

Carbon | Hydrogen CO2 Req /m3 fuel fuel C0O2/m3 | CO2/m3 fuel
Methane 1 12 4 1 44 2 36 2 64  74.99 74.99 37.44 0.84
Ethane 2 24 6 2 83 3 54 3.9 112 8.84 7.58 5.0 0.11
Propane 3 34 8 3 137 4 72 5 16(Q 2.89 2.30 1.73 0.04
Butane 4 48 10 4 174 5 90 6.9 208 0.99 0.76 0.61 0.01]
Pentane 5 60 12 5 22( 6) 108 8| 254 0.27 0.2( 0.17% 0.0q
Hexanes 6f 72 14 6 264 7] 124 9.9 304 0.14 0.12 0.19 0.04
Nitrogen 0 o 0.04 0.00
Carbon Dioxid¢ 1 12 1 44 1 3 0.69 0.07
Oxygen 0 o 0 0.0d 0.0d 0.0d 0.0d
Hydrogen 1 0 0.5 0.2 8| 0.04 0.04 0.04 0.04
88.19 85.94 45.89 1.03

Below inTable3-3 Air volume for combustionis the air required for complete combustion pef af fuel, this is not the totavolume of air used. With the
volumes of air and fuel, and with measured.@@lume percentage data, it is possible to determine the total volume of the exhaust gas, and the air:fuel ratio

used for combustion in the turbine. This data can then be usgqadaio future experiments by altering the combustion air composition.

99



3.2.5 WinNap Data

Table3-3 Air volume for combustion.

Air for combustion

kg 02/m3| m3air/ m3
Moles
fuel fuel
Total O2 from | i
air (21%) 88.13 2.82 1.9
N2 (79%) 331.54 9.28 7.42
Air total 419.6] 12.10 9.39
Combustion CO2 45.83 2.02 1.29

The WinNap program monitors and controls the performance of the Series 1 turbine.

Durird

control room to ensure that there is no significant variation during a test run that may require a

iKS
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rerun. These parameters are also recorded for later review and testgigy. The parameters

monitored by the program are as follows showrFigure3-15WinNap monitored values
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Figure3-15WinNap monitored values.
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i PGen Dem HMI: Thetggower point

i PGen: The actual generated power

i BPS Engine: The speed of the engine (rpm)

I T1: The measured inlet air temperature

I TIT Calc: The calculated value for turbine inlet temperature

I TOT: The measured turbine outlet temperature

I NGt: The current runing percentage of the maximum engine speed
I PGas: The natural gas fuel combustor inlet pressure

i Pilot: The percentage open that the pilot fuel valve is

I Main: The percentage open that the main fuel valve is
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Figure3-16 WinNap test view.

The inspected values plot can then be viewed live, and are saved at 1Hz to match the frequency

of collection by the developed LabView program.
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Within the WinNap program, it is possible to view the basis for some turbinelaatruand
subsequent operations. This varies from altering alarms from being a warning or preventing start

up, to showing the matrix for the fuel flow from which the mass of fuel through each valve

delivered into the turbine can be calculated.
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Figure3-17 WinNap calculation matrices example.

Unfortunately, due to the age of the WinNap program it would not run stably on operating
systems newer than Windows 2000, and due to conflicts with other monitoringrams for

the FTIR, required an additional standalone computer.
3.3 Standard Operation Performance

To determine relative changes ieffiormance upon the modificatits and further testing of the
turbine, a full performance evaluation of the turbines base pearfance across all turn down

ratios was carried out.
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As all tests were carried out once steady state was achieved, with data analysed before being
used to form averages, the standard deviations of the results are relatively small and difficult to
depict vsually on the plotted figures, the maximum deviation of any result can be sékabie

3-4 Instrumental errors

Table3-4 Instrumental errors.

Instrumental Erro Results Max Devation
Instrument - Measured -

% Unit Baseline
- CO ppm 17.32
- CH4 ppm 3.91
Gasmet DX4000 FTIR : CO2 vol % 0.02
- - NOx ppm 1.27

Quantometer 0.63%0.19 m3 |- -

- Speed RPM 58.59
Turbec T100 - Power kW 0.464

3.3.1 Mechanical Performance
3.3.1.1 Speed

The speed of the turbine determines the amount of power generated by the generator. Higher
speeds correspond to higher mass flows, higher torque, higher frequency turning the generator

magnet, moving the electrons and improving electrical cotrigeeneration.

As expected the turbine speed increases with power generation to meet the demand. This
behaviour can be seen with the Series 1 gas turbinEigure3-18 Turbine speed & power

output.
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Figure3-18 Turbine speed & power output.

There are multiple plots of speed for each power setting. The average is depicted in orange. The

top of the trend showing that higher speeds were conducted on the warmestiggst

3.3.1.2 Impact of Ambient Temperature

The ambient temperature has been found to be the most critical factor in dictating turbine
efficiency.Figure3-19 Turbine speed and REMhows all of the baseline results ovebraad
range of turn down ratios that correlate the ambient temperature with the turbine speed. This

relationship also correlates strongly with efficiency.
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All Temperature, Power, and frequency
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Figure3-20 Turbine speed and ambient temperatures.

Figure3-20 Turbine speed and ambient temperaturesrrors the traditionally observed trend

of temperature and gas turbine penfimance efficiency drops, and the turbine speed increases
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as the ambient temperature increases. This is due tactienge in volume, as the Brayton cycle

efficiency.
3.3.2 Emissions Analysis

As discussed where all the results for the baseline testing obtaisied the FTIRnd Servomex

oxygen analyser.
3.3.2.1 Emissions reporting and corrections

All the reported gas species (with the exception eDHare on a dry basis for comparison to
industrial standards and the literature of gas turbine emission reporting. Thebdsis is

calculated ag-1 follows.

e o a e o A QO NIOHE ODQEOT DO 3-
$OUAGHOG HTA AAT OGAGEtL:———F— 31
p OuvweaoaQ

Of key importance is the reponti of the NOx emissions due to their impact on the atmosphere,

causing acid rain and smog which impacts on human health. The industry standard is for NOXx to
be reported on a dry basis corrected to 15% oxygen. This is seen in legislation such as that the
EULarge Combustion Plants Regulation 2012, where it is specified that the emissions are to be

reported at 273.15K, 101.3kPa. Oxygen correction is made using the eq&tion

¢ ® 6C‘Y'Q"Q 3-2

U Wos 5611 0po ot

q B UC()‘Q(I)i OieR0o i 0

The EU Large Combustion Plant Directive (LCP) includes large single cycle gas amdithese
GAGK 'y STFTAOASyOe 106208 opm:s AAGAY3I bhE fAY

turbine, and for the Turbec T100 Series 1 this would be equivalent to 34n¥g/Nm

This means that the two microturbines at PACT do not fall witlérstipulated emissions limits
[88]. There are other applicable regional authority guidelines for air quality that are applicable,
with the Greater London Authority proposing 5g/kWh for compression ignition gas eri§®jes
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With ordinary steady operating conditions, the Series 1 turbine is compliant with significantly

lower emissions.

3.3.2.2 Combustion Performance

The largest volume percentage of emissiondjeotthan nitrogen, are CCand HO from

complete combustion of the fuel.

The other key indicators of the combustion performance is CO from incomplete combustion,
and Unburnt Hydro Carbons (UHC) which is a mixture of species, though dominated by the most

prevalent in the fuel. For supplied natural gas, it can be seen that it is dominated by methane,

at over 88% by volume of the supply.

3.3.2.3 CO
The C@volume percentage steadily increases with power output. However the truar@Ss

increase is hidden by thedtier mass flow through the turbine at higher power output where

the turbine frequency and pressure is significantly increased as sedétigime 3-21 CO2

Emissions at varying power outputs.
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Figure3-21 CO2 Emissions at varying power outputs.
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Water vapour follows a similar pattern to that of the £@sFigure3-22 Water emissions
relationship to fuel consumptioshows, increasg with increasing power output, corresponding

to the complete combustion of the increased fuel volume to create that power output.

Water Vapour
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Figure3-22 Water emissions relationship to fuel consumption.
3.3.2.4 UHC

Thedominant species in the natural gas supplied is methane, higher methane in the exhaust is
an indication of uncombusted fuel and poor combustion conditions and possibly insufficient

residency time, poor iming, or reduced flame speed.
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Figure3-23 Unburnt CH4 at varying power outputs.

3.3.2.5 CO

The turbine has diminished combustion performance at lower power outputs, at the bottom of
the turn down ratios. The increased CO emissions are a product of incomplete sthomhu

inadequate mixing and residence turbine, the reddifeme speed and temperature.
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Figure3-24 CO emissions at various power outputs.
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The higher levels of CO and CGii the bottom of the turbines tum down ratios provide a
consistent trend. Though the ppm values may be low, they represent significant changes due to
the lean fuel nature of the turbines combustion, and this means the fuel, and combustion

products, will be a small part of the total extsiu

3.3.2.6 N&

The NQis usually reported on a dry basis corrected to 1524-0r the purposes of comparison
with the exhaust gas recirculation and enhanced oxidising mixtures, or humidified air, there are
better metrics for changes in the NOx levels. Thiddsause oxygen is displaced by the
substitution of species in the air. Hence the NOXx results reported corrected to 1%5%p€ar

disproportionatelylower..

For the purposes of comparison dry Nfpm results have been presented.

NQ, ppm Dry
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Figure3-25 NOx ppm (dry) at 50kV¢ 85kW.
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The more appropriate metrics for comparison are theNt@duction on a basis of fuel

consumption, and turbine power output.

NQ, Dry g/kg Fuel
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Figure3-26 NOxreported on fuel consumption basis.

Reporting the NQon the basis of fuel combusted does remove the bias of changing exhaust
volumes and reduced oxygen content. However it does not reflect upon the output or efficiency.
Hence a lower efficiency combusti may produce less NQver kg of fuel due to lower
combustion temperatures, but as the primary purpose of the fuel combustion is to generate
power then this is not a useful bench mark. This is where the measurements, in terms of power

output, is advantageus and unaffected by the changinglévels.
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NQ, g/kWh
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Figure3-27 NOx reported on power output basis.

The advantage of reporting N@ot in PPM corrected to 15% oxygen is that the exhaust gas
NB OA ND dzt sicinshage yidR dnfaifyYuligied by apparently lower emissions. This is since it is
to be expected that it would produce higher emissions on that basis. Reporting the NOXx
emissions in terms of fuel mass flow or power generated resolves this apparent skelireg o

figures, meaning all gas turbines can be judged on the same and pertinent metric.
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3.3.3 Efficiency

Efficiency
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Figure3-28 Turbine electrical efficiency.

The efficiency is plotted against power outputHigure3-28 Turbine electrical efficienayhere

the efficiency is calculated from the Kilowatts generated converted to joules. This is divided by
the Lower Heating Value of the gas to give the net efficiency of tbeess. Also there are
ancillary equipment that are powered post generation, particularly the gas compressor on the

Series 1 which is external and this is in contrast to the series which have an internal compressor.

The efficiency is most affected by thenbient temperature of the oxidising air. Increased the

air temperature means reducing the air density. Reducing the air density means reducing the
mass flow for the same number of turbine revolutions and pressure. This means more work
must be done by thaurbine in terms of compression and revolutions to generate the same mass

flow with the lower ambient air temperature.
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T1 Efficiency
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Figure3-29 Efficiency relationship to ambient temperature.

In Figure3-29 Efficiency relationship to ambient temperatuitecan be seen that across all turn
down ratios increases in ambient temperature reduce the turbine efficiency. Since it is difficult
to gain a spectrum of the ambient tempeuae results, due to the unpredictable nature of the
weather and restrained group testing times, this is the broadest range of results available for

the presentation of this temperaire relationship from testing.

3.3.3.1 SFC

The specific fuel combustion (SFQGrisndicator of the turbine efficiency. Since changes in the
overall turbine efficiency appears relatively small in comparison to the overall efficiency this is
the best indicator of the change in turbine performance. Specific fuel consumption is the mass
of fuel combusted per kWh generated by the turbine. This is calculated by converting the
measured fuel volume flow rate into a mass determined by the fuel composition on the day of
testing and this is then divided by the number of kW generated during#sato find the g/kWh

specific fuel combustion for the test. An increase in specific fuel consumption is equivalent to a
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decrease in efficiency as it means more fuel is being consumed per kWh generateBigurae
3-30 Specific fuel ambustion is a mirror image of thEigure3-28 Turbine electrical efficiengy

seeing peak efficiency 6BbkW.
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Figure3-30 Specific fuel cmbustion.

3.4 Conclusions

In this chapter the baseline performance for the Series 1 Turbec microturbine has been
established for comparison to alterations made for both simulated EGR with the addition of

CQ before the compressor, and HAT with the additiorstefam post compression.

It is established that combustion performance is good across most of the power range, but
with evidence of some uncombusted fuel at the lowest turn down radidS0kW This occurs
at the lowest turbine pressure ratios, and turbifrequency. This will be at the lowest relative

mass flow through the turbine, of all power settings.

Normal operating Tubine Outlet Temperature, and calculated Turbine inlet temperatures at
645C and 880C respectively have been established, that arel usditators of flame

temperature and expected efficiency.

115



Results replicated the well established Brayton trend of increased atmospheric temperature
impacting on efficiency, with high temperatures reducing the effectiveness of the compressor,

and hencehe efficiency of the turbine.

These efficiencies indicated turbine performance to be significantly lower than manufacturers
stated at time of production, at only 2024%. For this reason, and the future comparison of
emissions, specific fuel consumptisnestablished as a useful metric for efficiency change

comparison.
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4 Simulaion of ExhaustGasRecirculation with CQ
4.1 Introduction

The aim of this chapter is to investigate the process of exhaust gas recirculation, by simulating
the combustion air comgsition that will contain more CQby adding C¢£before compression.
The impact that this has on the combustion performance and the gas turbine efficiency is

analysed.

Controlled flow rates of COGrom external storage were piped into the combustion laéfore
compression. As reviewed in the literature it is expected that 8%b¢@olume can be injected

into the combustion air without lean blow out and turbine stall occurring, and for a CCGT this
represents approximately up to 35% E[BH]. Tests were designed for €t be added up to
175kg/h, equivelant to far in excess of 35% EGR. This is since the combustion of the Microturbine
series 1 Turbec fuel:air ratio is very tedhe equivalent C£of up to 356% EGR was added. To
evaluate the impact of the addition of gQariations in flue gas composition, temperatures and

speeds were analysed.

The main focus is to evidence the incomplete combustion in terms of CO, UHC desl aixi
nitrogen (NQ@). In addition the mechanical impact on the turbine through variations in
frequency, compression pressure and temperatures due te &i@ition. The final element of

the analysis is the efficiency and specific fuel consumption.
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4.2 Modifications to the PACT Core Facilities
4.2.1 Additional Instrumentation and Calibration

After the initial baseline testing of emissions and performance recorded through the WinnApp
program, additional instrumentation was planned and implemented. Also afte¢ingisesearch
facilities at which the University of Stavanger use Turbec series 2 turbines for testing, with

additional instrumentation. A similar data collection enhancement program was planned.

Key performance indicators for the Turbec turbine is thesgure post compression. This
indicates the efficiency of the compressor, and the pressure ratio through the turbine. It is also

important for determining how close to the manufacturer performance the turbine may be.

The temperature post compression isalimportant, this will be particularly so in order to

determine the impact of C{bn the oxidiser composition, and its thermal capacity.

N

Figure4-1 Photograph of the additionalnstrumentation on the Turlec Series 1.

Most additional instrumentation was added to the existing lug points on the Turbec. As seen in
Figure4-1 Photograph of the additionahstrumentation on the Turéc Series the locations of

the PT andhermocouples were paired and adjacent.

The copper piping seen is the pressure delivery lines to the PT that were mounted externally to

the turbine, for reasons of space practicalities, and regular access that is required to the turbine.
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Also modificationof the housing cabinet could have led to a change in the negative pressure

provided by the external pump.

The type K thermocouples generate a thermoelectric voltage, through linearization the voltage
output can correspond to a temperature of the total asirable range. The voltages generated

by the thermocouples were checked together in warm and hot water to see if they gave the
same result and they did. This was also checked in a hot water bath at a set temperature to
ensure the voltage reading was coctdor the temperature. The voltages where checked against
the manufacturers voltage table, and the LabView program was calibrated accordingly. The
mV/°C is almost linear for interpretatioft would be preferable to calibrate thermocouples

using a calibrieed hot block, for accuracy and auditing purposes in future work.

The Rosemount pressure transducers display the pressure reading as both a percentage of the
range and the actual pressure as seerFigure4-2 Photograph of the Rosemoumtressure
trangducer displaying the pressure and range valalesfor some transducers it is possible to

switch between ranges.

Figure4-2 Photograph of the Rosemountressuretransducer displaying the pressure and
range values.
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Pressure transducers were calibrated using a pressure calibration pump. The pressure was set
on the device and attached to the inlet of the differential pressure transducers. Where possible
this was performedt the sample end of any pressure delivery tube lines in order to check line
integrity. The generated pressure was then confirmed on the pressure transducers locally, and
the current or voltage generated is wired toNational Instruments Compact RBD22 Real

Time Controller, and this is connected to the LAN. The interpreted voltage or current is then
calibrated on the LabView program, corresponding to the different pressure readings. These
were all validated, and were equal to the locally displayed tesahd the set pressures of the

calibration pump.

The mass flow was measured by the ValuMass flow meters-igpre4-3 Photograph is the
ValuMasslow meter. One meter measures the inlet mass flow, and the otime&asures the
cooling air mass flow. The idea of this system application was that the difference would be the

air mass used for combustion.

Figure4-3 Photograph is the ValuMasdow meter
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However in pragtal applications, this proved to be an unreliable measurement technique, and

the calculated flow provided more realistic estimates of the true mass flow.

Sources of error for the mass flow was that each turbine housing is at a negative pressure
maintaineal by a pump near the exhaust of each turbine from the point of start up, and after the

turbine has been switched off for a significant period of time it continues to cool the turbine.

This pump and negative pressure means additional air is drawn intortbiee housing through

gaps in the seals and ventilation holes within the turbine cabinet housing. This mass flow is
difficult to quantify and offset due to its variance. In addition to this, it was found that the air
valves can be shut between the turkmwhen one is in operation and the other is not, i.e. the
change over valves for the inlet air and the exhaust were not sufficiently good to prevent cooling
the air pressure pushing through one turbine and leaking through the other to a small extent.

Agan this is difficult to measure, and quantify.

It was not possible to perform in house calibration of the volumes flow meters. This would
require a controllable air mass flow under standard temperature and pressure conditions. For
this reason the supplietést certificates were relied upon. This was witHin19% and 3.53% of

the rangeequivalentl.2 kg/min, and this was calibrated for 1 bar pressure.

The delivery line integrity was determined through testing to ensure that there was no

hazardous C{eaksand that the delivered mass flow to the turbine is as expected.

An additional Servomex analyser was used to analyse the cooling air of the Turbec Series 1
Turbine. This was used to determine how much of theWZ&3 being drawn into the compressor
and notescaping. No significant change was monitored. Also, with validation of expected CO

appearing in the exhaust gas as monitored by the FTIR.

121



4.2.2 LabView Program Development

For monitoring and recording of the additional instrumentation as discussddational
Instruments Compact Ri@D22 Reallime controller was used. This was connected to a LabView
program that was specially designed. The LabView program was calibrated to read the

appropriate voltage and current readings at the corresponding pressureseamgeratures.

This data was then displayed live on the program interface. Graphs plotted the last 1 hour of
results for any selected thermocouple, flow meter, or pressure transducer. This helped establish
when steady state had been achieved by the instratagon by observing when consistent

readings of the results had been achieved, and also when dynamic or interesting behaviours

were occurring. As the testing periods were approximately 20 minutes per condition, it displayed

step changes between up to 3ruditions.

Data Save Logging Froquency (s) file path (use dialog)
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Figure4-4 The LabViewprograminterface.
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Before saving the data, the program sampling frequency could be selected. This was maintained
at 1Hz in order to match with the sample frequency of Mé&nnApp software, so the

simultaneous data could be more easily collated and processed.

4.2.3 CQ Delivery Process

Before and during each test, the pressure of the externalt&@@ was checked to ensure it was
within norms, and contained enough for a full tesih, and to manage the needs of multiple

testing parties on the site using the same supply.

LIy~

Figure4-5 Photograph of the C@external storage tank, tank pressure, SKidelivery
pressure.

The delivery pessure to the mixer was also monitored to ensure that there were no dangerous
spikesn pressureand to ensure it was close to the external delivery pressitteno significant

and potentially dangerous losses occurrihging the vapour withdrawal

Theactual line pressure to the turbine injection point was significantly lower after expansion of

the gas. This was monitored also to ensure it was within the SKIDS maximum delivery pressure,
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over which the valves may become damaged. The corresponding feswead openings were

recorded to determine the maximum flow available for the testing with.CO

Table4-1 Deliverymass flow,valve position andpressure.

Mass flow kg% OperjPressure ba
5.1  10.9<0.5
13.4  16.8<0.5
22.§  20.7<0.5
49.77 33.1<0.5

This pressure was also used to determine theljikemperature and pressure of the €0
entering into the turbine. This pressure is slightly above atmospheric means there will not be a

significant temperature drop at the injection point due to expansion of the CO
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Figure4-6 Photographs of the COmixing SKIDnterface.
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The Siemens SKID system was used to control, monitor and record the flow on the SCADA. As
the flow was not perfectly consistent then this data was recorded and averaged to ensure that

the flow delivery was within experimental boundaries.

4.2.4 CQ Addition Point

After the baseline testing, modifications were planned and designed for the addition,adbCO

the combustion air. This was designed to use externally storedr@® a tonne tank though a

gas mixing skid, which can also supply the oxyfuel and capture plant. The mixing skid can control
the mass flow rate of delivery over three delivery lines. Within the PACT facility, there are
already gas delivery lines with fixed distribution péire LG &1 & NBIlj dzZA NSR T2 N
taken from the nearest distribution point to the gas turbine. This was done above the turbine to
reduce the risk of human interference when live, and for the simplest direct route into the
turbine housing at the@mpressor point. It was considered that the ideal injection point would

be into the air post compression to ensure 100% of the injectedgbto the combustor, but

it was not possible to generate sufficient g@essure above that of the compressors ndyne

4 5bar.

The C®@could not simply be added directly into the intake air as the intake air is used both for
combustion and turbine cooling. This means a significant proportion would not go through the
turbine for combustion and this would be an unknownaiomass of COost, and unknown
alteration to the oxidiser mix. In addition to this, it could result in significantl€kage in the

turbine proximity.

The pragmatic solution was to pipe directly into the face of the compressor, to ensure maximum
entrainment into the compressor due to the negative pressure in its vicinity. The location was
measured and modelled due to the tricky layout, and to ensure adequate flow, temperature and

pressure of C&could be calculated.
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5600000

Figure4-7 Photographs of the C@Qnjection point, design, and locationnstalled.

The 22mm diameter copper design fitted perfectly with the holes facing into the compressor.

Under normal temperature and pressure, £@s a density 1.8kg/m?. If the maximum flow,
including some variance, is considered to be 180kg/h, this is equivalent to 0.05kg/s. Each 16mm
diameter drilled hole has an area of 0.0002nwith a minimum of 10 holes drilled this is

0.002nt.
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the gas to ambient (or below ambient ggsure with the compressor sucking) it can be
anticipated that there will be a temperature drop in the LE8owever after leaving cryogenic
storage, the C@passes through an external air heater, and then a trim heater to abo%€ 10

on leaving the mixin@kid the maximum pressure is 2 bar, so the minimum likely temperature
is 5C and unlikely to cause damage. As a precaution, a temporary thermocouple was placed at
the injection point to ensure that there was no significant temperature drop or variatigheo

TCL1. The thermocouple wire can be seekigure4-7 Photographs of the CZinjection point,

design, and locatioimstalled

4.2.5 CQ Health and Safety

The C@sampling lines were used to draw samples from nier turbine to the Crowcon
sampling system alarm. This system alternates between sampling lines providing periodic
measurement of the @and CQin each location. These sampling lines were set at floor level at
four points around the gas turbine due tbd higher molecular weight of G@an air meaning

any large escape would likely pool at a low point. In addition to this, remote Tetra 3 CO.and CO
alarms were placed at strategic locations. This was at the point of the exhaust analysis, at the
heated mking cabinet from which G@nters the mixing SKID from the external.G@rage

tank, and at the mixing SKID control panels where an operator may be stood.
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Portable Tetra alarms were also worn to further reduce risk, and cover those going to external
regons. Site notifications were displayed during testing, and email notification was given to all

site stdf of scheduled testing times.

4.3 Calculation of Predicted Results

In preparation for the testing with GQa planned test matrix was developed as shawmhable

4-2 Testmatrix, power, expectedresults, andequired C@mass addition 0%50% EGR & 50kg
enhancement.and Table 4-3 Test matrix, power, expected results, and required CQ@ mass
addition 50kg- 175kg For this it was thought useful to be able to anticipate the approximate
CQ volume percentage results to ensure {@&s not being lost, and as a flag for any potentially

anomalous results
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Table4-2 Testmatrix, power, expectedresults, andrequired COmass addition 0% 50% EGR & 50lenhancement.

CQ 0% 10% 30% 50% 50kg
Power Expected Expected Expected Expected Expected
Output | Mass | EGR %| Exhaust] Mass | EGR %| Exhaust] Mass | EGR %| Exhaustl Mass | EGR %| Exhaustf Mass | EGR %| Exhaust
kw % % % % %
50 0 0 1.56 4.90 10, 1.74 13.63 30 2.13 22.62 50 2.5( 50, 133.04 3.63
55 0 0 1.42 4.0 10, 1.56 12.04 30 1.85 20.07 50 2.13 50 124.54 3.19
60 0 0 1.47 4.33 10, 1.67 12.99 30 1.9% 21.66 50 2.21 50 115.44 3.17
65 0 0 1.5 4.60 10, 1.69 13.80 30 1.99 22.99 50 2.2 50 108.77 3.13
70 0 0 1.48 5.61 10, 1.63 16.84 30 1.9 28.07 50 2.2 50 89.07 2.80
75 0 0 1.5 15.53 30 1.99 25.89 50 2.30 50 96.59 3.0]
80 0 0 1.6 30 2.09 27.91 50 2.44 50 89.58 3.03
85 0 0 1.5 28.05 50 2.34 50 89.12 2.97
Table4-3 Testmatrix, power, expectedresults,and required CQmass addition 50kg 175kg
CcQ 75kg 100kg 125kg 150kg 175kg
Power Expected Expected Expected Expected Expected
Output | Mass | EGR %| Exhaustf Mass | EGR %| Exhaust] Mass | EGR %| Exhaustl Mass | EGR %| Exhaustf Mass | EGR %| Exhaust
kW % % % % %
50 75 199.5( 4.67 100 265.99 5.71 125 332.44 6.79 150 398.99 7.79 175 465.49 8.8
55 75 186.87 4.071 100 249.16 4.96 125 311.45 5.84 150 373.74 6.73 179 436.04 7.61
60 75 173.14 4.0 100 230.89 4.84 125 288.6( 5.71 150 346.37 6.56 175 404.04 7.41
65 75 163.04 3.9 100 217.44 4.74 125 271.8( 5.59 150 326.14 6.39 175 380.52 7.21
70 75 133.6( 3.44 100 178.14 4.1 125 222.671 4.78 150 267.21 5.43 175 311.74 6.09
75 75 144.89 3.79 100 193.18 4.49 125 241.48 5.22 150 289.77 5.96 1759  338.071 6.70
80 75 134.34 3.79 100 179.17% 4.47 125 223.96 5.19 150 268.75 5.9 175 313.54 6.6
85 75 133.64 3.6 100 178.24 4.37 125 222.8( 5.07 150 267.34 5.71 179 311.92 6.47
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From the fuel composition data it is possible to calculate the moles of oxygen needed, and the molesfain@® from complete combustiorThis

calculation was done using excelTeble4-4 Fuelcompositionexample.

Table4-4 Fuelcomposition example.

Relative DENSITY NITROGEN [CARBON_DIOXIDE METHANE |[ETHANEPROPANE BUTANE BUTANE NEO_PENTAI‘{IEPENTANEI_PENTA HEXANE
0.627 2.406 1.184 89.440 4.934 1.233 0.197 0.217 0.0021 0.057 0.049 0.074

Molecular l\;thIr:So/f % Volume Moles in m3 Com?)t:stion S;iisﬁc SpGeiisﬁc

Typical Analysis (mole %) Density g/L Molar Mass g/mol Weight | Natural] Gomposition Mole/ m3 Gas Enthalpy MJ/mn3 | Enthalpy | Enthalpy

Gas kJ/mol HHV LHV
MJ/mn3 | MJ/mn4
Methane 89.43991548 0.6554 16.04 14.34  20.03 89.44 44.64 39.93 891.56 39.8( 35.6( 32.09
Ethane 4.93581617p 0.544( 30.07 1.44 1.11 4.94 44.64 2.20 1562.14 69.74 3.44 3.19
Propane 1.2327062p 2.009( 449 0.54 0.24 1.23 44.64 0.5 2221.1 99.14 1.29 1.13
iso-Butane 0.19202451p 2.510( 58.17 0.11 0.04 0.19 44.64 0.09 2879.7¢ 128.5¢ 0.29 0.23
Butane 0.21208186p 2.480( 58.17 0.1 0.09 0.2]] 44.64 0.09 2879.7¢ 128.54 0.27 0.25
iso-Pentane 0.1 0.616( 72.19 0.09 0.03 0.1 44.64 0.09 3538.61 157.9% 0.19 0.19
Pentane 0 0.626( 72.19 0.0d 0.04 0.04 44.64 0.04 3538.6 157.9% 0.0d 0.00
Hexanes 0.07386774B 0.654 86.19 0.04 0.07 0.07 44.64 0.03 4198.24 187.44 0.14 0.13
Nitrogen 2.40637465B 1.251( 14 0.34 0.54 2.4 44.64 1.07 0.04 0.00
Carbon Dioxide 1.18626717p 1.562( 14 0.5 0.27% 1.19 44.64 0.53 0.04 0.00
Oxygen 0 1.429( 16 0.0d 0.0d 0.04 44.64 0.0d 0.04 0.00
Hydrogen 0] 0.07 1 0.04 0.0 0.04 44.64 0.04 0.00 0.0
17.64 22.3 99.8( 44.55 Total 41.1] 37.15
|Density kg/m3 0.79
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Knowing the fuel composition thEable4-5 Stoichiometricequirementcalculation forcomplete combustion offuel. can be calculated.

Table4-5 Stoichiometricrequirementcalculation forcomplete combustion offuel.

Molecul Moles of | Moles of | Volume of|  Latent

Molelcular . ar Molecular Molecular oo H20 Exhaust | Exhaust | Heat of
No Carbon Weight Molecular Weight Hydroger] No CO2 Weight No H20 Weight H20 02 Req mass of O2 R req /m3 exhaustim| co2/m3| cozima |Vaporistio

Carbon fuel
CO2 3 fuel fuel fuel n

Methane 1 12 4 1 44 2 36 2 64 79.84 79.84 39.93 0.89 3.5]
Ethane 2 24 6 2 89 3| 54 3.5 117 7.71 6.61 4.41 0.1 0.29
Propane 3 34 8| 3 133 4 72 5 164 2.79 2.2( 1.69 0.04 0.1d
iso-Butane 4 48 10 4 174 5 90 6.9 208 0.56 0.43 0.34 0.0]] 0.0
Butane 4 48 10 4 174 5 90 6.9 208 0.62 0.47 0.39 0.0]] 0.0
iso-Pentane 5 60 12 5 220 6 108 8| 254 0.43 0.37 0.27 0.0]] 0.01
Pentane 5l 60 12 5 220 [& 108 8| 254 0.04 0.04 0.04 0.04 0.04
Hexanes [¢ 72 14 6 264 7l 124 9.9 304 0.31 0.23 0.24 0.04 0.01
Nitrogen 0] 0] 0.04 0.04 0.04
Carbon Dioxide 1 12, il a4 1 8 0.53 0.0] 0.04
Oxygen 0l 0l 0 0.0d 0.0d 0.0d 0.0d 0.0d
Hydrogen 1 0l 0.9 0.25 9| 0.04 0.0 0.0d 0.0d 0.00
92.24 90.14 47.7( 1.0 3.97

131




This data givesthe total stoichiometric air requiremenas Table4-6 Total air required for

combustion per mof fuel.

Table4-6 Total air required forcombustion per n¥ of fuel.

Air for combustion
Moles kg 02/m3 fue m3 air/ m3 fuel
Total O2 from air (21%) 92.24 2.95 2.07
N2 (79%) 346.94 9.72 7.77
Air total 439.24 12.6 9.83

Using the baseline results 0f,GCQ, and fuel consumption, and the known moles of,@Gm
complete combustion it is possible to calculate the total air flow through the turbine. It is also
possible to do this on an®asis. Both methods were used with very similar estimations given
in the results of both. The examples preseniedTable4-7 Calculation ottotal air through

turbinefor aspecificpower output. are on a Cgbasis.

Table4-7 Calculation oftotal air through turbine for a specific power output.

85kW

Exhaust 02 % Exhaust CO29

18.12 1.57

Fuel m3/h 34.78

kg m3

02 102.65 71.84
N2 337.9( 270.1]
Total Combustion Air 440.56 341.94
21.00 | Compressor O2 695.04 486.3¢
79.00 | Compressor N4 2298.49 1837.34
O2 Exhaust Dry Basis 592.39 414.55
N2 Exhaust Dry Basis 2298.49 1837.3:
CO2 Exhaust Dry Basi{ 56.1C 35.97
Total Air flow Exhaust D 2946.98 2287.7§

From this datatiwas possible to predict the expected £haust volume percentage for each
power output, and the C£enhancement. Also it provided the value for the mass of (G®
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addition required for each power output for varying percentages of the exhaust gasuietion
to levels similar to those discussed in the literature, particularlg 30%. This is provided in the
Table 4-8 Calculationrequired CQ mass additionto simulate 850% EGR at 85kW and the
expectedresults for validatiorand Table4-9 Calculation oexpectedresults for 85kWvith 50 -

125kg/h C@enhancementfor the experimental tests.
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Table4-8 Calculationrequired C@mass additionto simulate 050% EGR at 85kW and tlegpectedresults for validation.

85KW CO2 Addition 0% Exhaust Recylce 10% Exhaust Recylce 30% Exhaust Recycle 50% Exhaust Recycle
Mass Volume | Vol % Mass Volume % Mass Volume % Mass Volume %
02 102.69 7184 2101 50.24 41.49 1814 17774 12434 1814 29619 20724 1813
Erom Exhaust N2 337.99 27011 78.99 229.8 183.7 8031 68954 5512  80.3] 1149.24 91864  80.3]
co2 0.0 5.61 3.59 150 1683  10.7d 15] 2809  17.9 1.5
Air total 4054 34194 R 294.7( 2287488409 ocsc 3 147349 114338
02 695.0f  486.3§ 20.93 485.631 20.94 48413 20.83 482.63  20.7}
N2 229849  1837.33  79.07 1834.479 78.95 182880 78.74 182313 78.44
Into Compressor -
co2 0.0 5.61 3.597 009 168y 1078 04 2809  17.96 0.7
Air total 200353 232370} 232374 232370 2323.7
02 592.39 41455 | 1812 591.31 413.79 18.09 580.16 | 41229 | 18.02 | 587.02 | 41079 | 17.96
New Exhaust N2 229849 | 1837.32 | 80.31| 220493 | 1834.48 80.19 | 2287.83 | 1828.80 | 79.94 | 2280.72 | 1823.12 | 79.69
co2 56.10 35.92 | 157 | 6171 39.51 1.73 7294 | 4669 | 204 | 8416 | 5388 | 236
Air total 2046.98 | 2287.78 | 204796 | 2287.73 | 2040.93 | 2287.73 [ 25180 | 2287.73 |
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Table4-9 Calculation ofexpectedresults for 85kWwith 50 - 125kg/h CQenhancement.

50kg Exhaust Recycle

75kg Exhaust Recycle

100kg Exhaust Recycle

125kg Exhaust Recycle

85kW CO2 Addition
Mass Volume % Mass Volume % Mass Volume % Mass Volume %
02 0.0d 0.0d 0.00 0.0d
Erom Exh N2 0.0d 0.0d 0.00 0.0d
rom Exhaust Co2 50.00 32010  100.04 75.00 4804  100.04  100.0d 6400 10004  125.0d 80.03  100.0¢
Air total 50.00 32.0 75.00 48.0 100.04 64.0 125.04 80.0
02 479.68 20.64 476.33 20.5( 472.98 20.34 469.63 20.21
N2 1812.01 77.98 1799.34 77.43 1786.74 76.89 1774.04 76.39
Into Compressor — - ~
co2 50.04 32.01 1.34 75.00 48.02 2.0 100.0( 64.02 27 125.04 80.03 3.44
Air total 2323.7 23237 R 2323.7 23237 R
02 582.81 | 407.85 | 17.83 | 578.03 | 40450 | 17.68 | 573.24 | 401.15 | 1753 | 568.45 | 397.80 | 17.39
New Exhaust N2 2266.82 | 1812.01 | 79.20 | 2250.99 | 1799.35 | 78.65 | 2235.16 | 1786.70 | 78.10 | 2219.33 | 1774.04 | 77.54
co2 106.10 | 67.93 2.97 131.10 | 83.93 3.67 156.10 | 99.94 4.37 181.10 | 115.94 5.07
Airtotal | 295574 | 2287.78 | 2060.12 | 2287.7s | 2064.50 | 2287.73 | 20c8.33 | 22587.7s [N
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These calculations were carried outividually using the baselineCQ, and fuel consumption
for every power output and GQGenhancement individually to improve the accuracy in the

estimation.

During testing these estimates proved to be very accurate, to within 0.2% for the majority of
reaults. The only significant disparity was at the highest powers with the highest CO
enhancement, where as seen in the baseline performance analysis the turbine speed and total

air mass flow increases above what would be linearly expected.

4.3.1 Total Mass FlowCalculation

As discussed air flow was measured for the inlet air and cooling air, with the combustion air
assumed to be the difference between the readings of the ValuMass500 flow meters. However

there was significant leakage and this gave inaccurate fheasurements.

For this reason in the presented results for the mass and volume flow these are from the
calculated values, through a similar methodology used for the prediction pE@@entration

results.

The mass of Glnjected is known, and this ass is than converted into a volume. It is measure
in the FTIR at 18Cand this equates to a volume. The volume at the intake is smaller at a lower
temperature, but as a volume % it is consistent as all other gas species volumes will increase

linearly wih each other in accordance with the Ideal Gas Law.

The exhaust volume is calculated from the measuregv@{96 and the calculated corresponding
volume knowing the volume of the @@ddition. The volume of GQs calculated from the

known mass addition dZQ to the process.
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The total C@mass is the COrom the combustion and enhancement. The enhancement mass
is metered and controlled. The combustion mass of S@alculated from the volume of the

fuel combusted during the test.

As the fuel is of a kiven composition, the moles of G@om the complete combustion can be
calculated and hence the mass of@®@m that volume can be calculated. When the volume of

the fuel combusted during the test is multiplied by the known mass etG@plete combustion
produces per hour. This is then added to the known enhancement mass. Each day may have a

slightly different fuel composition and hence the calculation is individual for each fuel.

The C®@volume is calculated using the ideal gas law. From the mass aCit89 as measured

in the FTIR at 1 ATM.

Ideal Gas Law

0w &'Y"Y 4-2

First the mass of CGs converted into grams from kilograms, then moles (n) this is the mass

divided by the atomic masg4g/mol.
The gas constant R is 0.0821 L atm K mol. The temperature is in Kelvin +273KQ0 deg

For 4.9kg Cg&enhancement at 50kW 23.8%h fuel on 28/11/2014.

U®$pnﬂnT£T zm i Ep Lvo

PTTT 4-3

00 TR @ ¥Q
From the calculations of this reading using the fuel data and enhancement, the dry vol % of CO
is calculated to be 1.52%, the reading from the FTIR dry at that time is 1.52%, and the reading

results and calculations consdgatly agree through all the tests and hence the calculation is

considered to be reliable.
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Taking the dry volume of G@alculated and dividing it by the FTIR measured value p§iQ€s
the total volume for the gas to be 31013i. However, as the volumehanges throughout the
process, the mass can be more important. For the purposes of the calculation of the exhaust

mass is considered to only constitute of nitrogen, oxygen, water and carbon dioxide.

Each of these additional masses have been calculated the measured volume percentage

by the FTIR. For oxygen using the Ideal Gas law to calculate the volume and then calculating the

mass.
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4.4 Methodology

There are two natural gasielled Turbec TLO0PH microturbines at the PACT Core Facility. Both
turbines have a combined heat element capable of generating 165kW of thermal power from
hot water delivered at 7@0°Cand this is in addibn to the 100kW of Electrical power. The

combined efficiencies of the turbines are rated by the manufacturer at ~77%, with the maximum

electrical generation efficiency quoted as 3(84].

TC1
PT1 TC2

TC8
PT6

FR3
TCS

\/entrfatfcn air
PTS

flue gas
out
recuperator heat exchanger

generator

=
6
a
@
[
<
o
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PT4 warm co.'d
water out water in

Figure4-8 Schematt of the components of the Turbec T100 PH combined heat and power
gas turbine system, including the modifications made for the CO2 injection and the
instrumentation (TC; thermocouples; PT, pressure transducers; FR flowrate meters).

The principle componds of the turbine are shown iRigure4-8 Schemat of the components
of the Turbec T100 PH combined heat and power gas turbine system, including the
maodifications made for the CO2 injection and the instrumentationqif@rmocouples; PT
pressure transducers; FR flowrate metarisjch shows a schematic of the components of the
Turbec T100 PH combined heat and pogas turbine system, including the modifications
made of the Ceinjection and the instrumentationT(Cq thermocouples; PE pressure
transducers; FR flowrate meters). The gas turbine engine is of a single shaft deign, with the

compressor and generator driven by the turbine on the same shaft. The centrifugal
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compressor compresses the ambient air for carsifion to the optimum pressure ratio for

each power output, up to ~4.5:1 for the maximum power output. This compressed air-is pre
heated in the recuperator using hot exhaust gases, then it enters the combustion chamber,
and this improves the electrical &fency. Natural gas enters the combustion chamber and is
premixed with the hot compressed oxidising air where it is ignited by an electrical spark. There
is a fuel lean, oxygen rich mix that helps ensure complete combustion, with low emissions of
carbon nonoxide, unburned hydrocarbons and N@ithout further exhaust gas treatment

being required, making it adaptable and appropriate for most locations.

A radial turbine drives the compressor and generator. Hot combustion gases at ~950°C, and an
elevated presure of ~4.5 bar leave at the combustor exit and enters the turbine. This gas
expands through the turbine, with the pressure decreasing through it to near atmospheric upon
exit, the temperature also drops by about 300°C. The hot turbine outlet exhaugtagses
through the recuperator, pre heating the inlet air and further reducing the temperature. This
gas then passes through another heat exchanger in the form of a counter currentatgs

exchanger that generates hot water for further combined heat xery.

There are several auxillary systems within each power module, a cooling system, a lubrication
system, an air intake and a ventilation system (which includes a coarse external air filter and an
internal fine filter), a fuel gas booster and a buffergistem. Manufacturers additional technical
information for the gas turbine engine is outlined Tiable4-10 T100 Technical dat@lrurbec,

2009) .
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Table4-10T100 Technical dat@rurbec, 2009) .

Inlet and Compressor

Type centrifugal
Pressure ratio 4.5:1
Maximum inlet air flow at 1% (kg/s and rits)  1.69 (1.38)
Combustor and Fuel Requirements

Type of chamber lean, premix
Pressure in combustion chamber (bar, a) 4.5
Fuelflowrate (m¥/hr)* 31

Lower heating value (LHV) of fuel (MJ/kg) 3850
Wobble Index (MJ/f)** 4355
Turbine

Type radial

Inlet temperature {C) 950

Normal turbine outlet temperature°C) 650
Maximum turbine outlet temperature°C) 710

Outlet pressue ~atmospheric
Nominal shaft speed (RPM)*** 70,000

Flue Gas Heat Exchanger

Type gaswater
Flow countercurrent
Maximum flue gas flowrate at outlet (kg/s) 0.87
Maximum flue gas temperature at outl€iQ) 325
Minimum and maximum water flowrategg) 1.54.0
Minimum water temperature at inlet°C) 50
Maximum water temperature at outlet’C) 150

* The fuel flowrate depends on the gas compositgthis is specified for a fuel with a LH'

of 39 MJ/n?
*m?at 288.15K and 101.325kPa.

*** Revolutions PeMinute

141



4.4.1 Test Conditions

The two controlled variables for this testing were the power output of the turbine and the level
of CQ enhancement, simulating EGR ratio with additional mass. 66 different conditions were
tested, the C@mass injection wasaried from Okg/h to 175kg/h, and the power outputs from
50kW¢ 80kW, and this covered the EGR ratios equivelant to 0% up to 356%, with this ratio being
calculated on a volume basis. Every test condition was carried out for a minimum of 15 minutes
of stabk operation to be in compliance with the 1ISO 2314 recommendations for determining
gas turbine emissions. High power, low.@dhancement combinations were ignored due to

know expected impact as seenTiable4-11 Testmatrix.

Table4-11 Testmatrix.

Co;

Power
Qutput 0% 109 3s 500G Shkg Tskg 100kg 125kg 150kg 175kg

55

65
70

75
80
85

4.4.2 Data Acquisition

All testing was conducted using the PACT facilities with the T100 PH Series 1 microturbine. The
performance of the turbine was measured using its ovgtriimentation and recorded with the

NewEnco vendor WinNap program that monitored and recorded:

i airinlet temperature (T2Q
1 calculated turbine inlet temperature (TfQ

9 turbine outlet temperature (TOTQ
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power generated by the turbine{V)
power set pant (kW)

engine speed (Revolutions Per Minute RPM &nhdf maximum

gas pressure (mbar)

opening of the pilot and main fuel valves (both %)

In addition, further instrumentation was added to the turbine which monitored and recorded a

range of flow rates, mitiple system temperatures and pressures and, of particular importance,

post compression. As discussed, additional instrumentation readings were recorded using a

National Instruments Compact RBD22 Reallime controller.Table4-12 Quantities monitored

by the LabView for the Series 1 gas turbimatlines the additional monitoring.

Table4-12 Quantities monitored by the LabView for the Series 1 gas turbine.

LabView UNIT OF
PARAMETER
DESIGNATION MEASUREMENT
THERMOCOUPLES
TC1 system air inlet temperature °C
TC2 compressed air temperature (compressor outlet) °C
TC4 flue gas diffusion zone temperature °C
TC5 flue gas outlet temperature °C
TC6 cold water temperature (heat exchangietet) °C
TC7 hot water temperature (heat exchanger outlet) °C
TC8 ventilation air outlet temperature °C
PRESSURE TRANSDUCERS
PT1 system air inlet pressure bar g
PT2 compressed air pressure (compressor outlet) bar g
PT4 flue gas diffusion zone pssure bar g
PT5 flue gas outlet pressure bar g
PT6 ventilation air outlet pressure bar g
FLOWRATE MEASUREMENTS
FR1 system air inlet flowrate (total air irg measured kg/min
FR3 ventilation air outlet flowrateq measured kg/min
FR4 flue gas outleflowrate ¢ calculated kg/min
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As discussed in the baseline performance chapter, two analysers were used for the gas species
measurement, a Servomex analyser, and Gasmet FTIR. The Servomex Servoflex MiniMP 5200
analyser monitored @and CQin the exhaustising a norlispersive infrared sensor for the €0

analysis and paramagnetic transducers fexdétection.

The FTIR used was a Gasmet DX4000, fourier transform infrared spectroscopy and it measures
the absorbance of infra red to determine and differenéiahe multiple gas species in a sample.

The exhaust gas passed through a conditioning system to the FTIR whégeelseof C¢) CO

and various hydrocarbons were measured. In addition, water vapour and the totavbl®

monitored with a number of otherpecies options in the sample library.

The flow rate of the natural gas fuel into the turbine was measured with a Quantometer turbine
flow meter. Additional temperature measurements throughout used Type K Thermocouples,
and two variations of the Rosemou051 pressure transducers were installed. The maximum
uncertainty for instrumental error is presented Trable4-13 Instrumentalerrors. which shows

the instrumental errors The type K thermocouples errorgjgoted by the supplieasthe greater

of either 0.4% of the measurement or 1.5°C.

Measurements of all values were fairly consistent, as the tests began after significant warm up,
and stabilisation at each setting. This resulted in low deviations in the results from the mean,
that would not be visible in the graphs plotted, the maximum observed deviations are presented
in Table4-14 Standarddeviation. It should be noted that the majority of the results fell within
a much smaller deviation than the mimums in the table this indicates consistent reliable

results.
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Table4-13 Instrumental errors.

Instrumental error

Instrument % Unit
Servomex Servoflex MiniMP 0.10%

Gasmet DX4000 FTIR na na
Quantomeer 0.63%

Type K thermoucouples 0.40% 1.5°C
Rosemount pressure transmitters 2051CDC| 0.07% 0.8 mbar
Rosemount pressure transmitters 2051TG24 0.07% 7.5 mbar

Table4-14 Standarddeviation

Max Standrd Deviation
Gasmet DX4000 FTIR Readings Baseline | Enhancement
CO ppm 9.2 17.32
CH ppm 1.45 3.91
CQvol% 0.51 0.03
NO.ppm 1.88 1.27
Turbec T100 Readings
RPM 141.65 143.66
kw 1.57 2.19
T1°C 0.22 0.6
Additional Instrumentation
PT2 miar 0.02 0.02
TC2C 0.66 0.69
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45 Results and Discussion

Experiments were carried out at the PACT Core Facilities, and the post processing, normalisation

and analysis was carried out at the University of Leeds.

4.5.1 Performance with EGR
4.5.1.1 Mechanical Speed

Theevident mechanical performance impact on the turbine is the effect on speed. As discussed,
this is dominated by the ambient temperature or the temperature of the oxidiser being
compressed. The addition of €€hanges the thermal properties of the oxidisiay being
compressed, and this is due to the higher thermal capacity of ther@ddisplaces the nitrogen

and oxygen in the air. During the test days, that were particularly cold, thedion raised

the oxidiser temperature, and on warmer testéduced it. This is due to the relatively constant
delivery temperature from the gas mixing facilitiéSgure4-9 The CO2 Mass addition to the
oxidiser with turbine frequencyshows the C®Mass addition to the orliser with turbine
frequency and it is observed that the reduction in speed with&dition at 50kW, the principle

driver of which is the ambient temperature.
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Figure4-9 The CO2 Mass addition to the oxs@r with turbine frequency and the oxidiser
temperature relationship at 50kW.

FromFigure4-9 The CO2 Mass addition to the oiger with turbine frequency and the oxidiser
temperature relationship at 50kWt isclear that the higher density and heat capacity,G@es
reduce the turbine revolutions, and this is due to its displacement of air. However the lowest
turbine speeds are still observed on the lowest ambient temperature days, not necessarily with
the highest CQ mass flow. This trend reinforces the relationship discussed with the ambient
temperature as seen igrror! Reference source not foundlVith an increased testingapacity,

in terms of the available G@low to give a higher volume percentage, it could be expected to

produce a more significant impact on the turbine speed.

4.5.1.2 Pressure post compressor

The reduction in speed has no impact on the pressure achieved bytbiee, and the RPM
with higher C@mass enhancement is well depictedrigure4-10 Impact of CO2 on the turbine
frequencyvhich shows the impact of GOn the turbine frequency across the power range from
50 to80kW. Replicating the results of those modelled by Mansouri Majourf¥id and those

experienced in the turbine speed variations of De Pa¢p@R microturbine investigatiofts7].
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Figure4-10 Impact of CO2 on the turbine frequency.

After the compression the G@nhancement significantly impacts the oxidiser, altering the heat
capacity and densitfzigured-11 The CQaddition impact on the post compressitemperature
(Txhows the C@addition impact on the post compression temperature (T2) depicts the
injected CQ influence on the compressed working fluid temperature TC2. Tdweer

temperatures achieved is due to the higher heat capacity oftkah that of the air it displaced.

The compressor work input (YMs equal to the heat capacityfof the oxidiser times the output

temperature () of the compressor minus the inptemperature (T).

w oY Y

Increasing the mass of @ the oxidiser increases the heat capacity and therefore would

require more work for the same compressed combustion air temperature to be achigd.

148



In addition the effect of the higher ambient temperature reduces the air density and pressure

ratios, and total mass flow. To compensate the turbine frequency incre§Ség.

4.5.1.3 Temperature Changes

Figure4-11 The CQ addition impact on the post compressit@mperature (T2hows the C®
addition impact on the post compression temperature (T2) and it is observed there is a change
in the compressed air temperature with €0n addition the plot shows consistently lower
temperatures post compression with the ordypomalous dip being from the lowest ambient
temperature days. There was not available temperature measurement to effectively monitor
the impact of this on the heat recovery of the recuperator, or measurement in the combustion
chamber. The TC2 reductiamtemperature, in combination with the knowledge that the heat

capacity has been increased, the radiation and combustion characteristics changed.
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Figure4-11 The CQaddition impact on the post compressioemperature (T2).

The contrast in heat capacity between the baseline with nei@j€ction, and 125kg/h is shown

in Figure4-12 Heat capacity changén addition the trend also shows the decreasing influence
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that CQ constant mass injection has on heat capacity at higher power outputs, due to the
disproportionately higher turbine speed, and hence mass flow increase making €taller

proportion of the oxidiser mix.
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Figure4-12 Heat capacity change.

4.5.1.4 Emissions Analysis Impact of the EGR

4.5.1.4.1 Emissions Reporting and Correction

As discussed in Chapter 3 the baseline, gas species reported have been corrected to a dry basis,
and these have been reported and analysed as stibh standard reporting method for the NO
emissions from the combustion power plant is corrected to 15%0a® mandated by the EU

Large Combustion Plants Regulation 2012, requiring data to be reported on a dry basis at

273.15K, 101.3kPa and 15%f@ gas turbineq88]. This is discussed in Chapter 3.

However with Exhaust Gas recirculation this may not be an appropriate metric for equal
comparison of combustion plant emissions. ElKady et[6]] correctly suggested that

recirculation will cause N@missions to appear higher when corrected to an oxygersbhas
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comparison to nofEGR burners, which is particularly deceptive as the EGR can be used for peak

temperature control to reduce N@n the basis of fuel consumption.

The skewing of the reported N@ due to the reduction of £n the exhaust and this due to

the displacement of air with GOdue to the recirculation, or in this case of {&@hancement,
simulating it. Hence the smaller denominator in thex\l@ O, correction equation will result in

a greater multiplication of the uncorrected N@lume. If the oxygen levels were known at the
entrance to the combustor after recirculation then this may be allowed for. However the inlet

oxygen conditions are considered to be 20.9%.

There are more appropriate N@eporting metrics. Reporting NOn terms of fuel mass
consumption, and net power output are more appropriate. EIKady §@|lreported emissions
on a fuel mass basis, and it was not possible for EIKady [@&0hto report them on a power
basis, as it is within this study, as they were only utilising a combustor. The calculation for the

NQ Emissions Index (g/Kg Fuel) is given by:

NO Fuel Emissions Index
0 G .0 6800 O iv¢Oy g5 4-7

b @ a
06 Qa

'3 66)0"0
The NQkWh, corrected to 15% £can thus be calculated using:

NQ Reportedper kWh

0 Gy BOWBO iyOyqmgal P TTT 4-8

a "qba

0 Qb ¢ 0 Rk

U Wograun

The EUndustrial EmissionBirective (ED regulation includes &arge single cycle gas turbine,

those with an efficiency greater than 35%, withNOA YA G SR (2 pn' kop 066KS

efficiency, which would give 34mg/Nm3 for the T100.
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The Turbec T100 microturbines do not fall under these regulation definibodsemissions
limits [88]. There are other applicable emissions limits for single cycle CHP units from regional
air quality guidelines. example would be the Greater London Authority proposes 5g/kWh for
compression ignition gas enging9]. The Turbec Series 1, under normal operating conditions,

is compliant and achieves significantly lower emissions, as detailed in Chapter 3.

4.5.1.4.2 CQ Impact

At the PACT,dw Carbon Combustion Centre there is the capacity to enhance the Turbec Series

1 oxidiser with 175kg/h of GO

The CQ@ added to the oxidiser has an almost predictable linear impact on the exhaust
concentration found with the FTIR analysis. This is se@igime4-13CO2 vol% with the addition

of CQ to the oxidser.which shows the CO/0l% with the addition of GQo the oxidiser. The
decrease in the exhaust volume £ on higher turn down ratios with the sam&{nass
addition is attributable to the higher turbine speeds required to achieve those powers

compressing more air, resulting in a greater total mass flow.

The mass flow is calculated from the measured @fume percentage, and the known £0
addition va the mixing skid for the simulated EGR experiments. This technique exposed the
increase of total flow for high powers, and the resultant significantly leaner fuel:air ratios than
CCGTs. The microturbines fuel:air ratio is calculated to be 1:305witha CCGT being 142

58.[92]
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Figure4-13 CO2 vol% with the addition of GQo the oxidiser.

45.1.4.3 Combustion Performance

The reduction of oxygen concentration in the oxidising gas for combustion significantly effects
the combustion performance. Insufficient oxygen can prevent combustion, and the oxygen

levels only as low as 6% cause flame stability.[60]

Exhaust gas recirculation causes the displacement of oxygen, witfrdd®combustion, and
nitrogen as oxygen is consumed for combustion. With theeg@®an@ment, high levels of GO

injection causes the same effect.
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Figure4-14 Impact of CQaddition on Q Vol%

With gas, the Turbec gas turbines fuel:air ratio is very ledfigured-14 Impact of C@addition

on & Vol%the impact of constant C{addition on Q@ and CQvol% in oxidiser is depicted at
125kg/h. Though Cfncreases 3.0§ 3.55% the oxygen displacement is not as significaith W
oxygen being calculated to be 19.4%hmhe maximum C@volume injection possibland
lowest turbine poweat the Low Carbon Combustion Cenffée plot also shows how the higher
turbine speed increases flow rate, hence making @M% lower At such levels, lean blow out

is not a significantisk, and the combustion performance would not be expected to significantly

suffer as seen in the studies by Elkady et al.

45.1.44 CO&UHC

The reduction in @ and the increased heat capacity from the higher heat capacity afdeO
still both have a combinedripact on complete combustion. This impact is observed at low

powers of 56855kW, and this is where the fuel:air ratio is at its richest.

As shown inFigure4-15 The CO & GHemissions baseline comparison with 125kg/h2CO

enhancement across the turn down ratjan elevation in the level of CO is recorded and this is
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due to reduction in oxygen availability. The incomplete combustion of the natural gas, results in
higher methane and TOC emissions. The increasedchgacity from the addition of G@b the

oxidizer also influences the reaction rates, reducing them and hence the flame speed. The
combination in this reduction in the reaction rates and the depletion of oxygen is the cause of

the increase in the incompletcombustion observed.

The observed poorer combustion performance of the Turbec series 1 gas turbine at low turn
down ratios, with and without enhancement with €@ attributable to the turbine combustor
design, and the temperature. Continuous operatiof the Turbec gas turbine is expected to be

over 60kW.

The results follow the trend of the findings presented by Evulet £3] with higher levels of
exhaust CO at reduced temperatures, with the EGR causing these to riser firhe reduced
total mass flow of oxidiser, due to the lower turbine speed and pressure ratio, could be

insufficient for full and effective premixing of the fuel in the buraét.
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Figure4-15The CO & Ctemissions baseline comparison with 125kg/h &&hhancement
across the turn down ratios.

155



A significant and clear trend for this was found, with only one anomalous result at 70kW with
125kg/h of Cenhanc&r Sy i T2 NJ g KAOK GKSNB glayQd I aiiday
results collected. However on the test day all the results for CO w8ppgh higher than on any

other run. This may be attributable to the fuel source, or more likely to the presehtiee

ambient CO. Ambient CO levels of this concentration would not be considered unusual with
several urban studies finding similar levels, in addition to which it should be considered that the
Low Carbon Combustion Centre is on an industrial estateevtmmbustion does take pace, and

near a busy road the wind direction could easily cause this raised 8yé5).

45.1.45 NG

There is significant regulation over Ngbnissions from both stationary, and mobile sources, due
to the impact it can have on the environment, and human health. TheAd®measured during
the experiments with FTIR as mg/Rrfor the purpose of fiective comparison of other emission
sources it igonverted to g/lkWh (kg/MWh) usingOx Fuel Emissions Indé&xNOx Reportedper

kWhThe NOXx is reported per KW&0O]

The NQIlevels produced by the series of experiments with &hancement simulating the EGR
showed consistent reductions. This trend with a reduction in the Bligcies producedsi
attributable to the increased heat capacity of the oxidiser and combustion mix. The higher heat
capacity results in lower temperatures, and thus a reduction in the creation of thermatidO

primary source of the N@missions[57]

The turbine inlet temperatures reduced in line with Gfhancement as would be expected.
Calculated TIT values werel8C lower with COenhancement, although this is just indicative
of the temperature change due to the calation methodology. The N@missions performance

was also best during the operation at the turbines optimal/®@&W range.
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Figure4-16 The NOx g/kWh at 15% O2, with €énhhancement.

A NQreduction was pparent in 11 out of the 12 tests with the addition of Q®the oxidiser
simulating the EGR, with only the behaviour of the 75kg/h appearing more erratic. The reason
for the varied 75kg/h behaviour has not been discernible, not apparent in fuel consamiptiT,

or the ambient temperature.

4.5.1.5 Efficiency Impact of the EGR

A significant reduction in the combustion efficiency would be expected to result in the fuel
consumption increasing for the same power output when the oxidiser is enhanced with CO
Changs in the fuel consumption during the testing was in line with the observed combustion
species and G@nhancement. Although the efficiency changes did not present a very strong
trend, on closer analysis there are nominal increases in terms of the sgaeificonsumption
(SFC), thus presenting a clear trend, with SFC increasing 296 with enhancement of
125kg/h. This shows G@nhancement, which replicated the EGR, and reduced the turbine
efficiency of power generation. The efficiency of a CCGT swittificantly higher fuel flow rate

and a richer fuel:air mix would be expected to be significantly more impacted on the basis of the

findings here.
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Figure4-17 Specific fuel consumption with varying CORlencements

Before the testing it was expected that enhancement with, @Guld have a more significant
impact on the combustion and the turbine performance, but this did not occur due to the low
fuel:air ratio. For this reason, G&nhancement as a volunf was low, even large €@ass
addition, equivalent to over 50% EGR, up to 356% created a relatively smatatgase,
displacing less air, and thus leaving sufficient oxygen for combustion, and having a less severe

impact on the oxidiser heat capaciyd the flame speed.

The mass of the fuel consumed has been calculated from the volumes recorded, and some of
the points from this calculation fall within the maximum potential instrumental error. However
there is a significant visible trend that is uelik to be anomalous due to the number of data
points over which it is observed. The significant outlier is the 50kW generation with 50kg/h of

CQ enhancement having a higher than expected SFC, this can be attributed to the highest
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ambient temperature on tht test day, indicating the dominance of ambient temperature on the

efficiency.

4.5.1.6 Energy Intensity of Capture

Regeneration of capture solvent is the most energy intensive process of post combustion
capture. By increasing the partial pressure of, @Othe exhaust, the relative mass flow of
solvent, and hence regeneration required can be red{is8d Models have shown an increase
in the exhaust concentration from less than 2% to above 5% may reduce the reboiler duty from

7.5MJ/kgCeto below 4.0MJ/kgCeg) which is an energy saving of over 45%.

The post combustion capture performance at the PACT facility is significantly less than that.
Tests were conducted at 4.5% volG@vards so as to represent the CCGT emissions. Solvent
regeneration a4.5% C@resulted in energy intensity of capture at 8.3MJ/KgCindd at 6.5%

CQ 7TMJ/Kg[96]. Comparable exhaust gas concentration numbers to those tested with the gas
turbine are 50kW, with 100kg of @@®nhancement giving 4.34% €@lume percent in the
exhaust emissions, and 125kg giving 5.11 vol% Aloam et al, 2015, extrapolates the energy
consumption to dropping 7.5% per 1 percent unit increase of, @¥ing an estimated
regeneration of 8.4MJ/KgG@t 4.34% exhaust G@nd 7.92MJ/KgCQat 5.11% C@exhaust
volume. This represents a 5.7% reboilffiogency gain for the PACT facilities small scale capture
plant, and an increase in capture efficiency. When compared to the Turbec Series 1, there is
1.7% to 2.9% increase in the specific fuel consumption. This is a relative overall efficiency gain
for the system process with Genhancement simulating EGR at this pilot scale. On a larger
demonstration scale, or even commercial size, significantly larger process efficiency gains can
be expected due to more efficient and less,@ensive generation, thaigher exhaust volume

% of Cwith a recirculation up to 50% of the total combustion volume, and the larger more

efficient capture and regeneration plant required for larger scale capture per day. In addition to
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more efficient built for the purpose desigsf the plant, rather than modular build up of the

PACT test facilities.

4.6 Conclusions

In this chapter we have shown that there is quantifying reduction in combustor performance

with the addition of C@that is simulated high levels of the EGR.

The enhancment of the oxidising air with GQesulted in a clear impact on the 3 key
performance areas investigated. Affecting the turbine mechanically, having a visible impact on
the combustion through exhaust emissions, and reducing the turbine efficiency as stitlwn

increased specific fuel consumption.

The ambient temperature and the resultant temperature of the oxidiser, both with and without
CQ enhancement, significantly affected the turbine performance. Turbine speeds increased
significantly when temperatas were higher to maintain a consistent mass flow. The addition
of CQ most significantly affected the temperature post compression, which can be seen clearly
when in comparison to other 20°C ambient results. This is shotigime4-11The CQaddition
impact on the post compressiaemperature (T2)where 125kg/h C£enhancement resulted

in temperatures post compression being consistently 5C lower than those without the addition

of CQ.

Increasing the heat capitg of the working fluid may have an increased effect on the heat
exchanger efficiency through providing lower temperature air into the cool side of the
recuperator. It is expected that the increased heat capacity and radigtbdfyvill have resulted

in lower exhaust gas temperatures, as seen in TOT, than without the addition,cdri€chence

a slighter lower temperature in the hot side of the recuperator. This means that there is less
energy being avaible in the exchange. This will have contributed to the lower efficiency of the

turbine with CQ enhancement simulating exhaust gas recirculation.

160



The enhancement with GOf the air showed small changes in the emissions trends and this is
in line with tlose expected. Higher CO and methane emissions resulted from the reduced
combustion efficiency with increased £€énhancement, which represented higher levels of
EGR. Enhancement with 125kg@®@t 50kW showed an increases in the CO emissions of 109%,
and nethane which accounts for the majority of the fuel composition up 338%. This is due to
the displacement of oxygen with GGneaning less availability for complete combustion, and
with the extra C@ increasing the heat capacity in the combustion mix, thasising

temperatures to be lower and reducing the reaction rates and slowing flame speed.

The changes to the combustion caused an observable difference to theei@3sions.
Decreases in flame temperature can be expected to result in a reduction in theah&NQ
created. This trend was observed for 11 of the 12 points plottdeignre4-16 TheNOxg/kWh

at 15% 02, with Cenhancement Although the reduction in thermal N@as small, going
form 0.20g/kWh to 1.01xWh, the trend was consistent. The Némissions produced by the
Turbec Series 1, both with and without hancement, are within the Greater Londons, and

German air quality emission limits of 5g/kWh and 75mgan15% Q.

Changes in the efficiency awmdrbon intensity were observed with the addition of CDhere

was a small trend of decreasing electrical efficiency, however these changes were within the
maximum potential instrumental error. When closely examined in terms of specific fuel
consumption, he trend of a reduction in efficiency is consistent, and extremely unlikely to be
caused by error. With 125kg/h of @enhancement specific fuel consumption was seen to rise
1.7¢ 2.9% above that of the turbines without g@ddition. This is the change prerformance

that would be expected with exhaust gas recirculation.

Through adding known volumes of £@ was possible to more accurately calculate the total
mass flow of the oxidizer through the turbine than before the series of experiments. Thisghow

that the total mass was significantly higher than first anticipated, and that fuel:air ratios were
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very lean down to 1:10430, which is much more so than a CCGT of-8&92]. This very fuel
lean ratio is the reason that there was less significant impact on the combustion and the turbine

performance than was postulated before the experiments were carried out.

162



5 Simulated EGR with AT

5.1 Introduction

This chapter explores the possibility of combining both exhaust gas recirculation (via CO
injections to the compressor inlet) and HAT (humidification of the cycle through steam injections
between the compressor outlet and cediilde recupeator inlet) processes with the purpose of
improving postcombustion capture efficiency through the resultant increase in flue gas CO
concentrations. These methods will also reduce the volumetric gas flowrate requiring
treatment, thus further enhancing thcapture performance. The chapter explores the relative
impacts on the emissions of each process and in combination. The effects on the emissions as
an indicator of incomplete combustion is characterised by CO and UHC emissions, and a range
of turbine parameters are also quantified, including engine speed, fuel consumption and thus
efficiency. Taimoor et a]97] and others have simulated the impact of the processes addition

on a CCGT. However this is the first experimental work of this kind thastigates the

combination of both techniques.

Humidified Air Turbines (HAT), where steam is injected before combustion to improve the
turbine efficiency, reduces the N@missions and after being condensed out increases the

volume percentage of GClound in the exhaust. Exhaust gas recirculation (EGR), where

combusted air is recycled to increase the.€@ntent in the exhaust, is a more efficient capture

process.

EGR can increase the capture process efficiency from gas turbine emissions due to thedncrease
partial pressure of CJ55]. However EGR can reduce the combustor performance, this reduces
the peak temperatures, and turbine inlet temperatufé0]. HAT has been shown to increase
turbine efficiency through increased mass flow, and the addition of mass post compression, thus

reducing the compressor work. It may be possible to negate some of the reduced turbine
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efficiency eperienced with EGR by combining it with HAT. However HAT has its own detrimental
impact on combustion, and hence all the benefits must be balanced. It may be the case that in
the T100 microturbine, due to the lean fuel air mix, that there may be a liniitgxhct on the
combustion[98], and hence HAT will provide significant performance and efficiency benefits to
the turbine. Simultaneously, as previously seen in expanisat the PACT core facility, the £O
enhancements have limited impact on the combustion whilst providing significant capture
efficiency gains. However in a CCGT with significantly air leaner mixes, both EGR and the HAT
process may have a significantlyger impact on the combustor, and thus cause flame stability

and lean blow out issues.

Humidified Air Turbines have been used historically to improve turbine efficiency and reduce
emissions. Also it has the benefit that after being condensed out of thalest gases that the
volume percentage of G@s increased, meaning more efficient capture is possible with higher

partial pressure[63]

In a conventional gas turbine, the pressure ratio and turbine inlet temperature are the biggest
factors driving the performase of a turbine. With HAT, the rate of steam injection post
compression becomes a strong influencing factor. Steam injection increases the specific power
output of the turbine and steam injection reduces Nformation. The addition of steam
increases thamass flow through the turbir{@3]. If this steam is added post compression (as it

is in the experimental set up) it means additional mass flow through the turbine for which the
compressor has not had to do work for. This is indicated in the experiment by théaobns
compressor pressure at vary steam injection rates. The addition of steam also increases the
specific heat capacity of the oxidising working fluid, implying that a greater heat transfer through
the recuperator can be achieved by increasing its effwi¢d4d]. The steam also cools the flame
temperature and reduce N@ormation. Older lower NOx combustors used water for peak flame

temperature contro]63].
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The residence time and temperature are the factors that influence the thermafdi@ation.
Steam actss a diluent reducing temperature. Although the addition of steam may appear to
augment the power output of the microturbine, this is not taking into account the energy of
rendering the steam which is done by an external Jb#] If water was addd instead of steam

to the post compression phase then efficiency gains would be reduced due to the energy

required to generate that into steam.

The addition of steam to create humidified air can cause combustion instabilities and this would
be shown by lgher levels of UHC and C&J]. It is possild to reduce NQwithout increasing

CO and incomplete combustion significantly.

However it has been shown when HAT is used the higher concentrations cfiCke achieved
in the exhaust gas on condensing out the[&i.
5.2 Moadifications to the Beighton Facilities

The PACT centre is constantly increasing in capacity. In particular there have been significant
modifications and improvements made to the capture tower, and process, and additional

instrumentation since last publication by Akram efq4].
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Figure5-1 Schematic of the components of the Turbec T100 PH combined heat and power
gas turbine system, including the modifications made £@ection for HAT and with

instrumentation (TC; thermocouples; PT, pressure transglucers; FR flowrate meters).

Additional instrumentation was added in house to measure more temperature, pressure and

flow rate parameters. As shown in
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Table5-1 Additional Instrumentationthis additional instrurantation data was collected using
the Compact RI9022 ReaTime controller, and displayed and recorded the custom LabView
program developed for the EGR experiments with new additional adaptations in the form of TC3

and PT3.
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Table5-1 Additional Instrumentation for Series 1

LabView PARAMETER UNIT OF

DESIGNATION MEASUREMENT
THERMOCOUPLES
TC1 system air inlet temperature °C
TC2 compressed air temperature (compressor outlet) °C
TC3 steam inlet temp °C
TG flue gas diffusion zone temperature °C
TC5 flue gas outlet temperature °C
TC6 cold water temperature (heat exchanger inlet) °C
TC7 hot water temperature (heat exchanger outlet) °C
TC8 ventilation air outlet temperature °C
PRESSURE TRANSDUCERS
PT1 system air inlet pressure bar g
PT2 compressed air pressure (compressor outlet) bar g
PT3 steam inlet pressure bar g
PT4 flue gas diffusion zone pressure bar g
PT5 flue gas outlet pressure bar g
PT6 ventilation air outlet pressure bar g

FLOWRATE MBVREMENTS

FR1 system air inlet flowrate (total air irg measured kg/min
FR3 ventilation air outlet flowrateg measured kg/min
FR4 flue gas outlet flowrate; calculated kg/min

All the gas species are measured using a Gasmet DX4000 FTIR, Fasferntranfrared
spectroscopy, measuring the absorbance of the iné@d to determine the gas species within a
sample. In the previous chapter, oxygen was monitored using a Servomex Servoflex MiniMP
5200 analyser. In this study, oxygen was monitored usingpdificdion to the Gasmet DX4000

FTIR.
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5.2.1 Steam Generation and Delivery

For the HAT process, the decision was to use a boiler and add the steam post compiiéssion.
boiler available was a Fulton 10J, with a 100kW thermal rating designed to generate up to
160kg/h of steam, however due to its age it was not possible to render this amount. The steam
is inserted into the turbine at pressure, post compressidhe dew point of the steam must be
considered. The dew point is where steam condenses into watertaaadéan occur with a drop

in pressure or temperature. The pressure of steam injection ranged from 3.84b28 bar, and

the pressure of the compressor generated during testing was 3¢Bai6 bar. The temperature

of the compressed air was slightly h@gtthan TC3 steam temperature. The temperature and
pressure of the compressed oxidiser mix is taken after the point of steam enhancement, and

takes account of the effect of its addition.

If water condensate were to be entrained into the combustor thers tbould lead to flame

turbulence and possible blow out.
Therefore the additional injection of steam must be above the pressure of the compressed air.

For this reason the additional pressure transducer and thermocouple is installed to monitor
immediatelybefore injection. In the region into which the steam was injected the pressure was
monitored also. The maximum expected pressure is 4.5 bar gauge and in practice, during testing,

4.12 bar was achieved by the compressor.

The steam boiler generates a maximyressure of 7bar, before then travelling to the mixing
SKID and then from the mixing SKID to the turbine. When all the valves are open, the boiler does

not maintain 7 bar generation consistently.

Steam is generated through the combustion of oil fueltttsadragged into the boiler via a

negative pressure.

169



Figure5-2 Photograph of the boiler house, water tank, boiler, and pressure.

Figure5-3 Photo of the steam Skid control and monitoring of the tertiary line.

Testing with steam was carried out at-2Dkg/h, and monitored by the steam skid as shown in
Figure5-3 Photo of the steam Skid control and monitoring of the tertiary liwhich shows the
steam skid control and monitoring of the tertiary line. During testing it was not possible to attain
high mass flows of steam planned at the required pressure. This was due to the boiler not being
maintained at this presser The cause for this was investigated but not resolved. It was thought

that the fuel delivery may have been the issue, or the fuel viscosity but inspection of fuel filters
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showed that they were free from debris that would restrict flow. The cost of &illise was

prohibitive particularly in comparison to the cost of replacement.

5.2.2 Steam Addition Point

Figure5-4 Photograph of the steam Injection point intcompressedair line, steam deliver

valves, manuband pneumatic.

Steam is injected into the compressed air showRigure5-4 Photograph of the steam Injection
point into compressedair line, steam deliver valves, manuand pneumatiche steam line
through thetop of the turbine. To control the flow there is a manual valve that is opened before
start up and then during the operation a pneumatic valve is opened remotely. The valve is not
opened until steady steam flow is achieved, and the pressure at injectisteady and above

the pressure of the compressed air. The valve was closed by turning off the compressed air

supply.

5.3 Power Electronics Failure

After initial successful commissioning runs with steam, on the following test day the turbine
would not start, @d on inspection there was evidence that water had pooled in a tray below
the heat exchangefigure5-5 Photographs showing evidence of steam condensaie above

the power control electronics of the turbine & probable that the condensed water dripped
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onto it, or that the conditions were very humid in the electronics cabinet Bagire 5-6

Photograph of the Turbegmower electronics

Figure5-5 Photographs showing evidence of steam condensate rust.

The cause of the condensed steam from the heat exchanger was thought to be either due to a
leak in the heat exchanger, or possibly from the back flow of condensate in thestxha the

exhaust is vertical from the exit.

Figure5-6 Photograph of the Turbepower electronics.

To tackle this issue the water pumps for the heat exchanger were switched off and the heat
exchanger as drained of all water. The entry water valve was closed off and the exit valve was
opened to allow expansion and contraction of the air trapped inside. Holes were drilled into the
tray and piped out so the formation of any condensate during testing doeildonitored whilst

the turbine cabinet is shut.
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After drainage of the heat exchanger, short steam injection test runs were carried out, then

stopped before opening the turbine and allowing it to cool to check for evidence of condensate.

The exhaust gaemperature rose from 130145°C, with the heat exchanger from 28@60°C,
and no further evidence of condensate was found, with the remaining tests being completed

without further turbine breakdown.

5.4 Methodology

5.4.1 Experimental Test Conditions

Both steamand CQ addition were varied. Steam at 0, 20, or 40kg/h with addition of W&s

added at 0, 50, 75, 100, 125kg/h, and this was done across various turn down ratios.

The experimental setip involved the Series 1 gas turbine with,@{ections to the corpressor

inlet and steam injection to the compressor outlet, coupled with the extensive monitoring
systems for the various gas turbine parameters and flue gas species that were assessed via an
FTIR and paramagnetic oxygen transducer. The gas turbine pam@snveere those that are
internally monitored with a winnap program, as well as additional instrumentation that has been
integrated into the turbine system to ensure the full systems monitoring and more
comprehensive characterisation of the gas turbine eydlhere are 3 variables for the test
conducted. The electrical power output of the turbine, the.@ass enhancement that mimics

the exhaust gas recirculation, and the mass addition of steam for the HAT simulation. There are
35 permutations of the conditins tested in this study, with OkgdOkg steam addition, §125kg

CQ enhancement (representing different levels of EGR depending on the power au@R

ratios of up to 356 % were tested), over turn down ratiog;50kW; a test matrix was designed

accordingly, and this is outlined ifable5-2 HAT & EGR tesbnditionsmatrix.
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Table5-2 HAT & EGR tesbnditions matrix.

Steam Addition Reference
Okg/h 20kg/h 20kg/h Total
CO, ) Engine
Addition Okg/h Okg/h 50kg/h 75kg/h | 100kg/h | 125kg/h Okg/h 50kg/h 75kg/h | 100kg/h | 125kg/h | Airflow kg/h
50kwW 2738.65
55kwW 2902.12
60kW 2982.97
65k W 3178.00
70kW 3222.11

These primary variables were the omlyes that were intentionally varied during the course of
the experiments; atmospheric/ambient conditions, which have an impact on the results, as
considered in Chapter 4, cannot be controlled and therefore the air inlet temperature and
relative air humidiy varied throughout the test campaign. All the tests were carried out over a
minimum of 15 minutes of continuous stable operation as recommended by 1ISO 2314 for

evaluating the mechanical and emissions performgAdg)

5.5 Results

The results are presented as in previous chapters without plotting the errorsTakle5-3
Instrumental error the deviation. As testing was carried out during steady operation, and

averaged over 15 minutes, they are too small for meaningful depiction.
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Table5-3 Instrumental error.

Instrumental error

Instrument % Unit
Gasmet DX4000 FTIR na na
Quantometer 0.63%
Type K thermoucouples 0.40% 1.5°C
Rosemount pressure transmitters 2051CDC 0.07% 0.8 mbar
Rosemount pressure transmitters 2051TG24 0.07% 7.5 mbar

Table5-4 Max SD

Max Standard Deviation
Gasmet DX4000 FTIR Readings Baseline EGR & HAT
CO ppm 17.32 17.32
CH ppm 3.91 5.96
CQ vol% 0.02 0.02
NOx ppm 1.27 1.16
Turbec T100 Readings
RAM 58.59 139.20
kw 0.464 0.464
T1°C 0.60 0.60
Additional Instrumentation
PT2 mbar 0.01 0.01
TC2C 0.53 11.63
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5.5.1 Mechanical Performance with HAT & EGR

The addition of steam has a significant impact on the turbine frequency. The additional mass
reduces the frequency from 1500 to 2000 rpm, and this is about 2.9%, being similar to the SFC
savings of 3.2% at 50kW with 40kg steam addition. The lower pressure directly corresponds to
the lower rpm that can be seen Kigure5-7 Impact of steam addition on the turbine speed.

This should mean a lower relative expansion change.

Steam impact turbine frequency
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Figure5-7 Impact of steam addition on the turbine speed.

The injection of the steam lowethe compressed air temperature fed to the recuperator and
combustor. This reduction is due to the temperature being higher than that which the steam is

injected.

5.5.2 CQ & HAT Performance

With the addition of Cg) the temperature is less affected and it i®ra consistent, and this is
probably because the heat capacity is higher, and the addition of steam produces a more radical

change shown ifrigue 5-8 Impact of the steam on the temperature post compression.
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Figue 5-8 Impact of the steam on the temperature post compression.

5.5.2.1 Combined impact of HAT, CO2, & Ambient Temperature

With the addition of steam post compression, there is a change to the relevant impact ambient
temperature. FromFigure5-9 Turbine speed and oxidiser temperature relationship witrl2CO
enhancemenfind it can be seen that the steam addition has the most significant impact on the
turbine frequency, with speesidropping with the increasing addition of £@fter this initial

step with the steam addition, as previously observed in chapter 3 and 4, the turbine speed
reflects the ambient oxidiser temperature. The lowest RPM for 40kg occurs on a test run with
lessthan half a degree ambient temperature difference to the other test conditions. The RPM
appears to be dictated by the mass of the steam addition for the HAT, and the quality and

consistency of the steam flow.

This is also mirrored by the 20kg steam injgetresults, again with all of which with there is a
maximum 0.5°C difference in the inlet temperature. There is a consistent trend of reducing the
frequency with C@enhancement replicating EGR, and this is in line with previous results

published by Bestt al[1].
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The only anomalous result appears to be that of 40kg steam addition, at 125kgj€&on. It
would be expected that this would theoretically provide a lower frequency than it does, and a
lower frequency would also be in line with all the other experimental results presented here.

This anomaly could well be due to the quality and consistency of darstelivery.

T1 & RPM
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Figure5-9 Turbine speed and oxidiser temperature relationship with €&hhancement

5.5.2.2 HAT Base Performance

With the addition of steam post compression to simulate the HAT process, it is egptbeit

the CQ would increase on a dry basis in the exhaust, above that of the baseline, with steam
displacing the air. Although this is observedmor! Reference source not foundand with this

good trendof higher C@Qwith steam addition with the volume percentage fractionally larger
due to the HAT process after the water has been condensed out. The higher 40kg steam injection
rate is expected to increase the &@I% more than the 20kg addition, but tligssnot observed.

With 3 of the 4 20kg steam addition results being higher than the 40kg results. This discrepancy

is greater than the maximum deviation observed at these conditions of 0.02 vol%.
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Figure5-10 HAT C@exhaust emissions across turn down ratios

5.5.2.3 Combustion Performance

5.5.2.3.1 Emissiondmpact

With the addition of Cexo simulate the EGR with HAT, a lineap @8ume percentage increase
was present, as previously observed in Best eflhl The 40kg steam enhancement with
increasing C&njection across the turn down ratios of 50kW and 60kW are particularly strong
thus producing the highest volume percentage of. @Cthe dry exhaust gases, as would be

expected.
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CQ with steam 50 & 60kW
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Figure5-11 CQ Emissions of HAT and EGR combined up to 125kg/h CO

Although lower oxygen combustiorepcentages can cause unstable flames and lean blow out,
due to the relatively fuel lean combustion conditions of the Turbec 100, then this is not an issue.
However the flame speed and temperature is reduced due to the increased heat capacity. The
combinatbon of EGR and HAT further exacerbates this effect. As in Besfl¢titalvas shown

that the lowest turn downatios had the most emissions impact, and this was due to the slightly
richer fuel air ratio at the bottom of the turbines turn down ratio, with changes in the oxidiser

composition having more of an effect and the mixing being more diffuse.

With addition ofa small HAT percentage it can be seehRigure5-12 Indicators of incomplete
combustion with HATthat the emissions of CO and £ kdicators of incomplete combustion
are significantly affected beyond that ofalsimple EGR. With CO going from less than 50ppm

to over 200ppm, and GHrom less than 2.5ppm to over 50ppm with 40kg steam addition. This
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shows increased incomplete combustion and evidence of uncombusted fuel in the increased

hydrocarbon volume in the éaust and this is due to the reduced flame speed.
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Figure5-12 Indicators of incomplete combustion with HAT at 5065kW.

With the combination of HAT and EGR, the expected trend is increasing rates of CH, aha

to the increased incomplete combustion.Rigure5-13 CO Indictors ofincomplete combustion

with HATand EGRandFigure5-14 CHt Indicators of incomplete combustion with HAT and EGR
this trend is observed with only one result appearing anomalous at 50kW, for which with CH

the SD error is 5.96, and this is slightly larger than the overlap.
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Figure5-13 CO Indictors of incomplete combustion with HAZnd EGRit 50¢ 65kW.
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Figure5-14 CH Indicators of incomplete combustion with HAT and EGR ag&bkW.

5.5.2.3.2 Anomalous NOx Results

As previously investigated in Chapteti®e NOx can be seen to be reduced by about 60kW, with

more efficient combustion occurring.
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With the addition of steam simulating humidified air, and in combination withré@esenting
EGR, it would be expected there would be a further drop in BiGissons due to lower
combustion temperatures, as also indicated by increased UHC and CO. However with the

addition of steam this did not occur.
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Figure5-15NOx Emissions with HAT and EGR at B5BkW.

As theNOx results were above the values expected, it was thought that there was possible NOx
formation post combustion with hotter exhaust gas temperatures due to the removal of the
draining of the heat exchanger. For this reason, the baseline results for ¢agnstesting
conditions were repeated and simulated EGR with 125kG/h of CO2 enhancement. This was done
to see if there was a consistent fluctuation in the NOx emissions, to eliminate steam injection
being the source of this, when steam would be expectedettuce NOx. However the results
showed that the NOx remained lower for the baseline and EGR cases, thus not providing the
expected source of the NOx. Increases in CO, and UHC indicate lower combustion temperatures.
In addition there is reduced SFC, ancbine speed, and we know that in pre combustion the
compressed air temperatures are lower, this would indicate lower peak flame temperatures,

and therefore the expected lower thermal NOx creation.
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As there is also no NOx reported in the fuel it was nosfis to be certain as to the cause of
this rise in NOx emissions. It is possible that the burner design is not designed for the steam
addition and it is disruptive to the mixing and combustion causing hot spots, but it is difficult to

be certain how thisvould occur.

5.5.2.4 Efficiencyimpact of the HAT & EGR

With the addition of C@replicating the EGR, it would be expected that the combustor would
experience reduced combustion efficiency due to the increased heat capacity and reduced
oxygen due to the displacesnt of the air for the C® In Best et al[1], and ElKady et aJ60],

this is shown to occur and again this is replicated=igure 5-12 Indicators of incomplete
combustion with HAT at 5§ 65kW.As discussed in section 3.3.1 and showRigure5-13 CO
Indicaors of incomplete combustion with HAGnd EGRand Figure5-14 CH! Indicators of
incomplete combustion with HAT and EGift emissions also strongly evidence the redutctio

in complete combustion and lower flame temperatures. This has a negative impact on SFC, as
depicted in the SFC. However with the addition of steam through HAT, an improvement in SFC
is observed, and this may be due to the reduced RPM. This outweighkgbes in the
combustion performance indicated in the emissions observeBigure5-13 CO Indictors of
incomplete combustion with HA@nd EGRand Figure 5-14 CH! Indicators of incomplete
combustion with HAT and EGRhe impact is so strong that in combination with,CO
enhancement simulating EGR, HAT improves the SFC beyond that of the baseline turbine

performance. The improvement of 20 and 40kg HAT alon&% Better tha the baseline case.
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Figure5-16 SFC with HAT and EGR atg38bkW.

This data on SFC was concluded on cooler days than the previous experiments, and a decrease
in efficiency is noted when the lower ambienbnditions normally indicate higher turbine
efficiency. This may be due to increasing the deterioration of the blades and combustor of the

turbine over time, as a number of problems and use has occurred since the previous experiment.

This set of data stilllustrates strong efficiency trends, the only apparent anomaly in SFC is the

case of 20kg steam 125kg 2@ 65kW.

5.5.2.5 Efficiency losses from steam generation

During this study air was humidified using steam from a stand alone boiler. There are significant
inefficiencies from generating the steam with separate process than the combustion of gas for

the turbine. On a commercial scale combined cycle gas turbine could generate steam very
efficiently through bleeding from either high or low pressure turbindeythat are already part

of the process. In addition a higher quality steam could be rendered from the CCGT, in terms of
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both pressure, and temperaturé combined cycle turbine could provide superheated steam

that would provide more work in terms of ergyr from the heat.

The boiler generated saturated steam that was delivered at a press@.88€ 4.15 Bar gauge

at the point of injection.

Using the injection pressure, temperature and flow rate at injection the steam enthalpy has
been calculated wittASME steam tableg101] This embodied energy has then been removed
from the electrical energy generated to calculate new generation efficiencies of the process as

Figure5-17 Impact of steam addition on net turbine efficiency
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Figure5-17 Impact of steam addition on net turbine efficiency

It can be seen that the steam addition has net negative impact on the overall generation
efficiency in these testdHowevers it is not possible to efficiently generate and deliver steam to
the turbine at the current test facilities it is not meaningful to energy penalties and input to be

represent of a commercial sized CCGT with HAT augmentation.

5.5.2.6 Impact of EGR & HAGn post¢ combustion capture performance from gas

turbines
Post combustion capture is energy intensive due to the regeneration of the capture solvent, thus

releasing Cofor compression. As gas turbines have a low partial pressure ftd®©means
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more energy is required per tonne of @@aptured. Increasing the partial pressure of2CO
reduces this and EGR increases the @&@tial pressure, through recirculation effectively
increasing the COn the oxidiser. The HAT increases the partial pressure @siittains a
constant mass flow through the turbine, with air being displaced by water. When the water, in
the form of steam, is condensed out then the volume % of i€@elatively a larger proportion

of the total exhaust volume to be processed for captu€Combining these two options has been
shown to increase the G@oncentration in the flue gas more than either of these technologies
on their own. Increases of @&t 50kW from 5.11% without steam addition to 5.26% with steam
addition, equates to a redution in specific reboiler duty of over 0.1MJ/kg@@ptured, a saving

of over 1%, and in addition to the reduction in SF of the turbine of 3%. At 60kwp€Sfrom
4.92% to 5.09% with 40kg/h steam addition, again reducing the specific reboiler doieby
0.1MJ/kgC@captured whilst the turbine SFC is reduced by [#8].These reductions in reboiler

duty may appear to be modest but on the larger scale they adgignificant cost reductions.

5.6 Conclusions

The steam reduces the TC2 in compression, by up to 40°C, and this is due to the higher heat
capaciy than air, approximately 4 times that or air when the steam is at 100°C. This means that
it takes more energy to raise the temperature of the oxidiser by 1°C, but as a total of the mass

flow, the water is only approximately 2% of the total mass.

The aldition of CQ and steam reduces the combustion temperatures, and this is reflected in

the lower calculated TIT, up to 9°C lower at 60kW and 65kW.

The addition of steam after condensing did increase the dpwvoI%%6 by up to 0.2%, and this is
equivalentto a 4% increase of the total, which would allow for a more efficient post combustion

capture.

The specific fuel consumption of the GT markedly improved with the addition of steam. This

indicates that not only could HAT possibly be used to increase thep#&@@al pressure and
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increase the capture efficiency and performance for the net process CCS efficiency gains, but
also offsets the reduction in the GT turbine efficiency caused by the EGR. The results showed
that HAT addition improved on the baseline perhance. Without HAT addition, EGR increased

SFC above the baseline, thus decreasing the efficiency. When HAT was applied to these EGR
cases, the SFC was not as good as HAT alone, but it is still markedly better than the baseline, and

hence there is a sigfitant improvement on the EGR SFC performance alone.
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6 Particulate Matter Emissions

Particulate matter can have a significant impact on the degradation of amine solvents in post
combustion capture CCS. This has been shown to be a significant issaealitbmbustion

due to the presence of metals in the particulates such as copper, iron and manganese acting as
catalysts for oxidative degradatiofL02] The presence of volatile elements also found in the
emissions from natural gas combustion can contribute to similar degradation pathways
occurring. Particulates have been shown to reduce the pH of solvents, increasing degradation
products such as heat stable salts and precipitdte33] This degradation leads a reduction

the capture efficiency and an increase in running expense due to replacement, and less
efficient solvent regeneration. The increase in solvent degradation can also have a negative
impact resulting in significantly higher ammonia emissioomfpower plant with post

combustion capture systems, than from those withddi04]

There is a lack of research focused on the particulate matter emissions of gas turbines, and the
potential impact of the higher number, smaller size distribution emissions from then on post
combustion capture solvents. For the reasons of kngarticulate degradation of solvents,

and the knowledge gap with natural gas particulates, the potential for degradation should be
investigated. A first step to doing this is to analyse the size distributions of gas turbine exhaust
emissions, so this inforation can be used for further analysis of the solvents. In addition the
added processes of exhaust gas recirculation will impact upon the particulate size distribution
observed. EGR reduces peak flame temperature and NOx formation, whilst increasing the
presence of unburnt hydrocarbons, this will result in a different distribution of volatile organic
compounds, and acidic nucleation particles. Similarly the addition of HAT will alter the size
distribution of particles, increasing the likelihood for aggloat®n and larger accumulation

mode particles forming, as well as increasing acidic particles, which could alter amine solvents

pH, increasing degradation rates, and decreasingl@@ing.
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6.1 Experimental set up and methodology
6.1.1 Cambustion Unit

The particulte analyser is a machine that sizes by particle electro mobility.

A tube is charged with rings, each rings has a different charge, as the exhaust gas passes through
then the smaller more dynamic particles are attracted to the nearer rings and thus chiamge t
current measured on the ring when earthed. The smaller particles travel the further before being
attracted to other rings further down the tube. This alters the current reading on those rings. All

of this gives an estimate as to the number of partidtea flow and their size distribution. From

this it is also possible to estimate the mass of the particles, attributing a density to the sizes, and
through this the attribution can be challenging due to the unknown nature and shape of the
particles. For tB smaller particle size ranges, that are more common in the GDI emissions and

natural gas particlenass fng) = 5.2010% x dp® (nm) is suggested105, 106]

6.1.1.1 DMS500 Cambustion Unit Set up

The DMS500 Cambustion analyser is a small, mobile unit. At the front, the heated sample line is
seen connected ifigures-1 Photograph of the DMS500 MKII Cambusfastparticleanalyzer

with the sample inflow (a) to being seen splitting off, (b) compressed air for dilution is metered
from the DMS500 into the heated line in the centre, and (c) power is the cable on the right side,

for the heating of the line
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Figure6-1 Photograph of the DMS500 MKII Cambustifast particle analyzer.

At the rear of the analyser, compressed air is supplied via the brass fitting seen (e) at the bottom,
pressure within the angker is controlled and reduced by (d) the remote pump seen on the right

through, and (f) automatically controlled by a black signal cable.
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6.1.2 How the DMS500 Cambustion works

Grounded Electrode Rings (11 of 22 shown)
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Figure6-2 A schematic oftie DMS50@lassifier[107]

The particle detector irFigure6-2 A schematic ofte DMS50Q:lassifier[107] works on the
principles of particle charge and drag. The particles enter the classifier and are charged by a fine
corona wire that produces positive ions that charge the incoming particles that collide and this
charge assists in the sizing of the particles. The particlegyeftang ratio is known as the
electrical mobility. With the charged patrticles then being repelled from the central high voltage
rod (Figure6-3 The DMSlassifier, (aklassifierassembled, (b) HT Rod, épacechargeguard,

(d) classified, and the drag causing them to ground on the electrometer rings, there are multiple
rings to detect particles with different electrical mobility, which is related to the particle size

where they discharge, and amplifiers detelsetparticle numbers and siz§107)
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Figure6-3 The DMSlassifier, (a)cassifierassembled, (b) HT Rod, (g)acechargeguard, (d)
classifier

The particles remain within the DMS and attached to the electrometer rings until they are

cleaned away, or the analyser is serviced.

Figure6-4 Schematic of the DMS500 MKII didut [107].shows the exhaust samples travel
through a special heated dilution line. This line is heated td G5 the point of connection it
has a remote cyclone and restrictor, and the heated line also incorporates'ttiéufion of the
sample with compresgkemetered air. This dilution helps prevent the formation of condensation

which could cause irreparable damage to the DMS500, particularly the mass flow meters.
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Figure6-4 Schematic of the DMS500 MKII dilah [107].

The remote cyclone in the heated line removes particles above detectable size of Zum (1000nm).

Figure6-5 Remote cyclone and restrictor position.
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The restrictor Figure6-6 Restrictor sizingcontrols the flow according to the pressure of the
sample exhaust gas. An incorrect selection can result in a too high flitaw I restricted then

this may be due to particulate debris obstructing the restrictor which may require cleaning.

Figure6-6 Restrictor sizing.

6.1.3 DMS500 Software and sampling set up

The restrictor in tle remote cyclone of the heated line controls the sample flow. This flow should
be about 8slpm. If the DMS program warns that the flow is insufficient, the restrictor should be
checked for debris, to ensure it is clean and clear, or if necessary, swappedeovith a

different orifice size abigure6-6 Restrictor sizing.

The compressed air is attached to the rear of the DMS500, and this is used for the first dilution
of the sample to drop the dew point of the lexust emissions. For this reason, it must be dried
through refrigeration or from a compressed air or industrial nitrogen cylinder. During the
experiments dry cylinder air or industrial grade nitrogen was used, and supplied at a pressure 3

6bar.

A heated ample line is supplied with the DMS and used in conjunction with our own sample

line due to the practical length, and possible position of the DMS at the PACT core facilities. The
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first sample line collects the emissions directly from the gas turbine estl@uhe same point

as the sample for the FTIR and the Servomex are taken. It is 5m long, and heated to a
temperature 180C and then attached to the heated line supplied by Cambustion with the DMS.
The line temperature is controlled to try and prevergrsficant changes to the particulate size
distribution from exhaust point to measurement to increase accuracy. If the temperature is too
low condensation and agglomeration of particles may occur. If the temperature is too high VOC

may be vapourised, and hmeasured106, 107]

For the test, the restrictor 102 was used as this restrictor is for ambient pressure sampling. For
some engine operations this would not be appropriate due to the variable pressure of the
exhaust. However our sample is taken from the exhaustre the pressure is near to ambient

as the PT5 reading shows 10004000.5 mbar.

The DMS500 is turned on using the front power switch and at this point the user interface
program can be loaded, and is connected within a few seconds. In the prograswittched

from standby to on, and the flows are checked and the DMS500 starts a 30 minute countdown
for the warmup during which time an appropriate inversion matrix can be selected for the
emissions source to be sampled. In the case of the Gas Turbif@sSEties 1 and 3, the GDI
matrix is selected, this is Gasoline Direct Injection, thus anticipating more particles than ambient
conditions and more moisture from the combustion, but less than for diesel. After the warmup
is complete the analyser must betagerod to remove offset voltages that would skew the

results, or appear as non existent new particles.

The first dilution reduces the dew point of the exhaust sample, this was set to 4:1. Although the
recommendation is 5:1 and above for methane basedsfughich is the primary constituent of

the natural gas combusted, the mix is exceptionally fuel lean and hence the moisture content
post combustion is relatively low. Due to the low aerosol concentration, the second dilution was

not required and set to 1.

196



There is an exhaust pump that lowers the pressure within the unit.

The heated line goes to the exhaust and same sample point at the same location as the FTIR and
servomex. The line is connected to another heated line, so total distance of the line is

approximately 10m, and not the 5m of the heated line supplied by combustion.

6.1.4 Reducing and accounting for the loss in the lines

During the residence time from the gas turbine exhaust to the DMS sampling unit, particles can
form, and also be lost. The trahsime for particles in the 5m line is less than 100ms at 5:1
pressure ratio and the total sample time from start to detection is less than 2 seconds. This low

residence time helps improve the accuracy of the particulate readings.

Particle size distributn can change due to a number of factors, including electrophocesith
charged particles collecting this can particularly be a problem in the heated line particle losses,
conductive tubing of the DMS line helps reduce static, and this problem. Thaoregisg the
movement of particles due to heat variation can cause agglomeration, however maintaining a

heated line temperature helps prevent a heat gradient and limits this effect.

Line losses, particularly important when considering ultrafine parti¢tdesnar et a[79] found
the penetration of 100% of particles over 100nm in diameter, but varying to as low as 20% for
particles sub 5nm, however this is side the range of detection for the DMS500 MKilL&m

particles penetration rate was found to be up to 7Q¥&]

As evaporation is more likely to occur latver pressures, it is possible for the nanopatrticle
numbers to be underestimated by the DMS. However in lower pressure environments, heat
transfer is less, hence reducing the likely hood of evaporation, and the total residence time is
less than 2 secondsom sample point to reading. Different pressures have been tested, showing
that the change in particle number to be small when the pressure is dropped from atmospheric

to 250mb as the DMS500 operating conditions, there is no change in size distripL@gn.
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6.2 Results

This section investigates the particulate emissions that fall into the category of PM1, for the two
turbines at Beighton, the Turbec Series 1 and series 3 100kW microtsriinging the gas
turbine experiments, data was collected on the patrticle size distribution in the flue exhaust. This
was also done for the experiments with £€ddition to see if changing the oxidiser composition
altered the particulate size produced. Rbis a Cambustion DMS 500 analyser has been used to
collect the data on the particle size distribution. The particle number distribution gives a very
different representation of the data than the mass, or surface area. It is the most appropriate

metric for the ultrafine particles generated by gas turbines.
6.2.1 Atmospheric particulate distribution

Measurements were taken on site of ambient readings for comparison to turbine exhaust
emissions. These readings were taken through the turbine, before start upyilridclude the

impact of the turbine filter on particle size distribution.
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Figure6-7 Typical ambient particle size distribution concentration voltage
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Figure6-7 Typical ambient particle size distribution concentration voltagen corresponding
to voltage readings from the DMS, and these colourful plots can also show relative

concentrations through colour changes. This is a typical atmospheric plot.
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Figure6-8 Typical ambient particulate measurement

The ambient atmospheric particle readings Kgure 6-8 Typical ambient particulate
measurementshow peaks in the ultrafan PM1 range at diameter-30 nm, in the nucleation
mode, and particularly in the accumulation mode between 30 and 300nm, with slight peaks at
approximately 60 70 nm and 100¢ 200nm. InFigure 6-8 Typical ambient particulate
measurement the nucleation mode particles are in the order 36 x1CG, as with the
accumulation. However on other days readings have shown nucleation readings going up to 6 x
10* and the accumulation 3x 10AIll of the ambient readings thougthow the same size
distribution, and the corresponding peaks. All the results obtained are similar to those reported

by Kumar et aJ79].
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The variation in cacentration could be attributed to the atmospheric conditions, with higher
temperatures resulting in less volatile organic compounds, and a slight increase in accumulation
mode particles. Humidity increasing accumulation particles such as nitrates ahét®sdpAlso

it may be attributed to the particle humbers for the road adjacent to the PACT facilities,

increasing solid particles from diesel and gasoline engines, and nitrates and sulphates.
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Figure6-9 Typical ambient particle measurement profiles

The size distributions can be seen over time and interesting variations are observed during

transitions of more dynamic operations.
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6.2.2 GT3 Results
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Figure6-10 Typical GT3 size spectral density H8kW and 76105kW.
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The results ifrigure6-10 Typical GT3 size spectral densitypws similar particle size distribution
to the ambient readings. The nucleation paggbetween 67nm in diameter being a peak, and
the accumulation particles between 30 and 300 nm, but with a slight shift towards smaller

nucleation particles and a relative reduction in the particles over 200nm.

Although the particle size distributionseasimilar, the density of all the particles has increased.
The nucleation particles are 2 orders of magnitude higher in concentration, up®toni€s
rather than from 18times. The accumulation particles have increased by almost 1 order of

magnitude to D*times and with the ambient accumulation particles reading of 3x10

This increase in nucleation particles could well be due to the water from the combustion. The
increase in accumulation could be from the agglomeration of VOCs and nitrates formed from
the NQ emissions and #D. This corresponds to the highest NOx emissions which are
experienced by the GT3 at the highest and lowest turn down ratios of the turbine. This is visible
in Figure6-10 Typical GT3 size spectral densityere both the 40kW and 105kW outputs have

concentrations close to 4 x 41 the accumulation particles concentration.
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Figure6-11 GT3 dynamic particle spectrum at 105kW.
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FromFigure6-11 GT3 dynamic particle spectruihcan be seen that the performance of the
Series 3 GT is quite consistent during the operation and testing, and mirrors the emissions
performace. For this reason the high resolutiontled sampling times for the DMS 500 is not

required.
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6.2.3 GT1 Baseline Results

Figure6-12 TheGT1 particle size spectral density for 84kW and 64; 100kW.
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