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2. Executive Publishable Summary

Objectives

The objectives for this oxyfuel feasibility project (OXYGT Phase 1) is to assess the market potential
for the oxyfuel technology and the produced CO,, and to assess the technical and economic
performance of the oxyfuel engine, and to prepare for a demonstration of a natural gas fired
oxyfueled gas turbine in a pilot plant. The overall objective for the whole oxyfuel project (Phase 1-3)
is to develop a natural gas fired oxyfuel CCGT concept for demonstration in a commercial scale
power plant.

Objectives:

= Gas cooled oxyfuel CC, Turbine Inlet Temperature 1225 -1400 °C
= Net power output 100 — 120 MWe
= Electric efficiency potential > 45%

Description of Work

Overall project management and co-ordination have been carried out in subproject SPO. Market
analysis, process optimization, conceptual turbine design, and product cost analysis of the proposed
oxyfuel cycle OCC have been carried out in subproject SP1. A concept for a combustion system in
the OCC cycle has been developed and validated in subproject SP2 in an oxyfuel test burner that
has been designed and tested under high pressure conditions. The subproject SP3 has looked into
the problems regarding scaling of conventional (air) cooling concepts as to the different gas
properties present in the oxy-fuel turbine unit. Material and corrosion testing at elevated
temperatures have been performed for gas turbine materials in oxyfuel environment in subproject
SP4. Concepts for condensing out water in the recycled gas of the Brayton cycle and of gas
preheating for avoiding droplets/saturated corrosion in the first stage of the recycle compressor
have been recommended in SP5. Finally, subproject SP6 has provided input to project Phase 2, i.e.
to evaluate and decide about a pilot plant test site, and to propose a pilot plant design, burner
adaptation, control system, and infrastructure

Achievements in this Project Phase

= The OXYGT project has accomplished all contractual goals and has produced and
submitted 28 contractual Deliverable Reports to Gassnova.

= Three patents have been or are being applied for.

»  Market assessment study performed for commercial oxyfuel plants and EOR.

» The optimized oxyfuel cycle OCC has been chosen and used for evaluations in the
subprojects in the project. The calculated efficiency is about 47.2 %, pressure ratio 34.2,
TIT 1340 °C, electrical power 121.6 MW net (takes into account the power consumption of
CO, compression and O, production).

= The preferred shaft configuration of the OCC gas turbine is a twin-shaft gas generator with
a mechanically free power turbine and direct driven generator at 3000/ 3600 rpm. The
steam cycle is a conventional two pressure HRSG design, and steam turbine modules from
Siemens portfolio are used.

= The cost of the OCC power plant (125 MW), excluding ASU and auxiliary equipment, has
been estimated.

= A combustion concept for an oxyfuel burner has been developed. Main conclusions from
the reactor network calculations of the OCC: high CO concentration out of the turbine. Can
be reduced by higher O, excess.
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= An oxyfuel test burner has been designed, manufactured and tested in an oxyfuel
combustion high pressure test rig (atmospheric, 2 bar and 4.2 bar). The most stable flame is
achieved when the fuel split is close to the calculated oxidizer split of 1:2 pilot/main fuel.
The flashback tendency has a strong increasing trend with increasing O, concentration and
increasing pressure, whereas it diminishes at increasing power because of increased gas
velocity. The CO emissions have a clear decreasing trend with increasing excess O,. NOy
emissions above 40 ppm were measured, which can be considered high as only traces of N,
should be present.

» The oxyfuel burner designed and manufactured by Siemens has fulfilled the objectives of
the test program with regards to flame stabilization, in spite of limited budget and
development time. The modular design of the burner offers an easy change of the nozzle
geometry, which should be fully explored.

= The successful completion of the test program validates the high pressure oxyfuel test
facility at SINTEF as a powerful tool for oxyfuel combustion research and burner
development, and the oxyfuel burner as a promising candidate to be used in the pilot
oxyfuel gas turbine in OXYGT Phase 2.

= The OCC cycle has high pressure levels but, by virtue of the working media, a fairly low
discharge temperature. This means that the “cooling effectiveness” stays well within the
current practice.

= Material and corrosion testing at elevated temperatures have been performed for gas
turbine materials in oxyfuel environment. Conclusions are: (1) current design data valid for
Inconel 718 in normal gas turbine environments can also be used in oxyfuel applications,
(2) all alloys form protective oxides in the exposed environments, (3) no carburization was
detected with the used evaluation equipment for any alloy, (4) if the combustion gas
contains too low concentrations of H,O and O,, carbon deposition in the top coat will
occur.

= Condensation concept recommended with a scrubber, where cold water is sprayed in
counter-flow with the warm gas. Gas preheating concept recommended with a gas-water
heat exchanger of finned tube type. The solution uses well known standard.

» A suitable engine platform (Turbec T100), test site (Lund University), and a plan for
oxyfuel pilot testing have been suggested. The combustion section has to be fitted into the
standard T100 extension piece. Existing control system has to be overlooked/up-dated. The
most significant parts of the infrastructure are in place: gas turbine (incl. grid connection),
NG supply, cooling plant, exhaust system with evacuation fan, separate control room,
access to a fully equipped workshop with highly skilled staff. O, production (maybe ASU),
storage and firing carry several critical HSE-issues that have to be resolved and properly
reviewed by several bodies (fire department etc.). These aspects have been addressed.

Results and Exploitation Plans

The important deliverables of the project have been the selection of an optimized oxyfuel combined
cycle concept (OCC); the preferred shaft configuration of the OCC gas turbine (twin-shaft gas
generator with a mechanically free power turbine and direct driven generator); development of a
combustion concept for an oxyfuel burner; design, manufacturing and testing of an oxyfuel test
burner at high pressure conditions; current design data valid for Inconel 718 in normal gas turbine
environments can also be used in oxyfuel applications; all tested alloys form protective oxides in
the exposed oxyfuel environments; carbon deposition in the top coat (TBC) will occur if the
oxyfuel combustion gas contains too low concentrations of H,O and O,.

The key deliverables of this project are test results from the individual test programmes (oxyfuel
test burner, material testing (fatigue crack growth and corrosion testings)) and a preparation plan to
allow for a pilot plant scale demonstration of the OXYGT concept. The companies involved will,
upon completion of this project, have all the expertise and resources needed to exploit the
developed oxyfuel technology in a next project phase (pilot plant demonstration). Necessary IPR
has been or is in the process of being registered.
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3. Objectives of the Project

The objectives for this oxyfuel feasibility project (OXYGT Phase 1) is to assess the market potential
for the oxyfuel technology and the produced CO,, and to assess the technical and economic
performance of the oxyfuel engine, and to prepare for a demonstration of a natural gas fired
oxyfueled gas turbine in a pilot plant . The overall objective for the whole oxyfuel project (Phase 1-
3) is to develop a natural gas fired oxyfuel CCGT concept for demonstration in a commercial scale
power plant.
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4. Scientific and Technical Description of the Results

4.0 OXYGT Phase 1 Work Breakdown Structure

Project
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Oxyfuel combined cycle Combustion system Cooling concept Material selection Gas processing Pilot plant preparation
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Figure 4.0.1: OXYGT Phase 1 work breakdown structure

OXYGT Project Phase 1 management with SP lead responsibilities, SP and WP titles is shown in Figure
4.0.1.
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4.1 Summary of specific objectives for all subprojects

SPO (Project Coordination and Management): Project Coordination and Management (SP0) will
ensure a smooth running of the overall programme, including attainment of intermediate and final
deliverables. The program manager is responsible for planning and attaining the objectives of the
total project.

SP1 (Oxyfuel combined cycle): In SP1, process optimisation, oxyfuel conceptual turbine design,
economic evaluation and market analysis are activities that have to be carefully performed to
generate a reliable view of the commercial potential of the oxy-fuel combined cycle as a future path
for transformation of energy.

SP2 (Combustion system): The objective of SP2 is to develop a concept for a combustion system in
gas turbine oxy-fuel cycles, and to validate the combustion concept at pilot plant scale.

SP3 (Cooling concept): The cooling arrangements studied in this project will focus on conventional
working media cooling and look into the problems regarding scaling of these conventional cooling
concepts as to the different gas properties present in the oxy-fuel turbine unit.

SP4 (Material selection): The objectives of SP4 are (1) to make a first assessment of the feasibility
and potential material issues when using materials for gas turbine applications in oxy fuel
environment, and (2) to use the results to ensure the integrity of the pilot plant operation and to
give input to future mechanical testing in oxyfuel environments.

SP5 (Gas processing): This subproject consists of two main tasks with the objectives (1) to develop
a condensation concept for the turbine drive gas and (2) to find an optimal solution of preheating of
the working fluid to the compressor to minimize the efficiency penalty.

SP6 (Pilot plant preparation): The objective of SP6 is to provide input to project Phase 2, i.e. (1) to
evaluate and decide about a pilot plant test site, and (2) to propose a pilot plant design, burner
adaptation, control system, and infrastructure.

4.2 Brief overview of work performed and some results during the first
project phase

4.2.0 SPO: Project Co-ordination and Management
(See also section 8 Management and co-ordination aspects)

The coordination and management of the project have been shared between a Project Coordinator
(PC) and a Project Manager (PM). The role of the PC has among others been to ensure an effective
communication within the consortium and an effective dialogue between the consortium and
Gassnova. The PM has had the overall responsibility for planning and attaining the objectives of
the total project.

- An internet based tool eRoom (managed by PC) has been used to support the internal
communication, and for monitoring and documentation of the project.

- A Consortium Agreement has been signed by all project partners.

- Project meetings: PM and PC have organized and carried through a number of different meetings.

= PM and PC have had weekly follow-up meetings (in SP0).
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Kick-off meeting: August 31, 2011 at SINTEF, Trondheim with all project members
invited.

Mid Term Review meeting: October 5, 2012 (phone conference) with all partners,
combined with board meeting no 1. Gassnova invited as observer.

Final Review meeting: November 19, 2013 at Lund University, Sweden combined with
board meeting no 6. Gassnova observer.

Board meetings: eight board meetings have been carried through, most of them as phone
conferences. Gassnova invited as observer.

Board meeting no 1: October 5, 2012 (combined with Mid Term Review meeting)

Board meeting no 2: December 7, 2012

Board meeting no 3: April 4, 2013

Board meeting no 4: August 29, 2013

Board meeting no 5: October 7, 2013

Board meeting no 6: November 19, 2013 at partner Lund University (combined with Final
Review meeting)

Board meeting no 7: January 15, 2014

Board meeting no 8: March 5, 2014

SP Leader meetings: As most of the SP Leaders have been members of the board and/ or
have had very close contacts with each others in the project work, there has not been a
strong need to have separate SPL meetings on a regular basis.

All SP Leaders were invited to the joint board and Final Review meeting, November 19,
2013 at Lund University.

Technical meetings: A number of technical meetings have been held in the SPs, some of
them initiated and organized by the PM. The PM has also participated in several technical
meetings in the different SPs (especially in SP1, SP2 and SP4).

- Deliverables: The project has produced and submitted 28 contractual Deliverable Reports to
Gassnova. Among these are:

Consortium Agreement

Risk analysis report

Final Technical Report including Cost Statements
Final Publishable Report (this report)

Final Technological Implementation Plan

In addition to this also technical papers produced in the OXYGT project and presented in one
scientific journal and at four scientific conferences have been delivered to Gasshova.

A Technology Implementation Plan based on technical results and up-dated cost estimates for the
oxyfuel technology was released at the end of the project (see 8.3).
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4.2.1 SP1: Oxyfuel combined cycle

WP1.1 (Market potential)

Introduction

Carbon Capture and Sequestration (CCS) can be divided into pre- and post-combustion capture of
CO; as well as oxy-fuel combustion. As of today most of the development done by the power
equipment suppliers is directed towards pre- and post-combustion concepts and equipment as the
quicker route to achieving reduced emissions. However, in comparison and based on the best
information available today (and with the technology available today) oxy-combustion with CO,
capture would hold competitive potentials.

As electricity sourced from fossil fuels accounts for more than 40% of the world’s energy-related
CO, emissions (IEA 2011), the Roadmap looks to CCS for 19 to 32 percent of total EU emission
cuts by 2050. Similarly, the IEA has calculated that 20% of all cuts in greenhouse gas emissions up
to 2050 must be done by CCS. That will require the technology to be made progressively available
to power generators and heavy industry from 2020 onward. All new power plants built after that
year would have to be equipped with the technology and old ones retrofitted by 2030, while half of
Europe’s heavy industries would require the technology by 2050.

To reach the 2 °C goal, the IEA estimates there will have to be 1500 large-scale CCS projects
around the world by 2035, but only 74 have so far been announced. By 2050, IEA predicts in their
“Blue Map scenario” that about 11000 TWh must be produced by CCS plants®. There is no long-
term role for fossil fuels in Europe’s future energy mix unless CCS is deployed,” the EU’s energy
commissioner warned in 2012. “Without decisive policy actions in support of CCS demonstration
projects and subsequent early deployment, CCS will not happen in Europe, and European
companies will not be able to maintain their technology leadership.” Also, more gas plants are
needed to better balance the energy market mix together with coalfired plants and the plethora of
renewable.

Also, after the Fukushima meltdown disaster new atomic power plants have an uncertain future,
and with the present high electricity prices in Europe, funds will be available for CCS
demonstration plants despite the financial constraints.

In their report from July 2011, EU’s technology platform for CO, handling (ZEP), assumes a
capture cost of around 100 Euro per ton from a natural gas power plant. The same report assumes
that electricity from a coal fired plant with CCS in a few years will cost about 75 Euro per MWh -
about 50% more than for electricity from a new plant without CO, handling. The added plant-price
for CCS is highly disputed, but what is agreed is that the first plants will be expensive but
technology development will gradually lower the price. With today’s price for carbon credits of
some 8 to 12 Euro, low carbon technologies are not commercially viable, but when regulatory and
fiscal policies are changed and/or the carbon permits increased to some 40-50 Euro, this will
change.

Interestingly, despite the present financial climate, Visiongain in their report “The Carbon Capture
&Storage/Sequestration (CCS) Technologies Market 2012 - 2022” calculated that the global CCS
expenditure in 2011 was worth $13.70 Billion. “Although the CCS industry will be faced with the
restraints of proving the effectiveness of CCS technologies on the large-scale, the negative public
perception of the technology and the unsupportive legislative framework, the CCS market is likely
to provide substantial opportunities for potential investors.”

10
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According to a Global CCS Institute study, the cost of mitigating or avoiding CO2 emissions for a
coal-fired power plant fitted with CCS technology ranges from US$ 23-92 per ton of CO2. This is
compared to an avoided CO2 cost of US$ 90-176/ton for offshore wind, US$ 139-201/ton for solar
thermal and even more for solar PV.

Carbon capture by oxyfuel combustion
Figure 4.2.1.1 explains in short two different energy conversion strategies, and technical
approaches that both include oxyfuel combustion.
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Figure 4.2.1.1: Two alternative CCS energy conversion strategies including oxyfuel combustion (courtesy
SINTEF, Jens Hetland)

A conventional oxyfuel cycle includes traditional boiler and steam turbine technologies with shaft
power supplied from heat via a number of various staged steam cycle expansion loops. Figure
4.2.1.1 is referring to these technologies in category indirect oxy-combustion cycles. The more
innovative technologies seen from the market vendor’s perspective would be the direct oxy-
combustion cycle, utilizing gas turbines in the energy conversion process (OXYGT). The energy
conversion is a two-step process with expansion energy collected in the oxidizing turbine and with
the remaining useful heat energy collected from the combined steam cycle stages.

An advantage in OXYGT would be the increased utilization of the fuel’s energy potential when it
is converted to shaft power (in respective gas and steam cycles) for e.g. electric energy generation.
The measures to calculate fuel efficiency of such technologies would be comparable with those
employed for conventional NGCC plants. With a CCS prerequisite the fuel efficiency may be just
as good or even higher in OXYGT applications.

In practical designs there are current restrictions in technologies offered by market that must be
overcome. Ongoing efforts point at optimizing the burner technologies and the acceptable
operating turbine temperature (TIT) as a result of the pure oxygen mixed with fuel. Potential is
substantial compared to the indirect oxycombustion cycles — some 10-12 percent points

11
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improvements in efficiencies have been indicated and are still to be verified. The interest for oxy-
combustion in academics and research is high. Till now, most realized projects have featured
indirect oxy-processes. This might change if the commercial entry of gas turbine technologies for
this market is confirmed.

In the oxyfuel-combustion processes, the bulk nitrogen is removed from the air before combustion.
Apart from a relatively high CO, content, the resulting combustion products are water vapour and
some flue gas impurities that may be removed by reducing the flue gas (at moderate pressure) to a
temperature at which the CO, condenses and the impurities do not. The process equipment consists
largely of rotating equipment and heat exchangers familiar to power plant owners and operators
with no chemical operations or significant on-site chemical inventory. On a cost per ton CO,
captured basis, it should be possible to achieve 95% CO, capture at an incrementally lower cost
than achieving a baseline 90% CO, capture by other methods. The degree of CO, capture could be
even higher, but the trend curves for clean oxygen production in the ASU (Air Separation Unit)
versus typical energy consumption appear escalating meaning energy penalties and higher costs
would occur e.g. at 98+% compared to 95% (cf. Figure 4.2.1.2).
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Figure 4.2.1.2: Relative energy consumption vs. oxygen purity in an ASU (courtesy Air Liquide)

The first industrial size oxyfuel demonstration plants used coal-fired boilers and steam turbines to
prove the viability of oxyfuel technology. Using today’s technology, the auxiliary power associated
with air compression in a cryogenic air separation unit and CO, compression in the CO,
purification unit will reduce net plant output considerably (up to 25%) compared with an air fired
power plant with the same gross capacity (without CO, capture). With future efficiency
improvements to the combustion process and production of oxygen however, power plants could
achieve efficiencies comparable to the best plants currently being built and certainly better than
other CCS technologies. Current R&D focuses primarily on increasing firing temperatures in the
gas turbine and on improvements in energy consumption and footprint of the ASU. Oxygen
production from air using membranes is by many considered a promising upcoming technology.

Oxyfuel power plant markets
Examples of niche markets for early deployment of commercial oxyfuel plants based on gas rather
than liquid are

e Peak power plants where availability is more important than the actual price for power.
OPEX is comparable with other peakers, but CAPEX is lower. The so-called super-peakers
in the US operate only 2-3 % of the time and have a typical output of 40-100 MW. All
components of such a plant are today both bankable and insurable.

e Production of heat, water, power and CO, for Enhanced Oil Recovery (EOR) including e.g.
SAGD - Steam Assisted Gravity Drainage.

12
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With CO, storage, the earliest markets will be plants subsidised by public funds and/ or in locations
where legislation or fiscal constraints exclude plants with emission. These include remote plants for
power and steam production with no connection to an electricity grid, including offshore platforms
situated where electrification from land is not commercial or possible.

Enhanced Oil Recovery (EOR)

Enhanced Oil Recovery — has been implemented in onshore projects where the commercial benefits
include acceptable (break even) costs in sequestration and transport systems next to the additional
earnings in increased net oil production. Figures for such development projects in the past can be
collected from US Department of Energy (DoE). EOR methods might include a commercial value
for CO, that puts it in ‘the grey zone’ between storage (CCS) and use (CCU) and as one of more
viable components to improve effectiveness and economy of these technologies (cf. Figure
4.2.1.3).
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Figure 4.2.1.3: Cross-section illustrating how carbon dioxide and water can be used to flush residual oil from
a subsurface rock formation between wells

WP1.2 (Oxyfuel cycles: optimization/ alternatives)

Introduction

One of the objectives of this project is to provide an estimation of the performance for a
commercial Semi-Closed Oxyfuel Combustion Cycle (SCOC-CC) in the 125 MW range, based on
two slightly different cycle concepts, one from Siemens and one from Nebb Engineering.
Simulation models of these power plants have been generated.

13
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Oxyfuel combined cycle with semi-closed cycle

The Semi-Closed Oxyfuel Combustion Cycle (SCOC-CC) is a promising candidate for Carbon
Capture and Storage (CCS) power plants due to its relative simplicity compared to other oxyfuel
cycles. The cycle consists of a topping Brayton cycle and a bottoming Rankine cycle and has
therefore obviously many similarities with a regular Combined Cycle Power Plant (CCPP). It is the
topping gas turbine cycle that differs from that of a conventional CCPP plant. First of all the
working fluid in the compressor is CO, (diluted with argon and small amounts of steam). Secondly
the combustion chamber is operated in close to stoichiometric conditions with pure oxygen as
oxidizer and CO, as coolant. Thereafter, the combustion product which consists of CO, and H,0O
expands through the turbine. The turbine cooling is provided with CO, extracted from the
compressor.

In a SCOC-CC cycle CO, enters the compressor wherein it is compressed and after the
compression the CO, enters the combustion chamber where the temperature is raised as oxygen
reacts with fuel. Some excess O; is required to ensure complete combustion i.e. high combustion
efficiency. The turbine cooling is provided with CO, extracted from the compressor.

The pressure ratio of the oxyfuel gas turbine is much higher (about 40) compared to a conventional
combined cycle gas turbine (about 18) due to the relatively low isentropic exponent for CO,. The
Heat Recovery Steam Generator (HRSG) does not differ from a regular CCPP in other ways than
that the working media is CO, and steam instead of flue gas, nor does the steam cycle. After the
HRSG the exhaust gas needs cooling before further treatment, this is regularly done by direct
contact with water, which is sprayed in at the top of a column facing the counter current exhaust
gas. This will reduce the exhaust gas temperature, which will cause the steam to condense and
drain with the cooling water at the bottom of the column. A part of the exhaust gas is re-circulated
to the compressor inlet and the remaining part is ready for compression and storage. The remaining
exhaust gas which is corresponding to the amount of CO, formed in the combustion process is then
ready to be compressed to the final storage pressure.

OCC Oxyfuel Combined Cycle

The first of the Semi-Closed Oxyfuel Combustion Cycles is in the future referred to as the Oxyfuel
Combined Cycle (OCC, see Figure 4.2.1.4). This is a cycle very similar to a re-circulated
conventional combined cycle plant. The main difference except from the working medium is that
the compression is mechanically divided into two compressors with different rotational speeds to
manage to keep up efficiency for all compressor stages. This solution is triggered by the high
pressure ratios needed in oxyfuel cycles due to the different isentropic exponents for CO, and the
low speed of sound in the working medium. Since the working medium has to be cooled down
below the dew point for H,O before the re-circulation, the compressor has to be protected by a
heater to avoid erosion of the inlet stages. The choice of the design parameters for this cycle is
triggered mainly by the following reasoning.

o High pressure ratios are needed for this type of cycles but the experience of high pressure
ratios is limited. The commercially available stationary gas turbine with the highest
pressure ratio is the LMS100, which has a pressure ratio of 43-45. This engine is to a large
extent built on experience from aero engines where high pressure ratios are more state of
the art due to stiff competition regarding low cruising fuel consumption.

e The efficiency vs. pressure ratio gradient in the OCC cycle is not that steep and a high
oxyfuel turbine exhaust gas temperature can in the future be, to some extent, compensated
by high steam turbine inlet temperatures, around 600 °C. In this study the live steam
temperature was restricted to 565 °C due to present limitations of live steam temperature.

e High pressure ratio also generates higher working media mass flow which indicates that
the specific work output is going down as pressure is increased.
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Figure 4.2.1.4: Layout of the Oxyfuel Combined Cycle OCC

A pressure ratio of about 34 is chosen as the most favorable for the future development of this
concept. This generates a plant efficiency of 47.2 %. This is, according to the reasoning above, a
suitable design point for the cycle which limits the leaps in technology for an implementation of
these ideas into hardware.

HMOC Oxyfuel Combined Cycle

The second Semi-Closed Oxyfuel Combustion Cycle (SCOC-CC) is designed by Nebb
Engineering and is here referred to as the High Moisture Oxyfuel Cycle (HMOC) (see Figure
4.2.1.5). This is a slightly more advanced cycle but still similar to a re-circulated conventional
combined cycle plant. The main difference, except from the working medium, is that the
compression is mechanically divided into two compressors with different rotational speed with an
intercooler between in order to on one hand manage to keep a high efficiency for all compressor
stages and on the other hand reduce the compressor work. The bleed is also located between the
compressors generating a higher inlet pressure for the CO, compressor train and an opportunity to
include heat from the condensation of water into the heat streams utilized in the cycle.

Compressors Turbines HMOC
LP HP 02 Fuel HP LP PT Generator HP LP Generator
Cooling Fluid
Heater
| Bleed
Scrubber/Condenser HRSG Deaerator

@ CO2 Compression

Figure 4.2.1.5: Layout of the Oxyfuel Combined Cycle HMOC
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Some of the arguments from the OCC results are also valid for the HMOC. A pressure ratio of
about 40 is chosen as the most favorable for the future development of this concept. This generates
a plant efficiency slightly below 42 %.

Conclusions

Oxyfuel power cycles are only suitable for carbon capture plants and will never be able to compete
with standard power plant cycles in terms of efficiency. The calculated efficiency is about 47.2 %
of the OCC cycle and about 42 % of the HMOC cycle. To generate relatively high plant
efficiencies from an oxyfuel power plant the Brayton cycle equipment ought to be designed for a
pressure ratio in the range of 32 - 40 combined with a TIT of 1340 °C.

The pressure ratio in the final design of the OCC cycle was 34.2 and the electrical power from the
plant is 158 900 kW gross and 121 600 kW net, which includes the power consumption of CO,
compression and O, production. This results in a net plant efficiency of 47.2 % of the OCC cycle
including all main auxiliary equipment. If not including the CO, treatment the performance figures
are 129 MW and 50.0 %.

WP1.3 (Oxyfuel turbine conceptual design)

Introduction

The main objective of this study is to design and evaluate different concepts regarding the main
turbo-machinery components suitable for the chosen optimized oxy-fuel combined cycle (OCC).
The examined turbo-machinery components are the compressors (low pressure and high pressure)
and turbines (high pressure, low pressure and power) in the main CO, gas cycle and to choose and
evaluate suitable steam turbine modules from Siemens standard range for the bottoming Rankine
cycle.

In addition to the general issues in the design work of a gas turbine that utilizes air as working
media the design of the turbo-machinery for the OCC also must cope with the problem of how a
completely different gas composition affects the design. Before the design of the turbo-machinery
could be generated the overall heat and mass balances for the OCC had to be established and thus
the main operation points for respective component e.g. mass flow (m), pressure (p), temperature
(T) and gas composition.

Gas turbine global design

The method used for the development of the engine design was an iterative process initially based
on a general design of the gas path. Starting with a general gas path design the aim was to adjust
the gas path to become a satisfying compromise between the individual demands from each
component that also fulfills the overall aero-thermal requirements. This adjusted gas path design
then provides a good base for the aerodynamic and mechanical integrity (MI) design of the
individual components. This also reduces the risk of sub optimization of the individual components
disregarding the overall design. This method ensures that the components are designed and
optimized to interact with each other. Examples of parameters roughly decided in this process are
gas path radius, shaft speeds (N), pressure ratios (PR), inlet and outlet Mach numbers (M). Next
phase is to design the individual compressors and turbines.

Gas turbine compressor design

The compressor design was iterated between the design requirements specified previously, a 1D
hub/ mid/ tip span design and a 2D through flow model in Siemens in-house through flow code
HTO0300. The 1D design is probably the most important design phase for the individual components
as the potential performance is determined here. If the design in this phase is not properly
accomplished, the design at higher dimension levels will be difficult and very time consuming.
Examples of parameters determined in the 1D phase are the number of stages, stage loading, and
individual flow conditions of the stages (angle and velocities), aspect ratios, solidities and a more
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detailed flow path. These parameters are determined at the tip, mid and hub radius when possible.
Based on this 1D design a 2D model is created for HT0300. In this program each blade row is
modeled individually and a full through flow solution is generated. For the through flow code the
origin regarding blade family has to be specified for each blade row (e.g. NACA 65, C4, DCA,
MCA or in-house data) as well as a number of blade specific parameters (e.g. blade angles,
thickness, camber etc.) to enable e.g. the use of the loss and deviation correlations. In the 2D design
the individual blade angles have to be tuned until a satisfying flow field that matches the 1D and
fulfills the global aero-thermal requirements is achieved. When that is accomplished a
characteristic over the off-design behavior can be obtained and investigated.

Initial estimation of the thickness to chord has been set in HT0300 but these values need to be
optimized together with calculation of the blade dynamics later on. Additional adjustments to
handle the gas properties have been implemented in the HT0300 input.

Gas turbine design

The turbine design was made in Siemens in-house tool T-Design, which contains an interface
connecting the 1D aerodynamic design and analysis code with the mechanical integrity (MI) code
which calculates the blades, blade-to-disc attachment and the discs in 1D/ 2D. These static 1D/ 2D
codes will generate a good assessment of the feasibility for the turbines to fulfill the aerodynamics
and MI. Before the aerodynamic design and analysis could be initiated the codes (Mac | and Mac
I1) had to be updated regarding gas properties to handle other cooling flow gas mixtures than air.
The material properties utilized in the MI code are developed for a working media corresponding to
a conventional GT. Therefore these MI results could be misleading if the CO, rich working media
shows any pronounced influence on the material properties. The OXYGT subproject SP4 (Material
selection) will provide a first indication of the impact from the working media and later a new Ml
analysis may have to be performed depending on these findings.

Design requirements for the gas turbine

The gas turbine pressure ratio at the design point is about 34, which is rather high for a single-shaft
compressor. The preferred design to achieve such a high pressure ratio is therefore to divide the
compressor into two modules operating at different speeds. A gas turbine design with two
individual compressors can be achieved with a number of different shaft-configurations.

Considered configurations:

(1) One shaft gas generator with free power turbine

2 Two shaft/speed compressors with a gearbox in front and a free power turbine.
3 Two shaft/speed compressor with a gearbox in between and a free power turbine.
(4) Twin spool with a free power turbine

l

O T nr—

Figure 4.2.1.6: Suggested gas turbine configuration for the OCC

Steam turbine design
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The Siemens modules chosen for the steam bottoming cycle are HP-16R and LP-550. The design
and analysis was performed with the Siemens in-house code Pro-steam. Total electrical power from
the steam cycle is 58.85 MW.

Summary

The electrical power from the plant is 158 900 kW gross and 121 600 kW net which includes the
power consumption of CO, compression and O, production. This results in a net plant efficiency of
47.2 % including all main auxiliary equipment. The preferred shaft configuration of the GT is a
twin-shaft gas generator with a mechanically free power turbine and direct driven generator at
3000/ 3600 rpm (see Figure 4.2.1.6). The steam cycle is a conventional two pressure HRSG design
and steam turbine modules from Siemens portfolio are used.

WP1.4 (Cost analysis)

Introduction

The methodology for generation of cost predictions regarding specific gas turbine core engines, gas
turbine package and power plants is of course of vital commercial interest for Siemens. To generate
a reliable cost estimation of the OXYGT core engine it has been scaled in detail based on the
engine design generated in OXYGT WP1.3 and compared with similar Siemens gas turbine
products that are in production. To publish in detail how this scaling and cost estimation are
performed would be in conflict with commercial interests of Siemens and is for that reason not
included in this report. The same motive applies to the cost generation of the entire plant. The
different plant systems have been scaled and compared with products that are similar in size based
on Siemens scope in typical Siemens commercial project setups. The same reasoning is applicable
to this part of the cost analysis and is for that reason also excluded from this report.

Gas turbine core engine scaling

The gas turbine core engine to be included in the OCC power plant is a twin spool engine with a
power turbine without gear i.e. the power turbine is running at 3000/3600 rpm. To generate a
reliable cost estimation of the core engine the gas path parts were scaled utilizing the SGT-750 gas
turbine as reference. The geometry for the expensive parts such as discs and blades is based on the
design work generated in OXYGT WPL1.3 regarding measures. The scaling of the parts from SGT-
750 to OXYGT geometry was made based on established company procedures. The cost was based
on engine number 5 and not “the mature engine” implying also that in the core engine calculations
there is a saving potential of approximately 5% due to improved knowledge regarding the product.

Gas turbine package

The gas turbine core engine is installed in the gas turbine package. The package includes all
auxiliary systems such as ducting, fuel system, condenser and cooling systems, generator, controls,
exhaust systems etc. The cost of the package is scaled from the package cost for a SGT-800 gas
turbine and the cost of an additional O,-system feeding the burners based on the cost of an
additional external fuel system.

Conventional parts of the combined cycle scaling

The conventional parts of the combined cycle plant components are based on scaling of a SCC 2 x
1 SGT-800 plant, which has a similar combined cycle plant configuration. The SCC 2 x 1 SGT-800
plant has a net power output of about 145 MW with a gas turbine output of about 100 MW and a
steam cycle output of about 45 MW, i.e. power output figures that correspond quite well to the
OXYGT 125 MW plant. The scaling factors applied to the SGT-800 plant cost figures are based on
estimates generated from power output ratios, mass flow ratios etc.

Conclusion

To generate the cost for an entire OXYGT-plant with reliable cost figures, vendor feedback is
required regarding equipment that is not in Siemens scope of supply, i.e. ASU, external O, supply
system, CO, compression train, high voltage step up transformers, produced water treatment plant,
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and external water cooling system. To be able to generate such feedback, the specifications
regarding these systems and the entire project situation need to be more mature.
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4.2.2 SP2: Combustion system

The objective for SP2 in OXYGT is twofold;

- Develop a concept for a combustion system in gas turbine oxyfuel cycles
- Validate the combustion concept at pilot plant scale

To achieve these objectives, the sub project is divided into two Work Packages. The WPs and their
tasks are described below with emphasis on the main findings.

WP2.1 (Combustion concept)

Introduction
Work Package 2.1 consists of three separate tasks, Task 2.1.1 (Combustion properties at cycle
conditions), Task 2.1.2 (Selection of stabilization concept) and Task 2.1.3 (Selection of heat
distribution and combustion chamber layout). Combustion calculations have been done in order to
provide needed background data for the further design process, and they consist of two main parts.
Calculations of basic combustion properties
/ \33
iz’/ \
Working
fluid a _—
Fuel —)1 D'zlz:::n
Oxidizer E
—>
A N /_
\ 7.

Figure 4.2.2.1: Schematic model of the combustor

A schematic diagram of the model combustor is shown in Figure 4.2.2.1. In the present combustion
analysis model the Working Fluid (WF) from the compressor can be split in three streams. One
stream, a,, is going through the burner together with fuel and oxidizer. Stream a, is also fed to the
primary zone, while stream az is the main dilution stream fed downstream the primary zone. One
main target of the analysis is to evaluate the ratio between these WF streams. The green arrows
show the positions of the WF streams into the combustor. In addition they are distributed evenly
around the combustor circumferentially.

Calculations have been performed for laminar flame speed and adiabatic flame temperature for a
range of relevant mixtures. They include the proposed oxyfuel cycle cases from Siemens and Nebb
(see chapter 4.2.1) as well as relevant air-based comparison cases. The two oxyfuel cases differ
mainly on how the exhaust recirculation is arranged. In the Siemens case it is after condensation,
whereas for the Nebb case before condensation. Based on the results the mass balance around the
combustor has been established for three specific cases, the Siemens case, the Nebb case as well as
an air case. The mass balances give both mass flow and volumetric flow for inlet streams, the
stream out from the primary zone as well as the stream leaving the combustor (cf. Figure 4.2.2.1).
Some important considerations about the design can be drawn from these data, as compared to air:

20



Final Technical Report CLIMIT-programmet Project 212784 OXYGT
PUBLISHABLE

- If the Siemens case targets the same flame speed as the air case, the temperature would be
much higher. Alternatively, if the temperature target is the same as in air, the flame speed
would be lower than in the air case.

- If the Nebb case targets the same flame speed as the air case, the temperature would be
somewhat higher (but the difference being not as large as in the Siemens case).
Alternatively, if the temperature target is the same as in air, the flame speed would be
lower than in the air case.

- The volumetric flow of oxidizer and working fluid to the primary zone is much smaller
than the comparable amount of air in the air case. This may affect the aerodynamics such
as the sizing of swirl and recirculation.

- The volumetric flow of burnt mixture leaving the primary zone is also much less in the
oxyfuel cases. E.g. for the Siemens case it is three times smaller than in the air case.

- The same is also true for the burnt mixture leaving the combustor; the volumetric flow of
the oxyfuel cases is much lower than for the air case

- The share of working fluid going to the dilution zone (termed a3) is much higher for the
oxyfuel cases than for the air case. For the Siemens case the share is about 0.5 and for the
Nebb case it is about 0.4. In comparison it is 0.2 for the air case.

- For some of the results the differences are as large between the two oxyfuel cases as the
difference to the air-case. This will have important design implications as well as affecting
the testing plans.

Reactor network calculations

The second part consists of reactor network calculations where the combustor is more closely
resembled using a network of suitable reactors (see Figure 4.2.2.2) and a comprehensive chemical
kinetic reaction mechanism. This study gives valuable information about temperature levels
throughout the network, concentration of species in the different part of the network, as well as the
emission of un-burnt fuel, NO,, CO and other components if wanted. It should be noted that this
kind of calculations is somewhat idealized in that flow and mixing effects are treated in an optimal
way. In practice the mixing quality will probably be somewhat less which could mean more
emissions of e.g. CO. But the results will give valuable estimates and be important in narrowing
down the operational window and give guidelines for the design.

A 4

.| Dilution Post
zone PSR dilution PFR

Figure 4.2.2.2: Reactor network representation of the model combustor

The network calculations were done for a large range of WF splits with the purpose to find
optimum values from an emission point of view and to verify whether these values match the
estimated value of the a; share of about 0.5 found in the preceding section.

The main conclusions from the reactor network calculations of the Siemens cases are:
- For all the cases with O, excess of 0.5% the CO concentration out from the turbine is high.
- The CO concentration keeps on going down through the turbine, i.e. it is not reaching its
final stationary value at the outlet of the combustor.
- The only cases that seem to achieve reduced CO are the cases where O, excess is
increased: the more O, excess, the lower CO emission.
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- For higher O, excess (ca. >3%), CO reaches nearly its final value at the outlet of the
combustor.

- The NOy concentrations out of the combustor and turbine are generally low. The main
exceptions are the cases where most of the working fluid is fed to the dilution zone
downstream the primary zone (a3 = 0.6 and 0.8) which means less working fluid is
available for dilution in the primary zone. Since the oxidizer is also pre-heated it generates
high temperatures in this zone, causing high local levels of NO, that are not further reduced
downstream.

- Two cases with low a3 (a3 = 0.15 and 0.25) and at the same time low amount of dilution in
the mixing zone, do generate high NO, values. These cases ignite already in the mixing
zone and cause very high temperature and NO,.

The main conclusions from the reactor network calculations of the Nebb cases are:

- For all the cases there is a successive decrease of the CO concentration from the combustor
outlet to the turbine outlet where it is pretty low.

- The reason for the lower CO in the Nebb cases compared to the Siemens cases is the higher
oxygen excess (3 % vs. 0.5%).

- The NO, concentrations out of the combustor and turbine are low. The main exceptions are
the cases with high value of a3 (especially a3 = 0.8 and to some degree also a3 = 0.6)
which means most of the working fluid is fed in the dilution zone and less is available for
dilution in the primary zone.

- Two cases with low a3 (a3 = 0.15 and 0.25) and at the same time low amount of dilution in
the mixing zone, do generate high NO, values. These cases ignite already in the mixing
zone and cause very high temperature and NO,.

The results clearly give some guidelines on how to divide the streams into and around the
combustor in order to avoid excessive temperatures and NO, generation. They also show the
significance of enough O, for the CO burn out. This last item is worth considering both with
respect to the further combustor design as well as to the cycle analysis, where we suggest that the
recycling of these species be taken into account. Indeed, if recycled their final concentration will
build up to a stable level and decision on their removal must be made with respect to the CO,
quality requirements.

Oxyburner concepts

A number of overall combustor geometries, applicable to the purposes of the oxyfuel gas turbine
within the OXYGT project, have been reviewed. As a result a two-step approach of combustor
geometry evaluation is proposed:

- QFD (Quality Function Deployment) assessment of the combustor layout
- Size range coverage for burners

The QFD evaluation consists of a comparison of the technical differentiators against the market
related requirements. The analysis shows that the can combustor satisfies both the technical and the
market requirements best. The evaluation of the burner size range coverage applicable to the target
oxyfuel gas turbine rated at ~240 MWth indicates a need of burners of > 20 MWth fired input in
order to reduce number of cans below 16. The number of cans and the subsequent burners will have
a significant impact on the product cost.

The benchmarking of burner technology that is available within Siemens indicates a need of

extensive development efforts, mostly in terms of burner scaling, since the present burners do not
fit the size required by the project.
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WP2.2 (Burner design)

Introduction

Work Package 2.2 consists of three separate tasks, Task 2.2.1 (Oxy-burner selection), Task 2.2.2
(Atmospheric testing of the oxy-fuel burner) and Task 2.2.3 (Pressurized testing of the oxyfuel
burner).

Oxyburner selection

An oxyfuel test burner has been developed to be tested in an oxyfuel combustion test rig within the
OXYGT project. The burner design shall fulfil process and geometrical constraints established for
combustion testing in the HIPROX test facility located at SINTEF (cf. Figure 4.2.2.3). Purpose of
the testing is both an experimental study of the oxyfuel flame as well as validation of the design in
a pressurised gas turbine combustion chamber environment. To satisfy the former objective the
process conditions expected in the test rig are shown.

Figure 4.2.2.3: HIPROX facility at SINTEF (left) and the burner assembly (right).

To satisfy operation flexibility and combustion stability the chosen design concept became a
premixed, swirl-stabilised burner with two-stage fuel injection split. The built-in functions and the
corresponding design solutions are presented such as

- mixing of Working Fluid (CO,) and oxidizer

- flow conditioning of the Working Fluid/ oxidizer mixture
- fuel mixing

- flame stabilisation apparatus

- fuel split control

- flame light off

The burner was developed using design guidelines at Siemens Industrial Turbomachinery (SIT),
basically applicable and verified for the aerial combustion conditions. Even if corrected to the
conditions of the present OXYGT process cycle, the solutions applied should be treated with
limited confidence. For this reason the burner has been extensively instrumented for temperature
and pressure monitoring during operation.

Testing of the oxyfuel burner

The purpose of the testing was the screening of combustion performance of the oxyfuel burner at
various operating conditions in the medium pressure combustion test rig in order to find if the
chosen concept and design of the burner suits the overall project targets. Scope and limitation of
the testing is seen in Table 4.2.2.1.
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TABLE 4.2.2.1: OXYGT BURNER TESTING: SCOPE AND LIMITATION
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1. Commissioning Accomplished
2. Ignition test on air Accomplished
3. Combustion test on air as a. atmospheric Accomplished
reference case b. elevated pressure Not accomplished Project prioritization
4. Oxyfuel combustion test a. atmospheric Accomplished
b. elevated pressure
i. 2bara Accomplished
ii. 4.2bara Accomplished
iii. 10 bara Not accomplished HIPROX limitations
5. Variation of test hardware a. Oxidizer split Only one tested Project prioritization
b. Pilot nozzle
i. wide Tested
ii.  medium Not tested Project prioritization
iii.  narrow Not tested Project prioritization
c. Main nozzle
i. wide Tested
ii.  narrow Not tested Project prioritization
d. Expansion
i.  Sudden Tested
ii. Smooth (conical) | Not tested Project prioritization

When approaching the test campaigns the remaining time of the project was limited and following
suggestions from the project group in SP2, the board agreed to prioritize specific activities under
the items 3, 4 and 5 above;

Under item 3 it was chosen to move further to oxyfuel conditions rather than mapping air
based reference cases at elevated pressure. The operation at atmospheric pressure with air
or CO, gave satisfactory confidence with respect to moving to pressurized conditions only
with oxyfuel operation.

Under item 4 limitations of the HIPROX rig was reached and experiments at 10 bar with
full power could not be performed. It was then agreed to focus on 4.2 bar as maximum
pressure.

Under item 5 the project group and board agreed to focus on the burner design originally
supplied by Siemens as this worked well and since no complications were faced during the
test campaigns.

Commissioning of the oxy-fuel burner

The first part of the commissioning revealed quite a few issues that delayed the progress of the
experimental campaigns:

sealing issues at the interface between the burner and the pressure vessel

the pressure carrying glasses in the view ports of the vessel were found broken when
assembling the rig

leakages of the Working Fluid related to flange gaskets, thermocouple bushings and
pressure measurement tube bushings

These issues were addressed through a good dialogue between SINTEF and SIT as well as with the
subcontractor of the HIPROX rig (Tresch & Kieliger). After solving these problems, the test setup
has performed well apart from minor problems solved under the course of the test.

Test Campaign 1 (atmospheric conditions)

Four major Test Campaigns were originally planned of which three have been carried through
(details are described in Table 4.2.2.1). The primary objective of Test Campaign 1 was to define
the stability limit maps of the oxy-burner at atmospheric conditions:
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- Screen burner operating range through a wide EXO range (Excess Oxygen)
- Measure the pilot burner stability range on a kW scale

- Define the stability maps in a "pilot power vs. main power" space

- Emission characteristics at selected points inside the stability maps

Mapping of the flame stability and behavior at different conditions with both air and CO, / O,
mixture as oxidizers has been made as well as CO and unburnt hydrocarbons emission
measurements. The burner consists of two stages, i.e. a central pilot burner and an annular outer
main burner with a common oxidizer feed. The oxidizer flow is split between the two stages
according to hydraulic resistance across a disk with holes which distributes the flow by defined
flow areas for the two paths. It was found that the pilot burner ignites easily and burns stably, but it
was challenging to run the main burner at lean condition without blowout of the pilot. However, at
close to stoichiometric condition fuel could be introduced in any split between the two burner
stages without flame extinction, and operation of the burner was only limited by flashback at
certain conditions.

Test Campaigns 2 and 3 (pressurized conditions)
Test campaigns 2 and 3 were to be performed at elevated pressure. Compared to the original plan
for SP2, the pressures have been reduced due to limitations at the HIPROX facility, as follows;

- Test campaign 2 performed at 2 bara and fired power up to 75 kW
- Test campaign 3 performed at 4.2 bara and power limited to 100 kW

To test the full capacity of HIPROX, some testing was also done at 7.5 bara, but without full
mapping and monitoring of emissions and stability. For test campaigns 2 and 3 the objective was to
establish the operating range at the specified pressure levels — focusing on flame stability and
emissions. The stable operating range for the flame is significantly affected by the elevated
pressure compared to the same at atmospheric pressure).

The measured CO and NO emissions indicate that pressure has little effect on the CO emissions
whereas the O2C has similar effect on CO emissions independent of pressure. Nitrogen may be
present in the oxidizer and due to the higher flame temperature even small concentrations of
nitrogen will give quite noticeable NO emissions.

Conclusions
The conclusions from the experimental testing of the oxyfuel burner are as follows;

- The oxyfuel burner designed by Siemens has fulfilled the objectives of the test program
with regards to flame stabilization, in spite of limited budget and development time. The
modular design of the burner offers an easy change of the nozzle geometry, which should
be fully explored.

- The stability maps based on fuel split between the pilot and main burner show that the most
stable flame is achieved when the fuel split is close to the calculated oxidizer split of 1:2
pilot/main fuel. The flashback tendency has a strong increasing trend with increasing
oxygen concentration and increasing pressure, whereas it diminishes at increasing power
because of increased gas velocity.

- From the emission point of view, better burn out of CO is required. The CO emission has a
clear decreasing trend with increasing excess oxygen (EXO). The influence of the burner
oxygen concentration in oxidizer (O2C) on the CO emission is weak. Looking at all the
results together, the CO emissions have an overall slightly decreasing trend with increasing
O2C. Unlike conventional air supported combustion, it was found that high CO emissions
are not only an incomplete combustion related issue, but strongly connected to the kinetics
of the CO — CO, equilibrium reactions.

- NOy emissions above 40 ppm were measured, which can be considered high as only traces
of N, should be present (oxygen purity was above 99.5% and CO, purity was above
99.0%). Experiments with defined N, concentrations in the oxidizer should be performed
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to investigate if NO, emissions can be a potential problem for a real oxy-fuel gas turbine
plant.

- The successful completion of the test program validates the high pressure oxyfuel test
facility as a powerful tool for oxyfuel combustion research and burner development, and
the oxyfuel burner as a promising candidate to be used in the pilot oxyfuel gas turbine in
OXYGT Phase 2.
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4.2.3 SP3: Cooling concept

WP 3.1 (Hot gas path cooling model)

Any modern gas turbine requires cooling for the capability of having a high cycle efficiency and
power density. A cooled turbine is a challenging design task where one has to balance the choice of
material with the relevant cooling system. An easy and illustrative way of introducing the involved
complexity is to imagine a blade made of ice in a domestic oven at more than 600°C — where the
blade is prevented from melting during five years. The example is not too realistic since, on top of
the temperature, we will have velocity levels ranging from Mach 0.1 to 1.2 in a real engine.

The suggested Semi-Closed Oxyfuel Combustion Combined Cycle (SCOC-CC) in the OXYGT
project (acronym OCC) will have both a high firing level at 1613 K and a pressure ratio on the
order of 35. The firing level in itself is fairly high but not as high as the state-of-the-art engines
from e.g. Mitsubishi where 1873 K has been introduced recently. One cannot, however, look at the
firing level alone since it is only one part of the involved complexity. A typical “air” gas turbine at
a pressure ratio of 35 would have a very high coolant temperature. The OCC cycle has high
pressure levels but, by virtue of the working media, a fairly low discharge temperature. This means
that the “cooling effectiveness” stays well within the current practice. The number of cooled stages,
however, will increase — again driven by the working media. A proper balance between choice of
material and cooling system has to be sought for during a final design phase.

The main scope of WP 3.1 is:

e Identify the state-of-the-art cooling technology and transfer the technology into the
OXYGT technology
o Identify issues and show-stoppers in an early phase

A typical state-of-the-art gas turbine has a firing level which is on the order of 400-650°C above
the point where the lifing of the materials is strongly compromised. Typical normal life limiting
factors are oxidation, creep and low-cycle fatigue. Both oxidation and creep follow an Arrhenius
type of law and one can show that, above a certain temperature level, each 11-12°C temperature
increment of the metal temperature reduces the lifing by a factor of a half. One can argue that
oxidation cannot take place without oxygen. That would, however, require either a perfect
stoichiometric combustion system or some kind of catalyst. The word stoichiometric is used in a
sense that all available oxygen is consumed in the combustion process. The previous reasoning is,
however, not conclusive since CO, combined with the water will introduce similar issues (i.e. a
diffusion driven process). The combustor designer has to seek a balance between either having
excess oxygen at the exit — or potentially high amounts of unburnt fuel, such as UHC and CO.
There is also, from a strict cycle perspective, a need to minimize the oxygen production (cost). The
turbine cooling system is one of the most challenging design tasks during a gas turbine design and
the purpose is to provide the right level of metal temperatures to meet the design lifing targets. A
typical design target is within the range of 40,000 to 50,000 hours. The only way of reaching the
mentioned level is to maintain the blade metal temperatures at the appropriate level. It would have
been instructive to mention a certain level, but it is driven by the material selections for each stage
in the turbine.

Since it was impractical to proceed with the detailed blade design at the pre-study phase, the
common m-star approach was taken. The normal m-star model is based on normal film and
convective cooling and the external Nusselt-number is based on an empirical correlation
(Nu=f(Re)). The influence from radiation can always be neglected for normal gas turbine. The
present cycle, however, has a different working media and it was therefore necessary to add the
contribution due to radiation. The basics of the m-star model are presented in the Figure 4.2.3.1.
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Figure 4.2.3.1: Basic conceptual cooling assessment

The CO, and air have different thermodynamic properties. The CO, has a lower ratio of specific
heat and thus the compressor discharge temperature (CDT) is lower than for conventional “air”
compressors - despite the higher pressure ratio of the oxyfuel turbines. The turbine cooling media
temperature is thus lower in the oxyfuel turbines than the turbine cooling temperature in the
conventional turbines. Cooling effectiveness for oxyfuel turbines is thus lower than cooling
effectiveness for conventional gas turbines with air as working fluid. This implies lower required
turbine cooling in oxyfuel turbines.

The dimensionless mass flow (m*) is a function of cooled or wetted area. The CO, is a heavier gas
with higher density and lower speed of sound. The CO, Mach number is thus higher at the turbine
exit. The turbine last stage exit Mach number should not exceed 0.5-0.6 in order to keep down the
losses and have reasonable turbine efficiency. The oxyfuel turbine is thus designed with additional
stage compared to conventional turbines.

Furthermore the Pitch-Chord ratio (S/C) is a function of stage exit Mach number. The S/C is
smaller in oxyfuel turbines than in conventional turbines and this suggests higher number of blades
in the stage. The total cooled or wetted area in oxyfuel turbines is greater than the cooled area in
conventional turbines. The cooled area is the dominant factor to determine the turbine cooling mass
flow.

The study showed that the total cooling mass flow in oxyfuel turbines is higher than total cooling
mass flow in conventional turbines. The total cooling mass flow-cooled area ratio however is
similar in oxyfuel and conventional turbines. The first stage usually uses film and convection
cooling while the later cooled stages use only convection cooling. The cooling graph (Figure
4.2.3.1) shows the typical “collapse” into more-or-less similar technology requirements for lower
cooling effectiveness levels. Hence, no need for advanced cooling systems for low effectiveness
levels. Caveat! No work has been done related to the combustor pattern factors.
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4.2.4 SP4: Material selection

WP4.1 (Material selection and testing planning)

The objective of this work package is to give an overview of the materials technology related
activities for the OXYGT feasibility study. Primary objective with the testing to be performed is to
evaluate if there are apparent stoppers regarding turbine development with commercially available
alloys and that there is sufficient lifetime of an anticipated pilot plant. Key parameters for materials
testing with respect to corrosion and mechanical integrity are shown in Table 4.2.4.1.

TABLE 4.2.4.1: KEY PARAMETERS FOR MATERIALS TESTING WITH RESPECT TO CORROSION
AND MECHANICAL INTEGRITY

Turbine inlet temperature 1340-1420 °C
Turbine inlet pressure 35 bar
Turbine outlet temperature 570 °C
Compressor inlet temperature 50 °C
Compressor outlet temperature 453 °C

Combustor inlet environment:

CO, 86.9 wgt-%
N> 3.3 wgt-%
H,O 5.4 wgt-%
O, 0.36 wgt-%
Ar 5.0 wgt-%
Combustor outlet environment:

CO, 83.0 wgt-%
N, 2.2 wgt-%
H,O 9.6 wgt-%
0O, 0.34 wgt-%
Ar 4.7 wgt-%

Since the oxyfuel combined cycle concept is based on recirculation of a large portion of the mass
flow and addition of oxygen and fuel, the balance between how much of elements such as S, Cl, K,
Na that are added into the system and removed with the condensed water and CO, will determine
how much corrosion that will occur in addition to the carburization that must be addressed. The
first testing is aimed at testing the materials only with respect to carburisation and not with
additional corrosive elements, thus assuming that the first oxyfuel turbines are to be operated on
natural gas with no H,S and state of the art inlet filters. Alternatively combinations of corrosive
elements and carburising environments are to be addressed at a later stage in the project.

WP4.1 has defined a preliminary basic test program (see Table 4.2.4.2) aimed at evaluating how an
oxyfuel environment will affect the commonly used materials for gas turbine applications. The
main part of the work should be general corrosion testing to estimate loss of load carrying cross
section. Dwell time fatigue testing on materials for turbine discs is needed to address the impact on
crack propagation in the oxy fuel working media.

TABLE 4.2.4.2: PRELIMINARY TEST MATRIX FOR FIRST SCREEN TEST

Material: Temperature [°C] Time [h] Application
130653 450 500, 1000, 3000 Compressor blades;
239095 450 500, 1000, 3000 vanes and casings
238863 450 500, 1000, 3000 Turbine casings
221656 450, 570 500, 1000, 3000 Outlet casing
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Haynes HR-120 570 500, 1000, 3000 Outlet casing

IN718 570 500, 1000, 3000 Turbine discs

NIM 901 570 500, 1000, 3000 Stator rings

IN792 950, 1050 500, 1000, 3000 Turbine blades
IN939 950, 1050 500, 1000, 3000 Turbine guide vanes
CM247 950, 1050 500, 1000, 3000 Heat shields
SCA425+ 950, 1050 500, 1000, 3000

Haynes 230 900 500, 1000, 3000 Combustion chamber
Hastelloy-X 900, 570 500, 1000, 3000 Outlet casing

Haynes 230, TBC 900 500, 1000, 3000" Combustion chamb
Hastelloy-X, TBC | 900 500, 1000, 3000" ombustion chamber

WP4.2 (Corrosion testing)

The following corrosion testing has been performed: (1) fatigue crack growth testing in IN718, (2)
high temperature corrosion testings at 900 °C, 600 °C and 450 °C for selected gas turbine materiels
respectively.

Fatigue crack growth testing in an oxyfuel environment at elevated temperature has been
conducted at Metcut Research Inc, Ohio, US. The testing was performed per Specification ASTM
E647-11 using 1-inch compact tension (CT) specimens and DC electric potential drop method of
crack measurement on alloy IN718.
= QOut of plane cracking occurred in the oxyfuel environment as previously also found for tests
performed in laboratory air with longer dwell times, rising from the phenomenon of crack
growth taking place at the formed oxide/metal interface at the grain boundaries (see Figure
4.2.4.1).
= Water vapour content may affect the environmental resistance of IN718. Further testing
with higher water content may be needed.
= When taking the corrosive study into consideration, one may have to be cautious not to have
too large water content in the gas since the environmental resistance of IN718 and probably
other materials as well may decrease.
» |t is recommended that the current design data valid for Inconel 718 in normal gas turbine
environments also can be used in oxyfuel applications.
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Figure 4.2.4.1: Crack appearances after testing

Corrosion testings at 900 °C of the alloys CM247, Hastelloy X, Haynes 230, IN939, IN792 and
STAL 15 were conducted at Siemens Industrial Turbomachinery AB (SIT) in an atmosphere
mimicking the major constituents of oxyfuel combustion gas, and the atmosphere was 90%/10%
CO,/H,0. Three exposures of 270, 532 and 1056 hours for each alloy were evaluated in order to
identify corrosion behaviour, loss of mechanical cross section, and the weight gain was measured.

The alloys Hastelloy X and Haynes 230 were also investigated when coated with an Amdry 386-4
(NiCrAlY) bond coat and the top coat Amperit 827 (Yttria Stabilized Zirconia) in order to see if
spallation of thermal barrier coatings would be a risk.

The un-coated alloys showed no sign of suffering from extensive corrosion or carburization.

Even though the carbon activity in the gas was very low (a, <<1), possible carbon deposition was
detected in the zirconia layer at lower water contents. Such carbon precipitation would be a major
problem in real applications. Due to these findings an extra investigation was ordered on thermal
barrier coatings in variable oxyfuel environment. A gas mixture of CO, with 0.3 % O, was used
and fed through the humidifier in the new test facility at SIT for automatic testing in oxyfuel
environment in order to get proper water content in the gas (see Figure 4.2.4.2).

31



Final Technical Report CLIMIT-programmet Project 212784 OXYGT
PUBLISHABLE

Figure 4.2.4.2: Automatic cycle furnace used during testing.

Each test piece had equal constituents; the base material was Haynes 230 (MAT632351), the bond
coat was Amdry 365-2 (MAT870012) and the top coat was Amperit 827 (MAT870011).

- No visual signs of carbon deposition were found for any of the samples tested.

- 0.3 % oxygen does not seem to decarburize as effectively at 800 °C compared to 900 and
1000 °C.

- In order to avoid carbon deposition on thermal barrier coatings it should be a priority to
avoid gas with to low moisture and oxygen concentration during temperature drops.

Corrosion testings at 600 °C of materials used in turbine components were done in the ‘manual’
corrosion testing rig at SIT on the alloys MAT221656, MAT239095, IN718, 253MA, MAT238863
and HR-120. The exposure climate was controlled and constituted of the major species in oxyfuel
combustion gas, CO, and H,0 (90/10 %). Three samples of each material were evaluated during
different chosen times. The first sample was removed after 260 hours exposure, the second sample
after 520 hours and the last one after 1040 hours. Examination after exposure gave the mass gain,
affected depth and a brief description of the oxide characterization. The lack of oxygen did not
promote material loss for the tested materials.

Corrosion testings at 450 °C of materials used in turbine components were done in the corrosion
test rig at the Swedish research institute Swerea-KIMAB (see Figure 4.2.4.3). The exposure climate
is controlled and constitutes of the major species in oxyfuel combustion gas: CO, and H,O (90/10
%). Materials tested in this exposure were:

= MAT131200 GP240GH (-50°C) Non-alloy cast steel for pressure equipment (PED)
= MAT143061 P265GH — Non-alloy quality steel for pressure equipment (PED)

= MAT221656 13CrMo4-5 — Alloy special steel for pressure equipment (PED)

= MAT239095 X22CrMoV12-1 — Creep resistant martensitic stainless steel
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MAT238260 GX12CrMoVNbN9-1 — Alloy steel for castings
MAT222453 G17CrMo09-10 Alloy cast steel for pressure equipment (PED)
MAT238863 Precipitation hardening corrosion resisting steel

Figure 4.2.4.3: Experimental set up of the furnace at Swerea-KIMAB

Examination after exposure gave the mass gain, affected depth and a brief description of the oxide
characterization. The mass gain of each alloy showed a linear behavior. One material,
MAT?238863, was unaffected in the selected environment.

WP4.3 (Material evaluation)

After the testing in WP4.2 an X-ray diffraction analysis was performed to characterise corrosion
products, and a metallographic examination was performed using Scanning Electron Microscopy
and Electron Dispersive X-ray system to obtain distribution and morphology of the corrosion
attack. The results will be used to ensure the integrity of the pilot plant operation and to give input
to future mechanical testing in oxy fuel environments.

A concluding report has been created that summarizes the work done in OXYGT subproject SP4.
Three corrosive tests have been conducted at 900 °C, 600 °C and 450 °C for three exposures of 270,
532 and 1056 hours for each alloy, and these were evaluated in order to identify corrosion
behaviour, loss of mechanical cross section, and the weight gain was measured. One
complementary test of thermal barrier coatings in varying environment with oxygen addition was
ordered after the experimental results were found in the mentioned three exposures. Moreover LCF
crack growth was tested in both CO, and CO, + H,O environment at 550 °C as the chosen
temperature.

The conclusions can be summarized as:

- The current design data for IN718 are still valid based on the evaluated environments.

- All alloys form protective oxides in the exposed environments.

- No carburization was detected with the used evaluation equipment for any alloy.

- If the combustion gas contains to low concentrations of H,O and O,, carbon deposition in
the top coat will occur.
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4.2.5 SP5: Gas processing

Task 5.1 (Condensation concept)

This section summarizes a study of the condensation concepts for the OXYGT project. The
condensation process is for condensing out water in the recycle gas of the Brayton cycle. Only the
optimized OCC has been used as cycle. Two sets of conditions were used, with the temperature of
the cooling water as the main difference. For low temperature (LT) conditions the cooling water
temperature was set to 10°C, and for high temperature (HT) conditions 30°C.

Several concepts for condensation have been evaluated. The advantages and disadvantages of the
different concepts are summarized in Table 4.2.5.1.

TABLE 4.2.5.1: ADVANTAGES AND DISADVANTAGES OF THE DIFFERENT CONDENSATION
CONCEPTS

Concept Advantages Disadvantages
A) Heat exchange e Simple solution e Very large heat exchanger area,
e Few equipment items very large equipment
o Energy efficient e No cleaning of sour gases or
particles
B) Scrubber + e Standard equipment can be e Large scrubber diameter
external cooling used e Risk of flooding
e Efficient cleaning of sour gases e  Risk of channeling
and particles e Two-step heat exchange, lower

e Counter-flow heat exchange, LMTD
better cooling possible
C) Scrubber + o Energy efficient e Non-standard equipment
internal cooling e  Only one unit e Complex design
o Efficient cleaning of sour gases e  Risk of flooding
and particles e Risk of channeling
e Counter-flow heat exchange, e Large equipment
better cooling possible e  Sea water leakage consequences?

D) Direct condenser
+ external cooling

Rather simple equipment Non-standard equipment?
No risk of flooding Lower energy efficiency than
e Rather small counter-flow concepts
footprint/equipment size e Less effective cleaning of sour
gases and particles
e Efficient mist eliminators required

Concept B was chosen as the recommended condensation concept. The concept is a scrubber,
where cold water is sprayed in counter-flow with the warm gas. The cold water is cooling the gas,
and the steam fraction is partly condensing to liquid phase (direct heat exchanger principle). Most
of the injected and condensed water is thereafter heat exchanged with sea water to cool it down
again, and recycled back to the top of the scrubber.

The counter-flow principle was chosen due to its superior cleaning efficiency of the gas compared
to the other concepts evaluated. One disadvantage is however that the gas velocity must be low
enough to prevent flooding/liquid entrainment, and this requires a large diameter for the scrubber
(around 10-11 m). Since the efficiency of the direct heat transfer between water and gas is high, the
column can be rather low compared to its diameter.

34



Final Technical Report CLIMIT-programmet Project 212784 OXYGT
PUBLISHABLE

On the top of the scrubber will be a demister to minimize the liquid entrainment into the
subsequent preheater. A knitted mesh demister should be well suited for this application, with low
pressure drop, sufficient capacity and adequate droplet size range.

The requirement for treatment of the recycled water will depend upon the composition of the gas,
which again depends on the composition of the fuel and the efficiency of the combustion. If sour
gases are present, they will be washed out, and pH-regulation of the recycled water may be
required. Particle removal may also be relevant, if there is no filter on the gas side before the
compressor.

Task 5.2 (Preheating)

This section summarizes a study of the preheating concepts for the OXYGT project. The
preheating follows after the condensation, and is for avoiding droplets/saturated corrosion in the
first stage of the recycle compressor. Only the optimized Oxyfuel Combined Cycle (OCC) has been
used as cycle. Two sets of conditions have been used (LT and HT), the same sets as for the
condensation concept evaluation.

Three different concepts for preheating have been evaluated. The advantages and disadvantages of
the different concepts are summarized in Table 4.2.5.2.

TABLE 4.2.5.2: ADVANTAGES AND DISADVANTAGES OF THE DIFFERENT PREHEATING
CONCEPTS

Concept Advantages Disadvantages
A) Hot bypass e Simple solution e Insufficient cleaning of particles
e Lower investment and footprint e  Sour gases may bypass (if present)
e Lessequipment to maintain e Higher moisture content in
e  Less cooling water is required working medium
e Higher temperature into
compressor

e Lower efficiency

e Risk of inhomogeneous gas
temperature/bad mixing
Start-up/shut-down?

Risk of local condensation

B) Recuperator e Energy efficient e Low AT if low temp out of HRSG
e No circulating heating media e Large equipment size
e Low cooling water requirement e  Difficult to control?
e  Start-up/shut-down?
e Non-standard equipment?
e  Salt build-up?
C) Heat exchange e Standard equipment e Requires hot water (larger
e Easy to control economizer or other source)
e  Experience with similar e Possibly less energy efficient
equipment e  Salt build-up?

Concept C was chosen as the recommended concept. The concept is a gas-water heat exchanger of
finned tube type. Hot water (150°C) is taken from the low pressure Rankine cycle, and used for
heating the drive gas up to 5°C above condensation temperature. The solution uses standard
equipment that is well known to the turbine manufacturer, is easy to control and flexible with
respect to start-up, shut-down and part-load. One possible challenge may be salt build-up in the
first section of the preheater, where droplets evaporate. The amount of salts depends on the fuel
composition and water treatment in the condensation process. If salt build-up is expected to occur,
this can be handled by a washing system, but a filter may be required before the compressor.
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4.2.6 SP6: Pilot plant preparation

Task 6.1 (Test site evaluation and pilot plant design)

The oxyfuel gas turbine combined cycle, commonly referred to as the SCOC-CC, has been
researched for the last decade or even longer. Development of a new, or even novel, technology at
various TRL-levels is required before a competitive commercial product can be realized. Most of
the cycle has been analyzed and established together with certain key component features. By
virtue of the working principle, the cycle uses a mixture of mainly CO, and water as working
media. The working media is possible due to the firing of natural gas with pure oxygen. A burner
prototype has been designed and manufactured by Siemens and has been tested at SINTEF in
Trondheim (see OXYGT SP2).

The next step is to close the loop and test the entire principal cycle in a small scale demonstrator.
The word principal cycle is used in the sense that critical components such as the combustor, gas
turbine and flue gas condenser are to be verified beyond what is possible in a once-through test rig
(with limited supply of media). The combustor and its control could be seen as the raison d'étre for
the pilot plant. This is, indeed, a strong statement but it is justified by the novelty of the entire
combustion section technology and certain oxygen requirements for either the CO,-sink or
“carbonization” of the hot components.

The purpose of OXYGT SP6 was to identify a suitable engine platform, test site and to plan for
testing. The latter means cycle design and identifying and removal of severe potential show-
stoppers before a sub-sequential detailed design and erection of a demonstrator (next project
phase). The work in SP6 has identified the Turbec gas turbine T100 (see Figure 4.2.6.1) as the most
suitable candidate for oxyfuel testing based on the requirements in the project. The selection
process of the test site showed that the site at Lund University is the most suitable candidate, as it
has access to several key T100-engine competences and manufacturing capacity.

T100 microturbine

[irvec

Figure 4.2.6.1: Gas turbine T100 by Turbec

The T100 unit is an active commercial product with a large variety of customers ranging from
farms, concentrated solar power to academia. This means that repair facilities and spare parts are
readily available. One could consider using an older engine as a test platform, but the associated
risks are hard to assess. Parts from an old engine can most likely be either repaired or manufactured
but the engine know-how (e.g. balancing and control system) may not be available. Hence, it could
be considered as an uncontrolled risk to design and erect a test plant around a non-active non-
commercial product.
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The T100 unit is available in three places within the Nordic countries’ academia such as Norway
(University in Stavanger (Risavika)), Sweden (Lund University) and Finland (Lappeenranta
University). The cost for a new T100 unit is not prohibitive (on the order of k€ 200) and it is
possible to erect a new plant fairly fast, if required. The biggest challenge is to have the required
modifications to the standard engine:

e Auvailability of general OEM-level engine competence

e Combustor section extension piece and engine rotation

e Modified/new control system

e New power electronics

o Inlet separation with separate power electronics cooling system
e Compressor flow measurement

e Compressor exit vaneless space pressure tap(s)

The Turbec T100 product and manufacturing have been acquired by Ansaldo in Italy and the
“formal” site in Malmo has been reduced to a general technology transfer center with only a
handful number of staff. The company Turbec and the engine were originally designed by a joint
venture between Volvo Aero and ABB. Most of the key personnel are still available on consultant
basis® and it cannot be stretched too much that it would be impossible to erect a demonstrator
without their contribution.

In the design phase of a gas turbine, cycle calculations are used to determine the maximum cycle
temperature and what pressure ratio will give the maximum efficiency of the cycle (or similar set of
requirements). These calculations form the basis so that the most suitable design data for the
turbomachinery may be chosen. These design data may be different for different engines but some
form of ambient conditions must be chosen for the engine. For most industrial engines the ambient
conditions are normally defined as the 1SO-condition (15 °C and 101.325 kPa). When all design
data have been chosen it is then possible to design the individual components of a gas turbine so
that the complete unit will give the required performance, when running at the design point. The
engine will not operate at the design point more than a fraction of the engine’s service life. We will
therefore need a way to describe how the performance of the gas turbine will vary over the
operating range of speed and power output. This is referred to as the off-design performance. The
performance of the individual components may be known from previous experience but when these
components are put together to form a unit, the possible operating points are considerably reduced.
The problem is to find corresponding operating points on the characteristics of each component
when the engine is running at equilibrium. Using the T100-OCC with both flue-gas recirculation
and pure oxygen as fuel oxidizer forces the engine far away from what it was designed for. It is
therefore a need for accurate models that describe the performance at all speeds.

An advanced detailed performance deck was developed within the IPSE Pro software to fulfil the
mentioned needs. This model is based on the engine characteristics for e.g. the compressor and
turbine and is capable of providing the required level of cycle analysis for the gas turbine and
process. The model forms the back-bone for the entire cycle design since it provides data for
oxygen flow, flue gas condenser heat duty, surplus CO,, etc.

Task 6.2 (Burner adaptation)

The Turbec T100 engine is a recuperated engine with a single “silo” type of combustor. It has a
radial compressor with a pressure ratio on the order of 4. The discharge temperature is therefore
quite low (around 150°C) and offers a rather high efficiency potential for a heat-exchanged cycle.
The turbine is fired to slightly less than 950°C in order to both maintain the power density and to

! Ecergy AB
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have a fix recuperator inlet temperature of 647°C. The combination of the compressor discharge
temperature and the recuperator hot inlet results in an inlet temperature of 609°C at the combustor
inlet.

One of the most important, or even fundamental, choices for the T100 platform is the firing
strategy. The T100 principal air data are approximately 609°C, 950°C and 647°C, for the
combustor inlet, combustor outlet and recuperator inlet, respectively. The 647°C for the recuperator
inlet is an effective means of simultaneously maintaining the nominal firing level and the
maximum recuperator inlet temperature. The former is at full load whilst the latter is at all load
conditions for maximum recovery of exhaust heat. This means that the speed level of the unit is
used in order to control the power output in high load regimes. There are limitations in the
speed/power characteristics and it may under certain circumstances be required to reduce the firing
level in order to limit the drop in physical engine speed. It is important to distinguish between the
physical speed in rpm and the aerodynamic speed. The latter is important when it comes to
operational stability (stall and eventual surge) whilst not directing performance of the generator and
power electronics.

An advanced performance deck was set up to model the entire T100 and the external cycle, in order
to calculate the operational boundaries for the combustion section. The previously mentioned
engine parameters have been re-evaluated with certain operational issues and characteristics in
mind. A true scaling, where the velocity triangles are maintained everywhere in the T100 would
imply a firing level on the order of 680°C. This level would have been way too low and impractical
for demonstrating any features of the OXYGT turbine. The most prominent choices are therefore to
operate the turbine at either nominal firing or nominal recuperator inlet.

The two cases could be summarized as:

1. Nominal recuperator inlet temperature, resulting in the combination: 585°C, 826°C and
647°C for the combustor inlet, combustor outlet and recuperator inlet, respectively.

2. Nominal firing temperature, resulting in the combination: 675°C, 945°C and 747°C for the
combustor inlet, combustor outlet and recuperator inlet, respectively.

The word “firing temperature” is used synonymously with “Combustor Outlet Temperature”
(COT).

The combustor extension piece is a commercially available OEM-part. The part could, in principle,
be seen as “off the shelf. The actual installation of the extension requires modifications to the core
engine and the recuperator fittings. The standard extension piece offers 267.1 mm length of the
burner section. The length of the combustor will be determined by the residence time required by
sufficient combustion efficiency, which is a subject for testing in an oxy-fuel test rig (i.e. the test
campaign in OXYGT SP2). An eventual prolongation of the extension piece will be by adding an
adaptor that provides the required length. It has been decided to keep both the flange at the
extension piece (T100) and the flange at the burner head (Siemens) without changes. This is mainly
driven by simplicity and total cost reasons.

Task 6.3 (Control system)

The power output from a gas turbine is always proportional to the mass flow and the firing level.
The former statement is valid for any type of shaft configuration. The former is not a practical
control feature for multi-shaft units since the engine matching effectively removes the possibility of
controlling the engine mass flow. An in-depth detailed explanation is out of the scope of the report
and the reader is referred to the relevant literature. One can, however, loosely state that the engine
matching is strongly set by the turbine’s swallowing capacities — and hence that the high pressure
turbine in a twin-shaft is “squeezed” between to choked nozzles. This means that the high pressure
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turbine has more-or-less the same pressure ratio regardless of the operation condition. The former
statement is true as long as the power turbine is choked. This establishes the operational line. The
inlet guide vane (IGV) and the subsequent variable stages (VSVs) are set to optimize the working
range for the front stages — at low referred speeds. This is achieved by having a control loop that
sets the position as a function of the referred speed.

There exists a common misperception that the variable geometry of a multi-shaft unit can be used
to control the flow. The previously mentioned constant pressure ratio, together with a certain firing
level, will only render another speed level if the IGV/VSV setting is changed. This is driven by the
work input in the early stages and the available turbine power. A normal “fix-speed” unit on the
other hand, has excellent possibilities for controlling the engine mass flow for either controlling the
exhaust temperature or/and the firing level. This means that the compressor effectively can change
its pumping capacity and this gives another level of freedom.

The twin-shaft unit is a quite poor test platform since the change in working media requires the gas
generator to be operated at approximately 80 percent speed. The only practical way would be to
operate at an impractically very low firing level (for a certain gas generator speed). A single-shaft
unit could be “re-geared” to operate at the required speed in order to maintain the velocity
triangles. Instead, it is a great advantage to use an “electrically geared” unit (such as the Turbec
T100) where one can operate at any required speed. This is, at a first glance, a straight forward
approach for an oxyfuel demonstrator and effectively ensures that the compressor can be operated
within its stability limits. There are, however, two principal limitations, namely the power
electronics and the shaft torque. This means that the DC/AC conversion requires a certain shaft
speed versus power level in order to work. This has been addressed in the pre-study. The low(er)
speed levels also linearly increase the shaft torque. The conclusion here is that the engine should be
operated at the highest possible speed without exceeding the nominal.

The current Turbec T100 uses a fairly simple (but still adequate) control approach with a fix
turbine exhaust temperature of 647 °C in the higher load regions. The rationale behind the strategy
is to have a certain temperature before the recuperator in order to maintain the lifing of the heat
exchanger. The recuperator limitation in inlet temperature naturally matches the nominal firing
temperature — effectively removing the need for a more advanced control algorithm. One can also
argue that maintaining the ”maximum” temperature before the recuperator at part-load results in
higher heat recovery and thereby higher efficiency at off-design.

The test platform cannot be operated at the nominal recuperator temperature and the strategy is to
operate at the nominal firing level. The reason for departing from the 950/647 °C relation is simply
due to the heavy gas (c,~R-y/(y-1)). This means that one can either measure the combustor outlet
temperature directly or revert to an indirect mode. The exact procedure for a demonstrator is, at the
time of writing, neither decided nor fully analyzed for the anticipated working media compositions.
There are basically two available options, namely:

e Keep the current control strategy and either automatically adjust the EGT set-value or
manually adjust during operation.
e Abandon the EGT-control in favor for direct firing level control

Both approaches, however, require on-line analysis of the firing temperature — or a direct
combustor temperature measurement.

Task 6.4 (Infrastructure)

A 100 kW demonstrator is, despite of its rather small size, a complicated project to undertake. The
gas turbine will be modified, fired with oxygen and the cycle has to be “closed”. The word closed
is used in a sense that the exhaust is returned after cooling to the compressor inlet.
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The oxygen production, storage and firing carry several critical HSE-issues that have to be resolved
and properly reviewed by several bodies (such as the fire department etc.). A significant part of
WP6.4 has non-conclusively addressed these aspects.

The department of Energy Sciences is one of the major departments within the technical faculty at
Lund University. The division Thermal Power Engineering (TPE) is one of five divisions of that
department. The TPE-division erected and operated the world’s first wet gas turbine cycle (EvGT)
plant during 1999-2005. The EVGT project was discontinued and most of the bulky equipment was
removed 2009. The spacing (top floor) is today partly used for combustion research. The gas
turbine cell is voluminous and ideally suited for erecting an oxyfuel demonstrator.

The test cell today incorporates:

e 100 kW Turbec T100 gas turbine unit (incl. grid connection)
e Natural gas supply

e Cooling plant for heat dissipation

e Exhaust system with evacuation fan

e Separate control room

e Access to a fully equipped workshop with highly skilled staff

The department has 4 bar high-capacity feed directly into the test cell. The pressure is today
reduced to a much lower pressure because of the T100 on-board gas compressor. This means that
the demonstrator has to use the mentioned compressor in order to maintain sufficient valve
authority and pressure margins. The gas turbine test cell has a complete air-cooled water system
where the flue gas condenser can be connected as the secondary loop.

This project task aims at rebuilding the T100 engine into a T100-OCC. The T100-OCC is a semi-
closed gas turbine that recirculates its flue-gases back into the compressor. This increases the
amount of carbon dioxide in the cycle, but at the same time the engine uses up the remaining
oxygen in the air. If this process continues it would mean that the oxygen in the cycle would
disappear. This means that oxygen needs to be supplied to the engine so that combustion can be
upheld in the engine. The T100-OCC will need a supply of oxygen in order to maintain the oxygen
levels within the process.

The oxygen supply is therefore a key concept in the design of the rig. The oxygen can be supplied
to the engine either from a storage of pure oxygen or the oxygen can be produced at the site in an
ASU (Air Separation Unit). The introduction of pure oxygen introduces new issues that need to be
addressed such as safety and material selection not normally required in gas turbine systems.
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7. Comparison of Initially Planned Activities and Work
Actually Accomplished

All project Work Packages with all tasks have been carried through and reported. The OXYGT
project has accomplished all contractual goals and has produced and submitted 28 contractual
Deliverable Reports to Gassnova.
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8. Management and Co-ordination Aspects
8.1 General
Project
Coordinator
Petter Rokke
SINTEF
Project Manager
Sven Gunnar Sundkvist
SIT
SP1 SP2 SP3 SP4 SP5 SP6
Oxyfuel combined cycle Combustion system Cooling concept Material selection Gas processing Pilot plant preparation
Mats Sjodin, SIT Petter Rakke, SINTEF Mats Sjodin, SIT Helena Oskarsson, SIT Martin Siljan, NEBB Magnus Genrup, LTH

Figure 8.1: Project Management Structure

The organisation and management structure is shown in Figure 8.1. The Project Coordinator
(PC) has among others coordinated communication within the consortium and ensured
effective dialogue between the consortium and Gassnova on overall project performance
including costs invoices. The Project Manager (PM) has had the overall responsibility for
planning and attaining the objectives of the total project. This has included among others to
ensure that all milestones are kept and that the project deliverable reports have met the standard
of the participating partners including Gassnova, and to prepare statements of the budgetary
status for the whole project.

Subproject Leaders (SPL) have been assigned to manage each respective subproject (cf. Figure
8.1). They have assumed responsibility for their own activities and have interacted with related
activities as and when necessary. The PM has been assisted within the project by the SPLs,
who come from SINTEF Energi AS (SP0, 2), Siemens Industrial Turbomachinery AB (SP1, 3,
4), Nebb Engineering AS (SP5), and Lund University (SP6). They have been responsible in
particular for achieving the objectives and targets defined by the project for the topic
concerned, managing the topic ground meetings, and reporting to the PM on all matters related
to the topic (planning, progress, results, costs).

A Project Board has been established, the members of which have been appointed by the
individual full contractors (one each) within the project. The board has had the responsibilities
to oversee strategic commercial management, resolving conflicts if/ when they arise, and
reviewing changes or modifications to the scope of work or project work plan as necessary.
The project board meetings have been chaired by SINTEF and has met at 3-month intervals, or
at other times deemed necessary by the PM. Gassnova has been invited to and participated in
the board meetings as observer with no vote.

An internet based tool eRoom (managed by SINTEF) has been used within the OXYGT project
to support the internal communication and monitoring of the project. In principle all
documentation within the project has been put on eRoom and has been available for all
partners.
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8.2 Performance of the consortium

All partners in the OXYGT project have shown high dedication and motivation in the project
including relevant organisation, management and communication aspects.

8.3 Exploitation of results

To ensure that the deliverables are exploited to their full potential an Exploitation Manager (EM)
was nominated from SIT at the inaugural meeting. The EM has produced a Technology
Implementation Plan (TIP). A final TIP based on technical results and up-dated cost estimates for
the oxyfuel technology was released at the end of the project. The companies involved will, upon
completion of this project, have all the expertise and resources needed to exploit the developed
oxyfuel technology in a next project phase (pilot plant demonstration). Necessary IPR has been or
is in the process of being registered.

8.4 Patents

Three patents have been or are being applied for:

1. Cogeneration plant and cogeneration method (Siemens Industrial Turbomachinery AB, first
publication 2011-01-20)

2. Oxyfuel combined cycle starting system (Siemens Industrial Turbomachinery AB)

3. Burner for an oxy-fuel gas turbine combustion chamber (Siemens Industrial Turbomachinery
AB)

8.5 Dissemination of results

An Information Strategy with general rules for dissemination of results has been taken by the
OXYGT Project Board. This includes among others presentation of the OXYGT concept, project
and results at international conferences and in scientific journals in 2013 — 2014.

Scientific journal

= Sundkvist, S.G., Dahlquist, A., Janczewski, J., Sjodin, M., Bysveen, M., Ditaranto, M.,
Langergen, @., Seljeskog, M., Siljan, M., Concept for a Combustion System in Oxyfuel
Gas Turbine Combined Cycles, ASME Journal of Engineering for Gas Turbines and
Power, 2014.

Scientific conferences (papers and poster presentations)

= Sundkvist, S.G., Dahlquist, A., Janczewski, J., Sjodin, M., Bysveen, M., Ditaranto, M.,
Langergen, @., Seljeskog, M., Siljan, M., Concept for a Combustion System in Oxyfuel
Gas Turbine Combined Cycles, Proceedings in ASME Turbo Expo 2013, GT2013-94180.

= Ditaranto, M., Langargen, @., Rgkke, P.E., Janczewski, J., Sundkvist, S.G., Development
and Initial Testing of an Oxyfuel Combustion Concept for Gas Turbine Applications, The
7th Trondheim CCS Conference (TCCS-7), 2013.

= Ditaranto, M., Langergen, @., Saanum, |., Rgkke, P.E., Janczewski, J., Sundkvist, S.G.,
Study of a Semi-Closed Oxyfuel Gas Turbine, 3rd Oxyfuel Combustion Conference, Leon,
Spain (organized by IEA GHG), 2013.

» Rgkke, P.E., The OXYGT project, Poster presentation, CLIMIT-dagen, Oslo,
Norway, February 25-26, 2013.
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9. Results and Conclusions

The important milestones of the project have been to optimize the selected oxyfuel concept OCC,
to make a technical assessment of the conceptual design of the oxyfuel core engine, to propose an
oxyfuel combustion concept and to design and validate an oxyfuel test burner under pressurized
conditions, to evaluate gas turbine materials for applications in oxyfuel environment, to propose
concepts for condensation and preheating of oxyfuel flue gases, and to propose and evaluate a
design of an OXYGT pilot plant.

The key deliverables of this project are the evaluation results of the oxyfuel concept and turbine
and from the test programmes of the oxyburner and gas turbine materials to validate key
components to allow for an implementation in a pilot plant demonstration of the OXYGT concept.

Achievements in this project phase

= All project Work Packages with all tasks have been carried through and reported. The
OXYGT project has accomplished all contractual goals and has produced and submitted 28
contractual Deliverable Reports to Gassnova.

= Three patents have been or are being applied for.

= Examples of niche markets for early deployment of commercial oxyfuel plants based on
gas rather than liquid are peak power plants where availability is more important than the
actual price for power. OPEX is comparable with other peakers, but CAPEX is lower. The
so-called super-peakers in the US operate only 2-3 % of the time and have a typical output
of 40-100 MW. All components of such a plant are today both bankable and insurable.
Production of heat, water, power and CO, for EOR: with CO, storage, the earliest markets
will be plants subsidized by public funds and/ or in locations where legislation or fiscal
constraints exclude plants with emissions.

» The optimized oxyfuel cycle OCC has been chosen and used for evaluations in the work
packages in the project. The calculated efficiency is about 47.2 %. The pressure ratio in the
final design of the OCC cycle was 34.2 combined with a TIT of 1340 °C. The electrical
power from the plant is 121.6 MW net, which takes into account the power consumption of
CO, compression and O, production.

= The preferred shaft configuration of the OCC gas turbine is a twin-shaft gas generator with
a mechanically free power turbine and direct driven generator at 3000/ 3600 rpm. The
steam cycle is a conventional two pressure HRSG design, and steam turbine modules from
Siemens portfolio are used.

= A cost study has been performed for an OCC power plant (125 MW size). The plant cost,
excluding ASU and auxiliary equipment has been estimated. To generate the cost for an
entire OXYGT-plant with reliable cost figures, vendor feedback is required regarding the
scope. To be able to generate such feedback, the specifications regarding these systems and
the entire project situation need to be more mature.

=  60% of the project budget has been devoted to development of an oxyfuel combustion
system.

- First a combustion concept for an oxyfuel burner was developed. Main conclusions from
the reactor network calculations of the OCC are that the CO concentration out of the
turbine is very high. To achieve reduced CO the O, excess must be increased. For higher
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O, excess (ca. >3%), CO reaches nearly its final value at the outlet of the combustor. The
NO, concentrations out of the combustor and turbine are generally low.

- Then an oxyfuel test burner was developed to be tested in an oxyfuel combustion high
pressure test rig. To satisfy operation flexibility and combustion stability the chosen design
concept became a premixed, swirl-stabilised burner with two-stage fuel injection split. The
oxyfuel burner designed and manufactured by Siemens has fulfilled the objectives of the
test program with regards to flame stabilization, in spite of limited budget and development
time. The modular design of the burner offers an easy change of the nozzle geometry,
which should be fully explored.

Three main pressure levels have been tested (atmospheric, 2 bar and 4.2 bar; also one test
at 7.5 bara was achieved but at a reduced power: 50 kW). The stability maps based on fuel
split between the pilot and main burner show that the most stable flame is achieved when
the fuel split is close to the calculated oxidizer split of 1:2 pilot/main fuel. The flashback
tendency has a strong increasing trend with increasing O, concentration and increasing
pressure, whereas it diminishes at increasing power because of increased gas velocity. The
CO emissions have a clear decreasing trend with increasing excess O,. NOy emissions
above 40 ppm were measured, which can be considered high as only traces of N, should be
present (O, purity was above 99.5% and CO, purity was above 99.0%).

- The successful completion of the test program validates the high pressure oxyfuel test
facility as a powerful tool for oxyfuel combustion research and burner development, and
the oxyfuel burner as a promising candidate to be used in the pilot oxyfuel gas turbine in
OXYGT Phase 2.

» The OCC cycle has high pressure levels but, by virtue of the working media, a fairly low
discharge temperature. This means that the “cooling effectiveness” stays well within the
current practice. The number of cooled stages, however, will increase — again driven by the
working media. A proper balance between choice of material and cooling system has to be
sought for during a final design phase.

= Material and corrosion testing at elevated temperatures have been performed for gas turbine
materials in oxyfuel environment. Conclusions are: (1) current design data valid for Inconel
718 in normal gas turbine environments can also be used in oxyfuel applications, (2) all
tested alloys form protective oxides in the exposed environments, (3) no carburization was
detected with the used evaluation equipment for any alloy, (4) if the combustion gas
contains too low concentrations of H,O and O,, carbon deposition in the top coat will occur.

= Several concepts for condensation and gas preheating have been evaluated.

- Recommended condensation concept is a scrubber, where cold water is sprayed in
counter-flow with the warm gas. The cold water is cooling the gas, and the steam fraction is
partly condensing to liquid phase (direct heat exchanger principle).

- The preheating follows after the condensation and is for avoiding droplets/saturated
corrosion in the first stage of the recycle compressor. The concept is a gas-water heat
exchanger of finned tube type. Hot water is taken from the low pressure Rankine cycle, and
used for heating the drive gas up to 5°C above condensation temperature. The solution uses
well known standard.

= Test site evaluation, pilot plant engine platform: A preparation of an anticipated project
phase 2 with a small scale pilot plant demonstration has been included in project phase 1.
The purpose of the pilot plant is to close the loop and test the entire principal cycle in a
small scale demonstrator. Critical components such as the combustor, gas turbine and flue
gas condenser have to be verified beyond what is possible in a once-through test rig (with
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limited supply of media). A suitable engine platform (Turbec T100), test site (Lund
University), and a plan for testing have thus been suggested.

Using the T100-OCC with both flue-gas recirculation and pure oxygen as fuel oxidizer
forces the engine far away from what it was designed for. It is therefore a need for accurate
models that describe the performance at all speeds. An advanced detailed performance deck
has been developed within the IPSE Pro software to fulfil these needs. This model is based
on the engine characteristics for e.g. the compressor and turbine and is capable of providing
the required level of cycle analysis for the gas turbine and process. In addition an advanced
performance deck has been set up to model the entire T100 and the external cycle, in order
to calculate the operational boundaries for the combustion section.

Burner adaptation: The combustion section (i.e. burner and liner) has to be fitted into the
standard T100 extension piece. An eventual prolongation of the extension piece will be by
adding an adaptor that provides the required length.

Control system: The current Turbec T100 uses a fairly simple (but still adequate) control
approach with a fix turbine exhaust temperature in the higher load regions. The exact
procedure for a demonstrator is, at the time of writing, neither decided nor fully analyzed
for the anticipated working media compositions. There are basically two available options,
namely: (1) keep the current control strategy and either automatically adjust the EGT set-
value or manually adjust during operation, (2) abandon the EGT-control in favor for direct
firing level control. Both approaches, however, require on-line analysis of the firing
temperature — or a direct combustor temperature measurement.

Infrastructure: The most significant parts of the infrastructure are: 100 kW Turbec T100 gas
turbine unit (incl. grid connection), natural gas supply, cooling plant for heat dissipation,
exhaust system with evacuation fan, separate control room, access to a fully equipped
workshop with highly skilled staff. The gas turbine will be modified, fired with oxygen and
the cycle has to be “closed”, which means that the exhaust is returned after cooling to the
compressor inlet. The oxygen production, storage and firing carry several critical HSE-
issues that have to be resolved and properly reviewed by several bodies (fire department
etc.). These aspects have been addressed.
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