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ROTATING MACHINERY FOR CO, COMPRESSION IN CCS
SYSTEMS

Introduction

Carbon Dioxide capture plants need to have CO, compression facilities since all of the
typical processes capture CO, at pressures well below those needed for transport and
underground injection. The power required for this compression represents a significant
part of the parasitic energy consumption of the CCS process. The projected compression
power requirements are expected to become significant in comparison with for example
those for natural gas transmission in the coming decades if CCS is adopted on a large
scale. This study was commissioned to examine the type of compression machinery
currently available for this duty, to look at novel compression concepts and investigate
the options for integrating the compression train into the overall process.

Approach

A contact for the study was awarded to Foster Wheeler Italiana on the basis of
competitive tender. The work was divided into two stages. The first part was to define the
process requirements for the compression for typical coal fired, pre, post and oxy-
combustion processes as well as for a gas fired post combustion process. Thereafter a
number of optimisations of the integration of the compression system with the rest of the
process were examined. In the second part selected manufacturers of CO, compressors
were asked to provide general information on their products and also to make selections
and indicate budget prices for compressors to perform the 4 specific sets of compression
process requirement. Two novel compression concepts were also reviewed, the most
revolutionary being the supersonic compression technology being developed by Ramgen,
the other being the use of a low pressure axial flow compressor for the first stage of
compression. In addition a novel method to use heat of compression for regeneration of
mole sieve dryers was investigated

Results & Discussion

Basic Compression Process Requirements

Basic process requirements for compression were based on flow schemes and heat and
material balances from the most recent previous studies of pre, post and oxy combustion
reported by IEAGHG. These were used to define compression duty requirements to
prospective compressor manufacturers. The specification for final water content of the
compressed CO, was found to be an important parameter as this affects the selection of a
drying step additional to compressor after-cooling and water knock out. The referenced
studies all use mole sieve dryers which require a recycle stream of CO, and a heat source
for bed regeneration. This has effects on the compressor stage flow preceding drying and
the heat integration. TEG or Glycerol drying is an alternative which does not have these
effects. For oxy-combustion processes deep drying is essential and is imposed by the
required cryogenic processing conditions. Here glycol cannot be used partly because of



the tight water specification but mainly because of the presence of oxygen which causes
glycol degradation. The pressure at which drying is required is fixed by the parameters of
the oxy-combustion CO, clean up process. However for pre- and post combustion
processes there is considerable flexibility as to the pressure at which the drying step is
placed in the compression train.

Strategies to optimise compression system

Several strategies to optimise compression were evaluated. Some of these can be applied
to all of the capture processes but their effect on overall process efficiency and economics
varies. Hence the effects of the various strategies are summarised for each capture
process. Each strategy leads to a difference in net power output of the complete plant and
also a change in capex/opex. There are other effects such as increased complexity which
are covered in the main report. In the overview just the effect on overall plant efficiency
will be quantified.

Post-combustion CO, compression optimisation

The base-line option for post combustion capture for both coal and gas fired processes is
to collect CO, from a single stream from the overheads of a stripper operating at slightly
above atmospheric pressure (1.6bara). There is some heat integration between the
compressor and the rest of the process because the compressor stage discharges are partly
cooled by heating boiler feed water. The baseline coal fired capture plant has an output of
655 MWe with an efficiency, based on LHV, of 34.8%.

The most interesting option to improve overall efficiency was found to be to increase the
operating pressure of the stripper thus reducing the compression power required. It was
found that the savings in compression power more than compensated for reductions in
power output from the steam turbine caused by extraction of steam at higher pressure to
perform the solvent regeneration. Although positive the gains are relatively small
compared to the total output of the plant - The extra 7.3 MW generated in this option
represents an overall thermal efficiency increase of just 0.38%.. Whilst low, this is large
enough to be of interest to power plant operators. However for this particular option the
raised temperature in the stripper will result in accelerated degradation of today’s typical
solvents to the extent that overall power production costs were estimated to increase.

The other options found to provide some gain in output were to reduce compressor stage
pressure ratio or to regenerate at two different pressure levels. Neither were very effective
because in both strategies the amount of heat recoverable to preheat BFW is significantly
reduced. Halving the compressor pressure ratio increased overall efficiency by only
0.1%. and applying split pressure regeneration 0.11%. It is largely because of this heat
integration that use of vapour recompression in the stripping section was found to reduce
overall efficiency by 0.15%.



Pre-combustion CO, compression optimisation

The base line option for pre-combustion capture is coal gasification in a Shell type
gasifier. The resulting syngas is shifted to convert the bulk of the CO to CO, and
hydrogen by reaction with steam. After cooling the CO, is removed in a proprietary
Selexol unit configured to deliver two wet concentrated CO; streams at 1 bara and 4.8
bara. The overall plant has a net output of 750MWe and a net thermal efficiency of
43.1%. Adding an additional flash stage to the system, at a higher pressure of 11.5 bar,
slightly increases efficiency by 0.11%. This is a very small gain and may not be worth the
extra complexity. Vapour recompression was found to reduce overall efficiency by
0.33% and two other strategies investigated proved to be non-viable.

Oxy-combustion CO, compression optimisation

The base case plant had an electrical output of 530MWe and an efficiency of 35.4%. Part
of the compressor duty is for auto-refrigeration in the CO, cryogenic purification section
as a result of which the CO, compression duty is proportionately larger for oxy-
combustion.

The option to replace the final stages of compression by cooling and then pumping the
CO; proved to offer no change in efficiency. The gains in compression power are offset
by loss of heat recovery into the feed water from compressor discharge cooling. The
option to expand the purification vent gas to create cold for the cryogenic purification
unit proved to be less efficient overall by 0.39%. Heating and then passing this stream
through a turbo-expander before it is vented appears to be the most efficient strategy. The
strategy of pumping liquefied CO, up to pressure once it is formed in the clean up unit
and providing the refrigeration duty using external propane refrigeration proved to be
similarly unattractive reducing efficiency by 0.51%

Selection of compressors

A number of manufacturers were provided with the basic compression requirements for
the baseline plants described above. 4 companies (Rolls Royce, Man & Diesel, GE and
Ramgen) responded with varying levels of detail covering three basic types of CO,
compression equipment. For the capacities required in large scale CCS plants
reciprocating compressors are too small. Information was thus received on barrel type
centrifugal machines, integral gear machines and a novel 2 stage supersonic machine for
the duty. Appended to this summary is a chart showing all of the basic compressor
packages which were offered.

Number of compression stages
The post combustion process places the least restriction on staging since the optimum

arrangement simply requires a straight compression from just above atmospheric pressure
to the pipeline pressure. The main constraint is the need to find a suitable intermediate



pressure to insert a drying step and typically this would be at a point somewhat below the
critical pressure so that most water has been removed in compressor intercoolers and
knock out drums and so that drying occurs in the gas phase. In all three schemes the
pressure at which dehydration is conducted is approximately 33bara. This is a significant
constraint for the Ramgen concept which is constrained to dry either at around 11bara or
in the supercritical state at 111bara. However it is possible to conduct the dehydration at
the lower pressure with little or no effect on the cost of the dehydration equipment thus
removing this apparent constraint.

Pressure and flow in intermediate compression stages

Post combustion capture processes impose no particular constraints on choice of
intermediate pressure given that there is a wide range of choice for the pressure at which
dehydration is done. In the pre-combustion process there is an intermediate pressure level
defined by the pressure of the first flash. In the base case this is at 4.8 bara. The large
proportion (about 2/3) of the CO; is released in this flash so that any variations would
have significant implications for flows and efficiency. However there may be scope for
optimisation of this pressure although this has not been investigated in this study.
Introduction of an additional flash stage at 11.5bara was investigated. This allowed about
19% of the total gas flow to require one stage less compression but did not as mentioned
earlier result in any overall gain in efficiency.

In the oxy-combustion process there are very specific intermediate stage pressure
requirements because in the initial stages the CO, has to be raised to the pressures
required for reactors in the CO, clean up process. Thereafter the CO, is the working fluid
for the auto-refrigeration process which places constraints on intermediate operating
pressures.

Use of a desiccant bed drying system introduces a requirement for circulation of dry and
hot regeneration gas. One option is to provide this using the previous stage of
compression although this is wasteful of compression energy since the beds have a low
pressure drop. The alternative would be to provide a separate recirculation blower. A
further interesting alternative is to use “heat of compression” drying which is able to
reduce the recycle flow for drying substantially. This is briefly described under the
sections on novel concepts and a fuller description of this process is included in appendix
1 of the main report.

Options using in line centrifugal compressors
Rolls Royce has developed a range of horizontal split and barrel type centrifugal
compressors suitable for CO, service. They provided basic selection information and

budget price information on several arrangements to satisfy the base case requirements.

The duty is covered by two ranges of machines. The first are machines with horizontal
split casing coming in 2 frame sizes and suitable for the low pressure part of the



compression trajectory. These frames are undergoing upgrades to raise their maximum
discharge pressure currently 25-28 bar to above 34 bar.

The high pressure part of the duty is covered by machines with a barrel casing with 5
barrel sizes. (designated RAB through REB). The smallest size is still in need of an
upgrade for CO, duty. The two largest machines (RDB/REB) have been upgraded to
accommodate higher maximum discharge pressures of 241/137 bara respectively. (The
inlet flow capacities of the bigger machines are well in excess of the flows from the base
case designs considered so that a single train would be possible for the higher pressure
part of the compression trajectory up to capacities of coal fired plants approaching 4GW.

The duty with the largest inlet flow volume is that for the baseline coal fired oxy-
combustion plant mainly because the CO, has to be compressed from the lowest pressure
i.e atmospheric. By contrast the starting pressure for post combustion is at least 1.6 bar
and only 33% of the CO; in the pre-combustion case is at atmospheric pressure, the rest
is already at 4.8bara.

Thus the basic Rolls Royce offerings would be based on 3 parallel low pressure
horizontally split compression trains for the oxy-combustion option, 2 such trains for post
combustion and only a single train for pre-combustion. Thereafter the higher pressure
stages are served by various combinations of the three smaller sizes of barrel compressor.
For larger capacities the number of low pressure trains would have to be increased due to
the limitation on inlet flow capacity. However the number of higher pressure trains
running in parallel could be reduced by utilising larger barrel sizes. The compression
system is driven by electric motors with variable speed drive. Because the higher pressure
machines stages run at higher speeds a number of separate motors are needed as only
machines which can run at the same speed are driven on one shaft.

GE made outline proposals for post and oxy-combustion processes only. For post
combustion the proposed arrangement was to have 2 parallel trains with 4 stages in 2
separate casings with each driven by a single motor and two gearboxes. For the oxy-
combustion process two parallel three stage machines with two casings driven by a motor
and single gearbox followed by a third machine with two stages and a single casing
driven by a motor and gearbox for the higher pressure part of the compression trajectory.
They did not however provide any information about the full capacity range of their
machines although in principle larger train sizes should be possible.

Options using integrally geared compressors

Man-Turbo & Diesel produce a range of integrally geared compressors which can have
up to 5 shafts with two impellors on each shaft. The maximum flow is in general
restricted by the size and number of the lowest pressure impellers. It is possible to
connect a number of impellers in parallel to increase the capacity of the lowest pressure
stage. The range currently runs from the smallest frame with a 25mm inlet diameter
impeller rated for 4AMW up to the largest with a 160 diameter inlet rated for up to



60MW. However for CO, service the current range is from 45mm — 140 mm. There is
thus considerable flexibility in layout and the designs can easily incorporate variations in
the flow rate though different stages and accommodate tightly specified intermediate
pressure levels.

Man-Turbo & Diesel designate their machines and frame sizes with a coding of the form
RG 140-8 in which the first number is the first stage inlet impeller diameter and he
second is the number of impellers fitted.

Again the oxy-combustion process requires the largest inlet flow volume and Man Turbo
& Diesel offered 2 separate compressor trains using their 1225mm inlet diameter impellers
with just 4 stages in series. A third train provides the compression for the cryogenic
section of the process using a smaller machine of 56mm inlet diameter also with 4 stages
in series.

For post combustion a single 140mm inlet diameter impeller machine with either 6 or 7
stages is offered. Total power is 48.8/45.6MW for these two options which is close to the
stated maximum of 50MW for this frame size. In principle it would be possible to
accommodate higher capacity coal fired plants if stripper pressure were higher towards
1GW. Thereafter multiple trains would probably be required as even the 160mm inlet
diameter machine does not offer that much more maximum power. For pre-combustion a
single machine with 100mm inlet diameter first stage impellers using parallel pairs of
impellers for the first 3 stages and single impellers for the last two stages is possible.
Alternatively the duty can be split between a machine of similar frame size with just 4
impellers, arranged in 2 parallel stages feeding a second smaller machine of 63mm inlet
stage diameter with 3 stages in series.

GE offered integral gear options for pre and post combustion processes but not the oxy-
fuel application. For post combustion 2 parallel machines of either 6 or 8 stages were
offered. The 8 stage machine consumes marginally less power but lower heat recovery of
compressor heat will reduce the value of this reduction on the overall power plant
efficiency. No information on the range of machines available was provided. It is
however likely that larger power plant capacities will require more trains.

Novel solutions-Uncooled axial compressors for first stage.

To avoid having to have multiple parallel trains the option of using a single axial machine
for the lowest pressure part of the compressions was considered. This option was
examined and would in principle enable reduction in number of trains and would make a
small reduction in total power. However such a machine would have to be executed
throughout in corrosion resistant materials making this a potentially expensive option. It
would have poorer turndown than multiple trains.



Novel solutions — Supersonic high ratio compression

Ramgen has developed a high compression ratio compressor based on supersonic
shockwave compression principles. The machine is compact and highly efficient. It
would use only two stages so that despite its high efficiency it would use more power.
But, because of the high compression ratio the stage outlet temperatures are high (around
240C) and hence a greater portion of the heat of compression is available for useful
integration into the overall process. This is most applicable in the post combustion
capture process. Simulations show that based on the quoted performance use of the
concept should slightly increase overall power plant efficiency provided the heat of
compression is used in the solvent regenerator reboiler. In fact the quality of the heat is
higher than that of the LP steam which it backs from this application out but unless a
higher temperature destination can be found this further potential advantage cannot be
realised. Use in heat of compression regeneration of mole sieve driers is one potential
application. Were glycol drying to be used the glycol regenerator reboiler would also be a
potential destination and is a higher temperature application (around 205C) than amine
solvent regeneration.(around 135C). However the duty of such a system is likely be to be
only a few MW.

In practical terms RAMGEN offers a range of 7 frame sizes for each of the LP and HP
stages. The LP sizes range from 22 to 46 inch rotors in steps of 4 inches and the HP from
12 to 26 inch in steps of 2 inches. For the post combustion duty a 38inch LP and a 26
inch HP frame size is selected. The total compressor power is estimated at 55.9MW
compared to between 43.5 and 50.4 MW for the various options for other types of
compressor. These figures do not allow for the effects of compression heat recovery
which, counter-intuitively, means that less efficient compression can sometimes result in
a more efficient power plant overall.

The RAMGEN compressor is at an early stage of development with first prototypes
having operated. It will be some time before they are fully commercially proven.

Novel solutions — Heat of compression drying

This system for drying mole sieves in drying service has been developed by a company
named SPX. It can be used when the un-cooled compressor outlet temperature prior to
the dehydration step is high enough and is thus particularly applicable to the Ramgen
alternative. The key principle is to use a part of the hot un-cooled feed gas to heat the bed
requiring regeneration. Most of the hot gas bypasses this bed to go straight to the
compressor after-cooler where is rejoined by the now wet stream from the bed under
regeneration. A small pressure drop has to be created to get the slip stream to flow
through the bed. The hot stream is cooled in the aftercooler to knock out free water as
normal before passing in to the on line bed for drying. With a discharge temperature of
240C this is almost but not quite enough to complete the regeneration. There is still a
requirement for a final purge of the regenerated bed with dried gas but this represents
anly about



Turndown and sparing

Manufacturers provided some information on turndown. Combinations of variable speed
electric drives and inlet guide vanes provide turndown to about 70% of capacity. There is
a small loss of polytropic efficiency typically around 4% at maximum turndown.
Thereafter it is necessary to resort to recycling and/or multiple parallel units. However as
several options used only 2 x 50 % trains these have a turn down gap between 50 and
70%. Only with three parallel trains of 33% capacity is there a possibility to turn down
continuously below 70% by turning trains off.

Reliability of integral gear machines is typically around 97% and for centrifugal
machines 99%. Hence it is unlikely that for this non-critical duty the machines would be
spared. Splitting into smaller units to gain turndown would significantly increase costs
and maintenance. Hence recycling is most likely to be the best option for extending
turndown beyond 70%.

Manufacturing capacity

Based on the IEA bluemap scenario for CCS approximately 40 large CO, compression
units would be required per year up to 2030 and thereafter as many as 100 per year. The
two main suppliers who responded during this study indicated a joint capacity of around
40 units per year. This represents capacity for these specific type of rotating machinery
and there are other manufacturers. There should be ample industry capacity to fabricate
the required compression equipment if CCS gains a prominent role.

Prices

Manufacturers indicated budget prices for machines to meet the various duties supplied to
them during enquiries. These prices need to be treated with care as the exact scopes of
supply are not specified in detail and may vary between manufacturers. Hence only rather
general ranges are mentioned in this report to prevent inappropriate conclusions being
drawn. Based on budget prices and contractors own information the in line centrifugal
compressors are expected to be slightly more expensive than integral gear compressors.
The capital costs of the Ramgen compressor system in this duty is expected to be
considerably less than either in line centrifugal or integral gear systems.

However the study highlighted the fact that the different types of compressor need to be
integrated into the power plant in significantly different ways. The cost of the compressor
alone is not necessarily indicative of lowest overall cost. It is not possible to prepare a
single design specification which suits all the types of compressor available and to do so
would inevitably bias the choice. Hence it is recommended that for the time being a more
flexible and iterative approach is adopted when specifying and selecting CO,
compressors for CCS power plant duty. A project contract strategy which allows the
overall CO; capture plant efficiency and cost using the different types of CO, compressor
available on the market to be compared on a competitive basis should be devised. Such a
contract strategy would encourage process design variants to be generated tailored to the



different performance characteristics offered by compressor suppliers. That said it may be
that other considerations are overriding when contract strategy for a CCS system is
formulated and trying to optimise this subsystem in this way may not always be
appropriate.

DIAGRAM - Summary of compression packages offered for base case
specifications.
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This figure summarises the basic compression arrangements offered by manufacturers to
satisfy the base case conditions. Where two trains are shown in parallel each is of 50%
capacity and where 3 are shown in parallel each is 33.3% capacity. In some cases a
slightly different arrangements were offered for the alternative strategies but these are not
shown here. The total compressor shaft power is indicated but a higher number does not
necessarily result in a less efficient power plant because some heat of compression is
recovered in the processes.



Conclusions

The study confirmed the importance of CO, compression power in CCS overall plant
efficiency. Manufacturer’s current efficiency claims proved to be slightly higher than
assumptions made in previous studies. Alternative strategies for compression were found
to have only a small impact on overall plant efficiency.

Integration of heat of compression into the power plant is essential to maximise
efficiency.

The Ramgen concept is well suited to the post combustion application, less so to pre-
combustion and does not fit with current oxy combustion capture power plant designs.
Despite it’s higher compression power requirement when full heat integration is used it
offers slightly higher overall power plant efficiency, greater simplicity and potentially
lower capital cost.

Optimum plant design is influenced by compressor selection because of the way heat is
recovered. To optimise a project effectively an iterative design and compressor selection
process is needed.

The process needed for drying CO, influences the compressor design and heat
integration. Current assumptions for the drying process may not be optimum and CO,
drying is suggested as being a process worth more detailed study.

Recommendations

It is recommended that further work is done on options for drying captured CO,. This is a
specialised area and could either be undertaken as a stand alone study or as part of
further engineering studies on capture processes

The basic principles and options for integrating conventional compressors into CCS
processes are well understood and broadly covered in this report but further work is
needed to optimise the integration of the Ramgen type of compressor into post
combustion CCS. IEAGHG should encourage this work to be done and consider offering
further guidance to ensure that the potential of this new technology is realised. However
Ramgen themselves and engineering organisations preparing detailed designs for post
combustion CCS plant are in the best position to execute such development.
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1

Background and objectives of the study

In the scientific community it is generally recopsd that, by year 2030, the world
energy demand will increase by 50%, while fossgl$umainly coal and natural gas,
will continue to supply most of the energy demantiss reality will continue for
many years, until the use of renewable energiesimdtease significantly. On the
other hand, the use of fossil fuels is necessadaifyelated to the production of carbon
dioxide (CQ), which contributes to global warming. In this sago, Carbon
Capture and Storage (CCS) represents one of theafiestive responses to partially
reduce C@emissions in the next few years.

For industrial applications with CCS, the power dewh of the C@Qcompression unit
and the process units that are thermally relatetisosystem contribute significantly
to the energy penalties of the plant, thus redudm@verall efficiency. Therefore,
any reduction of the electrical consumption of #ystem may result in an important
overall net plant efficiency improvement.

This report summarizes the outcomes of a studyw®dcby Foster Wheeler for
IEA-GHG R&D Programme, aimed at identifying the maypes of compression
equipment, available in the market for CCS applicet, and assessing the key
characteristics of different compression systentsraachinery configurations. From
an energy point of view, for a given final dischangressure of the carbon dioxide,
there are a number of different alternatives tlaat loe considered for the capture and
compression unit, corresponding to different powemands and investment cost
requirements. This study has investigated diffecempression strategies, making a
techno-economic assessment of various alternatamdicable to the post, pre and
oxy-fuel de-carbonisation processes. General giedge i.e. valid for any
compression type, have also been assessed indhis w

A generic overview of the implications of the idéet strategies on compressor
selection and design has also been performed, enbt#sis of the operating
conditions of the compressors. Finally, the studg made a description of novel
compression concepts that are expected to offdr-stigge efficiency, identifying

their state of development and the strategieshieir use in a typical industrial plant
with carbon capture and storage.

FW like to acknowledge the following companiesidds in alphabetical order, for
their fruitful support to the preparation of theoet:

* General Electric,

* Man Diesel & Turbo;

« QB Johnson;

* Ramgen;
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* Rolls-Royce;
» SPX.
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2 Base of the study
2.1 Base Cases
For each combustion capture type, a Base Case das identified and used as
reference to carry out the comparison with altevea€O, compression strategies,
which have the potential for lower parasitic loads.
The base cases have been derived from previougestuddertaken for IEA-GHG
R&D Programme in the past years on CCS-relatedcsoplhe following table
provides a summary of the reference cases for eguture technology.
Table 2-1Base cases summary
Technology PRE- POST- OXY-FUEL
COMBUSTION COMBUSTION COMBUSTION.
Type of plant IGCC USC-PC USC-PC
IEA GHG Report ref. Report PH4/19 [1] Report PH4/33 [2] | Report PH2005/9 [3]
Case D4 Case 4 Case 2

Gross Power output [MWe] 942.1 827.0 737.0

Net Power output [MWe] 705.0 666.0 532.0

Base Case Tag A0 BO CO

CQO, capture rate 85% 85% 90%

CO, compression 47.4 (1) 57.7 (1) 79.3 (1)

parasitic load [MW]

2.2

Note 1: Re-calculated for the present study thrqugicess simulation of the compression unit

Although the above listed studies are not of regerlication, this has not affected
the considerations made in this work, as they refainly to differences in
performance and cost of a limited number of units.

CO, Dehydration system design basis

For the purpose of the study, the moisture spetibo of the final C@ product has
been set to 50 ppmv. This figure has been congideseypical for the relatively low
ambient conditions used in the study.

The two well-known dehydration technologies apyileato carbon dioxide drying
are TEG absorption and solid desiccant. For thidysthe reference configuration of
Dehydration unit is based on solid bed adsorptiritfe following main reasons:
» Solid bed adsorption units generally have a lowbkole life cost than TEG
units and provide higher flexibility in terms ofweoint depression, being
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2.3

capable to achieve lower moisture in the export (gasvn to 1 ppm vs 30
ppm of the TEG process); this is a key factor a&sdbbate on the moisture
spec to be used in the different applications aatetto CQ capture is still
open.

* Even though it is recognised that the need of leay@ portion of the C®
for bed regeneration causes an energy penalg/appreciable that, including
this configuration as reference for the studysipossible to investigate the
impacts which the recycle may have on machineryfopmance and
selection.

Furthermore, regarding the potential applicationtld TEG technology to GO
dehydration there were some uncertainties relatatid impacts in terms of carbon
capture rate, since a minor part of the,@®the wet gas is absorbed in the glycol
stream and released from the glycol regeneratiatiose For this reason, Foster
Wheeler have carried out further investigation bis subject with drying systems
Vendors and performed simplified process simulaiorhe outcome is that only a
minor portion of the incoming CQapprox. 0.3%) is expected to be absorbed by the
glycol, therefore the overall carbon capture ratenot significantly affected if the
vent from the glycol regeneration is routed to aptwre. Hence, it has been
concluded that TEG process can be regarded asaitally viable option of C®
dehydration in CCS applications for moisture speaifon above the limit of 30

ppmv.

It has to be noted that there is yet no consensua widely recognised pipeline

specification, as far as water dew point is coneeri-oster Wheeler and IEA GHG

have investigated this topic further and have fouszent works reporting that, in

many applications, it is likely that the specificat can be relaxed with respect to the
50 ppmv used for the study. For instance, valuesigls as 500 ppmv may be

acceptable in the pipeline and even in colder dl®&00-300 ppmv should be

sufficient to prevent hydrates formation even ia ¢fas phase.

Basic criteria for techno-economic comparison

One of the main objectives of this study has be@emake a technical comparison
between the Base Case configurations and alteen&i® compression strategies.
This evaluation takes into account that the,@Ompression scheme modifications
may lead to a utility requirement, mainly steam aondling water, which is different
from that of the Base Cases. Nevertheless, diffetdility consumptions also
correspond to a different power demand, which thigects the overall net electrical
efficiency of the power plant.
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For each steam pressure level used in the plantebhsas for the cooling water, the
figures shown immable 2-2have been used to convert each utility requirermgatan
equivalent power demand.

Table 2-2Equivalent electrical consumption of different ititis

Lty caseones | Sheolcoabent
LP steam
at 7.5 barg  Pre-combustion 191 kWelt/h
at 3.3 barg  Post-combustion 172 kWelt/h
at 2.5 barg  Oxy-combustion 145 kWelt/h
IP steam
at 61 barg  Oxy-combustion 375 kWelt/h
Cooling Water
Al 0.102 kW/ni/h

With reference to the economic assessment, thergleli®d GHG guidelines have

been applied to the present analysis, for the atialu of the various compression
strategies, in terms of differential figures witbspect to the plant configurations
taken as reference (Base Case).

The main factors applicable to this type of analysie defined as follows:

» Discount rate: 10%.

» Cost of consumed Electricity: 3.8 €c/kWh (to covest export electricity
revenue, rather than generation costs).

» Cost of coal: 3.0 €/GJ (LHV basis).

e Maintenance costs - IGCC: 3.4% of Differentialéstment Cost

* Maintenance costs -USC PC: 3.1% of Differentiaelstment Cost
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Technical assessment of C{compression strategies

Table 3-1shows the main outcomes of the technical assessmkite the following
sections provide further details for each &0Ompression strategy investigated in the
study.

Table 3-1Technical analysis outcome summary

e

Al Vapour recompressic Not effective due to lov
(pre-combustion) +6.0 -0.3% pts| temperature constraint for
Drying System operatic
A2 Increase of number of fla: Integrated approach wi
stages in the AG "2l UL i respect to compressor des
Bl Vapour recompressic Not effective due to lov
(post-combustion) +2.9 -0.2 % pts| temperature constraint for
Drying System operatic
B2¢ Increase of stripper pressure -4.4 +0.2% pts  Good results butigher
CO, capture unit solvent degradation rates al
820 - 7.3 +0.4 % pts expected to penalise OP
B3 Staging of solventregel. in Improvement limited by th
CQO, capture unit -1.7 + 0.1 % pts| high thermal integration in
the base C, capture Un
C1 Expansion oflue gase Mechanical energy recove
from flue gases is more
*59 ~04%PtS) peneficial than cold therma
energy recovel
C2 Refrigeration of compresst Even an optimise
Co, refrigeration system does n
t7 - 0.5 % pts overcome auto-refrigerated
schem
C3 CQG; Liquefaction with CV Partially oft-set by the
N reduction of recoverable
-02 0.0 % pts compression heat. Sensitiv
to CW condition.
D1 Increasing number of stag Partially oftset by the
-2.0 +0.1% pts  reduction of recoverable
compression he
D2e Early CC; liquefaction Conventional Chillepower
(post-combustion) -0.2 ~0.0%pts) demand off-sets energy
savings
D2hb Early CG, liquefactior Key feature is the use of
(pre-combustion) -7.6 + 0.3 % pts| absorption chiller for C®
liquefactior
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D2c

CQ; Liquefaction with CV Sensitive to CW conditior

(pos-combustior. e L2
D3¢ Deeper inte-cooling Improvement limited b
(post-combustion) -2.6 + 0.1 % pts| hydrate formation and GO
dew point
D3k Deeper inte-cooling Improvement limited b
(pre-combustion) -2.0 + 0.1 % pts| hydrate formation and GO
dew poin

(1) Negative values indicates a net consumption redietith respect to the reference case.
(2) Positive figures indicate an overall efficiency impement.

General strategies

The study has assessed some general compressitmyists, as summarizediable
3-2, which could be applied to any of the £€apture processes (pre, post or oxy).

Table 3-2General — Summary of compression strategies

CASE TAG Description
Case D1 Increased number of compression stages
Case D2 CoQliguefaction instead of gaseous compression
Case D3 Deeper inter-cooling

Case D1 this compression strategy has been evaluatedhfrpost-combustion
capture and consists in doubling the number of cesgion stages (i.e. 8 vs. 4) with
respect to the Base Case (B0). Overall, the estinanergy saving has been
approximately 2.0 MWe. This net figure includes #uwerse effects of higher steam
consumption in the Power Island. In fact, due te tigher number of stages, the
waste heat from the GQrompression is lower and the consequent ST coatkens
preheating is reduced.

Case D2 has been analysed for both the post-cornbu&2A and D2C) and the
pre-combustion capture (D2B).

Case D2A(post-combustion): the early liquefaction of the d@s been estimated
by considering the application of a conventionalleh) using propane as working
fluid. Overall, the strategy has not led to a digant optimisation of the energy
demand, as the estimated net equivalent consumygehrction is approximately 0.2
MWe.. In fact, the significant reduction of the comwies energy is off-set by:

* the electrical consumption of the chiller;
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3.2

* the reduction of the COcompression waste heat available for condensate
preheating (increase of the steam demand);

» the higher electrical consumption associated tartbeease of Cooling water
usage, mainly due to the introduction of the chiltethe system.

Case D2B(pre-combustion): the early liquefaction of the £@@s been evaluated
with the application of an absorption chiller, diwethe large amount of low-grade
heat available in the process. The estimated nepEssion energy reduction has
been 7.6 MWe. Also, this strategy has allowed agmaf reduction of the coal

thermal input to the gasification plant, since @3of the Gas Turbines thermal
demand is fulfilled by the hydrogen rich gas sefgtan the liquefaction process.

Case D2dpost-combustion): an assessment has been mathefearly liquefaction
by using the available cooling water. Overall, tlakernative has led to a net
equivalent consumption reduction of 3.3 MWe withpect to the Base Case.

Case D3deeper inter-cooling has been estimated for thalpost-combustion (Case
D3A) and the pre-combustion alternatives (Case D3Bese options have been
evaluated with respect to the possible hydrate &ion in the CQ@ stream and the
necessity to keep the temperature above the @ point. The net equivalent
consumption deltas with respect to their respediisee Cases have been estimated
respectively equal to 2.6 MWe and 2.0 MWe.

Pre-combustion strategies

Table 3-3lists the most relevant compression strategidshidnge been assessed in the
study for this capture type, whilable 3-4shows the performance delta, in terms of
equivalent power demand of each equipment or sitbltoetween the compression
strategy and the Base Case (A0). Other two comipressrategies, namely the
“AGR stripper pressure increase, Case A3” and Re-lse of waste heat from €O
compression, Case A4” have not been fully investidas they are not technically
convenient.

Table 3-3Pre-combustion — Summary of compression strategies

CASE TAG Description
Case Al Vapour recompression in the AGR strippwlgran
Case A2 Increase of number of flash stages in tBR A

Case Al The concept behind the vapour recompressionegiyaits the increase of
the CQ compression discharge temperature, so to use ghermgrade heat available
in the process (e.g. AGR reboiler). With respecthi® Base Case, the compression
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work is higher (+12.9 MWe), due to the increas¢haf CQ average temperature in
the compression path, while the LP steam demandwesr, thus leading to an

increase of the ST output (6.8 MWe), since a portibthe reboiler heat requirement
is supplied by the C£compression.

Case A2 In the Base Case A0, the liquid phase at theobotf the CQ absorber
column in the AGR passes through three sequehdisth stages: C{Recycle flash,
MP flash and LP flash. The vapour phase from the R€rycle flash flows back to
the CQ absorber column, while the liquid phase is expdrgiecessively in the MP
flash and then in the LP flash. The £@an solution after the LP flash is recycled
back to the C@ absorber column. In this way, high-purity €8 recovered and
delivered to the COCompression unit at two pressure levels: 4.8 fdiR) and 1.2
bara (LP).

This compression strategy consists in considerimgadditional CQ flash stage,
located between the GCRecycle flash and the MP flash. Therefore, the, CO
Compression unit receives three £Sreams respectively at 11.5 bara (HP), 4.8 bara
(MP) and 1.2 bara (LP). As a consequence, the daguired by the C®
compressors is lower (-2.1) than the Base Cas@uBecpart of the CCs already
available at higher pressure (11.5 bara), whidinslar to the discharge pressure of
the reference configuration, at the second comjessage discharge.

Table 3-4Pre-combustion cases —Equivalent Electrical Consompelta with Case A0

CASE TAG | CASEA1 | CASE A2

Cooling water

CW consumption [MW] | -0.1] ~0

Thermal integration with AGR

Solvent regeneration [MW}/ | -6.8 | N/A

Compressor Electrical Consumption

Overall electrical consumption difference [MW | +12.9] -2.1

Overall Plant Electrical Consumption Gap

TOTAL [MW ] | +6.0| -2.1
Note: Negative value indicates lower consumptidth wespect to the base case

From the figures in the table, it can be drawn thase Al strategy is not attractive,
while for Case A2 there is a net power consumpdiecrease of 2.1 MWe.

3.3 Post-combustion strategies

Table 3-5lists the most relevant compression strategidshidnge been assessed in the
study for this capture type, whileable 3-6shows the performance delta, in terms of
equivalent power demand of each equipment or sitbtoetween the compression
strategy and the Base Case (B0). Another compressiategy, namely the “Re-use
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of waste heat from CQcompression, Case B4” has not been fully invetstgyas it
are not technically convenient.

Table 3-5Post-combustion — Summary of compression strategies

CASE TAG Description

Bl Vapour recompression in the AGR stripping column
B2 Increase of stripper pressure in the,C&pture unit

B3 Staging of solvent regeneration in the &@pture unit

Case B1The concept behind the vapour recompressioneglyas same as the post-
combustion capture (Case Al). However, in this B@ase a portion of the GO
compression waste heat is already recovered toeatekthe Steam Turbine
condensate at condensate pump discharge, thusmntiite amount of heat available
for the vapour recompression.

Case B2A This compression strategy consists in increaiegoperating pressure of
the stripper (210 kPa), so to increase the @@ssure released from the £pture
unit and reduce the overall pressure ratio foratpression unit (-5.5 MWe). The
higher stripper operating pressure also inducesverl specific heat requirement for
the solvent stripping in the reboiler, since athhigressure (and therefore high
temperature) the CQOnass transfer rate, throughout the stripper cojJuspositively
affected via the increased driving force. Howevegher amine degradation rates is
expected and considered in the economic assessment.

Further, the higher stripper operating temperatwik require a higher steam
pressure at ST extraction. This has a negative étnpa the overall performance of
the plant and partially off-sets the benefits higiled above (+1.2 MWe).

Case B2Bsame as Case B2A, with a higher stripper preqsete260 vs. 210 kPa).

Case B3 The Base Case for post combustion capture alrgmilydes a flash of the
preheated rich amine to produce a semi-lean antiears, which is recycled back to
the absorber at an intermediate height in the padking. Therefore, the concept of
staging of solvent regeneration is introduced ia tompression strategy as a multi-
pressure stripper. The multi pressure stripper aipsrat three different pressure
levels (160 kPa, 230 kPa and 330 kPa), with twatiaaél compressors installed to
take the stripping vapour from the bottom pressewel to the top one. The increase
of the parasitic power associated to the additiocoaipressors is in part off-set by:
* a significant reduction of the reboiler heat regment, as part of the
stripping is carried out at higher pressure (-13\®e);
* a lower parasitic consumption of the conventionaim@ression Unit, due to
the higher pressure at which the {®released from the stripper.
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3.4

Table 3-6Post-combustion case — Equivalent Electrical Comgiam delta with Case BO

Thermal Integration with the Power Plant/CO, capture unit

Steam cons. for Condensate Pre- 0 +53
heating [MW] +12@Q | “+23© '
Steam cons. for MEA Reboiling

-9.3 -18.5
[MW ]
Cooling water
CW consumptiofiMW (] | -0.4 | -0.1] -0.2| -0.9

Compressor/Turbine Electrical Consumption

Overall electrical consumption

difference[MW ] +125 -5.5 -9.4 +12.4
Overall Plant Electrical Power Gap

TOTAL [MW (] +2.9] 4.4 | -7.3] 1.7

Note 1:  Negative value indicates lower consumptiith respect to the base case

Note 2: Beneficial effects of reduced ST extrattitow rate overlaps with adverse effects of the
different steam conditions. Therefore the apprazdie equivalent electrical consumption
gap is not applicable to this particular case. Téwulting net differential ST output is
reported for cases B2A and B2B.

From the figures in the table, it can be drawn Base B1 is not attractive, whereas
for Case B2A, B2B and B3 there is an overall netgroconsumption decrease.

Oxy-combustion strategies
The compression strategies assessed for this edype are listed iable 3-7 while

Table 3-8shows the performance delta, in terms of equitglewer demand of each
equipment or sub-unit, between the compressioteglyand the Base Case (CO0).

Table 3-70xy combustion — Summary of compression strategies

CASE TAG Description
Case C1 Expansion of incondensable
Case C2 Refrigeration of compressed,CO
Case C3 CoLiguefaction

Case C1 In this compression strategy, with respect to Bawse Case CO, the
incondensable coming from the last £€ooling, at -53°C, are expanded. The
expansion to atmospheric pressure reduces the tatopeof this stream. The “cold”
energy is recovered in the cold box and so the &@pansion request for the auto-
refrigeration in the cold box is reduced. As a @muence, the C{exiting the auto-
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refrigeration system shows a pressure higher tharBase Case, leading to a lower
power demand for the last two @@ompression stages. On the other hand, the Flue
Gas Expander is not required in this configuratleading to an overall consumption
increase of +9.8 MWe.

Case C2In this compression strategy the £® refrigerated with an external chiller
system, instead of using an auto-refrigeration eyélfter the first two steps of
compression and after the Dehydration system, t@e €fream enters a train of
exchangers, where four chillers cool the ,Cddwn to -53°C. After each chiller,

liquid CQO; is separated and collected. Finally, liquid £®ith a purity of 96.1% by

volume, is pumped up at 111 bara.

The chiller’'s duty is provided by a conventionatleyrefrigeration circuit based on a
cascade system. The “warmer” circuit is composed abywo-stage propane
compression/expansion system; the propane expapsierdes the required duty to
the condenser of the “cooler” circuit. On the otland, the “cooler” circuit is

composed by a three-stage ethane compression/éxpasg)stem; each expansion
stage provides, at different temperature, theiogilbower to the C@stream.

Case C3 With respect to the base case CO, in this corspmesstrategy C®is
compressed in the last compression stage at 73apardirstly cooled against the
cold incondensable stream from the cold box, sdgamghinst condensate from the
power island and finally condensed with coolingeval he resulting liquid stream is
at 19°C and can be pumped up to 111 bara.

Table 3-80xy-combustion cases — Equivalent Electrical Corgtion delta with Case CO

CASE TAG | CASEC1 | CASEC2 | CASEC3
Thermal Integration with the Power Plant

Condensate Pre-heating [MWV -2.7 + 6.0 +3.1
BFW heating [MW] 0 0 0
IP steam consumption [MW -1.2 +3.2 +1.1
Cooling water

CW consumptiofiMW (] | 0] ~0| +0.2
Compressor/Turbine Electrical Consumption

[O|\>|/\3\r/aeil electrical consumption differencg +98 15 46
Overall Plant Electrical Power Gap

TOTAL [MW ] | +5.9] +7.7] -0.2

Note:

Negative value indicates lower consumptidth wespect to the base case

From the figures in the table, it can be drawn ase C1 and C2 are not attractive,
while for Case C3 there is a net power consumputesrease of -0.2 MWe.
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4 Economic assessment of C{rompression strategies

An economic evaluation has been carried out fortlal compression strategies,
discussed in Section 5, which present a reductiothe electrical consumption
associated to the GQrompression system. The evaluation is made tosasbe
economic convenience of each strategy in termsfigiential figures with respect to
the Base Cases.

Generally, the reduction of the parasitic consuamptiue to the COcompression
system leads to an increase of the electricity expvenue. For each case, the
economic convenience of the strategy is evaludteaugh the calculation of the
NPV and IRR, for a given Cost of the Electricity. CCE.).

The overall power reduction of each strategy amdntfain outputs of the economic
assessment are summarisedable 4-1

Table 4-1Economic analysis outcome summary

A2 Increase onumber of flash stage -2.1 -3.€ >0 N/A
in the AGF

B2¢ Increase of stripper pressure in» -4.4 -5.2 <0 N/A

B2k capture unit -7.2 - 10.¢ <0 N/A

B3 Staging of solvent regeneration -1.7 +6.¢ <0 0.3 %
CGQC, capture un

C3 CQ; Liquefaction with CV -0.2 -1.€ >( N/A

D1 Increasing number of stac -2.C -2.1 >0 N/A

D2e Early CC; liquefaction post com -0.2 -8.2 >0 N/A

D2b Early CC; liquefaction pre com -7.€ + 5.2 > (0 30.4 %

D2c CO; Liquefaction with CW pos -3.2 -1.7 >0 N/A
comb

D3¢ Deeper inte-cooling post coml -2.6 + 4.7 >( 10.€ %

D3k Deeper inte-cooling pre coml -2.0 +4.C <0 5.9 %

(1) Negative values indicates a net consumptionataih with respect to the reference case.
(2) Based on a lost export electricity revenue.8f& /kWh

All the strategies that present a Net Present Vgheater than zero (highlighted in
green) may be considered techno and economicalfctve.
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It is noted that most of the compression strateglesv an investment cost lower
than the Base Case. This is mainly due to a margaot compressor design, which
results in a significant reduction of the overalREX requirement.

For some specific cases it is worth to draw thetaihg comments:

Case A2:the good economics shown by the strategy of isongathe flash
stages number in the AGR are essentially drivemarbyntegrated approach,
as far as AGR and Compression Unit designs areetoed. In fact, the
additional CQ flash stage is introduced at a pressure thatrig alese to the
second compressor stage discharge condition, themdiag design
complications to the compressor itself.

Case B2A and B2Bfrom the technical point of view the strategy of
increasing the stripper operating pressure is oinéh® most promising
alternatives, whereas its economics are not atteaciThis is explained
through the significant impact that the higher salvdegradation has on the
overall OPEX of the plant. However, it is notedtttieese solvent degradation
rates have been taken from literature data, sodfgahould be confirmed by
referenced Licensors of the technology.

Case Dlthe increase of compression stage numbers shdaw@®PEX and
OPEX improvements. Further increase of the stagember would
theoretically lead to improved economics; howettes, resulting further drop
of the single stage compression ratio may not lemeable for centrifugal
machines, thus making this strategy not technicadipple.

Case C3 and DAl the CG, liquefaction strategies have NPVs greater than
zero, showing that these solutions are economicdthactive. However, the
convenience of this strategy needs to be evaluatesnjunction with the
cost of the pipeline, especially in warmer climatesl for long transport
distances, where either proper insulation/buryiregraquired to keep the GO
below its critical temperature or the pipeline desneeds to take into account
drastic physical properties changes as the dersgepbQ is heated while it
travels along the line.

Case D3athe deeper inter-cooling in the post-combustioptw® show a
positive NPV. However, this represents a border $ituation as indicated by
the estimated IRR (10.6 %), which is close to tligcalnt rate (10 %),
assumed as basis for the study. Either uncertaimtnethe cost estimate or
slight changes to the basic economic factors @ast of the consumed
electricity) may affect the attractiveness of tlsisategy from a techno-
economic point of view.
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5.1

Compression equipment survey

Types and sizes

In the past years, reciprocating compress@ge been conventionally used for the
compression of C® Nevertheless, this technology has revealed seviends,
mainly due to the low range of capacities that sonathines can handle, typically
from 25,000 kg/h to 40,000 kg/h, i.e. an order aigmtude less than the capacity
required by the large-scale industrial plants assbsn this study. Nowadays, the
technology of reciprocating compressors is leavihg space to_ centrifugal
compressorswhich by far represent the current state of tihéoa CCS applications.

For this specific study, Foster Wheeler has coathtte following Vendors: MAN
Turbo, Rolls-Royce, General Electric, Elliott anekiSens. MAN Turbo and Rolls-
Royce have provided full cooperation on the stwdyile partial reply only has been
received from GE. On the other hand, Elliott anén$ns have decided of not
supporting the study.

Usually, the centrifugal compressors can be caieggrinto two main branches,

namely called “single shaft in-line between beasirand “multi-shaft integral gear

typ€'. In both cases; machines are basically desigmedrding to the International

code API 617(Axial and centrifugal compressors fetroleum, chemical and gas

industry). By comparison with reciprocating maclsinthe centrifugal compressors

offer:

* Higher efficiency.

» Greater reliability (typically in the range of alio97% for integral gear
compressor and 99% for in-line compressors).

» Extended intervals between overhauls.

» Direct couple to the high speed driver, via eitsteam turbine or electric motor.

Typically, the design of the centrifugal compressisrsuch that the maximum inlet
flow is driven by the inlet Mach number limit (akidu9), which is imposed to avoid
aerodynamic issues. This parameter, in conjunctitim the molecular weight of the
gas (about 44 for C) defines the max allowable relative inlet velgcib the
impeller and thus the maximum axial inlet velociggsuming that the maximum
peripheral speed is also limited by the mecharstr@ngth and deformations, due to
the centrifugal force.

Within the family of the centrifugal compressordiet configuration and the
characteristics of the “in-line” machines are soowetdifferent from the “integral-

gear” machines, due to their intrinsic design. lmaalitional in-line compressor, all
the impellers are shrunk-on the shaft and conselyuemce the shaft speed is
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defined, it is the same for all the impellers eseld in the casing. Nevertheless, the
compressor manufacturers have standardised theokizasing and the maximum
numbers of impellers for each casing and withimeagefined range of pressure.

The main advantage of the “in-line” compressorsrdiie “integral-gear” is related
to maintenance access, since the “in-line” maclumefiguration allows the inner
bundle of barrel casing or upper casing of axigfiit machine to be easily inspected
from the end (barrel casing) or from top (horizbsalit casing), generally without
disturbing the process gas piping. Other techradaiantages of the in-line type are
as follows:

* Higher operating flexibility, due to the multipleu@llel trains configuration,
being the turndown capability of the single traegry similar for both types.
Also, the VFD provided with the in-line machinesseres better efficiency
(i.e. lower parasitic consumption) when the plgm¢rates at partial load. This
is a very important feature since it is expecteat tbtCS power plants will be
required to operate in the actual electricity mgrkesponding to the normal
daily and seasonal variability of electricity derdan

* Higher reliability, typically by 2% with respect tdhe integral-gear
compressors.

 Lower mesh losses, since the bull gear in the ratgggeared solution
introduces additional losses.

* Generally lower power demand.

* Reduced impact on the electrical system design. iffpact of using large
motors is mainly represented by the necessity figaificant over design of
the electrical systems equipment (transformerslesaletc.) to support the
peak current demand at motor starting. For thenm-Eompressor, smaller
size (roughly half) for the largest motors has bpesposed with respect to
the integral-gear compressors. Also, VFD’s havenbeeluded for in-line
machines capacity control, which are expected tiopa better in smoothing
the peak demand at motor starting than the softessaproposed with the
integral gear type.

» Higher flexibility in dealing with uncertainties.( process upset, changes in
operating conditions with time) once the machinkugt. However it is noted
that, in the integral gear concept, reducing thenler of drivers and
modifying the design of impeller/volute or pinionpeed are viable
modifications to face changes to the operating itmmd.

On the other hand, the construction of an “integedr” compressor is based on a
single bull gear coupled to driver which rotatestofive shafts at the end of which
are shrunk-on the impellers; each shaft has its spged that is defined by the
number of teeth of the pinion.

The main advantages of the integral gear compresger the “in-line” can be
summarised as follows:
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5.2

*  Optimum impeller flow coefficient and volute, due the fact that optimum
speed can be selected for each pair of impellers.

* Design facilities of impellers such as small hyb/tatio, shrouded or non-
shrouded version available.

* Inter-cooling connection facilitated after eaclags (impeller), being each
impeller enclosed in its own casing.

» External connection after each stage offers thaipiisy to define the level of
pressure with minor impact on the compressor as@mmt (an in-line
compressor may need to change the configuratiennumber of impellers or
casings).

* The general arrangement is such that the comprestms and impellers are
located all around the bull gear, making the magliiesign compact and taking
space in vertical / radial directions rather tharexial direction. However this
advantage may be smoothed as integrally geareceptstypically have more
coolers and scrubbers than inline systems.

* Typically lower investment cost.

Among the leading manufacturers on the market,sRtyce, GE and MAN Diesel
& Turbo have demonstrated interest in CCS appbaoati Rolls-Royce is one of the
most well-known manufacturers of traditional “imd” centrifugal compressors,
whereas MAN Diesel & Turbo and GE can offer botlpeay of centrifugal
compressors. However, for most £&pplications MAN Diesel & Turbo propose the
multi-shaft integral-gear design.

Machinery selection for the Base Cases

Vendors demonstrating interest in this study haepgsed their machinery selection
for the specified base cases (ref. 2.1).
It is generally noted that the Vendors have sholmen willingness to increase the
number of inter-cooling steps for either avoidimghnical issues related to high
discharge temperatures or improving the comprepsoformance. On the other
hand, the Oxy-fuel Combustion and the Post Combdbaseline cases include a
strong thermal integration with the Power Islangl tlae heat available at the €O
compression stages outlet is recovered into thanSt€ondensate / Boiler Feed
Water systems and the Steam Turbine Island, wheduires relatively high
discharge temperatures. For this reason, the raetumérs have been requested to
propose for each of the two processes, two optiassfar as inter-cooling
arrangements are concerned:
1. Configuration as close as possible to the origgpacification, to allow the
thermal integration as implemented in the base casiguration.
2. Configuration with an optimised number of inter-tog steps, to best suit
the selection to the standard machine frames dkaildn this case the
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resulting compressor power demand reduction isigtigrtoff-set by the
consequent decrease of the waste heat availabkedovery in the thermal
cycle.

For the post-combustion process, an additional gade an increased number of
stages and inter-cooling steps has been also iteguesthe Vendors in order to get a
feedback regarding the associated compressioegyrétef. 3.4).

Table 2-2provides a summary of the cases considered fohimaxy selection in the
market survey. Reference is generally made to@&.ihe definition of the operating
envelopes.

Table 5-1Cases summary for machinery selection

Case Description
Operating envelope as defined by base case A(.
particular restrictions on inter-cooling stepsgcsin
compression heat is not recovered in the procegs.
Operating envelope as defined by base case B(.
Regarding inter-cooling, Vendors are requested|to

keepas close as possible to the original

No
Pre-combustion

Post-combustion
inter-cooling

as specified

specification.

Post-combustion optimised
inter-cooling

Operating envelope as defined by base case B(.

Regarding inter-cooling steps, Vendors are free
optimise the selection.

Post-combustion
Increased stages

Operating envelope as defined by case D1
(ref. 3.1).

Operating envelope as defined by base case C(.

Qxy-fuel . Regarding inter-cooling, Vendors are requested|to
|nter-cocl>l'|ng keepas close as possible to the original

as specified specification.

Oxy-fuel Operating envelope as defined by base case C(.
optimised Regarding inter-cooling steps, Vendors are free|to
inter-cooling optimise the selection.

5.2.1 Proposed configurations and absorbed power figures

Table 5-2 provides main information on train armgnt and machine selection
undertaken by the different manufacturers involiethe study, and summarizes the
absorbed powers for each case. It is noted thgpehflermance figures provided by
the compressor manufacturers are for the purposéseostudy only and do not

represent performance guarantees. All manufactin@re included flange to flange

losses, indicating the shaft power at the driver.
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Table 5-2Configuration proposed and shaft power (kW)

Case

Rolls-Royce

MAN Diesel & Turbo

GE

Pre-combustion

40,540 kW

Trains: 1x100%
4 in-line machines
13 compression stages,
6 inter-cooling steps

43,960 kW

Trains: 1x100%
1 integral gear machine
8 compression stages,
7 inter-cooling steps

41,000 kW

Trains: 2x50%

2 integral gear maching¢
#.stages not avail.

5 inter-cooling steps

14

Post-combustion
inter-cooling
as specified

50,460 kW

Trains: 2x50%

4 in-line machines/train
13 compression stages,
3 inter-cooling steps
T range: 80+170 °C (1

53,160 kW

Trains: 1x100%
1 integral gear machine
6 compression stages,
3 inter-cooling steps
T range: 85+180 °C (1)

53,160 kW

Trains: 2x50%
4 in-line machines
#.stages not avail.
3 inter-cooling steps
T range: 60+180 °C (1

Post-combustion
optimised
inter-cooling

44,410 kW

Trains: 2x50%

4 in-line machines/train
12 compression stages,
5 inter-cooling steps
T range: 60+115 °C (1

48,810 kW

Trains: 1x100%

1 integral gear machine
6 compression stages,
5 inter-cooling steps
T range: 80+100 °C (1)

Post-combustion
Increased stages

43,490 kW

Trains: 2x50%

4 in-line machines/train
13 compression stages,
6 inter-cooling steps
T range: 50+150 °C (1

45,650 kW

Trains: 1x100%

1 integral gear machine
7 compression stages,
6 inter-cooling steps
T range: 65+100 °C (1)

44,480 kW

Trains: 2x50%

2 integral gear maching
#.stages not avalil.,

7 inter-cooling steps

T range: not avail. (1)

14

Oxy-fuel
inter-cooling
as specified

74,100 kW

Trains: 3x33%+1x100%
7 in-line machines
12 compression stages,
3 inter-cooling steps
T range: 65+280 °C (1

71,540 kW

Trains: 2x50%+1x100%

3 integral gear machines$

9 compression stages,
4 inter-cooling steps
T range: 65+185 °C (1)

D

72,280 kW

Trains: 2x50%+1x1009
5 in-line machines
#.stages not avalil.,

4 inter-cooling steps
T range: not avail. (1)

Oxy-fuel
optimised
inter-cooling

62860 kW

Trains: 3x33%+1x100%
7 in-line machines
14 compression stages,
7 inter-cooling steps
T range: 70+135 °C (1

64340 kW

Trains: 2x50%+1x100%

3 integral gear machine$

9 compression stages,
8 inter-cooling steps

T range: 65+95 °C (1)

Notes:

1) The stage discharge temperatures range is indicatgdfor oxy-fuel and post-combustion processes, i
which the compression heat is recovered throughthkintegration with the Power Island.
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Generally, for the Base Cases the table shows labd@owers lower than the figures
estimated in the study (ref. 2.1), as summarizeterfollowing:

*  Oxy-fuel: (from 7% to 21% lower)
» Post-combustion: (from 8% to 23% lower)
* Pre-combustion: (from 7% to 14% lower).

This is mainly due to both the higher stage efficies proposed by the Vendors with
respect to the assumptions made in the referendéestand, in most cases, the use
of additional inter-cooling steps.

For the pre-combustion case, the reduction in tefsower consumption would be
entirely reflected into a net power output improesty since the COcompression
waste heat is disposed to the cooling water omdy,there is no recovery of waste
heat from the C@compression.

As far as Oxy-fuel combustion and Post Combustiases are concerned, the
reduction of power consumption due to the highdiciehcy or increased inter-
cooling would be partially off-set by the consequdacrease of compression heat
available at the COcompression stage outlet, a fraction of whicheisovered into
the Steam Condensate / Boiler Feed Water systeniseoBoiler / Steam Turbine
Island. This is particularly true for the machinasiections in which the Suppliers
have included additional inter-cooling steps widispect to the original design, in
order to optimise the selection and minimise corsgueelectrical consumption.

The feedback from MAN Diesel & Turbo for the oxyefucombustion baseline case
indicates that integral gear machines may have seamical limitations in handling
the first un-cooled section of the @@ompression process, due to the high discharge
temperature. Hence, with the integral gear compregsroposed by MAN Diesel &
Turbo, the deep thermal integration with the Polskamd can not be implemented as
foreseen in the reference case. The compresstinitzald have lower parasitic load
but elsewhere in the plant (e.g. Steam TurbinendBlahere will be an increased
thermal energy demand.

Generally, in terms of performance evaluation, nwd be a mistake to draw
conclusions based just on the compressor electmatumption. The performance
of the machines has to be considered in the comterterall plant performance,
which is influenced by the different integrationarihe overall process depending on
the proposed configuration.
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5.2.2

For the post combustion capture, the comparisondmet 4 stages and 8 stages from
Vendors data confirms the beneficial effects inmrof electrical consumption
reduction, as expected in case D1 (ref. 3.1)

Budget costs

An indication of the expected specific cost range €ach machinery class is
included in this report, based on Foster Wheeldroumse information and specific
judgements originated from a range of sources. ddwt ranges, reported in the
following table, cover the selections for the opi@genvelope given in the different
applications investigated (pre-combustion, postimostion and oxy-fuel
combustion).

Table 5-3Specific investment cost range for each machine.typ

Type Specific cost rang
In-line centrifugal (Rolls Royc: 600+900€/KW
Integra-gear MAN Diesel & Turbo 300+600€/kW

Table 5.2 generally shows a higher investment faysin-line centrifugal machines
than integral-gear, the delta cost being mainlyifjed by the following reasons:

* In-line centrifugal compressors need multiple trsotutions;

* More compact design of the integrally geared ckrmgal compressors, which
results in a lower machine investment cost;

» Variable Speed Drivers are required for capacitytia at partial load in the
in-line machines, whereas the integral-gear typsuplied with Inlet Guide
Vanes.

Despite the generally higher investment cost, thelifie” machines offer the

following technical advantages over the integradrgg/pe: better maintainability,

higher operating flexibility, improved reliabilityseduced impact on the electrical
system design, as reported in section 5.1.

Therefore, from the indications reflected in thepart, it is not possible to draw any
definitive conclusion on the economics of the diéfg machine types. The selection
of the machine, as usual, is case-specific andine¢n by machine investment cost
only. Other features like reliability, flexible oméion, easy maintainability and
associated impacts on other systems in the plalt Bl also accurately assessed.
Also, the cost of the machines has to be considieréde context of overall plant
cost and performance, which may differ as eachireg|slightly different integration
into the overall process.
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6.1

Novel concepts for CO compression

Two novel CQ compression concepts, which may find potentialiagfion in CCS
plants in the next few years, have been assessbd study.

Ramgen technology

Ramgen is based on the supersonic shock wave cesmpme using the same
principle as a supersonic aircraft, where the emdwmrward motion is used to

compress the air. In the Ramgen compressor, aimgtalisc simulates forward

motion of the aircraft: it spins at high speed teate a supersonic effect, like the
centre-body in a supersonic aircraft. The fluideesthrough a common inlet, flows
into the annular space between the disc and theg;aghere the three raised
sections create shock waves. The shock waves genararessure increase and
compress the fluid.

The compression is developed into two stages, avfihessure ratio of approximately
10:1 and can be fitted with an inter-cooler ancerafboler, depending on the
application. Ramgen claimed high efficiency foritheompressors (about 87%),
because of the relatively simple design, with a lmwnber of leading edges that
reduce the drag and, therefore, minimize the los®#ser advantages over other
compressor types are: the high pressure ratiotpge swhich reduces the footprint,
and the possibility to use the high-grade wasté imethhe other process units, due to
the elevated discharge temperature (typically 240°C

The main performance parameters of this novel cesgar are shown inable 6-1
An evaluation of the overall performance impactod Ramgen compressor in the
plant (seeTable 6-3 has been performed through a comparison in th&- po
combustion case with the integrally geared cergafucompressor, proposed by
MAN Diesel & Turbo, and with the in-line machinesndiguration with optimised
inter-cooling, proposed by Rolls Royce, the lattering the minimum power
demanding scheme among the centrifugal optionsgr2fl).
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Table 6-1: Ramgen performance

ltem LP HP Total

Inlet pressure — bara 1.62 12.90

Outlet pressure — bara 14 111.5 111

Pressure ratio 8.6 8.6 68.5

Stage efficiency — isentropic% 86.5 86.5

Volume flow — m3/hr 71161 7690

Discharge temperature - °C 236.5 225.3

Total power — KW 29988 25892 55880

Motor power — KW 33000 28500

Polytropic efficiency - % 89.3 89.8

Table 6-2: Ramgen performance delta with respect to centrifogapressors

Ramgen Thermal Integration with the Power Plant / G, capture unit
Comparison with integral-gear Comparison with in-line machine
machine (inter-cooling as specified) (optimised inter-cooling)
gtoer?drgrfsc’;z;?re_heaﬂng +9.4 MWy, = +25 MW.| 7.1 MW, = -1.9 MW,
Steam oons. TorMEA | 353 MW, = -9.3 MW.| -353 MW, = -93 MW,
eboiling
Cooling water
CW consumption ~ 0.0 t/h = ~ 0.0 MW, | -1905 t/h = -0.2 MW,
Compressor Electrical Consumption
S(;/rfsrﬁlrlnf)lt?grgri(;:i?flerence *54 MWe + 1.1 MWe
Overall Plant Electrical Power Gap
TOTAL -1.4 MW, -0.3 MW,

The comparative analysis has been undertaken obakie of a moisture spec of 50
ppmv, achieved through the absorption process GFE& unit. In fact, it is

recognised that, with the 10% recycle assumedh®ibasic Dryer configuration (i.e.
adsorption in desiccant beds, ref. 2.2), Ramgenep@&nalty would be aggravated
by the added mass flow compressed from lower pressthe result of fewer discrete
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stages to work with. Having assessed that, fogihen basic moisture specification,
a TEG system can be successfully applied to botmdgea compressor and
conventional machines, requiring no £@cycle (ref. 2.2), it is acceptable to deviate
from the basic configuration selected for the sfualy far as Ramgen performance
evaluation is regarded.

Furthermore, Ramgen compressor shows unique patdaticombination with the
HOC (Heat Of Compression) Drying system, develdpme&PX, to achieve moisture
content even lower than 10 ppmv in the dried stredhe HOC Dryer uses the
available heat at LP compressor stage dischargeaas source for the regeneration
of the soild bed with no need for recycling partlué dried CQ@. This is an important
feature, as Ramgen concept has the potential th witin low moisture spec (e.g. in
the CQ purification process of the oxy-fuel combustiooheology) without major
energetic penalties.

Table 6-2shows that the integration of the Ramgen conaepheé post combustion
scheme has the potential to improve the overafitgdarformance with respect to the
centrifugal compressors. It has to be noted thatnidt reduction of the equivalent
compression parasitic load is diminished but nartaken even when compared to
the in-line machines configuration with optimiseder-cooling, the minimum power
demanding scheme among the centrifugal options.

Regarding this comparison with more conventionathzes, the two following
factors should be taken into consideration:

 The low cooling water temperature assumed for #tigly encourages
compression staging rather than the de-stagingoappr proposed by
Ramgen. As a matter of fact, Ramgen provided pewoce figures also
with cooling water at 30°C, showing a parasiticdoacrease of 3.5% only
with respect to the 12°C case, whereas for cegalfuicompressor the
expected penalty would be approx 5+6%.

* The significant potential for high grade heat resrgvoffered by Ramgen is
not fully exploited in the present analysis for fheesst combustion process, as
the MEA stripper reboiler operates at about 120i.%C,0ver 100°C less than
compression discharge temperature

Ramgen have provided also budget cost of the pempsslection, which shall be
deemed as preliminary only. As per the previous icdermation, only an indication
of the expected specific cost range is includethis report. Based on the budgetary
information received, the specific cost for the R@m compressor is expected to be
in the range 170 + 280 €/kW.

From the quoted figures, it can be drawn that thené§en compression strategy has
potential to offer not only lower cost and highamglicity than the other
compressors type, but also a lower power demarideoivhole system. However, it
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6.2

is noted that the Ramgen compressor concept igat@ proven technology. Further
development and testing are required to demonstiateapability at commercial
scale.

Ramgen have recently developed a test program erfréme HP-16, which can
support a CCS power plant in the capacity rang200f - 250MW. These tests are
scheduled to start orfquarter 2011.

On that machine Ramgen expect to be able to oftenneercial performance
guarantees and terms by duarter 2012.

Further development and test activities will thenrieeded on HP-32 and LP-48,
which are the largest anticipated size for app8QMW, CCS applications, for HP
and LP stages respectively.

Axial machine at the front end of CQ compression

In general, axial compressors can handle a mudiehigpwrate than the centrifugal
compressors and with a higher efficiency. Therefar@ossible novel compression
concept is represented by the use of a single @&ial machine for the initial
compression of the GO generating a lower volumetric flowrate at compogs
discharge and allowing the use of a single traitegrally geared machine, for the
final compression step.

The same Vendors that supported the study have dlsenasked to provide some
feedback regarding the feasibility of this concépt the post combustion capture
case.

Rolls Royce stated that, though they used axialpressors extensively in Aero
Engines, these machines are not available at theemband there are no plans for
their development. Rolls Royce believes the defiggnbility given by their current,
pre-customised centrifugal approach is preferdbtbe volume flow rates are higher
than the maximum capacity of this system, thenllghrtains would be preferred,
also showing improved turndown capability/redundanc

With reference to MAN Diesel & Turbo, it is notdtht they already selected a single
train machine (integrally geared compressor) fag gost combustion case, thus
making this axial-based configuration loose thempatential advantage. However,
in the past they offered axial flow compressor sohs for CQ applications,
especially where the duty was too high for cengigludesigns, or the adiabatic heat
of compression was required by the process.
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Based on the information from MAN Diesel & Turbd, has been possible to
estimate the impacts on the overall performance¢hefunit with respect to their

integrally geared centrifugal solution. The expdatgerall consumption reduction is
approximately 2.5 MWe, the major contribution bethg equivalent gain from the

Steam Turbine output in the Power Island and rwnhfthe compressor shaft power
itself. In fact, the use of an un-cooled compressothe front end makes more
compression heat available, thus reducing the steaguirement for the ST

condensate preheating in the Power Island.

On the other hand, in terms of investment cost, MAilisel & Turbo stated this is a
much more expensive solution as the complete ag@hpressor must be

manufactured in acid-resistant materials (i.e. lsinto the MDT axial machines for

nitric acid service), whereas for the integrallyaga compressor only the impellers
and volutes are in acid resistant materials. Thighmhigher CAPEX leads to the
expectation that benefits in terms of lower constiompare more than off-set by the
additional investment cost of the system.
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7 Summary findings

From the considerations made in this study, thenrnanclusions that can be drawn
are the following:

* In the pre-combustion capture, the overall econeroicthe plant improve by
increasing the number of solvent flash stages AR unit. However, the
selection of the number and operating conditiongaxdh flash stage shall be
carefully made in relation to the characteristi€she compressor. In particular,
it is recommended to introduce additional solveast stages at a pressure as
much as possible close to the compressor stagdadlgge conditions, thus
avoiding complications in the design of the compoes

* The strategy of increasing the compression stagebets show both CAPEX
and OPEX improvements. Further increase of the estagumber would
theoretically lead to improved economics; howetee, resulting further drop of
the single stage compression ratio may not be #alolep for centrifugal
machines, thus making this attempt not technicadple.

 All the CGO, liquefaction strategies are economically attractiHowever,
especially in warmer climates, the conveniencehsf $trategy shall be assessed
in conjunction with the cost of the pipeline, whickeds to be designed for the
transportation of either a sub-cooled liquid £(kept below its critical
temperature of 31 °C) or a dense fluid whose playgiooperties rapidly change
as it is heated up along the line.

* Early liquefaction is particularly promising foretpre-combustion CCS, where
the compression parasitic load is reduced by apaf®o with respect to the
reference case. In this application, the large amoof relatively low
temperature waste heat from the syngas cooling isnitecovered in an
absorption refrigeration system, allowing pumpihg €Q from a pressure of
about 40 bara.

* The vapour recompression strategy is not effectivéoth the pre and post
combustion captures. The necessity of cooling ddvenCQ upstream of the
drying process implies that, along the compresgiath, there must be a low
temperature point in correspondence of the dryesraimg pressure, which
prevents the vapour recompression mechanism frong Ihelly effective. In this
sense, a performance benefit would be expectethéopre-combustion capture
in case of a solvent washing process, based onamathwhich generates GO
streams completely free of water.
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* The strategy of increasing the stripper operatingsgure is one of the most
promising alternatives from the technical point wefew (i.e. electrical
consumption is reduced by up to 13% in the pressurge considered), whereas
its economics are not attractive. This is explaittedugh the significant impact
that the higher solvent degradation rate (liteextiata) has on the overall OPEX
of the plant.

» With respect to the reference cases, the most pmoghcompression strategies
lead to an overall net plant efficiency improvementthe range of 0.1 — 0.4
percentage points for the pre-combustion and 0.Q.2-points for the post
combustion. On the other hand, strategies invdstigaor the oxy-fuel
combustion process do not show significant improseis

» Centrifugal compressors represent the current efdtee art for large-scale CCS
applications. By comparison with reciprocating maek, which have been
conventionally used for the compression of A the past years, centrifugal
compressors generally offer higher efficiency, ioyad reliability (typically in
the range of about 97% for integral gear compressaw 99% for in-line
compressors) and easier maintainability (extendehals between overhauls).

* The specific investment cost of “in-line” machinssigher than “integral-gear”
types, based on Foster Wheeler judgements fronmgeraf sources. However,
“in-line” machines offer technical advantages ovkee “integral-gear” type:
better maintainability, higher operating flexibfitimproved reliability, reduced
impact on the electrical system design. Therefbre mot possible to draw any
definitive conclusion on the economics of the déf@ machine types. The
selection of the machine, as usual, is case-speaifd not driven by machine
investment cost only. Also the cost of the machin&s to be considered in the
context of overall plant cost and performance whithy differ as each requires
slightly different integration into the overall mess.

» The base cases electrical consumptions providedhéyVendors who have
supported the study are generally lower than tharés shown in the former
IEA GHG reports (from 7 to 23%, depending on thptaee type), confirming
the developments made in the field of CCS in tseyaars This is mainly due to
both the higher stage efficiencies proposed byMbedors with respect to the
assumptions made in the reference studies and, ast wases, the use of
additional inter-cooling steps. For Oxy-fuel comiims and Post Combustion
cases, the reduction of power consumption is natedy reflected into a net
power output improvement, due to the decrease stevaeat available at the
CO, compression stage outlet, a fraction of whicheisovered into the Steam
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Condensate / Boiler Feed Water preheating systeimtheo Boiler / Steam
Turbine Island.

* The novel compression concept developed by Ramgsmpabtential to offer not
only lower cost and higher simplicity than the atbempressors type, but also a
lower overall equivalent power demand of the systelowever, the Ramgen
compressor is not yet a proven technology; furtterelopment and testing are
required to demonstrate its capability at large w@mrcial scale.
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1

I ntroduction

In the scientific community it is generally recopsd that, by year 2030, the world
energy demand will increase by 50%, while fossgll$umainly coal and natural gas,
will continue to supply most of the energy demantiss reality will continue for
many years, until the use of renewable energiesimdtease significantly. On the
other hand, the use of fossil fuels is necessadaifyelated to the production of carbon
dioxide (CQ), which contributes to global warming. In this sago, Carbon
Capture and Storage (CCS) represents one of theafiestive responses to partially
reduce C@emissions in the next few years.

For industrial applications with CCS, the power dewh of the C@Qcompression unit
and the process units that are thermally relatetisosystem contribute significantly
to the energy penalties of the plant, thus redudm@verall efficiency. Therefore,
any reduction of the electrical consumption of #ystem may result in an important
overall net plant efficiency improvement.

This report summarizes the outcomes of a studyw®dcby Foster Wheeler for

IEA-GHG R&D Programme, aimed at identifying the maypes of compression

equipment, available in the market for CCS applicet, and assessing the key
characteristics of different compression systentsraachinery configurations.

From an energy point of view, for a given final aiarge pressure of the carbon
dioxide, there are a number of different alterregithat can be considered for the
capture and compression unit, corresponding toemdfit power demands and
investment cost requirements. This study investijadifferent compression

strategies, making a techno-economic assessmesdrious alternatives, applicable
to the post, pre and oxy-fuel de-carbonisation gsees.

A generic overview of the implications of the idéet strategies on compressor
selection and design has also been performed, enbt#sis of the operating
conditions of the compressors.

Finally, the study made a description of novel cozspion concepts that are
expected to offer high-stage efficiency, identifyitmeir state of development and the
strategies for their use in a typical industriarmlwith carbon capture and storage.

To show the results of the analyses carried ouhéstudy, this report has been
arranged as follows:

» Section A - Executive Summarprovides a summary of the main contents of
the study.
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* Section B - General Informatioshows the main assumptions adopted for the
study development and the reference,@@mpression strategy in power plants
with CCS.

» Section C - Evaluation of GOCompression Strategiepresents the alternative
strategies investigated in the study, analysing riein characteristics and
performance and costs of each configuration.

e Section D - Compression Equipment Survidystrates and compares the £0
compression machines, available in the market aiogpgsed by specialized
Vendors.

» Section E - Novel Concepts for GGCompression introduces novel and
alternative concepts for the compression of,d@ghlighting their peculiarities
and future development.
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2 Base of the study

The following sections describe the general desige cost estimating criteria used
as a common basis for the development of the study.

2.1 L ocation and reference ambient conditions
Ambient temperature :9°C
Cooling Water inlet temperature 12 °C
Cooling Water outlet temperature 19°C
Location _ NE coast of the Netherlands
" (Greenfield)

2.2 Feedstock characteristics

The main fuel of the different alternatives is aubiinous coal, whose main
characteristics are listed hereinafter.

Eastern Australian Coal
Proximate Analysis, wt%

Inherent moisture 9.50
Ash 12.20
Coal (dry, ash free) 78.30
Total 100.00

Ultimate Analysis, wt%
(dry, ash free)

Carbon 82.50
Hydrogen 5.60
Nitrogen 1.77
Oxygen 9.00
Sulphur 1.10
Chlorine 0.03
Total 100.00

Ash Fluid Temperature at reduced
atm., °C 1350
HHV (Air Dried Basis), kcal/kg (*) 6464
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LHV (Air Dried Basis), kcal/kg (*) 6180
Grindability, Hardgrove Index 45
(*) based on Ultimate Analysis, but including inheneristure and ash.

2.3 Carbon dioxide characteristics

The characteristics of the produced carbon dioaidglant Battery Limits (B.L.) are

the following:

Status . Supercritical

Pressure (reference) 110 bar g

Temperature (1)

Purity

H,S content > 0.1% wt (max)

CO content : 0.1 % wt (max)

Moisture : <50 ppmv

N, content : to be minimized?

Flowrate . corresponding to approximately 85%
CO, capture from large power plants,
ranging from 500 to 750 MWe and
according to the reference plant design.

Notes

(1) Depending on the alternative of the study. Refeth® case-specific report in

section C.

(2) High N, concentration in the CQproduct stream has a negative impact for CO
storage, particularly if COis used for Enhanced Oil Recovery (EOR): N
seriously degrades the performance of, GOEOR, unlike HS, which enhances
it.

24 Reference Reports

For each combustion capture type, a Base Case d&s identified and used as
reference to carry out the comparison with alteveaCO, compression strategies,
which have the potential for lower parasitic loads.

The base cases have been derived from previougestuddertaken for the IEA-
GHG R&D Programme in the past years on CCS-relaipits. The following table
provides a summary of the reference cases for egmture technology.
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Table 2-1 Base cases summary

Technology PRE- POST - OXY-FUEL
COMBUSTION COMBUSTION COMBUSTION.

Type of plant IGCC USC-PC USC-PC

IEA GHG Report ref. Report PH4/19 [1] Report PH4/33 [2] | Report PH2005/9 [3]
Case D4 Case 4 Case 2

Gross Power output [MWe] 942.1 827.0 737.0

Net Power output [MWe] 705.0 666.0 532.0

Base Case Tag A0 BO COo

CO; capture rate 85% 85% 90%

CO, compression 47.4 (1) 57.7 (1) 79.3 (1)

parasitic load [MW]

Note 1: Re-calculated for the present study thrqugicess simulation of the compression unit
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3 Base Cases

De-carbonisation processes in fossil fuel-based epoplants fall in one of the
following three main categorieBigure 3-2:

1) Post-combustion: CO, separation from flue gases, through a captureegssat
boiler back-end, with minor modifications of thensentional plants.

2) Pre-combustion: CO, separation from a synthesis gas, downstream a \gate
shift reactor that converts CO and@to CQ and H. This solution implies the
re-allocation of the heating value contained in thiginal feedstock in a "de-
carbonized" fuel (hydrogen) that feeds the powete;yafter carbon removal.

3) Oxy-combustion: CO, concentration in the exhaust gases. In this ctmse,
energy conversion process is modified by using erygpmbustion instead of air
and suitable techniques are applied, so that €@ be removed at a convenient
stage of the process with a high purity degree.

Post-combustion capture N, Oy, H,0

&
1

Flue gas

P CO; separation

Fuel ’ Power & Heat

shift + CO; separation | Air—p

{0:

Air — Air separation | -+ N

Air —Jp
Pre-combustion capture
Ny, O, H,0 |co; co,
T &
Gasification or H; i
Fuel—p  partial oxidation Power & Heat ——~ >

C0; dehydration,
compression,
transport and

storage

Fue|—— Power & Heat
No
T [ Recycle (CO4, H20) | .
0. »

Air — Ajr separation }

J::o2 (H,0)

02/COz recycle (oxyfuel)

combustion capture

Figure 3-1 De-carbonization schemes in industrial plants

For each of the above G®Oapture schemes, the following sections show thie ma
technical features of a “Base Case” configuratamtaken from the technical reports
published by IEA GHG in the past year.
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3.1.1

Pre-combustion: Base Case (A0)

Overall power plant process description

The IGCC plant is a power production facility tltainverts coal to electric energy
with a minimum impact to the environment. The keggess step of the IGCC plant
is coal gasification. Gasification is the partiaidation of coal, or any other heavy
feedstock, to a gas, often identified as syngasyhith the major components are
hydrogen and carbon monoxide. The fuel also costaither elements such as
nitrogen (N) and carbon dioxide (C and small quantities of 43 (hydrogen
sulfide), chlorine, N, HCN that are removed from the syngas in the rreat
section before combustion in the gas turbine.

The IGCC Complex is a combination of several precesits. The main process
blocks of the plant are the following:

» Coal milling and gasifier feed preparation;
* Air Separation Unit;

» Gasification Island,;

* Syngas treatment and conditioning;

* Acid Gas Removal / C{capture unit;

*  Sulphur recovery and Tail gas treatment;
* Combined Cycle power generation.

These basic blocks are supported by other ancillaitg and a number of utility and
offsite units, such as cooling water, flare, plasttument air, machinery cooling
water, demineralised water, auxiliary fuels, etc.

The oxygen required by the gasifier comes from Alre Separation Unit (ASU),
which performs cryogenic separation of ambienti@io high purity oxygen and
nitrogen streams. Air is compressed and cooledwotémperature such that oxygen
and nitrogen, which have different boiling poiftsspectively-183°C vs.—195.8),
can then easily be separated from each other biidral distillation. The nitrogen is
mainly used to dilute the syngas before combustidhe gas turbine.

The syngas generated by the gasification enterstitiereactors. In the water-shift
process, syngas and water are mixed in the presdraceatalyst to convert CO into
CO; and H in an exothermic reaction, accordingly to thedwling:

CO+HO—-CO+H;
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3.1.2

A hydrogen-rich stream is then produced, cooledr®ans of steam generation at

four pressure levels and delivered to the AGR whe@® is captured by using a

physical solvent washing process (in this casex8eleensed by UOP). From the

AGR, the following main streams are produced atuthie battery limits:

* H,S rich gas: this stream is sent to the Sulphur Rem&nit (SRU) for
production of sulphur.

* De-carbonized fuel: this stream, mainly, He-enters the syngas treatment and
conditioning unit for final heating and mixing witkither nitrogen or water,
before combustion in the gas turbine of the combiele.

* CO; two CQ streams are produced and sent to the €&pression unit.

Inside the AGR, the CPloaded solvent is flashed into two consecutivepstio
recover CQ. The two flashes are disposed sequentially andarekpghe loaded
solvent at two different pressure levels. The desams exiting the flash drums are
mainly composed of C£ while the liquid regenerated solvent exiting thst flash
drum is recirculated to the G@bsorber.

For the present study, as far as the AGR configuraBnd performance are
concerned, the data of the reference report hase bpdated with a new set of latest
information.

CO, compression unit description

The following description makes reference to thamified process flow diagram
shown in Figure 3.1 and to the Heat and MateriduBze in Table 3.1, Table 3.2 and
Table 3.3.

Two CQO, streams exit the AGR unit and enter the,€B@mpression unit, where they
are dehydrated and compressed before transportandnstorage into the final
destination.

The first stream at low pressure is at 1.2 bard; &nd presents a G@oncentration
of 99.8% by volume LP COstream flows to a first KO drum that avoids water
droplets, possibly condensed in the pipeline betwta® two units, entering the
compressor. LP C{stream enters the first compression stage whésedmpressed
up to 5 bara and then cooled with CW to 19°C.

At the exit of the inter-cooler, the compressed,G@eam is mixed with the second
CQO, stream coming from the AGR. This latter stream, ®IB,, is at 4.8 bara, 1°C
and presents a G@oncentration of 97.3% by volume.
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The combined LP and MP GOstreams flow to a second KO drum, where
condensated water is separated, while the gasdmase dflows to the second and
third stages of the compression, intercooled withl. @fter this latter compression
stage, the stream at 34 bara is again cooled ©.Mater condensate is separated in
a KO drum, while the gaseous phase enters theld@0Oydration System.

The CQ Dehydration System is sized to reduce the watetett of the C@stream
to 50 ppmv to meet the typical transmission netwspkcification. The system is
composed by two (or more) solid-bed dessicantsig@ly molecular sieves or
activated alumina). While one bed adsorbs waten filee wet CQ stream, the other
bed is in regeneration mode. Regeneration of theaad bed is carried out using a
portion (typically around 10%) of the dried gas quot. The water in the bed is
desorbed by thermal swing (heating up the regeperatream to 250°C). The
stream used for regeneration is then flashed tovexcwater and the remaining wet
CO, stream is recycled back at the outlet of the itagje compression.

The dry CQ is further compressed in the fourth compressiagesto 70 bara and
cooled with CW to 30°C. Before leaving the unii stream is finally compressed in
the fifth compression stage to 111 bara and coelddCW to 40°C.
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Figure 3-2 Pre-combustion - Base case AO: 8tdmpression Unit scheme.
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HEAT AND MATERIAL BALANCE

Pre-Combustion - Case A0

1 2 3 4 5 6 7 8 9 10
STREAM
Temperature (T) -5 -5 121 19 1 7 7 88 82 19
Pressure (bar) 1.2 1.2 5.0 4.8 4.8 4.8 4.8 12.0 12.0 11.8
TOTAL FLOW
Mass flow (kg/h) 208775 208775 208775 208775 411177 619951 619951 619951 689122 689122
Molar flow (kgmole/h) 4751 4751 4751 4751 9569 14320 14320 14320 15920 15920
LIQUID PHASE
Mass flow (kg/h)
GASEOUS PHASE
Mass flow (kg/h) 208775 208775 208775 208775 411177 619951 619951 619951 689122 689122
Molar flow (kgmole/h) 4751 4751 4751 4751 9569 14320 14320 14320 15920 15920
Molecular Weight 43.95 43.95 43.95 43.95 42.97 43.29 43.29 43.29 43.29 43.29
Composition (vol %)
CO, 99.77 99.77 99.77 99.77 97.30 98.12 98.12 98.12 98.09 98.09
co 0.01 0.01 0.01 0.01 0.20 0.14 0.14 0.14 0.14 0.14
H,S+COS 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
H, 0.04 0.04 0.04 0.04 2.34 1.57 1.57 157 157 1.57
N 0.00 0.00 0.00 0.00 0.03 0.02 0.02 0.02 0.02 0.02
Ar 0.00 0.00 0.00 0.00 0.06 0.04 0.04 0.04 0.04 0.04
H,0 0.17 0.17 0.17 0.17 0.07 0.11 0.11 0.11 0.13 0.13
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Pre-Combustion - Case A0 g 5 o o
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STREAM W - 0O 1)
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HEAT AND MATERIAL BALANCE

Pre-Combustion - Case A0

21 22 23
STREAM
Temperature (C) 40 12 19
Pressure (bar) 111.0 6.0 5.8
TOTAL FLOW
Mass flow (kg/h) 619775 8929725 8929725
Molar flow (kgmole/h) 14307 495655 495655
LIQUID PHASE
Mass flow (kg/h) 8929725 8929725
GASEOUS PHASE
Mass flow (kg/h) 619775 0 0
Molar flow (kgmole/h) 14307 0 0
Molecular Weight 43.32 18.02 18.02
Composition (vol %)
CO; 98.22 0.00 0.00
co 0.14 0.00 0.00
H,S+COS 0.01 0.00 0.00
H, 1.58 0.00 0.00
N, 0.02 0.00 0.00
Ar 0.04 0.00 0.00
H0 0.00 100.00 100.00
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3.1.3 CO, compression unit performance

The main battery limit streams conditions, the wieal and cooling water
consumptions of the GQCompression unit for Case AO are summarizethbie 3-4

Table 3-4 Pre-combustion - Base case AQ: Lbmpression Unit consumption.

PRE-COMBUSTION

Base case AO: CO, compression consumption
COz Inlet Streams LP MP
Flowrate 106,480 214,482 Nm°h
Temperature -5 1 °C
Pressure 1.2 4.8 bara
CO, Outlet Stream
Flowrate 320,673 Nm*h
Temperature 40 °C
Pressure 111 bara
CO; purity 98.2 % viv
Overall Plant Carbon Capture
Carbon Capture 85.0 %
Cooling Water
CW consumption 8,930t/h
Compressor/Turbine Electrical Consumption
1% stage 6.6 MW,
2" stage 12.2 MW,
3 stage 16.0 MW,
4" stage 8.5 MW,
5" stage 4.1 MW,
TOTAL 474 MWq
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3.2

3.2.1

3211

Post-combustion: Base Case (BO)

Overall power plant process description

Power Plant

The plant configuration of the reference Ultra &gptical (USC) pulverized coal
(PC) fired power plant with postcombustion £S@pture is described here below.

The boiler is "once-through" type, capable to gateeisteam at ultra supercritical
conditions and to reheat exhaust steam from thetem turbine module.

The coal is first pulverized by dedicated millseTpulverized coal exits each mill via
the coal piping and is distributed to the coal megzan the furnace walls, using air
supplied by the primary air fans. Primary air faneeying pulverized coal and
secondary air for the burners windboxes are bloya bedicated set of fans. Prior to
enter the pulverizer mills/coal burners, a portafnprimary air and secondary air
streams are pre-heated into the rotating regemeraxchangers (Ljungstrom),
counter current with hot flue gases exiting the SE#ROx described below. The
primary air preheating allows drying the pulverizaxil; a portion of the primary air
is bypassed in order to control the air/coal terapge leaving the mills.

The pulverized coal and air mixture flows to tha@locaozzles at various elevations of
the furnace for NOx reduction through controlledgstd combustion. Gases exiting
the boiler combustion chamber flow through the shipater, re-heater and
economizer coils, then enter the catalyst modulieshe SCR deNOx system,

downstream the ammonia injection grids. The regsiver air pre-heaters described
above, further cool flue gases, which then passutiir the fabric filter, the flue gas
de-sulphurization unit (FGD) and are finally routiedthe CQ capture unit located

upstream the stack. The induced draft fan, ilestadt the FGD unit inlet, balances
the boiler draft.

The Steam Turbine is fully reheated, condensing,tyipd by ultra-supercritical

steam at one pressure level, generated in the USGoler. The ultra-supercritical

steam produced by the boiler is admitted in therhiftlule of the Steam Turbine
(ST). Most of the HP module exhaust steam, namdd Re- Heat (RH), is sent to
the boiler for re-heating, while the remaining partouted to the final exchanger of
the BFW preheating line. The reheated steam coifinorg the boiler is admitted to

the MP section of the steam turbine. Some amousteaim is extracted from the MP
turbine section to meet the steam demand of therdea and the steam turbine
driver of the BFW pump; the remainder amount is igeoh to the LP section of the
steam turbine. The exhaust wet steam from the LButecoutlet is discharged into a
water-cooled condenser.
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3.2.1.2 Acid Gas Removal

Absorption in chemical solvents, such as amineghésmost mature technology,
already commercially available for G@apture, though it has not been proven at a
large scale yet.

The flue gases, after deep sulphur removal anddurtooling, are fed to the
absorption tower by a flue gas blower. A lean amsoéution, typically Mono-
Ethanol-Amine (MEA), counter-currently interactstivihe flue gases to absorb the
CO.. The clean flue gases continue to the stack.

Some of the heat reaction of the solvent with, @removed by the pump around
coolers, located at different heights of the columefore leaving the absorber, the
sweet gas is scrubbed with make-up water to rerntte@ntrained solvent and avoid
any dispersion to the atmosphere.

From the bottom of the absorption columns, the siclvent is split into two streams:
the first is heated in a cross exchanger agaireshth stripper bottom and routed to
the regeneration column; the remainder is flasbgardduce steam which is used in
the top rectification section of the stripper, tmeducing the amount of steam needed
from the reboiler.. The flash partially desorbs Qf@eating a liquid semi-lean amine
stream, which is recycled back to the absorber iateamediate height. Prior to be
flashed, the rich amine is heated in the semi-l@ame cooler (where it is cross
exchanged with the hot flashed amine) and in tlaslPreheater (where it is heated
by the stripper bottom).

The steam necessary for solvent regeneration chroesthe steam turbine IP/LP
cross-over , while saturated condensate is pumaekito the deaerator.

The vapour at the top of the column passes throlugloverhead stripper condenser,
where it is cooled versus cold condensate fromsteam turbine condenser. The
remaining condensing duty is achieved with coolvager. At the overhead stripper
condenser outlet, water vapor is separated gengrétie rich CQ@ stream, which
flows to the CQ compression unit, while condensed water is p&rtiaturned to the
column as reflux.

The lean solvent at the bottom of the strippinguooi is pumped back to the
absorption, after final cooling against cooling arat

3.2.2 CO, compression unit description
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The following process description makes referemmceéhe simplified process flow
diagram shown in Figure 3-2 and to the Heat MdtdBeance in Table 3-5 and
Table 3-6.

The vapour stream from the stripper condenser ialjneomposed by C£(95.88%
vol) and HO. From the AGR unit the wet carbon dioxide flows the CQ
compression unit, where it is dehydrated and cossae to be further stored.

A first KO drum avoids water droplets, possibly densed in the pipeline between
the two units, to enter the first compression stdge stream at 38°C and 1.6 bara is
compressed up to 7 bara and cooled firstly witta®tdurbine condensate and then
with CW to 19°C. The condensate leaves the €@npression unit at a temperature
of approximately 100 °C.

At the exit of the inter-coolers, condensed watesdparated in a KO drum, while the
gaseous phase flows to the second stage of thereesign. After this latter
compression stage, the stream at 34 bara is agaladcfirstly with condensate and
then with CW to 19°C. Water condensate is separateal KO drum, while the
gaseous phase enters the,@@hydration System.

The CQ Dehydration System is sized to reduce the watetetw of the C@stream
to 50 ppmv to meet the typical transmission netwspkcification. The system is
composed by two (or more) solid-bed desiccantsiqly molecular sieves or
activated alumina). While one bed adsorbs waten filee wet CQ stream, the other
bed is in regeneration mode. Regeneration of theaad bed is carried out using a
portion (typically around 10%) of the dried gas quot. The water in the bed is
desorbed by thermal swing (heating up the regeperatream to 250°C). The
stream used for regeneration is then flashed tovexcwater and the remaining wet
CO, stream is recycled back at the outlet of the itagje compression.

The dry CQ is further compressed in the third compressiogesta 70 bara, cooled
with condensate and with CW to 30°C. Before leavimg unit, the stream is finally
compressed in the fourth compression stage to afd, booled with condensate first
and then with CW to 40°C.
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Figure 3-3 Post-combustion - Base case BO: @dmpression Unit scheme.
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STREAM : = 0 0
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Temperature (C) 38 38 184 168 19 19 176 19 19 15 % o = -
Pressure (bar) 1.6 1.6 7.0 7.0 6.6 6.6 34.0 33.6 33.6 7.0 D D ;
TOTAL FLOW o [~ m
Mass flow (kg/h) 556451 556451 556451 617374 617374 608630 608630 608630 607976 60923 8 & m
Molar flow (kgmole/h) 12959 12959 12959 14346 14346 13860 13860 13860 13824 1387 D 5
LIQUID PHASE w > @
Mass flow (kg/h) 8744 654 o —
N z
GASEOUS PHASE Q m E
Mass flow (kg/h) 556451 556451 556451 617374 608630 608630 608630 607976 607976 60923 m I
Molar flow (kgmole/h) 12959 12959 12959 14346 13860 13860 13860 13824 13824 1387 3 w
Molecular Weight 42.94 42.94 42.94 43.04 43.04 4391 4391 4391 43.98 43.94 ° wn m
] =~
Composition (vol %) g ﬁ m
CO, 95.88 95.88 95.88 96.25 96.25 99.62 99.62 99.62 99.88 99.71 6 22} r
N 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 S E |T|
O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 C m
Ar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ’::5'_
H,0 4.11 4.11 4.11 3.74 3.74 0.37 0.37 0.37 0.11 0.28 T U ;U
3 )
—- o =
% - . (£.
2 S
< >
Q o
) 0 & i
=. 5> c kP
2 ® >
W o @
53 RN
Q g
> @]
o = =
] w
: ~




I =
o o M
o 3 >
—= > ')
— o A T
& Sz 5
o w O
@ =
o O N
S | & 3
=
2 o
o 3 =
o = =
3 —
o =] (@)
5 | > F
HEAT AND MATERIAL BALANCE = Sg '®) T
Post-Combustion - Case BO S B o 0
11 12 13 14 15 16 17 18 19 20 1 m ™~
STREAM W = 8 )}
Temperature (T) 24 97 40 40 81 73 70 101 12 19 8 o = -
Pressure (bar) 32.7 70.0 69.6 69.6 111.2 111.0 10.0 9.2 6.0 5.8 o) o S =
TOTAL FLOW o [_F!?] m
Mass flow (kg/h) 546855 546855 546855 546855 546855 546855 956880 956880 5392000 5392000 Q A
Molar flow (kgmole/h) 12426 12426 12426 12426 12426 12426 53113 53113 299290 299290 % «Y Pl
LIQUID PHASE w @]
Mass flow (kg/h) 956880 956880 5392000 5392000 o Z @
N E
GASEOUS PHASE E
Mass flow (kg/h) 546855 546855 546855 546855 546855 546855 0 0 0 0 (®
Molar flow (kgmole/h) 12426 12426 12426 12426 12426 12426 0 0 0 0 3 @) I
Molecular Weight 44.01 44.01 4401 44.01 44.01 44.01 18.02 18.02 18.02 18.02 ° 52 m
7]
]
Composition (vol %) )] é m
wn
co, 99.99 99.99 99.99 99.99 99.99 99.99 0.00 0.00 0.00 0.00 =3 ;]_] r
N, 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 S =
0, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 c n m
Ar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 S 7
H,0 0.00 0.00 0.00 0.00 0.00 0.00 100.00 100.00 100.00 100.00 -
I
@ O 0
Y] Q D
o LIS
=} =.
2 9
= >
% o
D S c bk
- o >
w @ @
Q. N N
[ N O
- o |
QJ =
Q w
@ ~




FOSTER@WHEELER

IEA GHG Revision no.:1
ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS Dot June 2011
Sheet23 of 37

Section B - General Information

3.2.3 CO, compression unit performance

The main battery limit streams conditions, the niedr integration with the power
plant, the electrical and cooling water consumggiohthe CQ Compression unit are
summarized imable 3-7
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Table 3-7 Post-combustion - Base case BO: @apture/Compression Unit consumption.

POST-COMBUSTION
Base case BO: CO, capture/compression consumption

COs Inlet Stream

Flowrate 290461 Nm%h
Temperature 38 °C
Pressure 1.6 bara
CO; Outlet Stream

Flowrate 278518 Nm’h
Temperature 73 °C
Pressure 111 bara
CO; purity 99.99 % viv
Overall Plant Carbon Capture

Carbon Capture 86.7 %
Cooling Water

CW cons. CQcompression 5392t/h
CW cons. Stripper Overhead Cond. 8676 t/h
Thermal Integration with the Power Plant

Condensate pre-heating 34. MWy,
Amine Stripping

Reboiler Thermal Duty 490.0MW,
Compressor Electrical Consumption

1% stage 21.7 MW,
2" stage 24.1 MW,
3 stage 8.0 MW,
4" stage 3.7 MW,

TOTAL 57.5 MWe
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3.3

3.3.1

Oxy-combustion: Base Case (CO0)

Overall power plant process description

In an oxy-fuel processF{gure 3-3, the fuel combustion is made by utilising almost
pure oxygen as oxidising medium. As a consequetiee flue gases are mainly
composed of carbon dioxide and other componengsviiater and inerts (excess, O
and N and Ar entrained in the oxygen stream deliveredhfthe ASU). Therefore,
the carbon dioxide capture process mainly consisgspurification of the flue gases
for the removal of these components. The higheéhésoxygen purity, the lower is
the content of inerts in the flue gases.

To moderate the peak temperature in the combustiamber and avoid an increase
of the radiant heat pick-up, part of the flue gesving the boiler, around 67% of the
original flue gas leaving the economiser, needsetoecirculated back to the burners.
Recycled gases are mixed with oxygen from the AStJtaen supplied to the boiler
into two streams:

* Primary recycle: it passes through the coal mitid tansports the pulverised
coal to the burners. The volumetric flow rate oé frimary recycle gas is
maintained at a value required for the air firing.

» Secondary recycle: it provides the additional igases to the fuel burners in
order to keep the furnace temperatures at levaeidasi to those of the air
fired boilers.

The flue gas exiting the boiler is used to heatphary and secondary recycle flue
gas streams via a regenerative gas/gas heatefluehgas is de-dusted via the ESP.
The clean flue gas is then split into two streamgh one stream forming the
secondary recycle and returning back through tls#gga heater to the burners. The
remaining stream is cooled, dried and split agaigenerate the primary recycle and
the CQ product streams. The primary recycle passes thrtheg gas/gas heater and
is then delivered to the coal mills.

The steam turbine and the BFW heating are essgriti@él same as the conventional
USC-PC case.
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3.3.2

Figure 3-4 Oxy combusted USC-PC typical scheme with cryog&ts purification

CO, compression unit description

The following description refers to the simplifigalocess flow diagram shown in
figure 3-4 and to the Heat & Material Balance irblEa3-8, Table 3-9 and Table 3-
10.

The net flue gas from the boiler island is pasdaugh the C@ cryogenic
purification, which is the most efficient technigue remove incondensable
contaminants from a highly concentrated @eam.

The process considered in the reference work fsato-refrigerated cycle”Higure
3-5), which uses the same cold £@eparated in the plant as working fluid of a
refrigerating cycle that provides flue gases caplidithough there are not yet many
industrial applications, this process has beenepred with respect to conventional
refrigeration cycles, because it significantly ilpes the economics of the project.

The flue gas entering the unit is initially cooladd compressed into an inter-cooled
two stages compressor to about 30 bar. Compresskdrcdioxide flows through the

swing dual bed desiccant dryer, to remove thetfases of water before entering the
cold box. The dry gas is fed to the cold box antaily cooled by heat exchange to
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approximately -28°C in the “warm exchanger” agathst evaporating, superheating
CO, streams and the waste streams from the cold egehan

The cooled feed is sent to a knock-out drum, wtseparates liquid and vapour
phase; the liquid contains part of the £f@roduct, while the vapour from the
separator still contains a significant fraction@®D, and almost all the other lighter
components present in the flue gas. To furthervexcthe carbon dioxide, the vapour
phase is cooled to about —54°C in the “cold exchéngery close to the triple point,
then flowing to a second knock-out drum. The vapmom the second separator,
containing the separated inerts and part of the, &ent back through the two main
heat exchangers, where it is heated by coolingitheCO, stream entering the unit.
After pre-heating and expansion, this stream @llfgireleased to the atmosphere.
Both the warm and the cold heat exchangers are roadweulti-stream plate-fin
aluminium blocks.

The liquid phase from the first separator, contagnpart of the Cg is throttled
through a valve and then heated. The liquid phasm fthe second separator is
heated, throttled through a valve and then sepghratea third flash drum. The
resulting liquid stream is carbon dioxide at highity. Because of throttling, the last
liquid stream is at a temperature of about —55h@s tbeing used as refrigerator in
the cold exchanger.

The high-purity CQ vapour stream leaving the warm exchanger is cosspreand
mixed with the CQ stream from the first separator. The two strearescambined
and finally compressed for G@ansportation and storage.

In an oxy-fuel process, the low pressure oxygemprevided by a dedicated Air
Separation Unit (ASU), which is based on an industandard method of cryogenic
air separation, using a double column distillatoycle. In accordance to the boiler
requirements, oxygen is delivered at low pressgeegrally slightly higher than the
ambient pressure.
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Figure 3-5 Oxy-combustion - Base case CO: SCbmpression Unit scheme.
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3.3.3 CO, compression unit performance

The main battery limit streams conditions, the niedr integration with the power
plant, the electrical and cooling water consumptibthe CQ Compression unit for
Case CO are summarizedTiable 3-11
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Table 3-11 Oxy-combustion - Base case CO: 8Cmpression Unit consumption.

OXY-COMBUSTION
Base case CO: CO, compression consumption

COs Inlet Stream

Flowrate 333,568 Nm*/h
Temperature 12 °C
Pressure 1.0 bara
CO; Outlet Stream

Flowrate 236,684 Nm*h
Temperature 43 °C
Pressure 111 bara
CO; purity 95.7 % viv
Overall Plant Carbon Capture

Carbon Capture 91.1 %
Cooling Water

CW consumption 3,524t/h
Thermal Integration with the Power Plant

Condensate pre-heating 51.B1Wy,
BFW heating 16.4 MW,
IP steam consumption 5. MWy

Compressor/Turbine Electrical Consumption

1% stage 43.9 MW,
2" stage 14.7 MW,
3 stage 3.1 MW,
4" stage 17.6 MW,
Flue Gas Expander -9.8VW¢

TOTAL 69.5 MW,
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4

4.1

Basic criteria for technical comparison

One of the main objectives of this study is to makechnical comparison between
the Base Case configurations described in the puesections for each GOapture
plant and alternative GOcompression strategies, in order to find solutienth
lower parasitic loads.

This evaluation takes into account that Qf@mpression scheme modifications may
lead to a utility requirement, mainly steam andlic@pwater, which is different from
that of the base cases. But different utility canption also corresponds to a
different power demand, which then affects the aNeret electrical efficiency of the
power plant.

For each steam pressure level used in the plantetss for the cooling water, the

following sections describe the conceptual critedsed to convert the utility
requirement into an equivalent power demand.

Steam

For each compression strategy, a different utdigam demand leads to a different
steam turbine electrical power production. To eatarthe delta electrical production,
a reference steam turbine adiabatic efficiency08bhas been generally assumed.

With this efficiency, it has been possible to estienthe specific equivalent electrical
consumption of the different steam pressure lewelse plant, as shown irable 4-1

Table 4-1 Equivalent electrical consumption of different steressure levels

e Lol elescc'z?icéglcc%qnlgri]sm)n
LP steam
at 7.5 barg  Pre-combustion 191 kWelt/h
at 3.3 barg Post-combustion 172 kWelt/h
at 2.5 barg  Oxy-combustion 145 kWelt/h
| P steam
at 61 barg  Oxy-combustion 375 kWelt/h

The following sections provide additional infornmati on the main modifications
found in the various compression strategies andlyzé¢his study.
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4.1.1

4.1.2

4.1.3

LP steam for condensate pre-heating

In post-combustion and oxy-combustion base caségtoations, the heat available
at each C@ compressor stage outlet is partially recovered pbg-heating the
condensate coming from the steam cycle condenken,The pre-heated condensate
flows to the deaerator, after final heating witleash extracted from the steam
turbine.

In an alternative compression strategy, if the emsdte does not recover the same
level of heat from the C£compression unit, more steam is required for hgatie
condensate, before entering the deaerator. In etbats, the thermal power given to
the condensate in the GGompression unit, if it is not provided by the leangers in
this unit, it has to be provided by the condenpateheater in the power plant.

Different steam requirement by the condensate patehn in the power plant varies
the steam expanding in the steam turbine, whil® alsanging the condensate
flowing to the CQ compression unit, where heat is recovered.

LP steam to AGR reboiler

Any modification in the Acid Gas Removal Unit (fpost-combustion and pre-
combustion configuration) leads to changes in theper for solvent regeneration.
As a consequence, the duty of the stripper reboienges and so the LP steam
requirements from the LP steam header in the plant.

Variation in the LP steam extraction from the stetambine is so reflected in the
amount of steam entering the last module of thanstéurbine, as well as the
condensate flowing from the steam condenser toCidg compression unit, where
heat may be recovered.

IP_steam for flue gas heating

In the oxy-combustion configuration, before expagdithe flue gases are heated up
to 300°C with IP steam from the power plant. Mathifions in the exchanger scheme
of the auto-refrigerated G&ompression/purification unit vary the amount t&fasn
required by the flue gas heater.

These changes are also reflected in the amounteaims entering the medium
pressure module of the steam turbine and the ceatierilowing from the steam
condenser to the G@ompression/purification unit, where heat is rered.
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4.2

Cooling water

The primary cooling system of the base cases iwatea in once through system,
mainly used for the steam turbine condenser, ASthaxgers, C@compression and
drying exchangers, fresh cooling water-cooling. tha other hand, a secondary
system in closed circuit, cooled by the primarytsys is used for machinery cooling
and for all other users not listed before.

In the alternative compression strategies, theewdfit cooling water requirement
corresponds to a different cooling water circulatipump and seawater pump
electrical demand.

Based on this consideration, it has been estimtiat the equivalent electrical
consumption of the cooling water is 0.102 kW focteart/h of cooling water
demand.
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5.1

5.2

5.3

5.4

5.5

Basic criteria for economic comparison

General IEA GHG economic assessment guidelinesapmdied to the present
analysis for the evaluation of the various compogssstrategies, in terms of
differential figures with respect to the plant dgofations taken as reference (Base
Case).

The main factors that are applicable to this typeamalysis are defined in the
following sections.

Capital Charges

Discounted cash flow calculations have been expteasa discount rate of 10%.

I nflation

No inflation have been applied to the economic ysisl

Maintenance Costs

Differential maintenance costs have been estimasepercentage of the differential
investment cost. The following factors have beesdus

IGCC plant: 3.4% of Differential Investment Cost
USC PC boiler plant: 3.1% of Differential Investme&ost

Cost of consumed Electricity
A cost of 0.05 $/kWh, corresponding to 3.8 €c/kW4s tbeen defined to cover lost

export electricity revenue (associated to redudeckrcal consumption), rather than
generation costs.

Fuel Costs

Cost of coal delivered to site is 3.0 €/GJ (LHVibas
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1 Introduction

Scope of this Section C is the technical assessofeBG0, compression strategies,
alternative to those shown in the above mentioepdns, with the main objective of
reducing the parasitic power consumption of theaVelant for each carbon dioxide
capture type.

For each identified compression strategy, a germrerview of the “envelope” of
flow conditions, which the COcompressors will be required to handle, has been
prepared to identify the range of possible stagev.fltemperature, pressure and
compositions and the implications for the compresstection and design.

An economic assessment of the most promising caajme strategies is also made
in this action, in order to verify if the energyvsay affects the delta cost of the
alternative, so to assess the economic convenmhite strategy with respect to the
Base Case.
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2

2.1

Pre-combustion strateqies

With respect to the Base Case (A0) shown in Sedipthe CQ compression and
the process units integrated with this system hbgen modified in order to
investigate alternative GQxompression strategies. The technical assesssardde

for the strategies listed imable 2-1 while an economic assessment of the most
advantageous alternatives is shown in Section 6.

Table 2-1Pre combustion — Summary of compression strategies.

Case tag Description

Case Al Vapour recompression in the AGR strippigran
Case A2 Increase ofnumber of flash stages in (BR A
Case A3 AGR stripper pressure increase

Case A4 Re-use of waste heat from,@@mpression

Case Al - Vapour recompression in the AGR strippingolumn

2.1.1 CO, compression unit description

The reference process flow scheme for this comuesdrategy is shown iRigure
2-1.

The concept behind the vapour recompression syratethe maximisation of the
heat available from the G@&ompression discharge and its potential utilisa@bn
higher temperatures in the process (e.g. for th&k ABlvent regeneration). In the
scheme applied to the pre-combustion capture pldndg, inter-cooling of the
compressor would be ideally recovered by the adialtmmpression heat into the
AGR Stripper Reboiler. With respect to the BaseeCdke compression work is
higher, due to the increase of the £fyerage temperature in the compression path,
while the LP steam (6.5 barg) demand is lower, thading to an increase of the ST
output, since a portion of the reboiler heat regmient is supplied by the GO
compression.

A constraint for the implementation of the vapoecampression concept in the £0
capture process is represented by the necessigdiodown the C@for a proper
operation of the C@dehydration system. In fact, both the desiccahtl $®ds and
the TEG systems require a maximum inlet temperattig0 °C. For this reason, a
CW intercooler upstream of the dehydration ungtil required.



FOSTER@WHEELER

IEA GHG Revision no.l
Date: June 2011
Sheet6 of 106

ROTATING MACHINERY FOR CQO2 COMPRESSION IN CCS SYSTEMS
Section C - Evaluation of CO2 Compression Strategies

The necessity of cooling down the €Qpstream of the drying process implies that,
along the compression path, there must be a loyweesture point in correspondence
of the dryer operating pressure, which preventyépour recompression mechanism
from being fully effective. In this sense, a penfiance benefit would be expected in
case of a solvent washing processes, like the methahich generates GQtreams
completely free of water.
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Figure 2-1 Pre-combustion — Case Al: g@ompression Unit scheme with Vapour
Recompression.
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2.1.2 CO, compression unit performance

The main battery limit streams conditions, the rtinrintegration with the AGR unit,
the electrical and cooling water consumption of @@ Compression unit for Case
Al are summarized inable 2-2

Table 2-2Pre-combustion - Case A2: @Oompression Unit consumption.

PRE-COMBUSTION

Case Al: CQ compression consumption
COgz Inlet Streams LP MP
Flowrate 106,480 214,482 Nm’h
Temperature -5 1 °C
Pressure 1.2 4.8 bara
CO; Outlet Stream
Flowrate 320,673 Nm¥h
Temperature 40 °C
Pressure 111 bara
CO, purity 98.2 % viv
Overall Plant Carbon Capture
Carbon Capture 85.0 %
Cooling Water
CW consumption 8,157t/h
Compressor/Turbine Electrical Consumption
1% stage 6.6 MW,
2" stage 13.8 MW,
3 stage 22.2 MW,
4" stage 10.3 MW,
5™ stage 7.4 MW,
TOTAL 60.3 MW,
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The following Table 2-2 shows the performance déledween this compression
strategy (Al) and the Base Case (AO). From thedgin the Table, it can be drawn
that this strategy is not advantageous, as it ldadsan equivalent electrical
consumption increase of about 6.0 MWe.

Table 2-3Pre-combustion — Case Al: Performance delta wiheaet to the base case.

PRE-COMBUSTION
Case Al: Performance delta with respect to the basmse A0

Cooling water

CW consumption -773Yh  «— - 0.1 MW,
Thermal integration with AGR
Solvent regeneration (2) 21. MW «<—> 53 MW,

Compressor Electrical Consumption

Overall electrical consumption difference +12.9 MW,

Overall Plant Electrical Consumption Gap

TOTAL +6.0 MW,

Note 1: Negative value indicates a lower consuomptvith respect to the base case. Conversion
factor, see section B.
Note 2: Heat recovered from G@ompression represents the 70% of the total rebdilty.

2.2 Case A2 — Increase ofnumber of flash stages in tA&R

2.2.1 CO, compression unit description

The reference process flow diagram of this compwasstrategy is shown in Figure
2-2 and the related Heat and Material Balancevisrgin Table2-4,

Table 2-5 and

Table 2-6.

In the Base Case AOQ, the liquid phase at the botibthe CQ absorber column in

the AGR passes through three sequential flash st&@ Recycle flash, MP flash

and LP flash. The vapour phase from the,&acycle flash flows back to the GO

absorber column, while the liquid phase is exparsiegessively in the MP flash and
then in the LP flash. The G&ean solution after the LP flash is recycled baxkhe
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CO, absorber column. In this way, high-purity €@ recovered and delivered to the
CO, Compression unit at two pressure levels: 4.8 dR) and 1.2 bara (LP).

Case A2 considers an additional £ash stage, located between the,(R&cycle
flash and the MP flash. Therefore, the £LCompression unit receives three £O
streams respectively at 11.5 bara (HP), 4.8 barR)(&hd 1.2 bara (LP). As a
consequence, the duty required by the; C@mpressors is lower than the Base Case,
because part of the G@ already available at higher pressure (11.5)baraich is
similar to the discharge pressure of the in theregfce configuration at the second
compression stage discharge.



FOSTER@WHEELER

IEA GHG Revision no.l
ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS Date: June 2011
Sheet11 of 106

Section C - Evaluation of CO2 Compression Strategies

Figure 2-2Pre-combustion - Case A2: GGompression Unit scheme.
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HEAT AND MATERIAL BALANCE

Pre-Combustion - Case A2

1 2 3 4 5 6 7 8 9 10
STREAM
Temperature (T) -5 -5 121 19 1 9 7 87 79 19
Pressure (bar) 1.2 1.2 5.0 4.8 4.8 4.8 4.8 11.7 11.7 11.5
TOTAL FLOW
Mass flow (kg/h) 212162 212162 212162 212162 297757 509919 509919 509919 579126 579126
Molar flow (kgmole/h) 4826 4826 4826 4826 6780 11606 11606 11606 13207 13207
LIQUID PHASE
Mass flow (kg/h)
GASEOUS PHASE
Mass flow (kg/h) 212162 212162 212162 212162 297757 509919 509919 509919 579126 579126
Molar flow (kgmole/h) 4826 4826 4826 4826 6780 11606 11606 11606 13207 13207
Molecular Weight 43.96 43.96 43.96 43.96 43.92 43.94 43.94 43.94 43.85 43.85
Composition (vol %)
Co, 99.81 99.81 99.81 99.81 99.71 99.75 99.75 99.75 99.52 99.52
Cco 0.00 0.00 0.00 0.00 0.03 0.02 0.02 0.02 0.03 0.03
H,S+COS 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.01
H, 0.00 0.00 0.00 0.00 0.16 0.09 0.09 0.09 0.27 0.27
[\ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ar 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01
H,0 0.17 0.17 0.17 0.17 0.08 0.11 0.11 0.11 0.15 0.15
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Mass flow (kg/h) 109982 689108 689108 689108 689108 689082 69207 619769 619769 619769 .Y o 9
Molar flow (kgmole/h) 2712 15919 15919 15919 15919 15918 1601 14307 14307 14307 ) wn E @
LIQUID PHASE (@) ©w Z
Mass flow (kg/h) 26 o @) A E
3 SR
GASEOUS PHASE = w» W I
Mass flow (kg/h) 109982 689108 689108 689108 689082 689082 69207 619769 619769 619769 8 S m
Molar flow (kgmole/h) 2712 15919 15919 15919 15919 15918 1601 14307 14307 14307 17} a
Molecular Weight 4055 43.29 43.29 43.29 43.29 43.29 43.23 43.32 43.32 4332 o i~ :’ m
>
r
Composition (vol %) C U.S Z l;
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HEAT AND MATERIAL BALANCE

Pre-Combustion - Case A2

21 22 23 24 25
STREAM
Temperature (T) 40 80 40 12 19
Pressure (bar) 69.8 111.2 111.0 6.0 5.8
TOTAL FLOW
Mass flow (kg/h) 619769 619769 619769 8710439 8710439
Molar flow (kgmole/h) 14307 14307 14307 483484 483484
LIQUID PHASE
Mass flow (kg/h) 8710439 8710439
GASEOUS PHASE
Mass flow (kg/h) 619769 619769 619769 0 0
Molar flow (kgmole/h) 14307 14307 14307 0 0
Molecular Weight 43.32 43.32 43.32 18.02 18.02
Composition (vol %)
CO, 98.22 98.22 98.22 0.00 0.00
co 0.14 0.14 0.14 0.00 0.00
H,S+COS 0.01 0.01 0.01 0.00 0.00
H, 1.58 1.58 1.58 0.00 0.00
Nz 0.02 0.02 0.02 0.00 0.00
Ar 0.04 0.04 0.04 0.00 0.00
H.0 0.00 0.00 0.00 100.00 100.00
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Section C - Evaluation of CO2 Compression Strategies

2.2.2 CO, compression unit performance

The main battery limit streams conditions, the nier integration with the power
plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case A2 are summarizediable 2-7

Table 2-7Pre-combustion - Case A2: @Oompression Unit consumption.

PRE-COMBUSTION

Case A2: CQ compression consumption
COgz Inlet Streams LP MP HP
Flowrate 108,167 151,969 60,798 Nm°h
Temperature -5 1 12 °C
Pressure 1.2 4.8 11.5 bara
CO; Outlet Stream
Flowrate 320,673 Nm*h
Temperature 40 °C
Pressure 111 bara
CO, purity 98.2 % viv
Overall Plant Carbon Capture
Carbon Capture 85.0 %
Cooling Water
CW consumption 8,710t/h
Compressor Electrical Consumption
1% stage 6.7 MW,
2" stage 9.6 MW,
3 stage 16.4 MW,
4" stage 8.5 MW,
5™ stage 41 MW,
TOTAL 45.3 MW,
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No appreciable loss in terms of €@urity is noted for this strategy. In fact, the
purity of the final CQ product is mainly affected by the operating pressaf the
CO, Recycle flash, rather than the number of flashhestabetween the GQecycle
and the stripper section.

Table 2-7 shows the performance delta betweenctimgoression strategy (A2) and

the Base Case (A0). Overall, there is a net powesumption decrease of 2.1 MWe
for this strategy.

Table 2-8Pre-combustion — Case A2: Performance delta wiheaet to the base case.

PRE-COMBUSTION
Case A2: Performance delta with respect to the basmse A0

Cooling water

CW consumption +220h  «——> ~0 MW,

Compressor Electrical Consumption

Overall electrical consumption difference -2.1 MW,

Overall Plant Electrical Power Gap

TOTAL -2.1 MW,

2.3

2.4

Note: Negative value indicates a lower consumptith respect to the base case. Conversion
factors, see Section B.

Case A3 - AGR stripper pressure increase

As the reference case for the pre-combustion capgurased on the separate removal
of H,S and CQthrough a physical absorption process, the stripperating pressure
does not impact on the overall g@ompression strategy. In fact, the £i@ the
AGR is released from a multi-flash system, locatpstream of the stripping section.
For this reason, this compression strategy isumthér investigated in this study.

Case A4 - Re-use of waste heat from G@ompression

The discharge temperatures of the,@@mpressor stages in the Base Case do not
allow the use of compression waste heat in the AGiRping section, which requires
heat at approximately 165 °C.

For this reason, this compression strategy isunthér investigated in this study.
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3 Post-combustion strategies

For the post-combustion carbon dioxide capturegad fired plant is selected over a
natural gas fired one, due to its higher ratio leetwcarbon dioxide emission and
electrical output, which makes this alternative enoelevant with respect to the
objectives of the present study.

With respect to the Base Case configuration (B@wshin Section B, the CO
compression and the process units integrated wishsiystem have been modified in
order to investigate alternative @@ompression strategies. The technical assessment
is made for the strategies listedTiable 3-1 while an economic assessment of the
most advantageous alternatives is shown in Se6tion

Table 3-1Post-combustion — Summary of compression strategies

Case tag Description
Case B1 Vapour recompression
Case B2 Increase of stripper pressure in CO2 capiuit
Case B3 Staging of solvent regeneration in CO2ucapinit
Case B4 Re-use of waste heat from CO2 compression
3.1 Case B1 - Vapour recompression in the AGR strippingolumn

3.1.1 CO, compression unit description

The reference process flow scheme for this comuesdrategy is shown iRigure
3-1

As written for the pre-combustion capture (Sectibh.1), the concept behind the
vapour recompression strategy is the maximisatidheoheat available from the GO
compression discharge and its potential utilizatagnhigher temperatures in the
process (e.g. for the MEA regeneration). In theesoh applied to the post-
combustion capture plant, the inter-cooling of ttwmmpressor would be ideally
recovered by the adiabatic compression heat irddVBA Stripper Reboiler. With
respect to the Base Case, the compression woigheh due to the increase of the
CO, average temperature in the compression path, vitideLP Steam (6.5 barg)
demand is lower, leading to an increase of the &V¥ep output, since a portion of the
reboiler heat requirement is supplied by the,€@mpression.

However, in the Base Case for post-combustion capta portion of the CO
compression waste heat is already recovered t@atéhe Steam Turbine condensate
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at condensate pump discharge, as described iroseBti This thermal integration

allows limiting the steam requirement for the camsie preheating in the Steam
Turbine Island. In other terms, by eliminating €, waste heat recovery into the
ST condensate system to make vapour recompress@nthe steam extraction from
the ST would increase to supply the same steansad im the reboiler. For this

reason, the thermal integration between ST conterm@heating system and the
CO, compression is kept in the vapour recompressiofiguration as well.

Also, a constraint for the implementation of th@ear recompression concept in the
post-combustion capture is represented by the sigd¢s cool down the C&for a
proper operation of the G@ehydration system. In fact, both the desiccalid @ds
and the TEG systems require a maximum inlet tentyeraf 50 °C.
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Figure 3-1Post-combustion - Case B1: €Oompression Unit scheme.
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3.1.2 CO, compression unit performance

The main battery limit streams conditions, the nier integration with the power
plant and the C®capture unit, the electrical and cooling waterstonption of the
CO, Compression unit for Case B1 are summarizethbie 3-2

The necessity of cooling down the €@pstream of the dehydration process implies
that, along the compression path, there must bewva temperature point in
correspondence of the dryer operating pressurechwlgrevents the vapour
recompression mechanism from being fully effective.

The potential benefits associated to the vapowmgcession are also smoothed by
the thermal integration with the ST condensate gaghg system, as mentioned in
the previous section.
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Table 3-2Post-combustion — Case B1: Vapour Recompression.

POST-COMBUSTION
Base case B1: C@compression consumption

COs Inlet Stream

Flowrate 290461 Nm%h
Temperature 38 °C
Pressure 1.6 bara
CO; Outlet Stream

Flowrate 278518 Nm’h
Temperature 83 °C
Pressure 111 bara
CO, purity 99.99 % viv

Overall Plant Carbon Capture
Carbon Capture 86.7 %

Cooling Water
CW consumption 1675t/h

Thermal Integration with the Power Plant

Condensate pre-heating 36.MWy,
Thermal Integration with the CO, Capture Unit

MEA Reboiling 35.1 MWy,
Compressor Electrical Consumption

1% stage 21.7 MW,
2" stage 32.0 MW,
3 stage 9.6 MW,
4" stage 6.1 MW,

TOTAL 69.4 MW,
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The following Table 3.3 shows the performance dékdween this compression
strategy (B1) and the Base Case (B0). From thedgin the table, it can be drawn
that this strategy is not advantageous, as it léadan equivalent consumption
increase of approximately 2.9 MWe.

Table 3-3Post-combustion — Case B1: Performance delta wihect to the Base Case.

POST-COMBUSTION
Case B1: Performance delta with respect to the basase BO

Thermal Integration with the Power Plant / CO, capture unit

Steam cons. for Condensate Pre-heating MiVih «—> 0 MW,
Steam cons. for MEA Reboiling -35. MW «—— - 9.3 MW,
Cooling water

CW consumption -3717Yh «— - 0.4 MW,

Compressor/Turbine Electrical Consumption

Overall electrical consumption difference +12.5 MWe

Overall Plant Electrical Power Gap
TOTAL +2.9 MW,

Note: Negative value indicates a lower consumptitth respect to the base case. Conversion
factors, see Section B.
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3.2

3.2.1

Case B2 - Solvent stripper pressure increase

CO, compression unit description

The reference process flow diagram for this congioesstrategy is shown in Figure
3-2 and the related Heat and Material Balance @svshin Table 3-4, Table 3-5,
Table 3-6and Table 3-7 for different alternatives.

The compression strategy associated to this casés BBe increase of the GO
pressure as released from the,@@pture unit, to reduce the overall pressure fatio
the compression unit and, therefore, its parasitctrical consumption. The higher
stripper operating pressure is also expected tacmda lower specific heat
requirement for the solvent stripping in the rebgilsince at high pressure (and
therefore high temperature) the £@ass transfer rate, throughout the stripper
column, is positively affected via the increasegidg force [1], [2].

However, it might be realistic to expect that higlanine degradation rates and
corrosion problems will occur at these elevatedsuees and temperatures. This has
to be taken into account in the evaluation of ttratsgy. In the present study, the
effect of a higher MEA degradation is preliminarstimated and included in the
differential OPEX with respect to the Base Caste(r® Section 6).

Also, the higher stripper operating temperaturé ngdjuire a higher steam pressure at
ST extraction. This has a negative impact on theralperformance of the plant and
partially off-sets the benefits highlighted above.

It is noted that the considerations made in thisice shall be deemed as preliminary
only; they are the results of technical simulationade by dedicated software, so
validity of these results should be checked andicoad by the solvent Licensors of
this technology.

The impacts of this compression strategy are eteduat two different stripper
overhead pressure levels, as shown in the nexbssct

» Alternative A: 210 kPa;

» Alternative B: 260 KPa.
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Figure 3-2Post-combustion - Case B2: €Oompression Unit scheme.
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Section C - Evaluation of CO2 Compression Strategies

3.2.2

CO, compression unit performance

The main battery limit streams conditions, the nier integration with the power
plant, the electrical and the cooling water constimnpof the CQ Compression unit
for Case B2 — alternative A are summarizedahle 3-8

Table 3-8Post-combustion — Case B2A: Higher Stripper pmesg200 kPa).

POST-COMBUSTION

Case B2A: CQ capture/compression consumption

COs Inlet Stream

Flowrate 287514 Nm°h
Temperature 38 °C
Pressure 2.1 bara
CO; Outlet Stream

Flowrate 278448 Nm°/h
Temperature 76 °C
Pressure 111 bara
CO, purity 99.99 % viv
Overall Plant Carbon Capture

Carbon Capture 86.7 %
Cooling Water

CW consumption 5103t/h
CW cons. Stripper Overhead Cond. 8388 t/h
Thermal Integration with the Power Plant

Condensate pre-heating 28.MW¢,
Compressor Electrical Consumption

1% stage 20.3 MW,
2" stage 20.0 MW,
3 stage 8.0 MW,
4" stage 3.6 MW,
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POST-COMBUSTION
Case B2A: CQ capture/compression consumption

TOTAL 51.9 MW,

Table 3-9 shows the performance delta betweencibrispression strategy (B2-A)
and the Base Case (B0). Overall, there is a neivagat power consumption
reduction of 4.4 MWe. The equivalent consumptiontifie ST condensate preheating
has slightly increased with respect to the Base Caisce the waste heat recoverable
from the CQ compression is lower, due to the reduction ofaberall pressure ratio.
For the same reason, the Cooling Water demandeofdmpression unit decreases.
Another contribution to the CW demand reductiogiigen by the lower duty of the
MEA stripper overhead condenser, which is driverh@yhigher operating pressure.

It is noted that the overall beneficial effectsrefluced steam consumption overlaps
with the adverse effects of the different steamdaoons. Therefore the approach of
the equivalent electrical consumption gap is ngiliapble to this particular case.
Table 3-9simply reports the resulting net differential Stpmut.

Table 3-9Post-combustion — Case B2A: Performance delta regpect to the base case.

POST-COMBUSTION
Case B2A: Performance delta with respect to the bascase BO

Steam turbine output

Net differential ST output -1.2 MWq
Cooling water
CW consumption (1), (2) -57th  «— 0.1 MW,

Compressor/Turbine Electrical Consumption

Overall electrical consumption difference (1) -5.5 MW,

Overall Plant Electrical Power Gap

TOTAL (1) 4.4 MW,

Note 1: Negative value indicates a lower consuomptvith respect to the base case. Conversion
factors, Section B.
Note 2: Including differential duty of the MEA &iper Overhead Condenser.

As far as alternative B is concerned, the mainltesue reported iffable 3-10and
Table 3-11 the latter showing a net equivalent power condiongreduction of 7.3
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MWe. Table 3-11simply reports the resulting net differential SOtmut, for the same
reason explained for alternative A.

Generally, the benefits on the overall consumptieported for alternative A are
amplified in alternative B, due to the further ipase of the stripper operating
pressure. On the other hand, higher amine degoadedies and corrosion problems
are expected in the G@apture unit. As already stated, it would be rem@mded to
further investigate this topic with the referensedvent Licensors.
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Table 3-10Post-combustion — Case B2B: Higher Stripper presg@60 kPa).

POST-COMBUSTION

Case B2B: CQ capture/compression consumption
COgz Inlet Stream
Flowrate 285655 Nm°/h
Temperature 38 °C
Pressure 2.1 bara
CO; Outlet Stream
Flowrate 278366 Nm’h
Temperature 76 °C
Pressure 111 bara
CO, purity 99.99 % viv
Overall Plant Carbon Capture
Carbon Capture 86.7 %
Cooling Water
CW consumption 4872t/h
CW cons. Stripper Overhead Cond. 6711 t/h
Thermal Integration with the Power Plant
Condensate pre-heating 2481BW
Compressor Electrical Consumption
1% stage 18308 kW,
2" stage 18205 kW,
3 stage 7972 KW,
4" stage 3615 kW,
TOTAL 48100 kW,
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Table 3-11Post-combustion — Case B2B: Performance deltaneithect to the base case.

POST-COMBUSTION
Case B2A: Performance delta with respect to the bascase BO

Steam turbine output

Net differential ST output -2.3 MW,
Cooling water
CW consumption (1), (2) -2484 Uh  «— _02 MW,

Compressor/Turbine Electrical Consumption

Overall electrical consumption difference (1) -9.4 MW,

Overall Plant Electrical Power Gap

TOTAL (1) 7.3 MW,

Note 1: Negative value indicates a lower consuomptvith respect to the base case. Conversion
factors, Section B.
Note 2: Including differential duty of the MEA $iper Overhead Condenser.

3.3 Case B3 - Staging of solvent regeneration

3.3.1 CO, compression unit description

The reference process flow diagrams of this consprasstrategy is shown figure
3-4.

The Base Case for post-combustion capture alreadiydes a flash of the preheated
rich amine to produce a semi-lean amine streamgiwis recycled back to the

absorber at an intermediate height in the bedsipgcKherefore, the concept of

staging of solvent regeneration is introduced ithe post-combustion capture
process as a multi-pressure strippeigyre 3-3, reflecting some schemes already
analysed in the literature ([3], [4]) and avoiditige complication associated to the
generation of further semi-lean streams in the megdion staging. Although this

represents a deviation with respect to some aligeneonfigurations proposed in the

literature [5], it has to be noticed that thoselgses start from a base case in which
the heat integration scheme between rich and le@neais simple and there is no

semi-lean solvent production as in the Base Ca8gdBthe reference study.
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Figure 3-3Post-combustion - Case B3: multi-pressure stripper.
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Figure 3-4Post-combustion - Case B3: €Oompression Unit scheme.
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The multi pressure stripper operates at threerdiftepressure levels (160 kPa, 230
kPa and 330 kPa), with two additional compressossalled to take the stripping
vapour from the bottom pressure level to the top. drhe increase of the parasitic
power associated to the additional compressorstengally off-set by:
* asignificant reduction of the reboiler heat regmient, as part of the stripping
is carried out at higher pressure;
* a lower parasitic consumption of the conventionampression Unit, due to
the higher pressure at which the ®released from the stripper.

The operating pressure of the reboiler is the sasnihe Base Case; hence the steam
extraction pressure from the Steam Turbine is fietted.

3.3.2 CO, compression unit performance

The main battery limit streams conditions, the h#a electrical and cooling water
consumption of the COCapture/Compression units for Case B3 are sumpthiiz
Table 3-12
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Table 3-12Post-combustion — Case B3: Staging of Solventneggion.

POST-COMBUSTION
Case B2: CQ capture/compression consumption

COs Inlet Stream

Flowrate 283292 Nm%h
Temperature 38 °C
Pressure 3.3 bara
CO; Outlet Stream

Flowrate 278545 Nmh
Temperature 62 °C
Pressure 111 bara
CO, purity 99.99 % viv
Overall Plant Carbon Capture

Carbon Capture 86.7 %
Cooling Water

CW cons. C@Qcompression 3909t/h
CW cons. Stripper Overhead Cond. 1504 t/h
Amine Stripping

Reboiler thermal duty 420.0MWy,
Compressor Electrical Consumption

Capture unit compressors 25.MW,
1% stage 18.2 MW,
2" stage 14.1 MW,
3 stage 8.0 MW,
4" stage 3.6 MW,
TOTAL 69.3 MW,
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Table 3-13shows the performance delta between this compressrategy (B3) and
the Base Case (B0). Overall, there is a net eqgmtgower consumption reduction
of 1.7 MWe. The equivalent consumption for ST corsd¢e preheating has
increased with respect to the base case for thmniolg reasons:
» the waste heat recoverable from the,€&pture/compression is lower due to
the reduction of the overall pressure ratio;
* the higher operating pressure of the MEA Strippee@ead Condenser
reduces the total Condensing Duty, part of whicheiovered into the ST
condensate preheating.

For the same reasons, the Cooling Water demanédakas significantly.

Table 3-13Post-combustion — Case B3: Performance delta withact to the base case.

POST-COMBUSTION
Case B3: performance delta with respect to the basmse BO

Thermal Integration with the Power Plant

Condensate pre-heating + 19 8Wih «— +53 MW,
MEA stripping Heat Requirement

Reboiler Duty -70.0 MWy, €185 MW,
Cooling water

CW consumption - 8655t/h > - 0.9 MW,

Compressor/Turbine Electrical Consumption

Overall electrical consumption difference +12.4 MW,

Overall Plant Electrical Power Gap

TOTAL -1.7 MW,

Note 1: Negative value indicates a lower consuomptvith respect to the base case. Conversion
factors, see Section B.

The calculated overall performance improvementas as high as shown in the
literature [3], [4]. This is because in the presanalysis the Base Case scheme to
evaluate the alternative configurations presentieep thermal integration between
the absorber and the stripper sections, contrarwhat shown in the reference
studies. This optimisation allows minimising theahdemand of the reboiler across
all the cases and therefore smoothes the reductiotihe reboiler thermal duty
associated to the multi-pressure stripper configuma
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3.4

Case B4 - Re-use of waste heat from the GOompression

The discharge temperature of the first two stagéseoCQ compression in the Base
Case would allow a re-use in the amine strippiraggss. However, a portion of the
CO, compression waste heat is recovered to prehe&td@n Turbine condensate at
condensate pump discharge, as described in ségtidhe heat source for both ST
condensate preheating and MEA stripping is the tears extraction at 3.25 bara
from the ST. Therefore, moving the €@ompression heat recovery from the ST
preheating to the Amine stripping would not leadhe improvement of the overall
steam balance across the Steam Turbine.

For this reason, this compression strategy isumthér investigated in this study.
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4.1

4.1.1

Oxy-fuel combustion strategies

With respect to the Base Case (C0) shown in Se&jdhe CQ compression and the
process units integrated with this system have lpeedified in order to investigate
alternative CQ compression strategies. The technical assessmanitde for the
strategies listed imable 4-1 while on economic assessment of the most adveonisy
alternatives is shown in Section 6.

Table 4-10xy combustion — Summary of compression strategies.

Case tag Description
Case C1 Expansion of incondensable
Case C2 Refrigeration of compressed,CO
Case C3 CoLigquefaction

Case C1 - Expansion of incondensable

CO, compression unit description

The reference process flow diagram of this comjasstrategy is shown iRigure
4-1.

With respect to the Base Case CO, the incondensaiteng from the last CO
cooling at -53°C are expanded. The expansion tasimeric pressure reduces the
temperature of this stream. The “cold” energy owered in the cold box and so the
CO, expansion request for the auto-refrigeration i@ tlold box is reduced. As a
consequence, the G@xiting the auto-refrigeration system shows a fres higher
than the Base Case, leading to a lower power denfandhe last two C@
compression stages. On the other hand, the Flu&gander is not required in this
configuration.
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Figure 4-1 Oxy-combustion — Case C1: GOompression Unit scheme.
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4.1.2 CO, compression unit performance

The main battery limit streams conditions, the nier integration with the power
plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case C1 are summarizedTiable 4-2

Table 4-20xy-combustion — Case C1: GQompression Unit consumption.

OXY-COMBUSTION
Case C1: CQ compression consumption

COs Inlet Stream

Flowrate 333,568 Nm*/h
Temperature 12 °C
Pressure 1.0 bara
CO; Outlet Stream

Flowrate 236,684 Nm*h
Temperature 43 °C
Pressure 111 bara
CO, purity 95.7 % viv
Overall Plant Carbon Capture

Carbon Capture 91.1 %
Cooling Water

CW consumption 3,524t/h
Thermal Integration with the Power Plant

Condensate pre-heating 57. MW,
BFW heating 16.4 MW,
IP steam consumption MW,

Compressor/Turbine Electrical Consumption
1% stage 43.9 MW,
2" stage 14.7 MW,
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OXY-COMBUSTION
Case C1: CQ compression consumption

3 stage 3.1 MW,
4" stage 17.6 MW,
Flue Gas Expander OMW
TOTAL 79.3 MW,

Table 4-2 shows the performance delta betweencthgpression strategy (C1) and
the Base Case (CO0). Overall, there is a net poargswomption increase of 5.9 MWe.
It may be noted from the above table that Case r€édepts a more efficient thermal
integration with the rest of the plant. This is dinstly to the fact that the flue gas are
heated in the last flue gas exchanger up to 20t4CKexit temperature), instead of
170°C as per the Base case CO; this leads to arigfat in the C&that is recovered
with the condensate pre-heating. In addition td, tthee flue gas does not require to
be preheated before the flue gas expander, thiusgsad MWth of IP steam.

On the other hand, the absence of the flue gasneepdapproximately 9.8 MWe) is
not compensated by the gain in the thermal integranentioned before. For this
reason, the summary electrical consumption of tBe Compression unit is higher
than the Base Case, leading to the conclusionthiglternative is not technically
attractive.

Table 4-30xy-combustion — Case C1: Consumption gap respdbetbase case.

OXY-COMBUSTION
Case C1: Consumption gap respect to the base case C

Thermal Integration with the Power Plant

Condensate pre-heating -5.8W¢ «—— -2.7 MW,
BFW heating 0 MW «—> 0 MW,
IP steam consumption -5 MWy > _ 12 MW,

Cooling water
CW consumption Ot/h 0 MWe
Compressor/Turbine Electrical Consumption

Overall electrical consumption difference +9.8 MW,
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Overall Plant Electrical Power Gap
TOTAL +59 MW,

Note: Negative value indicates a lower consumptitth respect to the base case. Conversion
factors, see Section B.
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4.2

4.2.1

Case C2 - Refrigeration of compressed CO

CO, compression unit description

The reference process flow diagram of this comjasstrategy is shown iRigure
4-2.

In this case C2, the GQs refrigerated with an external chiller systemstead of
using an auto-refrigeration cycle as describedhénBase Case CO. After the first two
steps of compression and after the Dehydratioresysthe CQ stream enters a train
of exchangers, where four chillers cool the @fdwn to -53°C. After each chiller,
liquid CO;, is separated and collected. Finally, liquid £®@ith a purity of 96.1% by
volume, is pumped up at 111 bara.

The chiller’'s duty is provided by a conventionatleyrefrigeration circuit based on a
cascade system. The “warmer” circuit is composed abytwo-stage propane
compression/expansion system; the propane expapsieides the required duty to
the condenser of the “cooler” circuit. On the otlmand, the “cooler” circuit is

composed by a three-stage ethane compression/éxpagystem; each expansion
stage provides, at different temperature, theiobilhower to the C@stream.
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Figure 4-2 Oxy-combustion — Case C2: GOompression Unit scheme.
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4.2.2 CO, compression unit performance

The main battery limit streams conditions, the nier integration with the power
plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case C2 are summarizedTiable 4-4

Table 4-40xy-combustion — Case C2: GGompression Unit consumption.

OXY-COMBUSTION
Case C2: CQ compression consumption

COs Inlet Stream

Flowrate 333,568 Nm*/h
Temperature 12 °C
Pressure 1.0 bara
CO; Outlet Stream

Flowrate 235,636 Nm*h
Temperature 10 °C
Pressure 111 bara
CO, purity 96.1 % viv
Overall Plant Carbon Capture

Carbon Capture 909 %
Cooling Water

CW consumption 3,254t/h
Thermal Integration with the Power Plant

Condensate pre-heating 23.BIW,
BFW heating 16.4 MW,
IP steam consumption 11. MWy,

Compressor/Turbine Electrical Consumption
1% stage 43.9 MW,
2" stage 14.7 MW,
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OXY-COMBUSTION
Case C2: CQ compression consumption

CO, Pump 1.3 MW,
Refrigeration package 18.0MW,
Flue Gas Expander -9.9MW,
TOTAL 68.0 MW,

Table 4-4 shows the performance delta betweerctrgpensation strategy (C2) and
the Base Case (CO0). Overall, there is a net poargswomption increase of 7.7 MWe.
The advantage of using pump, instead of compreasdra moderate consumption of
the selected refrigeration cycle (COP of aboute®}ds to a saving of 1.5 MWe.
However, the lack of low temperature heat recovémym the compressors exit
decreases substantially the condensate pre-heAsrg consequence, the condensate
needs to be pre-heated inside the thermal cyctaugir steam extraction from the
steam turbine, thus leading to an electric powedpction loss.

Table 4-50xy-combustion — Case C2: Performance delta witpeet to the base case.

OXY-COMBUSTION
Case C2: Performance delta with respect to the basase CO

Thermal Integration with the Power Plant

Condensate pre-heating +280Win <> +6.0 MW,
BFW heating 0 MWiph «—> 0 MW,
IP steam consumption +6.MWn > +32 MW,

Cooling water
CW consumption -270th <= 0 MW,

Compressor/Turbine Electrical Consumption

Overall electrical consumption difference -1.5 MW,

Overall Plant Electrical Power Gap

TOTAL +7.7 MWg

Note: Negative value indicates a lower consumptéspect to the base case. Conversion factors,
see Section B.
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4.3

4.3.1

Case C3 - CQ Liguefaction

CO, compression unit description

The reference process flow diagram of this comjwasstrategy is shown iRigure
4-3 and the related Heat and Material Balance is shiowfable 4-6 Table 4-7and
Table 4-8

With respect to the base case C0,@&3compressed in the last compression stage at
73 bara and firstly cooled against the cold incoisdble stream from the cold box,
secondly against condensate from the power islamdl fanally condensed with
cooling water. The resulting liquid stream is af@%nd can be pumped up to 111
bara.
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Figure 4-3 Oxy-combustion — Case C3: GOompression Unit scheme.
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4.3.2 CO, compression unit performance

The main battery limit streams conditions, the mier integration with the power
plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case C3 are summarizedTiable 4-9



FOSTER@WHEELER

IEA GHG Revision no.l
Date: June 2011

ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS
Sheet55 of 106

Section C - Evaluation of CO2 Compression Strategies

Table 4-90xy-combustion — Case C3: GGompression Unit consumption.

OXY-COMBUSTION
Case C3: CQ compression consumption

COs Inlet Stream

Flowrate 333,568 Nm*/h
Temperature 12 °C
Pressure 1.0 bara
CO; Outlet Stream

Flowrate 236,684 Nm*h
Temperature 43 °C
Pressure 111 bara
CO, purity 95.7 % viv
Overall Plant Carbon Capture

Carbon Capture 91.1 %
Cooling Water

CW consumption 6,061t/h
Thermal Integration with the Power Plant

Condensate pre-heating 37.RMWy,
BFW heating 16.4 MW,
IP steam consumption 7.MWy,

Compressor/Turbine Electrical Consumption

1% stage 43.9 MW,
2" stage 14.7 MW,
3 stage 3.1 MW,
4" stage 12.1 MW,
CO, Pump 0.9 MW,
Flue Gas Expander -9.8VW,

TOTAL 64.9 MW,
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Table 4-10shows the performance delta between this compressrategy (C3) and
the Base Case (CO0). Overall, there is a net poamswomption decrease of 0.2 MWe.
Because of the lower exit pressure of the last @fnpression stage (73.0 bar versus
111.2 bara of the Base Case), the heat availablegh® flue gas heating and
condensate pre-heating is lower. Therefore, thé inéegration with the rest of the
plant is lower and consequently more heat is reguirom the steam cycle to pre-
heat the condensate and the flue gas upstream eofexpander. Steam cycle
modifications with respect to the Base case arevsho Figure 4-4

In addition, to condense the @&tream a much higher amount of cooling water is
required, leading to a slightly increase of theilsany unit consumption.

Anyway, the use of the pump shows a moderate alacttonsumption saving that
leads to a lower overall electrical demand of tumpression strategy.

Table 4-100xy-combustion — Case C3: Performance delta wipeet to the base case.

OXY-COMBUSTION
Case C3: performance delta with respect to the basmse CO

Thermal Integration with the Power Plant

Condensate pre-heating +148Wy, <>+ 3.1 MW,
BFW heating 0 MW «—> 0 MW,
IP steam consumption + 1MWy, <> +1.1 MW,

Cooling water
CW consumption +2,537h <+« +02 MW,

Compressor/Turbine Electrical Consumption

Overall electrical consumption difference -4.6 MW,

Overall Plant Electrical Power Gap

TOTAL -0.2 MW,

Note: Negative value indicates a lower consumptith respect to the base case. Conversion
factors, see Section B.
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Figure 4-4 Oxy-combustion — Case C3: GOompression Unit scheme.
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5.1

General strategies for CQ compression

This section makes a technical assessment of de@&acompression strategies,
aimed at minimising parasitic loads of the systesmich could be applied to any type
of CO, capture process is used (i.e. pre-, post- or ari:f

The technical assessment is made for the strategiesnarised inTable 5-1 If

deemed appropriate, the strategies are tailored &pecific capture technology. As
for the other capture types, the economic assedsofethe most advantageous
alternatives is shown in Section 6.

Table 5-1: Summary of general compression strategies.

Case tag Description
Case D1 Increasing number of stages
Case D2 CQliguefaction

Case D3 Deeper inter-cooling

Case D1 - Increasing number of stages

The reference process flow scheme of this commesstrategy is shown iRigure

5-1

The CQ capture type best suited to this compressionegjyas the post-combustion,
as there is a single stream entering the Gnpression unit and there are no process
constraints for the definition of the inter-stagegsures. With respect to the Base
Case (B0), the number of compression stages hasdoeled in this strategy (i.e. 8

vS. 4).
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Figure 5-1 Case D1: Stages number increased.
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The main battery limit streams conditions, the nier integration with the power
plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case D1 are summarizedTiable 5-2

Table 5-2: Case D1: C@Compression Unit consumption.

CO, compression in general
Case D1: CQ compression consumption

COs Inlet Stream

Flowrate 290461 Nm%h
Temperature 38 °C
Pressure 1.6 bara
CO; Outlet Stream

Flowrate (liquid) 546.8 t/h
Temperature 35 °C
Pressure 111 bara
CO; purity 99.99 % mol/mol
Overall Plant Carbon Capture

Carbon Capture 86.7 %
Cooling Water

CW cons. C@compression 9752t/h
Thermal Integration with the Power Plant

Condensate pre-heating 13.6IWy,
Compressor/Pump Electrical Consumption

1% stage 10.7 MW,
2" stage 10.6 MW,
3" stage 9.0 MW,
4" stage 10.3 MW,

5" stage 2.8 MW,
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CO, compression in general
Case D1: CQ compression consumption

6" stage 2.3 MW,
7" stage 25 MW,
8" stage 1.7 MW,
TOTAL 49.9 MW,

Table 5-3 shows the performance delta betweenctiigpression strategy (D1) and
the Base Case (B0). From the figures in the tabéan be drawn that the increase of
number of compression stages leads to a reductitre@ompression energy, due to
the presence of intercoolers at each inter-stagd.deor this reason, the waste heat
from the CQ compression is lower. The ST condensate pre-feeaterlocated only
where the stage discharge temperatures are addqudies service (refrigure 5-3.

As a consequence, the lower ST condensate predesitect achievable in the GO
compression unit leads to a higher steam consumpticche Power Island, thus
partially off-setting the reduction of compressienergy, as shown iable 5-3
Overall, the total expected energy saving of thismpression strategy is
approximately 2.0 MWe.

Table 5-3: Case D1: Performance delta with respect to the base.

CO, compression in general
Case D1: Performance delta with respect to the basase BO

Thermal Integration with the Power Plant

Steam cons. for Condensate Pre-heating + 10M®/y, <> +52 MW,
Cooling water
CW consumption + 4360t/h <+« + 0.4 MW,

Compression/Pumping Electrical Consumption

Overall electrical consumption difference -7.6 MW,

Overall Plant Electrical Power Gap
TOTAL -2.0 MW,

Note: Negative value indicates a lower consumptitth respect to the base case. Conversion
factor, see section B.
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5.2

5.2.1

Case D2 - CQ liquefaction

Early liquefaction of CQ allows the use of pumps for final pressure bogstin
leading to a reduction of the compression enerdpe @nalysis has been made for
both the pre-combustion and the post-combustioressasince the liquefaction

options depend on the overall process configuratfeor instance, the potential

application of absorption refrigeration for g{iquefaction has different implications

in the two processes, as described in the followeajions.

Case D2A: Early C@liquefaction in the post-combustion capture

The relevant process flow scheme of this comprassii@tegy is shown iRigure 5-2

Early liquefaction of the C® has been evaluated with the application of a
conventional chiller, using propane as workingdluThe CQ is liquefied at -20°C,
which allows pumping the COrom a pressure of 20.5 bara.

In the proposed configuration, the €Q@tream is compressed in a two stage
compressor to the liquefaction pressure. At congmeglischarge, the COis
dehydrated before being liquefied.
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Figure 5-2 Case D2a: Early liquefaction in post-combustioptgoee.
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The Chiller is based on a single effect propanegafation cycle, which is optimised
by thermal integration with the cold liquid G@t Liquefier outlet. The cold CQs
used to sub-cool the liquid propane at chiller @rsr outlet, thus reducing the
propane circulation rate required to liquefy therbom dioxide stream and
consequently the chiller electrical consumptione Diverall C.O.P. estimated for this
refrigeration cycle is 3.8.

The main battery limit streams conditions, the nier integration with the power

plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case D2A are summarizedTable 5-4

Table 5-4: Case D2A: C@Compression Unit consumption.

CO, compression in general

Case D2A: CQ compression consumption
COgz Inlet Stream
Flowrate 290461 Nm%h
Temperature 38 °C
Pressure 1.6 bara
CO; Outlet Stream
Flowrate (liquid) 546.8 t/h
Temperature 6 °C
Pressure 111 bara
CO, purity 99.99 % mol/mol
Overall Plant Carbon Capture
Carbon Capture 86.7 %
Cooling Water
CW cons. C@compression 10399t/h
Thermal Integration with the Power Plant
Condensate pre-heating 23. MW,
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CO, compression in general
Case D2A: CQ compression consumption

Compressor/Pump Electrical Consumption

1% stage 19.1 MW,
2" stage 20.0 MW,
CO; pump 1.8 MW,
TOTAL 409 MW,
Chiller Electrical Consumption

Conventional Chiller 13.5MW,

It is noted that the process could be slightly Hartoptimised as the GOutlet
temperature is relatively low, i.e. some furthdrigeration energy recovery may be

possible.

With respect to the base case, the significantataslu of the compression energy is

potentially off-set by the following factors:

* the electrical consumption of the chiller;

* the reduction of the COcompression waste heat available for condensate
preheating with a consequent increase of the stessumption in the power

island feed water heater;

» the higher electrical consumption associated tartbeease of Cooling water
usage, mainly due to the introduction of the chiltethe system.

With respect to the Base Case (BOable 5-5shows a net equivalent consumption
reduction of 0.2 MW. Therefore, the strategy doed lead to a significant

optimisation of the energy demand.
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Table 5-5: Case D2A: Performance delta with respect to base.c

CO, compression in general
Case D2A: Performance delta respect to the base eaB0

Thermal Integration with the Power Plant

Steam cons. for Condensate Pre-heating + MW —>+25 MW,
Chiller
Chiller electrical consumption +13.4 MW,

Cooling water
CW consumption +5007th €405 MW,

Compression/Pumping Electrical Consumption

Overall electrical consumption difference -16.6 MW,

Overall Plant Electrical Power Gap

TOTAL -0.2 MW,

Note: Negative value indicates a lower consumptitih respect to the base case. Conversion
factors, see Section B.

The application of an ammonia absorption refrigerasystem has been evaluated as
well. Being no waste heat source available in th&t4ombustion capture process at
the temperatures required for this application,stieam extracted at IP/LP cross over
is used as heat source for the refrigeration cycle.

The main operating parameters of the absorptidieclare based on preliminary data
available from Suppliers. A Coefficient Of Perfomnca (defined as ratio between the
chilling duty and absorbed heat) of 0.58 has betimated with the heat source and
the available CW, i.e. for each M\ chilling duty approx 1.72 MW are required
as steam extraction. Considering the electrical ggoless associated to the ST
extraction (ref. Section B), the resulting equiwalelectrical consumption is approx
0.45 MW, per each MW, of chilling duty.

The corresponding C.O.P. is 2.2, which is worsa th& conventional chiller C.O.P
and makes the absorption refrigeration option nibtaatageous for early GO
liquefaction in the post-combustion capture case.
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5.2.2 Case D2B: Early C@liquefaction in the pre-combustion capture

The reference process flow diagrams of this congprasstrategy are shown kigure
5-3, while the relevant Heat & Mass Balance is repbite Table 5-6 Table 5-7and
Table 5-8

In an IGCC with CCS, the CO shift reaction in then§as treatment Unit typically
makes a considerable amount of heat availablevarléemperatures than the case
without CCS. For this reason, in the syngas cooling of the reference case, the
syngas heat recovery in the VLP generator is nodmmaed since the possible further
production of VLP steam would not be re-usableegiih the Process Units or in the
Power Island. The syngas temperature at VLP georeaaitlet is 164 °C and final
cooling is made either by using ST condensate olirgp water. On the other hand,
this temperature is suitable for application inammonia absorption refrigeration
cycle.

An assessment of the maximum heat available forAtbeorption Chiller (without
affecting the ST Condensate Pre-heating) has baeieda out in this study. It was
concluded that maximum 83 MMVcan be absorbed by the chiller, keeping the
preheated ST condensate temperature at 85 °C ahegddase Case. This option
implies a tighter design of the ST condensate piadr, which is considered in the
techno-economic assessment in Section 6.

The operating parameters of the Absorption refatien system considered for this
specific case are based on preliminary figures labvi@ from Suppliers and
summarised in the following:
* CQO; liquefaction temperature = -25°C;
* C.O.P. (defined as ratio between the chilling dartgl absorbed heat) = 0.56;
* Heating medium is hot water produced at 125 °Chendyngas cooling and
returned to the hot water generator at 115 °C.

As far as C@compression unit is concerned, the Q®liquefied at -25°C, which
allows pumping the COfrom a pressure of 40.7 bara. The L8&reams are
compressed in a three stage compressor to thedicjien pressure. At compressor
discharge, the CQs dehydrated before being liquefied.

In the pre-combustion process, the captured §€&@am contains some incondensable
gases (mainly Hydrogen and Carbon Monoxide), witahnot be liquefied at the
conditions achievable with the industrial absonmptibillers. Some CO(approx 50%
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concentration in the gas stream) is also entraméuke gaseous stream, thus affecting
the overall CQ capture rate of the plant.

Downstream liquefaction, incondensable gases asdogas CQ are separated in a
drum and mixed with the syngas fed to the Gas Thetht is assumed that the small
amount of Hydrogen rich gas produced does not aéfitcer design or operation of
the GT.

The “cold” available from separated liquid €@oduct is used in a cross exchanger
to cool down the gaseous géx the front end of the Liquefaction, in orderéduce
the chiller duty.

In conclusion, the selected pressure/temperaturgitons for CQ liquefaction
allow:
* The application of an ammonia refrigeration cyaeré-use the maximum
amount of waste heat recoverable form the syngaléngp
* A significant reduction of the overall compresseamrergy.
* Releasing the incondensable gases at a presstablsdor combustion in the
GT without recompression.
» Limiting the adverse impact on carbon capture tate reasonable value
(<0.5%).
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Figure 5-3 Case D2B: C@Compression Unit scheme.
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1 2 3 4 5 6 7 8 9 10 m z _1
STREAM @) Q g
Temperature (C) -5 -5 121 19 1 7 7 102 94 19 L] E l.",?] m
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Pre-Combustion - Case D2b B o o m
11 12 13 14 15 16 17 18 19 20 m N O
STREAM 0 e E -
Temperature (T) 19 124 19 19 30 24 5 -25 -20 -25 ') o = m
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o ) A
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® 09 E r
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HEAT AND MATERIAL BALANCE

Pre-Combustion - Case D2b

21 22 23
STREAM
Temperature (T) 0 12 19
Pressure (bar) 111.0 6.0 5.8
TOTAL FLOW
Mass flow (kg/h) 619775 5116000 5116000
Molar flow (kgmole/h) 14307 283970 283970
LIQUID PHASE
Mass flow (kg/h) 5116000 5116000
GASEOUS PHASE
Mass flow (kg/h) 619775 0 0
Molar flow (kgmole/h) 14307 0 0
Molecular Weight 43.32 18.02 18.02
Composition (vol %)
CO, 98.69 0.00 0.00
co 0.12 0.00 0.00
H,S+COS 0.01 0.00 0.00
H, 112 0.00 0.00
N 0.02 0.00 0.00
Ar 0.04 0.00 0.00
H,0 0.00 100.00 100.00

"goueeq [eualeN pue JeaH HNun uoissaidwodd@) :gza aseD 8-S a|gel

sa1891enS uoissarduwo)) Q) Jo uoneneAy - ) UONDIIS

90T Jo2/189ys

SIWHALSAS SO NI NOISSTIIIWOD ¢ 404 AYINIHOVIN ONILV.LOY

:areq

T'0U UOISINSY

TTOZ aunrC

OHO V3I

HE_IEEHM@HEIJ_SO:I



FOSTER@WHEELER

IEA GHG Revision no.l
Date: June 2011

ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS
Sheet:73 of 106

Section C - Evaluation of CO2 Compression Strategies

The main battery limit streams conditions, the nier integration with the power
plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case D2B are summarizedTiable 5-4

Table 5-9: Case D2B: C@Compression Unit consumption.

CO, compression in general
Case D2B: CQ compression consumption

COgz Inlet Streams LP MP
Flowrate 106,480 214,482 Nm’h
Temperature -5 1 °C
Pressure 1.2 4.8 bara
CO; Outlet Stream

Flowrate 616.6 t/h
Temperature 0 °C
Pressure 111 bara
CO; purity 98.7 % mol/mol
Overall Plant Carbon Capture

Carbon Capture 84.6 %
Cooling Water

CW consumption (1) 21188t/h
Compressor/Turbine Electrical Consumption

1% stage 6.6 MW,
2" stage 14.6 MW,
3 stage 16.8 MW,
CO; pump 1.6 MW,
TOTAL 39.6 MW,

Note 1: Quoted figure includes absorption chilensumption.
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Section C - Evaluation of CO2 Compression Strategies

Table 5-9 shows the performance delta betweerctmgression strategy (D2B) and
the Base Case (D0). Overall, a net compressiorggmeduction equal to 7.6 MWe
has been estimated. The significant performanceawgment is mainly due to the
introduction of a refrigeration system, whose egpeéngut is taken recovering unused
low temperature waste heat from the syngas coalimg It is noted that the process
could be slightly further optimised as the £gditlet temperature is relatively low, i.e.
some further refrigeration energy recovery may d&sjple.

Also, this strategy allows a slight reduction ofetlgoal thermal input to the

gasification plant, since the 0.3 % of the Gas Thab thermal demand is fulfilled by
the hydrogen rich gas separated downstream iliG@efaction process.

Table 5-10Case D2B: Performance delta with respect to the base.

CO, compression in general
Case D2b: Performance delta with respect to the basase A0

Cooling water
CW consumption (1) +2066/h <+« +0.2 MW,
Compressor Electrical Consumption

Overall electrical consumption difference -7.8 MW,

Overall Plant Electrical Consumption Gap

TOTAL -7.6 MW,

Note 1: Quoted figure include differential CW camgption in the Syngas Cooling Unit due to the
modification introduced with the present strategy.

Note 2: Negative value indicates a lower consuomptvith respect to the base case. Conversion
factor, see section B.

5.2.3 Case D2c: Coliquefaction with CW in the post-combustion captur

The process flow scheme of this compression styateghown inFigure 5-4and the
relevant Heat & Mass Balance data are indicaté&ithirte 5-11and Table 5-12.

In the proposed configuration, the €luefaction is carried out using the cooling
water available in the plant. Therefore, £ liquefied at 20°C, which allows

pumping the C@from a pressure of 65.6 bara. With respect toréfierence Base

Case, the fourth compressor stage is then replacadump.
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Figure 5-4 Case D2C: C@Compression Unit scheme.
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HEAT AND MATERIAL BALANCE

Post-Combustion - Case D2c

1 2 3 4 5 6 7 8 9 10
STREAM
Temperature (T) 38 38 184 168 19 19 176 19 19 15
Pressure (bar) 1.6 1.6 7.0 7.0 6.6 6.6 34.0 33.6 33.6 7.0
TOTAL FLOW
Mass flow (kg/h) 556451 556451 556451 617374 617374 608630 608630 608630 607976 60923
Molar flow (kgmole/h) 12959 12959 12959 14346 14346 13860 13860 13860 13824 1387
LIQUID PHASE
Mass flow (kg/h) 8744 654
GASEOUS PHASE
Mass flow (kg/h) 556451 556451 556451 617374 608630 608630 608630 607976 607976 60923
Molar flow (kgmole/h) 12959 12959 12959 14346 13860 13860 13860 13824 13824 1387
Molecular Weight 42.94 42.94 42.94 43.04 43.04 43.91 43.91 43.91 43.98 43.94
Composition (vl %)
CO, 95.88 95.88 95.88 96.25 96.25 99.62 99.62 99.62 99.88 99.71
N2 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
O, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ar 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
H,O 411 411 411 3.74 3.74 0.37 0.37 0.37 0.11 0.28

"goueeq [eualeN pue 1eaH Hun uoissaldwod@D :0za asedTT-S a|geL

sa1891enS uoissarduwo)) Q) Jo uoneneAy - ) UONDIIS

90T J09/189YS

SIWHALSAS SO NI NOISSTIIIWOD ¢ 404 AYINIHOVIN ONILV.LOY

:areq

T'0U UOISINSY

TTOZ aunrC

OHO V3I

&:IE_IEEH/\A@HEIJ_SO:I



(g2 ®) >
0 4
= 2 0
o A T
s = o)
N ©
-
m 0O
— < o
Q jab) E
=3 = Z
D g =
q o 2
[ ]
N S o
@) )
o o 0 T
@ o 0
o N~
HEAT AND MATERIAL BALANCE o '®)
- n N @] m
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11 12 13 14 15 16 17 18 19 0 () = -1
STREAM ) e l';!?J m
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TOTAL FLOW 3 o O
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LIQUID PHASE wn (@) m E
Mass flow (kg/h) 546855 546855 546855 952700 952700 8973000 8973000 (@) ) e
3 w I
w
GASEOUS PHASE C g n m
Mass flow (kg/h) 546855 546855 0 0 0 0 0 0 0 3. a =<
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) = = m
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The main battery limit streams conditions, the mier integration with the power
plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case D2C are summarizedTiable 5-13

Table 5-13:Case D2C: C@Compression Unit consumption.

CO, compression in general

Case D2C: CQ compression consumption

COs Inlet Stream

Flowrate 290461 Nm%h
Temperature 38 °C
Pressure 1.6 bara
CO; Outlet Stream

Flowrate (liquid) 546.8 t/h
Temperature 20 °C
Pressure 111 bara
CO; purity 99.99 % mol/mol
Overall Plant Carbon Capture

Carbon Capture 86.7 %
Cooling Water

CW cons. C@Qcompression 8932t/h
Thermal Integration with the Power Plant

Condensate pre-heating 31.MWy,
Compressor/Pump Electrical Consumption

1% stage 21.7 MW,
2" stage 23.6 MW,
3 stage 7.3 MW,
CO; pump 1.2 MW,
TOTAL 53.8 MW,
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Section C - Evaluation of CO2 Compression Strategies

With respect to the Base Case, the reduction ottimepression energy is partially
off-set by the following factors:

* the electrical consumption of the chiller;

» the slight reduction of the COcompression waste heat, available for
condensate preheating with a consequent increadee agfteam consumption
in the power island feed water heater;

» the higher electrical consumption associated taribeease of Cooling water
usage, mainly due to the liquefaction duty.

Overall, as shown in Table 5-14, the £@uefaction at conditions achievable with
the cooling water leads to a net equivalent consiampeduction of 3.3 MWe.

Table 5-14:Case D2C: Performance delta with respect to base. ¢

CO, compression in general
Case D2C: Performance delta respect to the base eaB0

Thermal Integration with the Power Plant

Steam cons. for Condensate Pre-heating +M%ih «—»+05 MW,

Cooling water

CW consumption +3599th <« +04 MW,

Compression/Pumping Electrical Consumption

Overall electrical consumption difference -3.7 MW,

Overall Plant Electrical Power Gap

TOTAL -3.3 MW,

5.3

5.3.1

Note: Negative value indicates a lower consumptith respect to the base case. Conversion
factor, see section B.

Case D3 — Deeper inter-cooling

Case D3A: Deeper inter-cooling in the post-comloumstiapture

The reference process flow scheme for this comjgrestrategy is shown in Figure
5-6.

The deeper inter-cooling strategy has been evalu#&ing into account the
following possible limitations:
* Avoiding hydrate formation in the GQtream;
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» Keeping the compression trajectory reasonably famfthe CQ vapour-
liquid phase boundary.

The hydrate formation temperature for the, @fas at the first inter-stage operating
pressure is predicted to be not far below 0°Cs Ihoticed that some uncertainty
influences this figure because the hydrate formakioetics of CCS streams are not
so well known as for natural gas. Taking a safetygim on the quoted figure, there
is not much space for deeper inter-cooling upstrefrthe CQ dehydration unit,
where the water content is still enough to causees with hydrate formation. For
this reason, the strategy has been implemented ngaVie dehydration at lower
pressure than the base case, to allow downstreapedenter-cooling. Lower
operating pressure drives additional investment farsthis unit, due to the higher
volumetric flow rates.
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Figure 5-5 Case D3A: C@Compression Unit scheme.
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Downstream the dehydration, the limitation for @mler inter-cooling is represented
by the necessity of keeping the temperature abbgeCQ dew point. Therefore,
taking a margin of 15 °C above the dew point, th®, Gs cooled to -35°C
downstream the dryer and to 10 °C downstream thetHstage.

The main battery limit streams conditions, the nier integration with the power
plant, the electrical and cooling water consumptbthe CQ Compression unit for
Case D3A are summarizedTable 5-15

Table 5-15:Case D3A: C@Compression Unit consumption.

CO, compression in general

Case D3A: CQ compression consumption
COgz Inlet Stream
Flowrate 290461 Nm%h
Temperature 38 °C
Pressure 1.6 bara
CO; Outlet Stream
Flowrate (liquid) 278518 Nm*/h
Temperature 72 °C
Pressure 111 bara
CO; purity 99.99 % mol/mol
Overall Plant Carbon Capture
Carbon Capture 86.7 %
Cooling Water
CW cons. CQcompression (1) 6015t/h
Thermal Integration with the Power Plant
Condensate pre-heating 25.MW,
Compressor/Pump Electrical Consumption
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CO, compression in general
Case D3A: CQ compression consumption

1% stage 25.4 MW,
2" stage 16.8 MW,
3 stage 8.7 MW,
4" stage 3.7 MW,
TOTAL 54.6 MW,
Chiller

Chiller electrical consumption (2) 3. MW,

Note 1: Including Chiller consumtpion.
Note 2: Assumed C.O.P. = 3.0.

Table 5-16 shows that, with respect to the Base Case, thectied of the
compression energy is off-set by the following ¢est

* the electrical consumption of the chiller;

* the reduction of the COcompression waste heat available for condensate
preheating with a consequent increase of the stessumption in the power
island feed water heater;

* higher electrical consumption associated to theesme of Cooling water
usage, mainly due to the chiller.

From the figures in the table, it can be drawn thatuse of external refrigeration for
deeper intercooling in the post-combustion CCSisattractive.
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Table 5-16:Case D3A: Performance delta with respect to base.c

CO, compression in general
Case D3A: Performance delta respect to the base eaB0

Thermal Integration with the Power Plant

Steam cons. for Condensate Pre-heating +B®y «——+2.3 MW,

Cooling water

CW consumption + 623t/h “«— +0.1 MW,

Compression Electrical Consumption

Overall electrical consumption difference -2.9 MW,
Chiller
Chiller electrical consumption +3.2 MW,

Overall Plant Electrical Power Gap

TOTAL -2.6 MW,

5.3.2

Note: Negative value indicates a lower consumptith respect to the base case. Conversion
factor, see section B.

Case D3B: Deeper inter-cooling in the pre-combustiapture

The reference process flow scheme for this commesdrategy is shown iRigure
5-6.

As assessed for the early liquefaction option (Ee2.1), a significant amount of
waste heat is available from the syngas for reinsan absorption chiller. The
absorption chiller can be applied to achieve a deepte-rcooling in the CO
compression Unit.

Like in the post-combustion case, the deeper itweiing option has been evaluated
with respect to the possible hydrate formationhe €Q stream and the necessity to
keep the temperature above the,@@w point.

Not much variation in the hydrate formation tempera for the CQ gas is expected
in the pressure range between 2 bara and 30 b@alaavormation temperature of
approximately 10°C at 10 bara. With respect to plst-combustion case, the
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formation temperature is increased by the possprksence of B, which is
generally subject to early formation, as recorded matural gas compression
applications. Taking a safety margin on the quditaate, there is not much space for
deeper inter-cooling upstream the L£dehydration unit, where the water content is
still enough to cause issues with hydrate formatkor this reason the strategy has
been implemented moving the dehydration at lowesgure than the base case, to
allow deeper inter-cooling downstream. Lower opegapressure drives additional
investment cost for this unit, due to the highduweetric flow rates.
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Figure 5-6 Case D3B: C@Compression Unit scheme.
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Downstream the dehydration, the limitation to ap#eanter-cooling is represented
by the necessity of keeping the temperature abbgeCQ dew point. Therefore,
taking a margin of 15 °C above the dew point, th®, Gs cooled to -20°C
downstream "8 compressor stage and to 2 °C downstream the fstatfe.

The main battery limit streams conditions, the tleal and cooling water
consumption of the COCompression unit for Case D3b are summarize@airie

5-17.
Table 5-17:Case D3B: C@Compression Unit consumption.
CO, compression in general
Case D3b: CQ compression consumption
COgz Inlet Streams LP MP
Flowrate 106,480 214,482 Nm’h
Temperature -5 1 °C
Pressure 1.2 4.8 bara
CO; Outlet Stream
Flowrate 616.6 t/h
Temperature 50 °C
Pressure 111 bara
CO; purity 98.7 % mol/mol
Overall Plant Carbon Capture
Carbon Capture 84.6 %
Cooling Water
CW consumption (1) 9829t/h
Compressor/Turbine Electrical Consumption
1% stage 6.6 MW,
2" stage 14.5 MW,
3 stage 8.8 MW,
4" stage 8.5 MW,
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CO, compression in general
Case D3b: CQ compression consumption

5™ stage 6.9 MW,
TOTAL 45.3 MW,
Note 1: Quoted figure includes absorption chilensumption.

The net equivalent consumption deltas with respedBase Case are reported in
Table 5-18 which shows a net compression energy reductioaldéq 2.0 MWe.

No consumption delta has been associated to thelm chiller as the relevant
heat input (approx 18 MW is recovered from the low temperature heat, ats&elin
syngas cooling unit and not used in the Base Case.

Table 5-18Case D3B: Performance delta with respect to the base.

CO, compression in general
Case D3B: Performance delta with respect to the basase A0

Cooling water

CW consumption + 899t/h <+« +0.1 MW,

Compressor Electrical Consumption

Overall electrical consumption difference -2.1 MW,

Overall Plant Electrical Consumption Gap

TOTAL -2.0 MW,

Note 1: Negative value indicates a lower with eonption respect to the base case. Conversion
factor, see section B.
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6 Sensitivities to ambient conditions

Purpose of this section is to indicate the sensitiof the effectiveness of the
compression strategies to higher ambient conditions

Table 6-1shows the qualitative effects of increasing thebiamt condition and
ultimately the Cooling Water (CW) temperature, feach of the compression
strategies investigated in the study.

Generally CW is used for GOnter-cooling between one compression stage amd th
following one. An increase in CW temperature ledolsa lower CQ density at
compressor suction, because of the higher temperaiine consequent increased
electrical consumption of GQrompressors represents a cross effect for altdbes

at the same extent, with some exceptions (e.gvadipeur recompression cases, as
reported inTable 6-). Therefore this is not generally included in theesent
sensitivity analysis.

Table 6-1Effect of increase in temperature of cooling water.

Influence of
CASE .. . .
TAG Description higher ambient Effect / Consequence
conditions
No remarkable effects on this case,
o whereas the base case consumption wopld
Vapour recompression in the .
Case Al AGR stripping column Low tend to increase.
Consequence: reduction of the additiongl
consumption with respect to the base cafpe.
No remarkable effects, since ambient and
Increase of number of flash ..
Case A2 : None CW conditions do not represent a key
stages in the AGR .
factor for the effectiveness of the strategy.
No remarkable effects on this case,
whereas the base case consumption wopld
Case B1 | Vapour recompression Low tend to increase.

Consequence: reduction of the additiongl
consumption with respect to the base cage
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CASE
TAG

Description

Influence of
higher ambient
conditions

Effect / Consequence

Case B2

Increase of stripper pressurg
in CO, capture unit

None

No remarkable effects, since ambient an
CW conditions do not represent a key

factor for the effectiveness of the strategy.

0

Case B3

Staging of solvent
regeneration in C@Qcapture
unit

None

Lower adverse effect expected in this cd
than in the base case, being the AGR
compressors uncooled, i.e. part of the
overall compression duty is not affected
higher ambient conditions.

5e

Py

Consequence: slightly greater effectivengss

of the strategy.

Case C1

Expansion of incondensable

None

No remarkable effects, since ambient an
CW conditions do not represent a key

factor for the effectiveness of the strategyy.

0

Case C2

Refrigeration of compressed
COo,

Low

Worse performance of the external chillgr,

leading to higher electrical consumption
for this case.

Consequence: further increase of the
additional consumption with respect to th
base case.

e

Case C3

CO, Liquefaction with CW

High

Impossibility to achieve full sub-critical
liquefaction or, if CW temperature is
higher than CQcritical temperature,
impossibility to pump C@as a sub-cooleq
liquid.

Consequence: effectiveness of the strat¢gy

significantly affected with potential for
impracticability.

Case D1

Increasing number of stages

None

No remarkable effects
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CASE
TAG

Description

Influence of
higher ambient
conditions

Effect / Consequence

Case D24

Early CQ liquefaction
(post-combustion)

Low

Worse performance of the external chillgr

leading to higher electrical consumption
for this case.

Consequence: lower effectiveness of thd
strategy.

Case D2b

Early CQ liquefaction (pre-
combustion)

Low

Worse performance of the absorption
chiller, leading to higher liquefaction
pressure at a given amount of waste hed

available for the asbsorption refrigeration.

Consequence: lower effectiveness of thd
strategy.

Case D2c

CG, liguefaction with CW
(post-combustion)

High

Impossibility to achieve full sub-critical
liquefaction or, if CW temperature is
higher than CQcritical temperature,
impossibility to pump C@as a sub-cooleq
liquid.

Consequence: effectiveness of the strat¢gy

significantly affected with potential for
impracticability.

Case D34

Deeper inter-cooling (post-
combustion)

Low

Worse performance of the external chillgr

leading to higher electrical consumption
for this case.

Consequence: lower effectiveness of thd
strategy.

Case D3b

Deeper inter-cooling (pre-
combustion)

Low

Worse performance of the absorption

chiller, having no significant impact on the

performance as the waste heat avialablg
much higher than heat input of the
absorption refrigerator.

No remarkable consequences.

—

S
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7.1

Economic analysis

An economic evaluation has been carried out fortladl discussed compression
strategies, which present a reduction of the etedtconsumption associated to £O
compression system.

The evaluation is made to assess the economic ommee of each strategy in terms
of differential figures with respect to the bassesa

Generally, the reduction of the parasitic consumpiiue to the COcompression
system leads to an increase of the electricity gxpevenue. For each case, the
economic convenience of the strategy is evaludtexdigh the calculation of the NPV
and IRR, for a given Cost of the Electricity (C.Q.E

The economic calculations are performed using thedard IEA GHG spreadsheet,
already used in all the reference studies of gp®rt.

The major contribution to differential CAPEX, rewenand OPEX are summarised in
the following sections.

Differential Investment Cost with respect to baseases

The differential investment cost evaluation of egwbcess unit involved in the
compression strategies takes into consideratiomtpacts on the following items:
» Direct Materials, including equipment and bulk nmitis;
e Construction, including mechanical erection, instemt and electrical
installation, civil works and, where applicablejldungs and site preparation;
» Other Costs, including temporary facilities, soltgencatalysts, chemicals,
training, commissioning and start-up costs, sparésgetc.;
* EPC Services including Contractor's home officevie®s and construction
supervision.

CAPEX figures are based on IV Q 2010 cost level.

For each of the three main CCS technologies coresidm the present study the
differential CAPEX results are reported and briefbynmented in the next section.
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7.1.1

Pre-combustion

CASE A2

The compression strategy of case A2 consists innitrease of the number of flash
stages in the AGR.

In the AGR the incremental contribution is given the inclusion of HP Flash
Vessel, through the duty of the MP flash Vesselrekses, thus corresponding to
reduction of the size.

In the CQ Compression Unit, there is a reduction in CAPEXhes2® compressor
stage and following intercooler capacities are lothian the base case.

The figures for each unit and the resulting ovetdferential CAPEX are included in
Table 7-1 attached to the end of the section.

CASE D2B

The connession strategy of case D2B consists iredhly liquefaction of C@using
an absorption refrigeration package.

An incremental contribution to CAPEX is given by:

 The addition of an Absorption chiller (included ithe CQ Compression
Unit);

* The addition of the Hot Water Generator in the SgngGooling Unit and the
Hot Water circulation Pump.

» The tighter design of the ST condensate preheatbei Syngas Cooling Unit;

» Additional Equipment in the CO Compression Unit (incondensables
separator, C@pump).

The above additional costs are partially offsealsaving in the installed equipment
in the compression unit, due to the centrifugal poaasor (only the first three stages
out of five are required) and the intercoolers.

The figures for each unit and the resulting ovetdferential CAPEX are included in
Table 7-1 attached to the end of the section.

CASE D3B

The same considerations as Case D2B can be refdort¢de deeper inter-cooling
strategy, since the two cases are very similagrim$ of process modifications, as far
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as impacts on the syngas cooling are concernedefféets are generally smoothed
by the smaller size of the chiller.

A saving for CQ compressor (due to reduced volumetric flow ratestame stages)
and intercoolers is estimated. On the other hahe, dperating pressure of the
Dehydartion Unit is decreased (fiedble 7-), thus requiring the installation of larger
equipment and leading to a significant CAPEX inseea

The figures for each unit and the resulting ovetdferential CAPEX are included in
Table 7-1 attached to the end of the section.
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Table 7-1Differential CAPEX for compression strategies rethto pre-combustion capture.
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7.1.2

Post-combustion

CASE B2

The compression strategy of case B2 consists imtrease of the stripper operating
pressure to release the captured @he compression unit at higher pressure.

Regarding CAPEX, the following main impacts areineated with respect to the
base case:

» general reduction of the cost for the £€apture unit, primarily due to the
reduced capacity of the reboilers and reduced demoé the stripper column,
the operating pressure increase is assumed to havenpacts on the
thickness of the column as the design pressurt i®s3.5 barg for all cases;

* reduction of CQcompressor cost, due to lower compression ratibefirst
stages.

* negligible increase of the Power Island investnoast, due to the additional
duty for the ST condensate preheater.

The resulting overall impact is a reduction of th&al investment cost, as shown in
Table 7-2 attached to the end of this Section.

Case B2A and B2B show the same trend with respeCAPEX, however the effects
related to case B2B are amplified due to the highenease of the stripper operating
pressure.

CASE B3

The compression strategy of Case 3B consists ims$keof a multi pressure stripper
in the CQ Capture Unit.

In the capture unit, additional investment costs associated to the installation of
two compressors to route the vapour form one predsuel to the other in the multi
pressure column. Also, the complication added ® shripper column causes a
further CAPEX increase. These effects are partiaffyset by the reduction of the
reboilers cost, due to their lower thermal duty.

In the CQ compressor a reduction of cost is estimated dileetdower compression
ratio of the first stages.

A negligible cost increase for the Power Islandssociated to the additional thermal
duty for the ST condensate preheater.
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The figures for each Unit and the resulting ovedsfierential CAPEX are included
in Table 7-2 attached to the end of this section.

CAED1

The compression strategy of Case D1 consists innttreased number of stages in
the compressor (from 4 to 8).

In terms of CAPEX, this strategy leads to an ovemadluction of the investment
required for the machinery itself, as confirmed\Isndor’s feedback (ref. Section
D). On the other hand, a higher cost is estimatethi intercoolers.

In the Power Island the additional thermal duty floee ST condensate pre-heater
leads to a negligible increase of the CAPEX.

The resulting overall impact is a reduction of th&al investment cost, as shown in
Table 7-2 attached to the end of this section.

CASE D2A

The compression strategy of Case D2A consists enetirly liquefaction of CO
using an external conventional refrigeration paekag

An incremental contribution to CAPEX is given by:
* The addition of the chiller (included in G@ompression Unit);
» Additional Equipment in the CCompression Unit (i.e. CQoump).

The above additional costs are offset by a sigmificsaving associated to the
compressor (only the first two stages off a totahber of four are required) and the
intercoolers.

The figures for each Unit and the resulting ovedsfierential CAPEX are included
in Table 7-2 attached to the end of this section-

CASE D2C

The compression strategy of case D2C consistseifidgnefaction of C@using the
available Cooling Water.

An incremental contribution to CAPEX is given by:
» additional Equipment in the GOCompression Unit (i.e. COpump, CQ
liquefier).
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» additional thermal duty for the ST condensate matér in the Power Island
(negligible)

The above additional costs are offset by the saveggsociated to the compressor
(only three stages off a total number of four aguired) and the intercoolers.

The figures for each Unit and the resulting ovedsfierential CAPEX are included
in Table 7-2 attached to the end of this section.

CASE D3A

The compression strategy of Case D2A consistsdeeper inter-cooling, which is
achieved by the use of an external refrigeratiarkpge.

An incremental contribution to the CAPEX is giventhe addition of the Chiller.

Savings for CQ compressor (due to reduced volumetric flow ratestfame stages)

and intercoolers are estimated. On the other hd#mel, operating pressure for
Dehydration Unit is decreased, thus requiring tistallation of larger equipment and
leading to a significant CAPEX increase.

The effect of additional thermal duty for the SThdensate pre-heater in the Power
Island is negligible.

The figures for each Unit and the resulting ovedsfierential CAPEX are included
in Table 7-2 attached to the end of this section.
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Table 7-2Differential CAPEX for compression strategies rethto post-combustion capture.
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7.1.3 Oxy-fuel combustion

CASE C3

The compression strategy of case C3 consists ilighefaction of CQ using the
available Cooling Water.

An incremental contribution to CAPEX is given by:
» additional Equipment in the GOCompression Unit (i.e. COpump, CQ
liquefier).
* additional thermal duty for the ST condensate matér in the Power Island
(almost negligible)

The above additional costs are offset by the savegpsociated to the compressor
(due to the reduced pressure ratio for the fouehey and the intercoolers.

The figures for each Unit and the resulting ovedsfierential CAPEX are included
in Table 7-3, attached to the end of this section.
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Table 7-3Differential CAPEX for compression strategies rethto oxy-fuel combustion capture.
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7.2

7.3

Differential Operating Costs with respect to baseases

As far as OPEX are concerned, the following contidns are generally considered
in the differential analysis:
* Maintenance costs, estimated as a percentage difteeential CAPEX.
* Chemicals & Consumables, only in cases where ardifitial consumption is
calculated with respect to the base case (i.e.B28eand B2B).
* Fuel costs, only for strategies leading to difféfeedstock flow rate than the
base case (i.e. case D2B).
» Carbon Tax, only for cases where a differentialboar capture rate is
expected with respect to the base case (i.e. caBg D

As far as Chemicals consumption are concerned, 8% and B2B present
increased operating costs due to the higher detipadate expected for the solvent
in the CQ Capture Unit (ref. 3.2).
MEA thermal degradation rate is estimated to baigantly higher when stripper
bottom temperature increases, as reported in titexrg6]. For the specific cases
considered in the present analysis, the followawidrs were used:
* Approximately 220% of degradation rate for case B2&ipper pressure
2.1 bara, bottom temperature = 129 °C)
» Approximately 320% of degradation rate for case B&Bipper pressure
2.6 bara, bottom temperature = 134 °C).

Specific considerations regarding OPEX have to bdexfor case D2B. This strategy
is associated to a mentioned reduction of the fesad rate and a minor increase of
CO, emissions (ref. 5.2.2). These factors have bekantanto account for the
economics evaluation of the corresponding strasegie

For each compression strategy evaluated, referehamade to the calculation
spreadsheets attached in Attachment 9.1.

Differential Revenues with respect to base cases

The economic evaluation has been carried out fdhalcases presenting a reduction
of the electrical consumption associated to the €@pression strategy.

The reduction of compression parasitic consumptiomesponds to an increase of
the electricity export and therefore of the yeaglyenues
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7.4

The basis to evaluate the additional revenue ssaaf $ct 5/kWh, which effectively
cover export electricity revenue rather than getr@raost.

For each strategy evaluated, reference is madehdocalculation spreadsheets
attached in Attachment 9.1.

Results
The output of the economic assessment is summarniSedble 7-4

The Internal Rate of Return (based on a lost explattricity revenue of 0.038
€c/kwh) is calculated for the cases showing aremeed investment cost.

Table 7-4Economic analysis outcome summary

A2 Increase ofnumber of flash stageg >0 N/A
the AGF
B2¢ Increase of stripper pressure in CO2 <( N/A
B2b capture unit <0 N/A
B3 Staging of solvent regeneration in £0 <0 0.3%
capture un
C3 CQ; Liquefaction with C\! >( N/A
D1 Increasing number of stag >0 N/A
D2e Early CGC; liguefaction post com >( N/A
D2k Early C(C; liguefaction pre com >0 30.4 %
D2c CGQ; Liquefaction with CW post com > ( N/A
D3e Deeper inte-cooling post com| >0 10.€%
D3b Deeper inte-cooling pre coml <( 5.9 %

(*) based on an export electricity revenue of X 8l&Vh

All the strategies that present a Net Present Vgteater than zero (highlighted in
green) may be considered techno and economicalfctive.

It is noted that most of the compression strateghesv an investment cost lower
than the Base Case. This is mainly due to a margaot compressor design, which
results in a significant reduction of the overalREX requirement.

For some specific cases it is worth to draw thea¥ahg comments:
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» Case A2the good economics shown by the strategy of asing the flash
stages number in the AGR are essentially drivearbintegrated approach, as
far as AGR and Compression Unit designs are coerderin fact, the
additional CO2 flash stage is introduced at a presthat is very close to the
second compressor stage discharge condition, themdiag design
complications to the compressor itself.

« Case B2A and B2Bfrom the technical point of view the strategy of
increasing the stripper operating pressure is ohéh® most promising
alternatives, whereas its economics are not atteaciThis is explained
through the significant impact that the higher salvdegradation has on the
overall OPEX of the plant. However, it is notedtttieese solvent degradation
rates have been taken from literature data, so slatald be confirmed by
referenced Licensors of the technology.

» Case Dithe increase of compression stage numbers shtw@dPEX and
OPEX improvements. Further increase of the stagamber would
theoretically lead to improved economics; howettee, resulting further drop
of the single stage compression ratio may not leeable for centrifugal
machines, thus making this strategy not feasible.

» Case C3 and DIl the CQO, liquefaction strategies have NPVs greater than
zero, showing that these solutions are economiedihactive. However, the
convenience of this strategy needs to be evaluateabnjunction with the
cost of the pipeline, especially in warmer climatesl for long transport
distances, where either proper insulation/buryirggraquired to keep the GO
below its critical temperature or the pipeline desneeds to take into account
drastic physical properties changes as the derssepBQ is heated while it
travels along the line. Case D3A: tlieeper inter-cooling in the post-
combustion capture show a positive NPV. Howeves tepresents a border
line situation as indicated by the IRR (10.6 %)jchhs close to the discount
rate (10 %). Either uncertainties on the cost esénor slight changes to the
basic economic factors (i.e. cost of the consuniectrecity) may affect the
attractiveness of thstrategy from the techno-economic point of view.
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9 Attachments

9.1 Economic calculation spreadsheets
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FOSTER VWV HE E Case A2 - Differential Cost Evaluation wrt base case - Discount Rate = 10% ] Date ¢ Jan 2011
Page :lofl
Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost -3.6 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance -0.1 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 21 Mw Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 0.6 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV 7.70
Direct Labour Cost 0.0 IRR N/A
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85%
Equivalent yearly hours 6570 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures 0.7 1.6 13
Total Cash flow (yearly) 0.7 1.6 13 0.6 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.0
Total Cash flow (cumulated) 0.7 2.3 3.6 4.2 4.9 5.6 6.3 7.0 7.7 8.4 9.2 9.9 10.6 11.3 12.0 12.7 13.4 14.1 14.8 15.5 16.3 17.0 17.7 18.4 19.1 19.8 20.5 21.2 21.2
Discounted Cash Flow (Yearly) 0.7 13 0.9 0.4 0.4 04 0.4 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0
Discounted Cash Flow (Cumul.) 0.7 2.0 29 3.3 3.8 4.2 4.5 4.9 5.2 55 5.7 5.9 6.1 6.3 6.5 6.6 6.8 6.9 7.0 7.1 7.2 7.3 7.4 7.5 75 7.6 7.6 7.7 7.7
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost -5.2 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance -0.2 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 44 MW Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 4.9 Labour Cost MM Euro/year Revenues / year 1.3 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV -15.05
Direct Labour Cost 0.0 IRR N/A
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87%
Equivalent yearly hours 6570 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 11 13 1.3 13 1.3 13 1.3 13 1.3 13 1.3 13 1.3 1.3 13 1.3 13 1.3 13 1.3 13 1.3 13 1.3 13
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance 0.1 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables -3.7 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3 -4.3
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures 1.0 2.3 1.8
Total Cash flow (yearly) 1.0 23 18 -2.5 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 -2.9 0.0
Total Cash flow (cumulated) 1.0 3.4 5.2 2.7 -0.2 -3.0 -5.9 -8.8 -11.6 -14.5 -17.4 -20.2 -23.1 -26.0 -28.8 -31.7 -34.5 -37.4 -40.3 -43.1 -46.0 -48.9 -51.7 -54.6 -57.5 -60.3 -63.2 -66.1 -66.1
Discounted Cash Flow (Yearly) 0.9 19 14 -1.7 -1.8 -1.6 -15 -13 -1.2 -11 -1.0 -0.9 -0.8 -0.8 -0.7 -0.6 -0.6 -0.5 -05 -0.4 -0.4 -0.4 -0.3 -0.3 -0.3 -0.2 -0.2 -0.2 0.0
Discounted Cash Flow (Cumul.) 0.9 29 4.2 25 0.8 -0.9 -2.3 -3.7 -4.9 -6.0 -7.0 -7.9 -8.7 -9.5 -10.2 -10.8 -11.4 -11.9 -12.3 -12.8 -13.2 -13.5 -13.8 -14.1 -14.4 -14.6 -14.8 -15.0 -15.0
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost -10.8 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance -0.3 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 1.7 MW Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 9.2 Labour Cost MM Euro/year Revenues / year 0.5 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV -39.68
Direct Labour Cost 0.0 IRR N/A
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87%
Equivalent yearly hours 6570 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables -6.9 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0 -8.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures 22 4.9 3.8
Total Cash flow (yearly) 22 4.9 3.8 -6.3 -7.2 7.2 -7.2 -7.2 -7.2 7.2 -7.2 7.2 -7.2 -7.2 -7.2 -7.2 -7.2 -7.2 -7.2 -7.2 7.2 -7.2 7.2 -7.2 -7.2 -7.2 -7.2 -7.2 0.0
Total Cash flow (cumulated) 2.2 7.0 10.8 4.5 -2.7 -9.9 -17.1 -24.3 -31.5 -38.7 -45.9 -53.1 -60.3 -67.5 -74.7 -81.9 -89.1 -96.4 -103.6 -110.8 -118.0 -125.2 -132.4 -139.6 -146.8 -154.0 -161.2 -168.4 -168.4
Discounted Cash Flow (Yearly) 20 4.0 2.8 -4.3 -4.5 -4.1 -3.7 -3.4 -3.1 -2.8 -2.5 -2.3 2.1 -1.9 -1.7 -1.6 -1.4 -1.3 -1.2 -11 -1.0 -0.9 -0.8 -0.7 -0.7 -0.6 -05 -0.5 0.0
Discounted Cash Flow (Cumul.) 2.0 6.0 8.8 4.5 0.1 -4.0 -7.7 -11.1 -14.1 -16.9 -19.4 -21.7 -23.8 -25.7 -27.4 -29.0 -30.4 -31.7 -32.9 -34.0 -34.9 -35.8 -36.6 -37.4 -38.0 -38.6 -39.2 -39.7 -39.7
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost 6.8 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance 0.2 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 1.7 MW Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 0.5 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV -3.63
Direct Labour Cost 0.0 IRR 0.25%
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87%
Equivalent yearly hours 6570 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures -1.4 -3.1 -2.4
Total Cash flow (yearly) -1.4 -3.1 -2.4 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.0
Total Cash flow (cumulated) -1.4 -4.4 -6.8 -6.5 -6.2 -6.0 -5.7 -5.4 -5.1 -4.8 -4.5 -4.3 -4.0 -3.7 -3.4 -3.1 -2.9 -2.6 -2.3 -2.0 -1.7 -1.4 -1.2 -0.9 -0.6 -0.3 0.0 0.2 0.2
Discounted Cash Flow (Yearly) -1.2 -25 -1.8 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Discounted Cash Flow (Cumul.) -1.2 -3.8 -5.6 -5.4 -5.2 -5.0 -4.9 -4.7 -4.6 -4.5 -4.4 -4.3 -4.3 -4.2 -4.1 -4.0 -4.0 -3.9 -3.9 -3.9 -3.8 -3.8 -3.8 -3.7 -3.7 -3.7 -3.7 -3.6 -3.6
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost -1.6 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance 0.0 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 02 Mw Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 0.1 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV 2.00
Direct Labour Cost 0.0 IRR N/A
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85%
Equivalent yearly hours 6570 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures 0.3 0.7 0.6
Total Cash flow (yearly) 0.3 0.7 0.6 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0
Total Cash flow (cumulated) 0.3 1.0 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 3.1 3.3 3.4 3.5 3.6 3.7 3.8 3.9 4.0 4.1 4.2 4.2
Discounted Cash Flow (Yearly) 0.3 0.6 0.4 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Discounted Cash Flow (Cumul.) 0.3 0.9 13 1.4 14 1.5 15 1.6 1.6 1.7 17 1.7 18 1.8 18 1.8 1.9 19 1.9 19 1.9 19 2.0 2.0 2.0 2.0 2.0 2.0 2.0
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost -2.1 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance -0.1 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 20 Mw Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 0.6 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV 6.01
Direct Labour Cost 0.0 IRR N/A
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87%
Equivalent yearly hours 6570 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures 0.4 0.9 0.7
Total Cash flow (yearly) 0.4 0.9 0.7 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.0
Total Cash flow (cumulated) 0.4 1.4 2.1 2.6 3.3 3.9 4.6 5.2 5.8 6.5 7.1 7.8 8.4 9.0 9.7 10.3 10.9 11.6 12.2 12.9 13.5 14.1 14.8 15.4 16.1 16.7 17.3 18.0 18.0
Discounted Cash Flow (Yearly) 0.4 0.8 0.6 0.4 0.4 04 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0
Discounted Cash Flow (Cumul.) 0.4 1.2 17 2.1 25 2.8 3.2 35 3.7 4.0 4.2 4.4 4.6 4.8 4.9 5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.7 5.8 5.9 5.9 6.0 6.0 6.0
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost -8.2 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance -0.3 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 02 Mw Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 0.1 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV 8.75
Direct Labour Cost 0.0 IRR N/A
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87%
Equivalent yearly hours 6570 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures 1.6 3.7 29
Total Cash flow (yearly) 1.6 3.7 29 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.0
Total Cash flow (cumulated) 1.6 5.3 8.2 8.4 8.7 9.0 9.3 9.7 10.0 10.3 10.6 10.9 11.2 11.5 11.8 12.1 12.5 12.8 13.1 13.4 13.7 14.0 14.3 14.6 14.9 15.3 15.6 15.9 15.9
Discounted Cash Flow (Yearly) 15 3.0 22 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Discounted Cash Flow (Cumul.) 15 4.5 6.7 6.8 7.0 7.2 7.4 75 7.6 7.8 7.9 8.0 8.1 8.1 8.2 8.3 8.3 8.4 8.5 8.5 8.5 8.6 8.6 8.6 8.7 8.7 8.7 8.7 8.7




Rev. 10
FOSTER VWHEELER [ Case D2b - Differential Cost Evaluation wrt base case - Discount Rate = 10% ] Date ¢ Jan 2011
Page :lofl
Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Coal Flow rate -0.96 th Total Investment Cost 5.2 (90% availability) 30 days Chemical Storage 0.0
Fuel Price 3 Euro/GJ Fuel Cost -0.7 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance 0.2 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 76 MW Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 2.1 MM Eurolyear
CO2 flow rate 29 th Insurance and local taxes 0.0 # operators 0
Carbon tax 20 €/t(CO2) Carbon tax 0.5 Salary 0.06 NPV 9.75
Direct Labour Cost 0.0 IRR 30.43%
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85%
Equivalent yearly hours 6570 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 19 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21 21
Operating Costs
Fuel Cost 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Maintenance -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4 -0.4
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures -1.0 -2.3 -1.8
Total Cash flow (yearly) -1.0 -2.3 -1.8 19 21 21 21 21 2.1 21 2.1 21 21 21 21 21 21 2.1 21 21 21 21 21 21 21 2.1 21 2.1 0.0
Total Cash flow (cumulated) -1.0 -3.4 -5.2 -3.3 -1.3 0.8 2.9 5.0 7.0 9.1 11.2 13.3 15.3 17.4 19.5 21.6 23.6 25.7 27.8 29.8 31.9 34.0 36.1 38.1 40.2 42.3 44.4 46.4 46.4
Discounted Cash Flow (Yearly) -0.9 -1.9 -1.4 13 13 12 11 1.0 0.9 0.8 0.7 0.7 0.6 05 0.5 05 0.4 0.4 03 0.3 03 0.3 0.2 0.2 0.2 0.2 0.2 0.1 0.0
Discounted Cash Flow (Cumul.) -0.9 -2.9 -4.3 -3.0 -1.7 -0.5 0.5 1.5 2.4 3.2 3.9 4.6 5.2 5.7 6.2 6.7 7.1 7.5 7.8 8.1 8.4 8.6 8.9 9.1 9.3 9.4 9.6 9.8 9.8
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost -1.7 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance -0.1 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 3.4 MwW Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 1.0 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV 8.25
Direct Labour Cost 0.0 IRR N/A
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87%
Equivalent yearly hours 6570 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.8 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance 0.0 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures 0.3 0.7 0.6
Total Cash flow (yearly) 0.3 0.7 0.6 0.9 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0
Total Cash flow (cumulated) 0.3 1.1 1.7 2.5 3.6 4.6 5.6 6.6 7.7 8.7 9.7 10.7 11.8 12.8 13.8 14.8 15.9 16.9 17.9 18.9 20.0 21.0 22.0 23.0 24.1 25.1 26.1 27.1 27.1
Discounted Cash Flow (Yearly) 0.3 0.6 0.4 0.6 0.6 0.6 0.5 05 0.4 0.4 0.4 0.3 0.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0
Discounted Cash Flow (Cumul.) 0.3 0.9 14 2.0 2.6 3.2 3.7 4.2 4.6 5.0 5.4 5.7 6.0 6.3 6.5 6.7 6.9 7.1 7.3 7.4 7.6 7.7 7.8 7.9 8.0 8.1 8.2 8.2 8.2
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost 4.7 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance 0.1 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 26 MW Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 0.7 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV 0.21
Direct Labour Cost 0.0 IRR 10.63%
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87% 87%
Equivalent yearly hours 6570 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621 7621
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.6 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7 0.7
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1 -0.1
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures -0.9 -2.1 -1.6
Total Cash flow (yearly) -0.9 -2.1 -1.6 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.0
Total Cash flow (cumulated) -0.9 -3.1 -4.7 -4.2 -3.6 -3.0 -2.4 -1.8 -1.2 -0.6 0.0 0.6 1.2 1.8 2.4 3.0 3.6 4.2 4.8 5.4 6.0 6.6 7.2 7.8 8.4 9.0 9.6 10.2 10.2
Discounted Cash Flow (Yearly) -0.9 -1.7 -1.2 0.4 0.4 03 0.3 03 0.3 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0
Discounted Cash Flow (Cumul.) -0.9 -2.6 -3.8 -3.5 -3.1 -2.8 -2.4 2.2 -1.9 -1.7 -1.5 -1.3 -1.1 -1.0 -0.8 -0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1 0.0 0.0 0.1 0.1 0.2 0.2 0.2
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Production Capital Expenditures MM Euro Operating Costs [MM Euro/year] Working Capital MM Euro Electricity Production Cost 0.038 Euro/kWh
Total Investment Cost 4.9 (90% availability) 30 days Chemical Storage 0.0
Fuel Cost 0.0 30 days Coal Storage 0.0 Inflation 0.00 %
Maintenance 0.2 Total Working capital 0.0 Taxes 0.00 %
Net Power Output 20 Mw Miscellanea 0.0 Discount rate 10.00 %
Chemicals + Consumable 0.0 Labour Cost MM Euro/year Revenues / year 0.6 MM Eurolyear
Insurance and local taxes 0.0 # operators 0
Carbon tax 0.0 Salary 0.06 NPV -1.27
Direct Labour Cost 0.0 IRR 5.94%
Administration 30% L.C. 0.0
Total Labour Cost 0.0
2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038
CASH FLOW ANALYSYS
Millions Euro 000 00 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Load Factor 75% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85% 85%
Equivalent yearly hours 6570 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446 7446
Expediture Factor 20% 45% 35%
Revenues
Electric Energy 0.5 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Operating Costs
Fuel Cost 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Maintenance -0.1 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2 -0.2
Labour 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Chemicals & Consumables 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Miscellanea 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Insurance 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Carbon tax 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Working Capital Cost 0.0 0.0
Fixed Capital Expenditures -1.0 -2.2 -1.7
Total Cash flow (yearly) -1.0 -2.2 -1.7 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 04 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.4 0.0
Total Cash flow (cumulated) -1.0 -3.2 -4.9 -4.5 -4.1 -3.7 -3.3 -2.9 -2.5 -2.1 -1.7 -1.3 -0.9 -0.5 -0.1 0.3 0.7 1.1 1.5 1.9 2.3 2.7 3.1 3.5 3.9 4.3 4.7 5.1 5.1
Discounted Cash Flow (Yearly) -0.9 -1.8 -1.3 0.3 0.2 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Discounted Cash Flow (Cumul.) -0.9 -2.7 -4.0 -3.7 -3.5 -3.2 -3.0 -2.9 -2.7 -2.5 -2.4 -2.3 -2.1 -2.0 -1.9 -1.9 -1.8 -1.7 -1.6 -1.6 -1.5 -1.5 -1.4 -1.4 -1.4 -1.3 -1.3 -1.3 -1.3
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1 Types and sizes of compression machinery

In the past years, reciprocating compress@ge been conventionally used for the
compression of C® Nevertheless, this technology has revealed seviends,
mainly due to the low range of capacities that sonathines can handle, typically
from 25,000 kg/h to 40,000 kg/h, i.e. an order afgmtude less than the capacity
required by the large-scale industrial plants assgbsn this study. Nowadays, the
technology of reciprocating compressors is leavihg space to_ centrifugal
compressorswhich by far represent the current state of tihéoa CCS applications.

However the number of factors in favour of the peacating are:

Familiarity of the field operators with these maws which are frequently used in
refinery processes

Flexibility as far as concern the pressure ratid aapacity control system by
means of valve unloaders (step or stepless capaaityol system).

Short delivery time, since some manufacturers dispaf selection of cylinders
and frames on stock so the package can be predédmtishortly.

On the other hand, the main disadvantages of m@bng machines can be
summarized as follows:

Multiple compressor units to handle the procesaciéprequired and the scale of
CO, capture plant is growing up over the time.

Large plot area to accommodate all the compregsts u

Impact on the design of the plant due to the madsiundation necessary to keep
the vibration of the foundation within acceptabBnges, as well as a piping
analogue study being necessary to limit the vibrstiproduced by the pulsating
gas flow in pipe and equipment

Maintenance aspects. Generally speaking the mantenis intensive and would
be more frequent when high density gas such as i€Qused especially for
compressor valves

Cylinder size is affected by the maximum allowapiston rod loading for each
throw which is generally limited by the frame sragher than the max dimensions
available for the cylinder casts. Frame size alfinds the maximum numbers of
throws (typically 10 is the max number of cylindanstallable in a single frame,
depending on manufacturer’s capability) and maxinmawer for each throw is in
the range of 3600 KW, hence max total power avhalédabout 36000 KW per
COmpressor.

For these reasons, reciprocating compressors arg displaced in the market place
by centrifugal compressors, which are by far ttaesof the art and will be the
solution for future C@projects.
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The manufactures being contacted by FWI for thedystassociated with CO
sequestration have been the following: MAN Turbeo)lRoyce, GE, Elliott and
Siemens. FWI received full cooperation from MANrfbo and Rolls-Royce, partial
reply from GE and no answer from Elliott and Siesien

Usually the centrifugal compressors can be categdrinto two main branches
namely single shaft in-line between bearings anttirsliaft integral gear type. Both
types of machines are basically designed accotditige International code API 617
(Axial and centrifugal compressors for petroleutermical and gas industry).
By comparison with reciprocating machines, the irergal compressors offer:

* higher efficiency

» superior reliability (typically in the range of alto97% for integral gear
compressor and 99% for in-line compressors)

» extended intervals between overhauls

» direct couple to the driver running at high spe@d, steam turbine or electric
motor.

Generally, the design of the centrifugal compressdrthe maximum inlet flow is
driven by the inlet Mach number limit (about 0.%Yhich is imposed to avoid
aerodynamic issues. This parameter, in conjunctidim the molecular weight of the
gas (about 44 for Cf) defines the max allowable relative inlet velgcib the
impeller and thus the maximum axial inlet velociagsuming that the maximum
peripheral speed is also limited by the mecharst@ngth and deformations due to
the centrifugal force.

All these design parameters dictate the maximuet gés flow.

Within the family of the centrifugal compressordiet configuration and the
characteristics of the “in-line” machines are siigaintly different from the “integral-
gear” machines, due to their intrinsic design.

In a traditional in-line compressor, all the impedl are shrunk-on the shaft and
consequently once the shaft speed is defined, thassame for all the impellers
enclosed in the casing.

Nevertheless the compressor manufacturers havdasthsed the size of casing and
the maximum numbers of impellers for each casiryvaithin a pre-defined range of

pressures.

The main advantage of the “in-line” compressorsrdiie “integral-gear” is related

to maintenance access, since the “in-line” maclumefiguration allows the inner

bundle of barrel casing or upper casing of axiaplit machines to be easily
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inspected from the end (barrel casing) or from(tugrizontal split casing) generally
without disturbing the process gas piping.

The following sections provide an overview of they/lcharacteristics, availability on
the market and vendors experience for both cegailficompressors branches in
relation to potential application to CCS.

1.1 Single shaft “in-line” centrifugal compressors forCCS application

One of the most qualified manufacturers of tradiilo “in-line” centrifugal
compressors demonstrating interest in the CCSagijuln is Rolls-Royce, having in
their current production the following series ofic@s as reported in the table 1.1
and 1.2 below. The tables summarise the main cteistics of the in-line
compressors.

Table 1.1 — RR Centrifugal Vertically Split Frame

MODEL RBB RCB RDB REB

Max working pressure 310 222 140 85

[bara]

Number of stages 1-9 1-9 1-9 1-9
Design speed range8000-13800 5000-11500 4500-8650  3500-6500
[rpm]

Maximum design flowf 10200 23000 37000 60300
[m3/h]

Table 1.2 — RR Centrifugal Horizontally Split Frame

MODEL RDS RES RFES

Max working pressure 34.5 28.6 25.1

[bara]

Number of stages 1-9 1-9 1-9
Design speed range4500-8650 3000-6500 2500-5600
[rpm]

Maximum design flow 38200 68000 119000
[m3/h]

The horizontal split compressors are legacy mashitoe be upgraded for CCS
applications. Limits are not yet established fa tipgraded versions of these frames
but they would be above the limits for the lega@nfes (i.e. the discharge pressure
for RFS/RES would be above 34 bara).
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Similarly the number of stages exhibited in theldababove is subject to
modifications and likely increased as a resulhefapgrading.

At the same time, even the barrel casings are udeleelopment (i.e. RBB, RCB,
RDB) and the fig.1 shows the current and upgradsghloilities for R-R barrel
compressors. The upgrades shown on the chart aentdy being undertaken.

With the concurrent new 33 impellers family R-R e&pto improve the efficiency of
the compressors to 86%.

Fig 1.1 — RR Centrifugal barrel compressor: dewelept work to extend frame size
capabilities
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The only further development that is currently megd for barrel compressors is the
upgrade of the RAB frame, the smallest in the pcodamily [this model was not
supposed to be used for CCS applications and esgairedevelopment].

This frame is expected to have the capability shbelow
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Tab 1.3 - RR Centrifugal barrel RAB compressor bdjees

MODEL RAB
Max working | 500
pressure [bara]

Number of stages 1-9
Design speed rang€el0000-
[rpm] 18000
Maximum design 5700
flow [m3/h]

Minimum design| 150
flow [m3/h]

Rolls Royce has limited experience with pure ;Gf@mpression as Cooper-Rolls
exited the process compressor industry in the €adly (In 1968 RR formed an oil
and gas joint venture with Cooper Industries cal&sbper Rolls and in 1999
acquired the remaining share of the rotating cosgio@ equipment interests of
Cooper Energy Services ).

However RR’s experience of dealing with very vargaplications has continued to
build since then. This includes specific studiegied out by RR through its GO
Optimised Compression Project, COZOC , a signiticanmber of compressors
operating with high molar weight gases (around @@ a number of recent
applications (14 jobs) with varying GQontent up to 48% combined with some
other “nasties” . RR’s experience lists for pure ;G@mpressors is limited to a
couple jobs:

1. First job in Mexico for Pemex, with train ‘A’ corgting of 1 machine RC7-6S
(4,440 acfm, suction pressure 4 PSIA, dischargespre 66 PSIA, compressor
absorbed power 2,110 HP, steam turbine driver ngnat 9,500 rpm, ship year
1969) and train ‘B’ consisting of 1 machine RB8-{E440 acfm, suction
pressure 64 PSIA, discharge pressure 330 PSIA 1\g68)

2. Second job in India for Zuari Agro Chem consistioigl machine RC9-7S,
12,760 acfm, suction pressure 16 PSIA, dischargsspre 462 PSIA, steam
turbine driver power 4820 HP.

Even if the applications with pure G@re not extensive, all of these applications
demonstrate R-R ability to safely handle a varietygases (including the GO
mixtures expected for CCS applications). This ixdose, given the ability to
determine the correct thermodynamic propertieshefgas mixture (which RR has
through its suite of specifically designed, welligdated, in-house design software)
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and to address the corrosive potential of the g#s appropriate material selection,
the project specific design of the compressorars @f everyday life for compressor
designers.

The main advantage of the “in-line” compressorseiated to maintenance access,
since the “in-line” machine configuration allowsetinner bundle of barrel casing or
upper casing of axially split machine to be easilgpected from the end (barrel
casing) or from top (horizontal split casing), gelg without disturbing the process
gas piping. Other technical advantages of theneype are as follows:

» Higher operating flexibility, due to the multipleugllel trains configuration,
being the turndown capability of the single traegry similar for both types.
Also, the VFD provided with the in-line machinesseres better efficiency
(i.e. lower parasitic consumption) when the plgm¢rates at partial load. This
is a very important feature since it is expecteat ©CS power plants will be
required to operate in the actual electricity mgrkesponding to the normal
daily and seasonal variability of electricity derdan

* Higher reliability, typically by 2% with respect tdhe integral-gear
compressors.

* Lower mesh losses, since the bull gear in the ratgggeared solution
introduces additional losses.

* Generally lower power demand.

* Reduced impact on the electrical system design. iffifpact of using large
motors is mainly represented by the necessity figaificant over design of
the electrical systems equipment (transformerslesaletc.) to support the
peak current demand at motor starting. For thenm-Eompressor, smaller
size (roughly half) for the largest motors has bpesposed with respect to
the integral-gear compressors. Also, VFD’s havenbeeluded for in-line
machines capacity control, which are expected tiopa better in smoothing
the peak demand at motor starting than the softessaproposed with the
integral gear type.

» Higher flexibility in dealing with uncertainties.(e process upset, changes in
operating conditions with time) once the machinkugt. However it is noted
that, in the integral gear concept, reducing thenler of drivers and
modifying the design of impeller/volute or pinionpeed are viable
modifications to face changes to the operating timms.

1.2 Multi-shaft integral gear centrifugal compressors br CCS application

The construction of an integral gear compressobased on a single bull gear
coupled to driver which rotates up to five shafttha end of which are shrunk-on the
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impellers; each shaft has its own speed that imel@fby the number of teeth of the

pinion.

The main advantages of the integral gear compresger the “in-line” can be

summarised as follows:

e optimum impeller flow coefficient and volute, due the fact that optimum
speed can be selected for each pair of impellers

» design facilities of impellers such as small hyb/tatio, shrouded or non-
shrouded version available

* inter-cooling connection facilitated after each gsta(impeller), being each
impeller enclosed in its own casing.

» external connection after each stage offers thsipitisy to define the level of
pressure with minor impact on the compressor asamemt (an in-line
compressor may need to change the configuratiennumber of impellers or
casings);

» The general arrangement is such that the comprestas and impellers are
located all around the bull gear, making the maeliiesign compact and taking
space in vertical / radial directions rather tharexial direction. However this
advantage may be smoothed as integrally geareceptstypically have more
coolers and scrubbers than inline systems.

* Typically lower investment cost.

It is noted that the CAPEX tends to be lower fdegral gear type; however, in the
context of a general evaluation of the economlus, may be off-set by the typically
higher electrical consumption and therefore OPEXdifferential Discounted Cash
Flow (DCF) analysis can be used in order to apptednow different CAPEX and
OPEX are compared over the design life of a CC8&tpkor example, assuming an
incremental CAPEX of 10 MM£€, Figure 1-1 shows thenstivity of the DCF
analysis results to power consumption saving figwarying in the range of 3 to 6
MW.. With the assumed input data, the CAPEX increaseffrset when power
saving is approximately above 5 MW
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Figure 1-1Typical differential DCF analysis based on an inweatal CAPEX of 10 M € —
Sensitivity to power consumption saving figuresnird to 6 MW,
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One of the manufacturer leaders on the market of €&Mpression is MAN Diesel

& Turbo. They can offer both types of centrifugahtpressors but they came to the

conclusion that for most CGQapplications, the multi-shaft integral-gear desidjiers
undeniable advantages.

The “standard range” of production of multi-shafteigral-gear compressors for
general process gas applications showing the nfaracteristics is outlined in the

table 1.4 below.

Table 1.4 — Overview of typical sizes, flows anagec data

MODEL RG25 RG40 RG45 RG50 RG56
Flow [Am3/h] 10000 25000 30000 40000 50000
Power [MW] 4 15 18 20 20
Dimensions 2.7x3.6x2 | 3x3.6x2.5| 3.4x3.6x3 3.7x3.6x34x3.6x3.5
LXWxH [m] 5

Weight [t] 15 30 40 45 50
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MODEL RG80 RG100 RG140 RG160
Flow [Am3/h] 100000 200000 350000 500000
Power [MW] 20 35 50 60
Dimensions 4.5x3.6x4 5.5x3.6x5 - x>3.6X7 - X>7X>7
LXWxH [m]
Weight [t] 60 >60 >60 >130

The driver can be electric motor or steam turbineé gne number of pinions can be
up to 5 with number of impellers up to 10.

Latest results of MAN development extend the produe for high volume flow
and now they can offer the following compressor atedor CQ applications, which
use the existing gear, according to table 1.5.

Table 1.5 — Overview of typical sizes and flows

MODEL RG45-8 RG80-8 RG100-8| 2xRG80:8 RG140-8
Flow [Nm3/h] 20000 65000 120000 130000 205000
Flow [Am3/h] 27000 70000 130000 140000 245000
Mass flow [kg/s]| ~ 12 ~34 ~ 66 ~ 68 ~ 110
Power [MW] 5 14 25 28 45
Suction Pressurel.1 11 11 11 11

[bara]

Discharge 140 200 215 200 215

Pressure [bara]

MAN has delivered several integral-gear compres&or€0, service.
References are the following:

1. Eight (8) stages COcompressor RG80-8 for coal gasification plant iortN
Dakota, where C@is used for EOR in Weyburn oilfields:

-commissioned in 1998

-pressure: from 1.1 bara to 187 bara

-massflow: ~ 35 kg/s

-impeller diameters: 800 — 115 mm

-pinion speeds: 7350 — 26600 rpm

-driver: synchronous electric motor at fixed spgealver: 14700 kw)

2. Ten (10) stages G@ompressors RG 56-10 in Russia (Azot Nowomoskowsk)
-commissioned in 1992

-pressure: from 1 bara to 200 bara

-massflow: ~ 13 kg/s

-impeller diameters: 550 — 90 mm
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-pinion speeds: 26600 - 48000 rpm
-driver: asynchronous electric motor at fixed speed

3. Eight (8) stages C{xompressor RG 40-8 for Duslo A.S. in Slovakia:
-commissioned in 2002

-pressure: from 1.1 bara to 150 bara

-massflow: ~ 8 kg/s

-impeller diameters: 400 — 95 mm

-pinion speeds: 8000 — 41000 rpm

-driver: synchronous electric motor at variableespe

4. Eight (8) stages C{rompressor RG 56-8 for Grodno Azot in Czech Republ
-commissioned in 2006

-pressure: from 1.1 bara to 150 bara

-massflow: ~ 16 kg/s

-impeller diameters: 500 — 95 mm

-pinion speeds: 8000 — 36000 rpm

-driver: steam turbine
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2.1

2.2

Machinery selection for the three carbon capture tehnologies

Base cases definition

For each of the three main carbon capture techresdagbase case was identified in
order to assess the operating envelopes as afbas$ige rotating machinery market
survey.

The CQ compression schemes for the base cases are @elsurisection B, which
includes also the PFD’s and main H&MB data. Froesthsets of data, the process
parameters necessary to define the operating ggevdty the machines included in
the schemes were extracted and passed to Vendors.

As reported in section B, the base cases are defiséollows.

PRECOMBUSTION Coal IGCC, based on a quench type gasificatiatm \sfurry
feed; net output is 750 MWe, with carbon captute emual to 85%.

POST COMBUSTION:UIltra Super Critical PC Boiler with a MEA unit abiler
back end; net output is 655 MWe, with carbon captate equal to 85%.

OXYFUEL COMBUSTION Advanced Super Critical PF Boiler, with an auto
refrigerated scheme for the CPU at boiler back eed;output = 530 MWe, with a
carbon capture rate equal to 90%.

For further details reference is made to section B.

Machinery selection by Vendors

The Vendors demonstrating interest in this studyehproposed their machinery
selection for the specified base cases (ref. Se&)o

It is generally noted that the Vendors have sholmen willingness to increase the
number of inter-cooling steps for either avoidirghnical issues related to high
discharge temperatures or improving the comprepsoformance. On the other
hand, the Oxy-fuel Combustion and the Post Combmdbaseline cases include a
strong thermal integration with the Power Islangl tiae heat available at the €O
compression stages outlet is recovered into thanst€ondensate / Boiler Feed
Water systems and the Steam Turbine Island, wheduires relatively high
discharge temperatures. For this reason, the raetumérs have been requested to
propose for each of the two processes two optiosisfas as inter-cooling
arrangements are concerned:
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1. Configuration as close as possible to the origgpacification, to allow the
thermal integration as implemented in the base casfguration.

2. Configuration with an optimised number of inter-tog steps, to best suit
the selection to the standard machine frames dkaildn this case the
resulting compressor power demand reduction isigtigrtoff-set by the
consequent decrease of the waste heat availabkedovery in the thermal
cycle.

For the post-combustion process, the compressid@gncanfiguration is based on 4

stage selection (i.e. 3 inter-cooling stages + tératooler). Vendors have been
request to provide an additional option with andré@ased number of stages (8
overall) as part of the investigation on compresstvategies to reduce compression
parasitic load.

Table 2-1provides a summary of the cases considered fohimaxy selection in the

market survey. Reference is generally made to@ect and C for the definition of
the operating envelopes.

Table 2-1Cases summary for machinery selection

Case Description
Operating envelope as defined by base case AQ. No
Pre-combustion particular restrictions on inter-cooling stepsgcsin

compression heat is not recovered in the procegs.
Operating envelope as defined by base case B(.
Regarding inter-cooling, Vendors are requested|to
keepas close as possible to the original
specification.

Operating envelope as defined by base case B(.
Regarding inter-cooling steps, Vendors are free|to
optimise the selection.

Post-combustion
inter-cooling
as specified

Post-combustion optimised
inter-cooling

Post-combustion

Increased stages Operating envelope as defined bycase D1.

Operating envelope as defined by base case C(.

Qxy-fuel . Regarding inter-cooling, Vendors are requested|to
mter-cocl)l'lng keepas close as possible to the original

as specified specification.

Oxy-fuel Operating envelope as defined by base case C(.
optimised Regarding inter-cooling steps, Vendors are freel|to

inter-cooling optimise the selection.
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The following paragraphs describe the machinerectet by the compressor
manufacturers, which have demonstrated interesupporting FWI for this study,

namely Rolls-Royce and MAN Diesel & Turbo.

At the end of the section there is a brief predemaof GE proposal. GE

demonstrated partial interest and did not subrhthaldata and information required
by FWI.

2.2.1 Rolls Royce

PRE-COMBUSTION

Train n° 1 (two compressor packages running iresgri

FrameRES Frame RES Frame RBB
3 stgs 1 2 2 2 2stgs| 1
@ K100 | stg stgs | stgs stgs @ K103 | stg
K100 K101 K101 K102 K104

The key process and mechanical characteristichefnachines selected by Rolls
Royce for this case are shown in the followingeabl

PRE-COMBUSTION PROCESS

ROLLS-ROYCE Conventional in-line compressor
Total n° of trains required 1
Composition Train 1:

model RES
casingn® 1 K100
Section n°1

stages 3

flowrate (Nnv/h) 111900
inlet temperature (°C) -5

inlet pressure (bara) 1.2
compression ratio 3.0
speed 4800 RPM
brake power shaft (KW) 4347
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poly- efficiency (%) 86.53
Section n°2
stages 1
flowrate (Nnv/h) 111900
inlet temperature (°C) 19
inlet pressure (bara) 3.55
compression ratio 1.4
speed 4800 RPM
brake power shaft (KW) 1282
poly- efficiency (%) 87.50
model RES
casing n°® 2
section n® 1 K101
stages 2
flowrate (Nnv/h) 337670
inlet temperature (°C) 6
inlet pressure (bara) 4.8
compression ratio 2.18
speed 4800 RPM
brake power shaft (KW) 9047
poly- efficiency (%) 86.02
section n® 2 K101
stages 2
flowrate (Nnv/h) 337670
inlet temperature (°C) 19
inlet pressure (bara) 10.26
compression ratio 1.82
speed 4800 RPM
brake power shaft (KW) 6831
poly- efficiency (%) 87.20
section n® 3 K102
stages 2
flowrate (Nnv/h) 375410
inlet temperature (°C) 19
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inlet pressure (bara) 18.55

compression ratio 1.83

speed 4800 RPM

brake power shaft (KW) 7229

poly- efficiency (%) 87.45

capacity control type VFD (variable frequency djive

motor driver 1

total brake power shaft (casing n° 1+2) (KW) 287

model RBB

casingn® 1

section n® 1 K103

stages 2

flowrate (Nnv/h) 320744

inlet temperature (°C) 24

inlet pressure (bara) 32.9

compression ratio 2.13

speed 10000 RPM

brake power shaft (KW) 7924

poly- efficiency (%) 85.18

section n° 2 K104

stages 1

flowrate (Nnv/h) 320744

inlet temperature (°C) 40

inlet pressure (bara) 69.8

compression ratio 1.59

speed 10000 RPM

brake power shaft (KW) 3878

poly- efficiency (%) 85.5

capacity control type VFD (variable frequency djive

motor driver 1

total brake power shaft (sect. n°® 1+2) (KW) 11802

Note: one intercooler is added on process K100 aml intercooler is added on
process K101.

TOTAL BRAKE POWER (WHOLE PROCESS30538 KW
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POST-COMBUSTION — INTER-COOLING AS SPECIFIED

Train n° 1 (two compressor packages running iresgri

Frame FFS Frame BB
5 stgs| 5 stgs 2 stgs| 2 stgs
@7 K101 | K102 @7 K103 | K104

Train n° 2 (two compressor packages running iresgri

Frame FFS Frame BB
5 stgs| 5 stgs 2 stgs| 2 stgs
@7 K101 | K102 @7 K103 | K104

Train n°1 and train n° 2 run in parallel

The key process and mechanical characteristichefnachines selected by Rolls

Royce for this case are shown in the followingeabl

POST-COMBUSTION PROCESS — INTER-COOLING AS SPECIFIED
ROLLS-ROYCE

Total n° of trains required 2
Composition train 1 / train 2:

Model RES
casingn® 1

section n® 1 K101
Stages 5

flowrate (Nnv/h) 145243
inlet temperature (°C) 37.8

inlet pressure (bara) 1.6
compression ratio 4.32
Speed 4200 RPM
brake power shaft (KW) 9366
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poly- efficiency (%)

87.44

turndown (%)

31.7 (estimated)

poly- efficiency at min flow (%)

84.8 (estimated)

section n® 2 K102
Stages 5

flowrate (Nnv/h) 155329
inlet temperature (°C) 19

inlet pressure (bara) 6.6
compression ratio 5.15
Speed 4200 RPM
brake power shaft (KW) 10586
poly-efficiency (%) 84.7

turndown (%)

30.7 (estimated)

poly- efficiency at min flow (%)

81.8 (estimated)

capacity control type

VFD (variable frequency djive

motor driver

1

total brake power shaft (sect. n° 1+

2)

(KW) 19952
Model RBB
casingn® 1

section n® 1 K103
stages 2
flowrate (Nnv/h) 139303
inlet temperature (°C) 24
inlet pressure (bara) 32.7
compression ratio 2.14
speed 10000 RPM
brake power shaft (KW) 3433
poly-efficiency (%) 84.4

turndown (%)

30.8 (estimated)

poly- efficiency at min flow (%)

81 (estimated)

section n° 2 K104
stages 2
flowrate (Nnv/h) 139303
inlet temperature (°C) 40
inlet pressure (bara) 69.6
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compression ratio 1.6

speed 10000 RPM

brake power shaft (KW) 1844

poly-efficiency (%) 74.5

turndown (%) 30.6 (estimated)

poly- efficiency at min flow (%) 71.8 (estimated)

capacity control type VFD (variable frequency djive

motor driver 1

total brake power shaft (sect. n° 1+2)

(KW) 5277

Total brake power shaft (each train) (K\W25229

TOTAL BRAKE POWER (WHOLE PROCESS}$0458 KW

POST-COMBUSTION — OPTIMISED INTER-COOLING

Train n° 1 (two compressor packages running iresgri

Frame FES Frame FES Frame BB
2 stgs| 2 stgs 2 stgs| 3 stgs 2 stgs| 2 stgs
®7 K101 | K101 K101 | K102 @7 K103 | K104

Train n° 2 (two compressor packages running iresgri

Frame FES Frame FES Frame BB
2 stgs| 2 stgs 2 stgs| 3 stgs 2 stgs| 2 stgs
@7 K101 | K101 K101 | K102 ®7 K103 | K104

Train n°1 and train n° 2 run in parallel

The key process and mechanical characteristickefnmachines selected by Rolls
Royce for this case are shown in the followingeabl

POST-COMBUSTION PROCESS -OPTIMISED INTER-COOLING
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ROLLS-ROYCE

Total n° of trains required 2

Composition train 1 / train 2:

model RES

casingn® 1

section n® 1 K101

stages 2

flowrate (Nnv/h) 152570

inlet temperature (°C) 37.8

inlet pressure (bara) 1.6

compression ratio 2.35

speed 4900 RPM

brake power shaft (KW) 5297

poly- efficiency (%) 84.26

section n°® 2 K101

stages 2

flowrate (Nnv/h) 143990

inlet temperature (°C) 19

inlet pressure (bara) 3.71

compression ratio 2.1

speed 4900 RPM

brake power shaft (KW) 3812

poly- efficiency (%) 87.45

capacity control type VFD (variable frequency djive

motor driver 1

total brake power shaft (sect. n° 1+2)

(KW) 9109

model RES

casingn® 1

section n® 1 K101

stages 2

flowrate (Nnv/h) 143410

inlet temperature (°C) 19

inlet pressure (bara) 7.68
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compression ratio 2.08

speed 4900 RPM

brake power shaft (KW) 3682

poly- efficiency (%) 87

section n® 2 K102

stages 3

flowrate (Nnv/h) 163240

inlet temperature (°C) 19

inlet pressure (bara) 15.8

compression ratio 2.15

speed 4900 RPM

brake power shaft (KW) 4138

poly-efficiency (%) 86.80

capacity control type VFD (variable frequency djive

motor driver 1

total brake power shaft (sect. n° 1+2)

(KW) 7820

model RBB

casingn® 1

section n® 1 K103

stages 2

flowrate (Nnv/h) 139303

inlet temperature (°C) 24

inlet pressure (bara) 32.7

compression ratio 2.14

speed 10000 RPM

brake power shaft (KW) 3433

poly-efficiency (%) 84.4

section n® 2 K104

stages 2

flowrate (Nnv/h) 139303

inlet temperature (°C) 40

inlet pressure (bara) 69.6

compression ratio 1.6
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speed 10000 RPM

brake power shaft (KW) 1844

poly-efficiency (%) 74.5

capacity control type VFD (variable frequency djive

motor driver 1

total brake power shaft (sect. n° 1+2)

(KW) 5277

Total brake power shaft (each train) (K\W22206

Note: two intercoolers are added on process K101.

TOTAL BRAKE POWER (WHOLE PROCESS¥4412 KW

POST-COMBUSTION - INCREASED STAGES

Train n° 1 (three compressor packages runningriese

Frame RFS Frame RCB

4 stgs | 2 stgs 3stgs | 2 stgs
@* K101 | K102 @7 K103 | K104

Frame RBB Frame RAB

1 stg 1 stg 1 stg 1 stg
@7 K105 K106 K107 K108

Train n° 2 (three compressor packages runningriesge
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Frame RFS Frame RCB
4 stgs | 2 stgs 3 stgs | 2 stgs
@* K101 | K102 @* K103 | K104
Frame RBB Frame RAB
1 stg 1 stg 1 stg 1 stg
@7 K105 K106 K107 K108

Train n°1 and train n° 2 run in parallel

The key process and mechanical characteristichefnachines selected by Rolls

Royce for this case are shown in the followingeabl

POST-COMBUSTION PROCESS - INCREASED STAGES

ROLLS-ROYCE

Composition train 1 / train 2: 2

Ref. Train 1:

model RFS

casingn® 1

section n® 1 K101

stages 4

flowrate (Nnv/h) 145243

inlet temperature (°C) 37.8

inlet pressure (bara) 1.6
compression ratio 3.46

speed 4200 RPM
brake power shaft (KW) 7723
poly-efficiency (%) 87.61
turndown (%) 31.7 (estimated)
poly- efficiency at min flow (%) 85 (estimated)
section n° 2 K102

stages 2
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flowrate (Nni/h) 139864
inlet temperature (°C) 19

inlet pressure (bara) 5.4
compression ratio 1.85
speed 4200 RPM
brake power shaft (KW) 3185
poly-efficiency (%) 86.44

turndown (%)

31 (estimated)

poly- efficiency at min flow (%)

83.8 (estimated)

capacity control type

VFD (variable frequency djive

motor driver

1

total brake power shaft (sect. n° 1+2) (KW) 10908
model RCB
casingn® 1

section n° 1 K103
stages 3
flowrate (Nnv/h) 139639
inlet temperature (°C) 19

inlet pressure (bara) 9.8
compression ratio 2.24
speed 6000 RPM
brake power shaft (KW) 4172
poly-efficiency (%) 86.45

turndown (%)

31.5 (estimated)

poly- efficiency at min flow (%)

83.8 (estimated)

section n° 2 K104
stages 2

flowrate (Nnv/h) 154881
inlet temperature (°C) 25

inlet pressure (bara) 21.8
compression ratio 1.56
speed 6000 RPM
brake power shaft (KW) 2326
poly-efficiency (%) 85.77

turndown (%)

31.5 (estimated)

poly- efficiency at min flow (%)

83 (estimated)

capacity control type

VFD (variable frequency djive

motor driver

1

total brake power shaft (sect. n° 1+2) (KW

) 6498
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model RBB

casingn® 1

section n® 1 K105

stages 1

flowrate (Nnv/h) 139079

inlet temperature (°C) 24

inlet pressure (bara) 32.9

compression ratio 1.55

speed 10000 RPM

brake power shaft (KW) 1930

poly-efficiency (%) 85.61

turndown (%)

31.3 (estimated)

poly- efficiency at min flow (%)

82.8 (estimated)

section n° 2 K106
stages 1

flowrate (Nnv/h) 139079

inlet temperature (°C) 19

inlet pressure (bara) 50.9
compression ratio 1.38
speed 10000 RPM
brake power shaft (KW) 1075
poly-efficiency (%) 85.86

turndown (%)

30.7 (estimated)

poly- efficiency at min flow (%)

82.8 (estimated)

model RAB
casing n°® 2

section n® 1 K107
stages 1
flowrate (Nnv/h) 139079
inlet temperature (°C) 40
inlet pressure (bara) 69.9
compression ratio 1.3
speed 10000 RPM
brake power shaft (KW) 896
poly-efficiency (%) 86.04

turndown (%)

31.5 (estimated)

poly- efficiency at min flow (%)

79 (estimated)




FOSTER@WHEELER

IEA GHG Revision no.:1
ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS Date: June _2011
Sheet27 of 92

Section D - Compression Equipment Survey

section n° 2 K108

stages 1

flowrate (Nnv/h) 139079

inlet temperature (°C) 40

inlet pressure (bara) 90.4

compression ratio 1.23

speed 10000 RPM

brake power shaft (KW) 440

poly-efficiency (%) 78.91

turndown (%)

34.5 (estimated)

poly- efficiency at min flow (%)

74 (estimated)

capacity control type

VFD (variable frequency djive

motor driver

1

total brake power shaft (casing n° 1+
(KW)

2)
4341

Total brake power shaft (each train) (KW

21747

@7

@7

TOTAL BRAKE POWER (WHOLE PRO

CESS¥3494 KW

OXY-FUEL - INTER-COOLING AS SPECIFIED
Train n° 1 (two compressor packages running iresgri
Frame FFS Frame FCB
6 stgs 2 stgs
CK205 ( > CK204
Train n° 2 (two compressor packages running iresgri
Frame FFS Frame FCB
6 stgs 2 stgs
CK205 ( ) CK204

Train n° 3 (two compressor packages ru

nning iresgri
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Frame FFS

6 stgs
CK205

@7

Frame ICB

@7

2 stgs
CK204

Train n°1, n° 2 and train n° 3 run in parallel

Train n° 4 (running in series to the previous thoaes)

Frame ICB
1stg | 3stgs
< > K202 | K201

The key process and mechanical characteristichefnachines selected by Rolls
Royce for this case are shown in the followingeabl

OXY-FUEL PROCESS

ROLLS-ROYCE

Total n° of trains required 4
Composition train 1 / train 2 / train 3:

model RFS
casingn® 1 CK205
stages 6
flowrate (Nnv/h) 111173
inlet temperature (°C) 12
inlet pressure (bara) 1
compression ratio 14.85
speed 4162 RPM
brake power shaft (KW) 14480
poly-efficiency (%) 87.71

turndown (%)

30.3 (estimated)

poly- efficiency at min flow (%)

85 (estimated)

capacity control type

VFD (variable frequency djive

motor driver

1
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model RCB 19.0
casingn® 1 CK204
stages 2

flowrate (Nnv/h) 121857
inlet temperature (°C) 19

inlet pressure (bara) 14.4
compression ratio 2.16
speed 8565 RPM
brake power shaft (KW) 3559
poly-efficiency (%) 84.7

turndown (%)

33 (estimated)

poly- efficiency at min flow (%)

82 (estimated)

capacity control type

VFD (variable frequency djive

motor driver

1

Total brake power shaft (each train) (KV

) 8039

Composition train 4:

model RCB 19.0
casingn® 1

section n°1 K202
stages 1
flowrate (Nni/h) 119780
inlet temperature (°C) 7.5

inlet pressure (bara) 9.3
compression ratio 2.01
speed 10427 RPM
brake power shaft (KW) 2998
poly-efficiency (%) 84.74

turndown (%)

25 (estimated)

poly- efficiency at min flow (%)

82 (estimated)

section n°2 K201
stages 3

flowrate (Nnv/h) 236692

inlet temperature (°C) 13.3

inlet pressure (bara) 18.6
compression ratio 6

speed 10427 RPM
brake power shaft (KW) 16982
poly-efficiency 84.26
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turndown (%) 32 (estimated)

poly- efficiency at min flow (%) 81 (estimated)

capacity control type VFED (variable frequency djive
motor driver 1

total brake power shaft (sect 1+2) (KW)

19980

TOTAL BRAKE POWER (WHOLE PROCESSJ4097 KW

OXY-FUEL — OPTIMISED INTER-COOLING AS SPECIFIED

Train n° 1 (two compressor packages running iresgri

FrameRFS FrameRES Frame ICB
2 2 2 2 2 stgs
@ stgs stgs stgs stgs < : >— CK204
CK205 | CK205 CK205 | CK205
Train n° 2 (two compressor packages running iresgri
FrameRFS FrameRES Frame ICB
2 2 2 2 2 stgs
@ stgs stgs stgs stgs < : >— CK204
CK205 | CK205 CK205 | CK205
Train n° 3 (two compressor packages running iresgri
FrameRFS FrameRES Frame ICB
2 2 2 2 2 stgs
@ stgs stgs stgs stgs < : >— CK204
CK205 | CK205 CK205 | CK205

Train n°1, n° 2 and train n° 3 run in parallel

Train n° 4 (running in series to the previous thoaes)
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Frame RCB

1 1 2
@7 stgs stgs stgs

K202 K201 K202

The key process and mechanical characteristichefnachines selected by Rolls
Royce for this case are shown in the followingeabl

OXY-FUEL PROCESS — OPTIMISED INTER-COOLING
ROLLS-ROYCE

Total n° of trains required 4
Composition train 1 / train 2 / train 3:

model RFS
casingn® 1 CK205
section n°1

stages 2

flowrate (Nnv/h) 117060
inlet temperature (°C) 12

inlet pressure (bara) 1
compression ratio 1.99
speed 4151 RPM
brake power shaft (KW) 2866
poly-efficiency (%) 86.93
section n® 2

stages 2

flowrate (Nnv/h) 116210
inlet temperature (°C) 19

inlet pressure (bara) 1.91
compression ratio 1.99
speed 4151 RPM
brake power shaft (KW) 2840
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poly-efficiency (%) 87.94
casing n° 2 CK205
section n® 1

stages 2

flowrate (Nnv/h) 115370
inlet temperature (°C) 19

inlet pressure (bara) 3.7
compression ratio 2.01
speed 4151 RPM
brake power shaft (KW) 2888
poly-efficiency (%) 87.94
section n°® 2

stages 2

flowrate (Nnv/h) 114930
inlet temperature (°C) 19

inlet pressure (bara) 7.37
compression ratio 2.03
speed 4151 RPM
brake power shaft (KW) 2921
poly-efficiency (%) 85.78

capacity control type

VFD (variable frequency djive

motor driver

1

Brake power shaft (CK205 train) (KW) 11515
model RCB 19.0
casingn® 1 CK204
stages 2
flowrate (Nnv/h) 121857
inlet temperature (°C) 19

inlet pressure (bara) 14.4
compression ratio 2.16
speed 8565 RPM
brake power shaft (KW) 3559
poly-efficiency (%) 84.7

capacity control type

VFD (variable frequency djive
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motor driver 1

Total brake power shaft (each train) (K\W)5074
Composition train 4:

model RCB
casingn® 1

section n® 1 K202
stages 1
flowrate (Nnv/h) 126300
inlet temperature (°C) 7.5
inlet pressure (bara) 9.3
compression ratio 2.01
speed 10181 RPM
brake power shaft (KW) 3040
poly-efficiency (%) 84.01
section n° 2 K201
stages 1
flowrate (Nnv/h) 248460
inlet temperature (°C) 13.3
inlet pressure (bara) 18.55
compression ratio 1.75
speed 10181 RPM
brake power shaft (KW) 4453
poly-efficiency 84.61
section n° 3 K201
stages 1
flowrate (Nnv/h) 248460
inlet temperature (°C) 19
inlet pressure (bara) 32.35
compression ratio 3.44
speed 10181 RPM
brake power shaft (KW) 10149
poly-efficiency 83.88
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capacity control type VFED (variable frequency djive
motor driver 1
Brake power shaft (train 4) (KW) 17642

TOTAL BRAKE POWER (WHOLE PROCESS§2864 KW



FOSTER@WHEELER

IEA GHG Revision no.:1
Date: June 2011

ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS :
Sheet:35 of 92

Section D - Compression Equipment Survey

2.2.2 MAN Diesel & Turbo

PRE-COMBUSTION

RG100-8
8 stages
()

K102 K102
6th 5th
stc stc

K104 K103
8th 7th
stc stc
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PRE-COMBUSTION — Gen. Overview
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Note: only the intercoolers added by MANTURBO witkespect to baseline
configuration are indicated in the above overview.
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The key process and mechanical characteristicheohtachines selected by MAN
Diesel & Turbo are shown in the following tables.

PRE-COMBUSTION
MAN TURBO Integrally gear motor driven
Total n° of trains required 1
Ref. Train 1: K-100 / K-101/K-102 / K-103 / K-40
model RG100-8
stages 5
flowrate K-100 (Nnih) 105570
flowrate K-101 (Nni/h) 318604
flowrate K-102 (Nni/h) 354178
flowrate K-103 (Nnih) 318643
flowrate K-104 (Nn/h) 318643
inlet temperature K-100 (°C) -5
inlet temperature K-101 (°C) 6.1
inlet temperature K-102 (°C) 19.1
inlet temperature K-103 (°C) 24
inlet temperature K-104 (°C) 53
inlet pressure K-100 (bara) 1.2
inlet pressure K-101 (bara) 4.8
inlet pressure K-102 (bara) 11.8
inlet pressure K-103 (bara) 32.9
inlet pressure K-104 (bara) 65.3
compression ratio K-100 4.17
compression ratio K-101 2.5
compression ratio K-102 2.88
compression ratio K-103 1.99
compression ratio K-104 1.70
Speed shaft 1 K-100 (rpm) 5655
Speed shaft 2 K-101 (rpm) 4351
Speed shaft 3 K-102 (rpm) 7140
Speed shaft 4 K-103/K104 (rpm) 10563
brake power K-100 (KW) 6056
brake power K-101 (KW) 10809
brake power K-102 (KW) 13619
brake power K-103+K104 (KW) 13472
poly-efficiency 1st stage (%) 85.6
poly-efficiency 2nd stage (%) 87.8
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poly-efficiency 3rd stage (%) 86.9

poly-efficiency 4th - 5th stage (%) 83.4

turndown 1st stage (%) 33.6

turndown 2nd stage (%) 33.4

turndown 3rd stage (%) 33.6

turndown &-5th stage (%) 35.7

capacity control type IGV

poly-efficiency 1st stage at min flow (%
poly-efficiency 2nd stage at min flow
(%) 84 (estimated)

N

82.5t(ewmted)

poly-efficiency 3rd stage at min flow (%) 84 (esdted)
poly-efficiency 4th/ & stage at min flow

(%) 80 (estimated)
Intercoolers included by vendor 3 (on 1st-2nd-3ad)ss)

TOTAL BRAKE POWER (WHOLE PROCESS¥3956 KW

POST-COMBUSTION — INTERCOOLING AS SPECIFIED

RG140-6

6 stages
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POST-COMBUSTION — INTERCOOLING AS SPECIFIED, GeBverview

COMPiInK-104

IC2-K-102

COMPInK-101

Electric
Motor

Note: only the intercoolers added by MANTURBO witkspect to baseline
configuration are indicated in the above overvidw. addition the intercooler
between process K-103 and K-104 is removed.
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The key process and mechanical characteristicheofrtachines selected by MAN
Diesel & Turbo are shown in the following tables.

POST-COMBUSTION PROCESS — INTERCOOLING AS SPECIFIED
MAN TURBO Integrally gear motor driven
Total n° of trains required 1
Ref. Train 1: K-101/ K-102 / K-103 / K-104
model RG140-6
stages 6
flowrate K-101 (Nnih) 276677
flowrate K-102 (Nn/h) 307506
flowrate K-103 (Nnih) 276321
flowrate K-104 (Nn/h) 276321
inlet temperature K-101 (°C) 37.8
inlet temperature K-102 (°C) 19
inlet temperature K-103 (°C) 24
inlet temperature K-104 (°C) 89.8 (note 1)
inlet pressure K-101 (bara) 1.55
inlet pressure K-102 (bara) 6.76
inlet pressure K-103 (bara) 32.85
inlet pressure K-104 (bara) 68.89
compression ratio K-101 4.50
compression ratio K-102 5.0
compression ratio K-103 2.10
compression ratio K-104 1.61
brake power K101 (KW) 20706
brake power K102 (KW) 19655
brake power K103+ K104 (KW) 12796
Speed shaft 1 K101 (rpm) 4080
Speed shaft 2 K102 (rpm) 6969
Speed shaft 3 K103/K104 (rpm) 10496
poly-efficiency £- 2nd stage (%) 86.1
poly-efficiency ¥ - 4th stage (%) 85
poly-efficiency 5" - 6th stage (%) 81.9
capacity control type IGV
Intercoolers included by vendor 1 ( 3rd/4th stages)

TOTAL BRAKE POWER (WHOLE PROCESS)3157 KW
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Note 1: the intercooler between process K103 an@4Kis deleted so that the
discharge temperature of K103 coincides with sactemperature of K104. The
process K-104 will deliver the gas at 138°C.

POST-COMBUSTION — OPTIMISED INTER-COOLING

RG140-6

6 stages
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POSTCOMBUSTION — OPTIMISED INTERCOOLING, Gen. Oview

COMPinK-104

IC2-K-102

1C1-K-101

COMPInK-101

Electric
Motor

Note: only the intercoolers added by MANTURBO witkespect to baseline
configuration are indicated in the above overview.
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The key process and mechanical characteristicheohtachines selected by MAN
Diesel & Turbo are shown in the following tables.

POST-COMBUSTION - OPTIMISED INTERCOOLING
MAN TURBO Integrally gear motor driven
Total n° of trains required 1
Ref. Train 1: K-101/K-102 / K-103 / K-104
Model RG140-6
Stages 6
flowrate K-101 (Nni/h) 276677
flowrate K-102 (Nnih) 307506
flowrate K-103 (Nni/h) 276321
flowrate K-104 (Nn/h) 276321
inlet temperature K-101 (°C) 37.8
inlet temperature K-102 (°C) 19
inlet temperature K-103 (°C) 24
inlet temperature K-104 (°C) 48
inlet pressure K-101 (bara) 1.55
inlet pressure K-102 (bara) 6.7
inlet pressure K-103 (bara) 32.8
inlet pressure K-104 (bara) 64.2
compression ratio K-101 4.50
compression ratio K-102 5.0
compression ratio K-103 1.96
compression ratio K-104 1.73
brake power K101 (KW) 18052
brake power K102 (KW) 19655
brake power K103+ K104 (KW) 11102
Speed shaft 1 K101 (rpm) 4058
Speed shaft 2 K102 (rpm) 6969
Speed shaft 3 K103/K104 (rpm) 12026
poly-efficiency £- 2nd stage (%) 86.2
poly-efficiency ¥ - 4th stage (%) 85
poly-efficiency 8" - 6th stage (%) 84.2
turndown ?' - 2nd stage (%) 33.8
turndown ¥ - 4th stage (%) 33.6
turndown 5' - 6th stage (%) 35.6
poly-efficiency £' - 2nd stage at min flow (%) 82.5 (estimated)
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poly-efficiency ¥ - 4th stage at min flow (%) 81 (estimated)
poly-efficiency §' - 6th stage at min flow (%) 79 (estimated)
capacity control type IGV
Intercoolers included by vendor 2 (1st/2nd, 3rdktHyes)

TOTAL BRAKE POWER (WHOLE PROCESS4#8809 KW

POST-COMBUSTION — INCREASED STAGES

RG140-7

7 stages

K105 / K106
6th stg

K104
5th
stc

K107 / K108
7th stg
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POSTCOMBUSTION — INCREASED STAGES, Gen. Overview

COMPInK-108

1C4
K-104  K-105—K108

1C3

K-101 — K-103

COMPinK-101

Electric
Motor

Note: MAN Diesel & Turbo have re-arranged stageld.spnly the inter-coolers
placed at different inter-stage pressure with relspe baseline configuration are
shown in the overview. Total Number of inter-cosles 6.
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The key process and mechanical characteristicheofrtachines selected by MAN
Diesel & Turbo are shown in the following tables.

POST-COMBUSTION PROCESS- INCREASED STAGES
MAN TURBO Integrally gear motor driven
Total n° of trains required 1

K-101/K-102/K-103/K-

Ref. Train 1: 104/K105/K106/K107/K108
Model RG140-7
Stages 7
brake power K101+K102+K103 (KW) 29837
brake power K104 (KW) 4831
brake power shaft K105+K106+K107+K108 (KW 10979
flowrate K-101 (Nni/h) 276662
flowrate K-102 (Nnih) 276662
flowrate K-103 (Nni/h) 276662
flowrate K-104 (Nnih) 307465
flowrate K-105/K-106 (NrYh) 276512
flowrate K-107/K-108 (Nn¥h) 276512
inlet temperature K-101 (°C) 37.8
inlet temperature K-102 (°C) 19
inlet temperature K-103 (°C) 19
inlet temperature K-104 (°C) 25
inlet temperature K-105/K-106 (°C) 24
inlet temperature K-107/K-108 (°C) 40
inlet pressure K-101 (bara) 1.6
inlet pressure K-102 (bara) 5.4
inlet pressure K-103 (bara) 9.8
inlet pressure K-104 (bara) 21.8
inlet pressure K-105/K-106 (bara) 32.9
inlet pressure K-107/K-108 (bara) 56.3
compression ratio K-101 3.46
compression ratio K-102 1.85
compression ratio K-103 2.24
compression ratio K-104 1.56
compression ratio K-105/K-106 1.71
compression ratio K-107/K-108 1.97
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Speed shaft 1 K101/K102 (rpm) 3940
Speed shaft 2 K103 (rpm) 6896
Speed shaft 3 K104/K105/K106 (rpm) 8545
Speed shaft 4 K107/K108 (rpm) 18438
poly-efficiency £- 2nd -3 - 4th stage (%) 86.3
poly-efficiency §' (%) 86.4
poly-efficiency 6 - 7th stage (%) 84.2
turndown f' - 2nd -3” - 4th stage (%) 33

turndown 5' (%)

35

turndown &' - 7th stage (%)

33

poly-efficiency F' - 2nd -3 - 4th stage at min flow
(%)

82 (estimated)

poly-efficiency 8" at min flow (%)

82 (estimated)

poly-efficiency 6 - 7th stage at min flow (%)

79 (estimated)

capacity control type

IGV

Intercoolers included by vendor

4 (1st/2nd, Z13, 3rd/4",
6"/7th stages)

TOTAL BRAKE POWER (WHOLE PROCESS$5647 KW

OXY-FUEL — INTER-COOLING AS SPECIFIED

Trainn° 1

RG125-4

4 stages
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Train n° 2

RG125-4
4 stages

Train n°1 and train n° 2 run in parallel

(w)

W W

Train n° 3 (running in series to trains 1-2).

RG56-5

5 stages

t
t

W W W
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OXYFUEL — INTER-COOLING AS SPECIFIED, General Ovew
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Note: only the presence of additional intercooleviéh respect to baseline
configuration is indicated in the above overviewthwied bullets.
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The key process and mechanical characteristicheohtachines selected by MAN
Diesel & Turbo are shown in the following tables.

OXY-FUEL PROCESS — INTERCOOLING AS SPECIFIED
MAN TURBO Integrally gear motor driven
Total n° of trains required 3
Ref. Train 1: CK205 (50% capacity)
model RG125-4
stages 4
Flowrate CK205 (Nnth) 163758
inlet temperature (°C) 12
inlet pressure (bara) 1
compression ratio 14.85
Speed shaft 1 (CK-205) rpm 4464
Speed shaft 2 (CK-205) rpm 8058
brake power shaft 1 +2 CK-205 (KW) 19978
total brake power (KW) 19978
poly- efficiency F-2nd -3%4th stage (%) 86.05
capacity control type IGV
Intercoolers included by vendor 1 (; 2nd/3rd;) nbte
Ref. Train 2: CK205 (50% capacity)
model RG125-4
stages 4
Flowrate CK205 (Nnith) 163758
inlet temperature (°C) 12
inlet pressure (bara) 1
compression ratio 14.85
Speed shaft 1 (CK-205) rpm 4464
Speed shaft 2 (CK-205) rpm 8058
brake power shaft 1 +2 CK-205 (KW) 19978
total brake power (KW) 19978
poly- efficiency F-2nd -3%4th stage (%) 86.05
capacity control type IGV
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Intercoolers included by vendor 1 (; 2nd/3rd;) nbte
Ref. Train 3: CK204 / K202 / K201
model RG56-5
stages 5
flowrate CK204 (Nnivh) 363454
flowrate K202 (Nni/h) 119033
flowrate K201 (Nni/h) 235200
inlet temperature CK204 (°C) 19
inlet temperature K202 (°C) 7.5
inlet temperature K201 (°C) 13.3
inlet pressure CK204 (bara) 14.4
inlet pressure K202 (bara) 9.3
inlet pressure K201 (bara) 18.6
compression ratio CK204 2.16
compression ratio K202 2.01
compression ratio K201 6
Speed shaft 1 (CK204+K202) rpm 9844
Speed shaft 2 (K201) rpm 10881
Speed shaft 3 (K201) rpm 16036
brake power shaft CK204+K202+K201
(KW) 31586
total brake power (KW) 31586
poly-efficiency £' stage 86.4
poly-efficiency 2nd stage 85.2
poly-efficiency ¥ -4" -5" stage 84.6
capacity control type IGV
Intercoolers included by vendor 0 note 2

TOTAL BRAKE POWER (WHOLE PROCESSJ1542 KW

One additional intercooler between 2nd/3rd stagerofess CK205 is included. The
discharge temperature of CK205 is 142.1°C.
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OXY-FUEL — OPTIMISED INTER-COOLING

Trainn® 1
RG125-4
4 stages
()
Train n° 2
RG125-4
4 stages
()

Train n°1 and train n° 2 run in parallel
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Train n° 3 (running in series to train 1-2)

RG56-5

5 stages
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OXYFUEL — OPTIMISED INTER-COOLING, General Overview
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Note: only the presence of additional intercoolevgh respect to baseline
configuration is indicated in the above overvievthwied bullets.
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The key process and mechanical characteristicheofrtachines selected by MAN
Diesel & Turbo are shown in the following tables.

OXY-FUEL PROCESS — OPTIMISED INTERCOOLING
MAN TURBO Integrally gear motor driven
Total n° of trains required 3
Ref. Train 1: CK205 (50% capacity)
Model RG125-4
Stages 4
Flowrate CK205 (Nnth) 163758
inlet temperature (°C) 12
inlet pressure (bara) 1
compression ratio 14.85
Speed shaft 1 (CK-205) rpm 4409
Speed shaft 2 (CK-205) rpm 7246
brake power shaft 1 +2 CK-205 (KW) 18185
total brake power (KW) 18185
poly- efficiency F-2nd -3%4th stage (%) 86.05
turndown each stage (%) 33.4
capacity control type IGV
poly- efficiency at min flow (%) 82.5
Intercoolers included by vendor 3 (1st/2nd; 2nd/3rd/4th stages)
Ref. Train 2: CK205 (50% capacity)
Model RG125-4
Stages 4
Flowrate CK205 (Nnith) 163758
inlet temperature (°C) 12
inlet pressure (bara) 1
compression ratio 14.85
Speed shaft 1 (CK-205) rpm 4409
Speed shaft 2 (CK-205) rpm 7246
brake power shaft 1 +2 CK-205 (KW) 18185
total brake power (KW) 18185
poly- efficiency F-2nd -3%4th stage (%) 86.05
turndown each stage (%) 33.4
capacity control type IGV
poly- efficiency at min flow (%) 82.5
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Intercoolers included by vendor 3 (1st/2nd; 2nd/3rd/4th stages)
Ref. Train 3: CK204 / K202 / K201
Model RG56-5
Stages 5
flowrate CK204 (Nnivh) 363454
flowrate K202 (Nni/h) 119033
flowrate K201 (Nni/h) 235200
inlet temperature CK204 (°C) 19
inlet temperature K202 (°C) 7.5
inlet temperature K201 (°C) 13.3
inlet pressure CK204 (bara) 14.4
inlet pressure K202 (bara) 9.3
inlet pressure K201 (bara) 18.6
compression ratio CK204 2.16
compression ratio K202 2.01
compression ratio K201 6
Speed shaft 1 (CK204+K202) rpm 9844
Speed shaft 2 (K201) rpm 10832
Speed shaft 3 (K201) rpm 19545
brake power shaft CK204+K202+K201
(KW) 27965
total brake power (KW) 27965
poly-efficiency £' stage 86.4
poly-efficiency 2nd stage 85.2
poly-efficiency ¥ -4" -5" stage 85.2
turndown f' stage (%) 32.6
turndown 2nd stage (%) 34.4
turndown 3rd - #-5" stage (%) 33.2
capacity control type IGV
poly- efficiency F' stage at min flow (%) 83.8 (estimated)
poly- efficiency 2nd stage at min flow
(%) 82 (estimated)
poly- efficiency 3-4"-5" stage at min
flow (%) 81 (estimated)
Intercoolers included by vendor 2 (3rd/4th; 4th/sthges)

TOTAL BRAKE POWER (WHOLE PROCESS§4335 KW
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223 GE

The following pages outline the selection of thenpoessors for the three different

process technologies.
Briefly they can be summarized as follows:

Process technology Type of compressor
Pre-combustion — 6 stages Integral gear
Post-combustion — 4 stages Conventional in-line
Post-combustion — 8 stages Integral gear
Post-combustion — alternative 6 stages Integral gea
Oxy-fuel (duty K205, K204) Conventional in-line
Oxy-fuel (duty K202, K201) Conventional in-line

PRE-COMBUSTION

6 Compressor Stages: #2x50% flow EM+SRL1006
=R A

P=3.01 bara iz B Q=104387 kg/h
T )
T=6.08°C £ P=1. bara )
= T=-5°C
—I:%Q@;
5,

Q=344697 kg/h ] Q=310085 kg/h
P=17.6 bara - o w P=5.8 bara
T=19.04°C 2 < T=6.08°C

\Be-
2

DRYER |
P=62.9 bara

Q=309857 kg/h

g P=32.9 bara
i T=24°C

Train Abs.Power (each):
\Compressor = 20500 kW

P=111.2 bara
To88°C OUTLET

lotal Abs.Power = 41000 kW
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POST-COMBUSTION — 4 COMPRESSOR STAGES

Q=278225 kg/h

P=1.6 bara
| | T=37.8°C

Ll
[)

ain Abs.Power feach):
mpressor = 26580 kW

Total Abs.Power = 53160 ki

2mcLi1006 -

Q= 304346 kg/h

P= 6.7 bara
T=19°C

i

i

r—-l-l

Q= 273391 kg/h
33.8 bara

P=

| Gearbox |

-

|

P= 61.8 bara

Trains: #2x50% flow EM+GB+2MCL1006+GB+2BCL354

P=111.2 bara

T=40°C
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POST-COMBUSTION — 8 COMPRESSOR STAGES

8 Compressor Stages: #2x50% flow EM+SRL1008

—5-9

Q=273928 kg/h
P=4.8 bara

ToisC -

=9

Q=304119 kg/h
P=21.7 bara

T=25°C

b

Q=273419 kg/h

N
e

‘ P=69.9 bara

T=40°C

Train Abs. Power (each):
Compressor = 22240 kW

Total Abs. Power = 44480 kW

OUTLET P=111.2 bara
— ) T=57"C
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POST-COMBUSTION — ALTERNATIVE 6 COMPRESSOR STAGES

Alt.solution 6 Compressor Stages: #2x50% flow EM+SRL1006

—@%@‘

Q=273928 kg.-"h
P=4.8 bara >

T=19"C

-9

Q=304119 kg/h
P=22.4 bara
¥=25°C

HS51

N

,.
| H552 I

Q=273419 kg/h
P=32.9 bara

P=111.2 bara
OUTLET I
T=69°C
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OXY-FUEL

K-205 and K-204: #2x50% flow EM+GB+2MCL1405+GB+BCL503

Train Abs.Power (each):

4.4 bara

p=1.

Q= 332308 kg/h

r=i w
! .
§ 3 [ #BCL50
| K
2 /
-am'd A £
=4 5]
: -
" R
df .
2
Q=301027 kg/h ] L3I0y [TouTLer
P=1.01 bara uin T=83C
INLET s - Ly L
=12.02°C
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K-202 and K201: #1x100% flow EM+GB+2BCL506

P=111.4 bara

2MCL|1405

e |
| Gearbox |

-

\

>
L

r

Q=460401 kg/h
P=21.75 bara
T=13.2°C

0=231838 kg/h

P=9.3 bara
-_INLET T

P= 21.95 bara
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2.2.4 Overview of absorbed powers

Table 2-2 summarises the main information on train arranggnend machine

selection undertaken by the different manufactuirerslved in the study, indicating
the absorbed powers for each case. It is notedHhbgberformance figures provided
by the compressor manufacturers are for the pugposéhe study only and do not
represent performance guarantees. All manufactinars included flange to flange
losses, indicating the shaft power at the driver.

Table 2-2Configuration proposed and shaft power (kW)

Case

Rolls-Royce

MAN Diesel & Turbo

GE

Pre-combustion

40,540 kW

Trains: 1x100%
4 in-line machines
13 compression stages,
6 inter-cooling steps

43,960 kW

Trains: 1x100%
1 integral gear machine
8 compression stages,
7 inter-cooling steps

41,000 kW

Trains: 2x50%

2 integral gear maching¢

#.stages not avail.
5 inter-cooling steps

14

Post-combustion
inter-cooling
as specified

50,460 kW

Trains: 2x50%

4 in-line machines/train
13 compression stages,
3 inter-cooling steps
T range: 80+170 °C (1

53,160 kW

Trains: 1x100%

1 integral gear machine
6 compression stages,
3 inter-cooling steps
T range: 85+180 °C (1)

53,160 kW

Trains: 2x50%
4 in-line machines
#.stages not avail.
3 inter-cooling steps
T range: 60+180 °C (1

Post-combustion
optimised
inter-cooling

44,410 kW

Trains: 2x50%

4 in-line machines/train
12 compression stages,
5 inter-cooling steps
T range: 60+115 °C (1

48,810 kW

Trains: 1x100%

1 integral gear machine

6 compression stages,
5 inter-cooling steps

T range: 80+100 °C (1)

Post-combustion
Increased stages

43,490 kW

Trains: 2x50%

4 in-line machines/train
13 compression stages,
6 inter-cooling steps
T range: 50+150 °C (1

45,650 kW

Trains: 1x100%

1 integral gear machine

7 compression stages,
6 inter-cooling steps

T range: 65+100 °C (1)

44,480 kW

Trains: 2x50%

2 integral gear maching

#.stages not avalil.,
7 inter-cooling steps
T range: not avail. (1)

14
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Case Rolls-Royce MAN Diesel & Turbo GE
74,100 kW 71,540 kW 72,280 kW
Oxy-fuel Trains: 3x33%+1x100% Trains: 2x50%+1x100%| Trains: 2x50%+1x1009
inter-cooling 7 in-line machines 3 integral gear machines 5 in-line machines
as specified 12 compression stages, 9 compression stages, #.stages not avalil.,
3 inter-cooling steps 4 inter-cooling steps 4 inter-cooling steps
T range: 65+280 °C (1) T range: 65+185 °C (1)| T range: not avail. (1)
62860 kW 64340 kW
Oxy-fuel Trains: 3x33%+1x100% Trains: 2x50%+1x100%
optimised 7 in-line machines 3 integral gear machines _
inter-cooling 14 compression stages, 9 compression stages,
7 inter-cooling steps 8 inter-cooling steps

T range: 70+135°C (1) T range: 65+95 °C (1)

Notes:
1) The stage discharge temperatures range is indicatlydfor oxy-fuel and post-combustion processes, i
which the compression heat is recovered throughhkintegration with the Power Island.

Generally, for the Base Cases the table shows lagdqowers lower than the figures
estimated in the study (ref. Section B), as sunmaedrin the following:

*  Oxy-fuel: (from 7 to 21% lower)
* Post-combustion: (from 8 to 23% lower)
* Pre-combustion: (from 7 to 14% lower).

This is mainly due to both the higher stage efficies proposed by the Vendors with
respect to the assumptions made in the referendeestand, in most cases, the use
of additional inter-cooling steps.

For the pre-combustion case, the reduction in teriypower consumption would be
entirely reflected into a net power output improesity since the COcompression
waste heat is disposed to the cooling water ondy,there is no recovery of waste
heat from the C@compression.

As far as Oxy-fuel combustion and Post Combustiases are concerned, the
reduction of power consumption due to the highdiciehcy or increased inter-
cooling would be partially off-set by the consequdacrease of compression heat
available at the COcompression stage outlet, a fraction of whicheisorvered into
the Steam Condensate / Boiler Feed Water systentiseoBoiler / Steam Turbine
Island. This is particularly true for the machinasiections in which the Suppliers
have included additional inter-cooling steps widispect to the original design, in
order to optimise the selection and minimise corsgue electrical consumption.
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The feedback from MAN Diesel & Turbo for the oxyefucombustion base case
indicates that integral gear machines may have seammical limitations in handling
the first un-cooled section of the @€ompression process, due to the high discharge
temperature. Hence, with the integral gear compregzroposed by MAN Diesel &
Turbo, the deep thermal integration with the Polskand can not be implemented as
foreseen in the reference case. The compresstinitseld have lower parasitic load
but elsewhere in the plant (e.g. Steam Turbinené§lahere will be an increased
thermal energy demand.

Generally, in terms of performance evaluation, bwd be a mistake to draw

conclusions based just on the compressor electmatumption. The performance
of the machines has to be considered in the comterwerall plant performance,

which is influenced by the different integrationarihe overall process depending on
the proposed configuration.

For the post combustion capture, the comparisond®st 4 stages and 8 stages from

Vendors data confirm the beneficial effects in terof electrical consumption
reduction, as expected in case D1 (ref. Section C).

2.2.5 Budget cost of machine packages

An indication of the expected specific cost range €ach machinery class is

included in this report, based on Foster Wheelkdgg¢ments form a range of sources.
The cost ranges, reported in the following tabte/et the selections for the operating
envelope given in the different applications inigedied (pre-combustion, post-

combustion and oxy-fuel combustion).

Table 2-3Specific investment cost range for each machine.typ

Type Specific cost rang
In-line centrifugal (Rolls Royc 600+900€/KW
Integra-gear MAN Diesel & Turbo 300+600€/kW

Table 5.2 generally shows a higher investment faysin-line centrifugal machines
than integral-gear, the delta cost being mainlyifjed by the following reasons:

* In-line centrifugal compressors need multiple trsotutions;
* More compact design of the integrally geared ckrgal compressors, which
results in a lower machine investment cost;



FOSTER@WHEELER

IEA GHG Revision no.:1
ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS Date: June 2011
Sheet66 of 92

Section D - Compression Equipment Survey

Variable Speed Drivers are required for capacitytab at partial load in the
in-line machines, whereas the integral-gear typsuplied with Inlet Guide
Vanes.

Despite the generally higher cost, the “in-line” anmes offer the following
technical advantages over the integral-gear type:

Better maintainabilitydue to easier access, as explained in paragraph 1
Higher operating flexibility due to the multiple parallel trains configuration
with the turndown capability of the single trainirag very similar for both
types. Also, the VFD provided with the in-line maws ensures better
efficiency (i.e. lower parasitic consumption) whte plant operates at partial
load. This is a very important feature since iexpected that CCS power
plants will be required to operate in the actuakttlcity market, responding
to the normal daily and seasonal variability ofctleity demand.

Higher reliability typically by 2% with respect to the integral-gear
compressors.

Reduced impact on the electrical system desidre impact of using large
motors is mainly represented by the necessity figaificant over design of
the electrical systems equipment (transformerslesaletc.) to support the
peak current demand at motor starting. For thenm-tompressor, smaller
size (roughly half) for the largest motors has bpesposed with respect to
the integral-gear compressors. Also, VFD’s havenbeeluded for in-line
machines capacity control, which are expected ttopa better in smoothing
the peak demand at motor starting than the softessaproposed with the
integral gear type.

Hence, from the indications reflected in this répdris not possible to draw any
definitive conclusion on the economics of the déf@ machine types. The selection
of the machine, as usual, is case-specific andine¢n by machine investment cost
only. Other features like reliability, flexible omion, easy maintainability and
associated impacts on other systems in the plait Bl also accurately assessed.
Also, the cost of the machines has to be considieréde context of overall plant
cost and performance, which may differ as eachiregslightly different integration
into the overall process.
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3.1

3.2

Drive and capacity control options

Usually the drives that conventionally might be dider compressors in Power
Stations with CCS can be selected between elentotors and steam turbines,
considering both the typical power range of thengrimovers and the experience
gained by compressor manufacturers.

Here below the main pros and cons are listed foin salution.

Steam turbine option

Technical Pros and cons associated to the applicabf steam turbines for
machinery driving are reported below.

Pros

* Rating covers wide range of power (typically 130NBAVot an issue)

* It is particularly adaptable for direct connectitmnequipment rotating at high
speed

» Operate over a broad speed range

» Steam is often used elsewhere in process

» Better efficiency at part load conditions.

Cons

» Physically very large, layout requires more spawkraore extensive civil works

* Overhaul is more complex and maintenance is mas#yco

» Operating procedures are more complex and take timoee especially during
start-up and stop (running the plant without CCRwee is easier if this involves
simply switching off an electric motor)

Electric motor option
Technical Pros and cons associated to the usectfielmotors are reported below.
Pros

* Higher availability than steam turbines

* Reduced manning level

» Simple layout, reduced civil works

* Easy operation, start-up procedure and switch-off
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3.3

3.4

Electric motors —Cons

* Limited experience with high power VSD (typicallp uo 65 MW); however,
this is not a major issue as in VSD solutions midtidrivers are likely to be
used.

» Electrical issues at compressor start-up when VSDused (peak voltage,
harmonic distortion, etc)

» Speed control range: electric motors can potewpt@dl down to 55% speed, as
per Rolls Royce feedback, however, the range isicesd by VFD efficiency
drop due to the additional cooling required at mimm speed.

Economics qualitative comparison of the options

In terms of economics the comparative analysisordy be case specific, depending
on unit scale and type of solutions proposed bydden

In a Power Station with CCS, the OPEX of the Stekurbine drive option are
expected to be worse than the electric motor opsorce the steam to the drives is
taken from the main steam system in the Power dséard, generally, the adiabatic
efficiency of the main Steam Turbine is expectetd¢moticeably higher than that of
steam turbine used for driving the compressors.

As far as CAPEX is concerned, for large scale apfibn, the steam turbines may
turn out to be less costly than the electrical metblowever, this depends on many
factors, the most important ones being:

* need for a variable speed driver with the eleatnmtor, if this is proposed by
Vendors to provide a load flexibility comparablesteam turbine drives.

» Use of condensing turbine vs. backpressure turliseeflected in the quotation
provided by MAN Diesel & Turbo.

» Cost of steam piping (high/low pressure) and vafeeshe steam turbine option,
which may not be negligible if the compression planlocated some distance
from the steam plant (steam pipe would incur sigaift losses)

Capacity control options proposed by Vendors

In the power generation business turndown requingsnmay become increasingly
important as dependence on renewables increasesdolns of up to 50% are not
unusual today and this is likely to be the requeatrfor future power stations with



FOSTER@WHEELER

IEA GHG Revision no.:1
Date: June 2011
Sheet69 of 92

ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS
Section D - Compression Equipment Survey

CCS, being reflected in a 50% turndown requirenfenthe CQ compression train
as well.

In applications that require flow control the mesiergy effective technique is often
variable speed control; alternatively inlet guidags can be used, depending on the
type of machine.

Generally the variable speed control is used wheventional machine trains are
involved and for instance this applies to the RBIts/ce proposal.

It is worth to mention that, to complement its eumtr portfolio of products, Rolls-
Royce is also developing an advanced, C@mpressor for future carbon capture and
storage applications. Through its two-year collaltive CQ Optimised Compressor
project, COZOC, with partners E.ON Engineering #r&University of Nottingham,
Rolls-Royce is developing compressor concepts Bpaity designed to minimise
power consumption across a range of operating tondi These include novel
approaches to power optimised base load and padtdperation. Whereas existing
compressors meet turndown requirements between0%b-8lowrate via re-
circulating bleed and/or multiple parallel trairRplls-Royce advanced concepts
utilise almost no bleed. This results in signifitpower savings.

On the other hand, the inlet guide vanes are eraglayth integral-gear compressors
likewise has been proposed by MAN Diesel & Turbo.

The possibility to install the IGV’s is facilitateoly the direction of the gas flow at
inlet of impeller (axial), the shape of the casargl the space available that allows
the application of this solution on integral geaaamne rather the conventional
machine.

In conjunction with the description of the machineselection for each process
technology and for each manufacturer at paragiapbr! Reference source not
found., the outcomes of the market survey regarding dgpeantrol are reported in
the following sections, where the turndown rates iadicated in accordance to the
following definition:

Rated Capacity — Min Capacity (at rated head)

T D =
urn Down Rated Capacity

Rolls-Royce selection

Pre-combustion
For this case a single compressor train has bdentsg by vendor to comply with
the process duty, consisting of two compressor mash
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The expected performance curve of the first congmesiachine (duty K-100, K101,
K102) exhibits a minimum flow of about 60000 ama&thinlet of first stage (duty
K100), while the rated capacity is 87493 am3/h.sTdorresponds to the theoretical
compressor surge point leading to a capacity twmdd@at constant discharge
pressure) of about 31.4 %.

The regulation of capacity is achieved by meand/8D (variable speed drive)
which reduces the speed by about 5% to about 4p®9 mhile the speed
corresponding to rated capacity is 4800 rpm.

The expected performance curve of the second casmranachine (duty K-103,
K104) exhibits a minimum flow of about 6100 am3kirdet of first stage (duty
K103) while the rated capacity is 8793 am3/h.

This corresponds to the theoretically compressogespoint leading to a capacity
turndown (at constant discharge pressure) of ab@uét %.

The regulation of capacity is achieved by meand/8D (variable speed drive)
which reduces the speed at about 9600 rpm, whilespieed corresponding to rated
capacity is 10000 rpm.

However it has to be highlighted that some marginttee surge line is taken into
account by the compressor vendor to allow the suntile protection system to react
promptly, hence the practical turndown achievableuld be slightly higher and
depends on the algorithms pertaining to the anmgjesiprotection system. These
consideration is valid for all operating casessthot only for pre-combustion, but
also for post-combustion and oxy-fuel.

In conclusion, for the pre-combustion single trdiaing the turndown of the overall
unit equal to 30.6%, it is not possible to achi®@86 of turndown capacity relying
upon the design of machine itself and therefore sbkitions to accomplish this
requirement are the use of spillback lines or rpldtparallel trains.

Post-combustion - inter-cooling as specified

For this case two parallel compressor trains haenlselected by vendor to comply
with the process duty, consisting of total four guessor machines, two machines
group running in parallel and consisting of firsimgoressor unit (K101, K102) and
second compressor unit (K103, K104) per each train.

Due to this duplication, it is possible to achié&@ of total compressor capacity of
post-combustion process simply switching — off tihe compressor units pertaining
to one of the two trains. However the range fromuad 30%-50% will not be
covered.

Moreover, even with one train running it is possitd further reduce the capacity if
necessary.

In fact the expected performance curve of the oshpressor machine (duty K-101,
K102) exhibits a minimum flow of about 70000 ama&thinlet of first stage (duty
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K101), while the rated capacity is 102620 am3/h.isThorresponds to the
theoretically compressor surge point leading toapacity turndown (at constant
discharge pressure) of about 31.7 % for each ofwtbeparallel trains.

The regulation of capacity is achieved by meand/8D (variable speed drive)
which reduces the speed at about 3900 rpm, whilespieed corresponding to rated
capacity is 4200 rpm.

The expected performance curve of the second casmranachine (duty K-103,
K104) exhibits a minimum flow of about 2600 am3khirdet of first stage (duty
K103) while the rated capacity is 3757.7 am3/h.

This corresponds to the theoretically compressogespoint leading to a capacity
turndown (at constant discharge pressure) of aBouB % for each of the two
parallel trains.

The regulation of capacity is achieved by means/8D (variable speed drive)
which reduces the speed at about 9500 rpm, whilespieed corresponding to rated
capacity is 10000 rpm.

The overall unit turndown is therefore equal to66b, considering the double
parallel train configuration. but this is not a tinnously variable turndown, there is
a gap between around 30% and 50%.

Post-combustion — increased stages

For this case two parallel compressor trains haenlselected by vendor to comply
with the process duty, consisting of total six coeggor machines, three machines
group running in parallel and consisting of of tficompressor unit (K101, K102),
second compressor unit (K103, K104) and third casgor unit (K105, K106,
K107, K108) per each train.

Due to this duplication, it is possible to achié&@ of total compressor capacity of
post-combustion process simply switching —off teé compressor units pertaining
to one of the two trains.

Moreover, even with one train running it is possitd further reduce the capacity if
necessary.

In fact the expected performance curve of the Gishpressor machine (duty K-101,
K102) exhibits a minimum flow of about 70000 ama&#thinlet of first stage (duty
K101), while the rated capacity is 102620 am3/h.isThorresponds to the
theoretically compressor surge point leading toapacity turndown (at constant
discharge pressure) of about 31.7 % for each ofwtbeparallel trains.

The regulation of capacity is achieved by meand/8D (variable speed drive)
which reduces the speed at about 3900 rpm, whilespieed corresponding to rated
capacity is 4200 rpm.

The expected performance curve of the second casmranachine (duty K-103,
K104) exhibits a minimum flow of about 10000 ama&#thinlet of first stage (duty
K103) while the rated capacity is 14586 am3/h.
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This corresponds to the theoretically compressogesypoint leading to a capacity
turndown (at constant discharge pressure) of aBdawbs % for each of the two
parallel trains..

The regulation of capacity is achieved by meand/8D (variable speed drive)
which reduces the speed at about 5700 rpm, whilespieed corresponding to rated
capacity is 6000 rpm.

The expected performance curve of the third congaresiachine (duty K105, K106,
K107, K108) exhibits a minimum flow of about 258M&h at inlet of first stage
(duty K105) while the rated capacity is 3758.2 am3/

This corresponds to the theoretically compressogespoint leading to a capacity
turndown (at constant discharge pressure) of aBauwd % for each of the two
parallel trains.

The regulation of capacity is achieved by means/8D (variable speed drive)
which reduces the speed at about 9500 rpm, whilespieed corresponding to rated
capacity is 10000 rpm.

The overall unit turndown is therefore equal to7566, considering the double
parallel train configuration.

Considering two trains running the capacity rangesveen about 70 and 100%
while one train running ranges between about 3586896; hence the capacity band
50% - 70% is not possible.

Oxy-fuel — inter-cooling as specified

For this case seven compressor machines have b&satesl by vendor to comply
with the process duty. For first and second congmesnits (CK205 and CK204)
three parallel trains, each one is composed bydwuopressors, are selected while
the fourth compressor unit (K202, k201) is a sirighén unit.

As far as first compression stages are concernaed, td the train triplication,
switching —off one of the three trains, a turndowh 33% is achievable and
regulating further the capacity of each compre§4¢205 it is possible to obtain the
required minimum turndown of 50%.

In fact the expected performance curve of the fimnhpressor machine (duty CK-
205) exhibits a minimum flow of about 80770 am3thirdet of first stage (duty
CK205), while the rated capacity is 115980 am3/MisTcorresponds to the
theoretically compressor surge point leading toapacity turndown (at constant
discharge pressure) of about 30.3 % for each ghtedin. The regulation of capacity
is achieved by means of VSD (variable speed dmegh reduces the speed at about
3980 rpm, while the speed corresponding to ratpdaty is 4162 rpm.

The expected performance curve of the second casmrenachine (duty CK-204)
exhibits a minimum flow of about 5800 am3/h at indé first stage (duty CK204)
while the rated capacity is 8690.2 am3/h. This egponds to the theoretically
compressor surge point leading to a capacity twmddat constant discharge
pressure) of about 33 % for each parallel traire fidgulation of capacity is achieved
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by means of VSD (variable speed drive) which redube speed at about 8140 rpm,
while the speed corresponding to rated capac®péb rpm.

The expected performance curve of the forth traomststing of one single
compressor machine (duty K202, K201) exhibits aimium flow of about 9500
am3/h at inlet of first stage (duty K202) while tta¢ed capacity is 12660 am3/h.
This corresponds to the theoretically compressogesypoint leading to a capacity
turndown (at constant discharge pressure) of abogb.

The regulation of capacity is achieved by means/8D (variable speed drive)
which reduces the speed at about 10200 rpm, wilespeed corresponding to rated
capacity is 10414 rpm.

In conclusion, for the oxy-fuel combustion casengehe turndown of the overall
compression unit equal to 25%, it is not possildeathieve 50% of turndown
capacity relying upon the design of machine itseltl therefore the solutions to
accomplish this requirement are the spillback lioeduplication of units K-201 and
K-202.

For all processes it has to be noticed that thedspariation ranges within 7% max

(i.e. from 100% down up to 93% max).

Usually the standard construction of variable spdwees (VSD) is based on speed
variation 70-100 % and the technology in use farhstange applies as such even
when small speed variations are necessary assispecific case.

Therefore the VSD will result underused and cowdccbmpensated by energy saved
as a function of the time running at part load ¢bows.

MAN Diesel & Turbo selection

Pre-combustion — solutions 1 and 2

One single compressor train has been selectedrmovéo comply with the process
duty, consisting of one compressor machine.

The expected performance curve of the compressohimafor duty K-100 exhibits
a minimum flow of about 70000 Nm3/h at inlet ofsfistage (duty K100), while the
rated capacity is 105568 Nm3/h. This correspondshéo theoretical compressor
surge point leading to a capacity turndown (at tamtsdischarge pressure) of about
33.6 %.

The regulation of capacity is achieved by mean&f (inlet guide vanes) which are
rotated to about 42° (at rated capacity is 0°).

The expected performance curve of the machineudtyr K-101 exhibits a minimum
flow of about 210000 Nm3/h at inlet of second stédety K101) while the rated
capacity is 315734 Nm3/h.
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This corresponds to the theoreticall compressogesymoint leading to a capacity
turndown (at constant discharge pressure) of aBdut %.

The regulation of capacity is achieved by mean&bf (inlet guide vanes) which are
rotated to about 45° (at rated capacity is 0°).

The expected performance curve of the machineuty K-102, exhibits a minimum
flow of about 235000 Nm3/h at inlet of third sta@guty K102), while the rated
capacity is 354177 Nm3/h. This corresponds to tiemretical compressor surge
point leading to a capacity turndown (at constastlthrge pressure) of about 33.6
%.

The regulation of capacity is achieved by mean&df (inlet guide vanes) which are
rotated to about 50° (at rated capacity is 0°).

The expected performance curve 8fahd &' stages (duty K103, K104) exhibits a
minimum flow of about 205000 Nm3/h, while the ratapacity is 318643 Nm3/h.
This corresponds to the theoretically compressogespoint leading to a capacity
turndown (at constant discharge pressure) of about %.

The regulation of capacity is achieved by mean&df (inlet guide vanes) which are
rotated to about 42° (at rated capacity is 0°).

In conclusion, for the pre-combustion single trdiaing the turndown of the overall
unit equal to 33.4%, it is not possible to achi®@86 of turndown capacity relying
upon the design of machine itself and therefore sbkitions to accomplish this
requirement are the spillback lines or train dugdimn.

Post-combustion — optimised inter-cooling

For this case only one single compressor trainbleas selected by vendor to comply
with the process duty, consisting of one compressahine.

The expected performance curve (duty K-101) extibitminimum flow of about
183000 Nm3/h at inlet of first stage (duty K101)ilthe rated capacity is 276677
Nm3/h.

This corresponds to the theoretical compressorespant leading to a capacity
turndown (at constant discharge pressure) of aBdut %.

The regulation of capacity is achieved by mean&df (inlet guide vanes) which are
rotated to about 45° (at rated capacity is 0°).

The expected performance curve (duty K-102) exbibitminimum flow of about
204000 Nm3/h at inlet of third stage (duty K102l the rated capacity is 307506
Nm3/h. This corresponds to the theoretical compiressirge point leading to a
capacity turndown (at constant discharge pressiraout 33.6 %.

The regulation of capacity is achieved by mean&of (inlet guide vanes) which are
rotated to about 45° (at rated capacity is 0°).

The expected performance curve 8fand %' stages (duty K103, K104) exhibits a
minimum flow of about 178000 Nm3/h, while the ratpacity is 276321 Nm3/h.
This corresponds to the theoretical compressorespaint leading to a capacity
turndown (at constant discharge pressure) of about %.
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The regulation of capacity is achieved by mean&of (inlet guide vanes) which are
rotated to about 40° (at rated capacity is 0°).

In conclusion, for the post-combustion 4-stageglsirrain, being the turndown of
the overall unit equal to 33.6%, it is not possibdeachieve 50% of turndown
capacity relying upon the design of machine itgeltl therefore the solutions to
accomplish this requirement are the spillback lioesain duplication.

Post-combustion — increased stages

For this case one single compressor train has $&lented by vendor to comply with
the process duty.

The expected performance curve (duty K-101, K10203 exhibits a minimum
flow of about 185000 Nm3/h at inlet of first stagguty K101) while the rated
capacity is 276662 Nm3/h.

This corresponds to the theoretical compressorespaint leading to a capacity
turndown (at constant discharge pressure) of aB®gb.

The regulation of capacity is achieved by mean&of (inlet guide vanes) which are
rotated to about 52° (at rated capacity is 0°).

The expected performance curve (duty K-104) extibitminimum flow of about
197000 Nm3/h at inlet of fifth stage (duty K104ile the rated capacity is 307465
Nm3/h. This corresponds to the theoretical comprressirge point leading to a
capacity turndown (at constant discharge pressidraout 35 %.

The regulation of capacity is achieved by mean&of (inlet guide vanes) which are
rotated to about 30° (at rated capacity is 0°).

The expected performance curve (duty K105, K1060K1K108) exhibits a
minimum flow of about 184000 Nm3/h, while the ratpacity is 276512 Nm3/h.
This corresponds to the theoretical compressorespaint leading to a capacity
turndown (at constant discharge pressure) of aBdut %.

The regulation of capacity is achieved by mean&of (inlet guide vanes) which are
rotated to about 52° (at rated capacity is 0°).

In conclusion, for the post-combustion 8-stagesdéhe turndown of the overall
unit equal to 33.0%, it is not possible to achi®@86 of turndown capacity relying
upon the design of machine itself and therefore dbleitions to accomplish this
requirement are the spillback lines or train dugdlmn.

Oxy-fuel — optimised inter-cooling

For this case three compressor machines have ledectexl by vendor to comply
with the process duty. For first compressor uniK2a5), two parallel trains are
selected, while for the other downstream units (CK2K202, K201) consist of a
single train.

For compressor CK205, due to the train duplicatibis, possible to achieve 50% of
total compressor capacity simply switching — ofé thwo parallel trains. Moreover,
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even with one train running it is possible to ferthieduce the capacity if necessary.
In fact the expected performance curve of the fimhpressor machine (duty CK-
205) exhibits a minimum flow of about 109000 Nma3at#hinlet of first stage, while
the rated capacity is 163758 Nm3/h. This correspdodhe theoretical compressor
surge point leading to a capacity turndown (at tamtsdischarge pressure) of about
33.4 % per each parallel train. The regulation apacity is achieved by means of
IGV (inlet guide vanes) which are rotated to alihft (at rated capacity is 0°).

The expected performance curve of the third consore@uty CK204, K202, K201)
exhibits a minimum flow of about 245000 Nm3/h detrof CK204, while the rated
capacity is 363454 Nm3/h. This corresponds to tieoretical compressor surge
point leading to a capacity turndown (at constastlthrge pressure) of about 32.6
%. The regulation of capacity is achieved by me#n&V (inlet guide vanes) which
are rotated to about 30° (at rated capacity is 0°).

The performance curves at inlet of second stag®2K2xhibits a minimum flow of
about 78000 Nm3/h, while the rated capacity is BBORm3/h. This corresponds to
the theoretical compressor surge point leading taacity turndown (at constant
discharge pressure) of about 34.4 %. The regulati@apacity is achieved by means
of IGV (inlet guide vanes) which are rotated to atb40° (at rated capacity is 0°).
The performance curves at inlet of second stag®1K2xhibits a minimum flow of
about 157000 Nm3/h, while the rated capacity i2B8NmM3/h. This corresponds to
the theoretical compressor surge point leading taacity turndown (at constant
discharge pressure) of about 33.2 %. The regulati@apacity is achieved by means
of IGV (inlet guide vanes) which are rotated to ad®0° (at rated capacity is 0°).

In conclusion, for the oxy-fuel combustion casengehe turndown of the overall
compression unit equal to 25%, it is not possildeathieve 50% of turndown
capacity relying upon the design of machine itseltl therefore the solutions to
accomplish this requirement are the spillback limeduplication of units CK204, K-
201 and K-202.
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4.1

4.2

Reliability and operability

Reliability and Availability of Rolls-Royce compresors

As a general rule, compressors in £X@rvice are not expected to be worse than for
other gas applications with respect to reliabgitd availability.

Reliability data for compressors in any gas senigdlifficult to obtain. Many
customers don’t track the issues and those thdedp the data to themselves. R-R
do have some reliability/availability data for theompressors (in a variety of
services) however unfortunately they would onlyalde to share this under a Non
Disclosure Agreement which R-R imagine is not gattrly useful as the present
study will be published.

R-R however comments that their gas compressorsxdremely reliable and often
have very long lives (they state to have known)aneples of R-R compressors in
continuous operation for 50 years+). This is aldwoywhere is limited customer
feedback/reliability data available because custengenerally only come back to
manufacturer if there are problems.

R-R also stated that including a long term ser@geeement for a compressor adds
only a minimal amount more (a few 10s of thousaotl$ vs. the 1+million they
charge for the gas turbine.) to the price quotafidns provides a good indication of
the reliability of this hardware.

Operability of Rolls-Royce compressors

As stated in the above paragraph, RR compressaes éxtremely high reliability
and, as a result, customer feedback regarding tpgréssues is limited. Field
service engineers have however commented that thet lwvay to avoid
operating/maintenance issues is to do a full sebofmissioning tests and also try to
ensure that the customer is really going to opeaatéhe points the compressor is
designed for (noting however that more flexible ragien can be designed for, such
as part load conditions for CCS applications). Kegprocess flows clean also helps
to prolong the life of components which are morengr to issues (bearings, seals,
etc.)

RR centrifugal inline compressors have an advantager integrally geared

compressors with respect to maintenance accessprapressor bundles can be
removed for easy inspection/maintenance from theé @arrels) or from the top

(horizontally split casings) generally without didiing the process piping.
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4.3

4.4

4.5

4.6

Reliability and Availability of MAN Diesel & Turbo compressors

Similarly to Rolls-Royce, information related toaaability of the compressors is not
readily available, because malfunctions or probleans track but not always
disclosed to compressor manufacturer.

However as a rough idea, for integrally geared rdegal CO2 compressor, it is
expected an availability figure of around 97%.

Operability of MAN Diesel & Turbo compressors

As stated in the above paragraph, MAN Diesel & Dutbmpressors have extremely
high reliability and as a result customer feedbaegarding operating issues is
limited.

For instance the Customer Plant reliability sugendent of Dakota Gasification

Company has commented that they initially did egmee problems with high

pressure stages seals and the Turbolog contraraysifter the correction of such

deficiencies by MAN Diesel & Turbo the current oggon of the machines has been
very reliable and consistent.

Ramp up / ramp down of MAN Diesel & Turbo compressos

Regardless the type of driver (electric motor @ast turbine) the compressor will
run at constant speed and the capacity controthgeaed by means of inlet guide
vanes.

For plant stability the inlet guide vanes are strdkom minimum to maximum
setting and vice-versa in about 30 seconds.

The start up for a motor can be as short as 15e20msls to full speed in the
unloaded condition, it will than take 20 second<lwmse the bypass valves to start
delivering at minimum IGV setting and than a furtB® seconds to reach full load.
The ramp down is expected to be within one mindépending on size of machine,
inertia forces and load.

Start-up time of a steam turbine depends upon wenétls cold, warm, or hot and it
will have to go through its start-up ramp proceduwéhich are machine and live
steam conditions dependant.

Ramp up / ramp down of Rolls-Royce compressors

In single speed motor applications ramp up to $pkked (0 to 10000 rpm) can be
completed in just 8 seconds, and ramp up to fald I(26.000 HP) has been obtained
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in 17 seconds. As long as the thrust and journatibg lube oil supply is at the
specified pressure and temperature, there areverseleffects to the compressor.
Ramp down times are typically less than one mig8@eto 45 seconds), but can take
up to 2 minutes for a complete stop. Rolls-Roycefgrs coast-down decelerations
where frictional and inertial forces along with thas load on the compressor are
controlling the ramp down.
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5 Manufacturing capacity of industry with respect to CCS capacity

projection

The contacted compressors’ Vendors were asked deider general information
regarding their manufacturing capacity for largenpoessor units like the ones
proposed for the present study.

Some feedback was received from MAN Diesel & Tualbd Rolls Royce.

MAN Diesel & Turbo stated they are currently builgiup to 12 large (RG160)

compressor units per year and numerous smalled SR8 machines. With 5

European manufacturing facilities and a full turbachinery programme, MDT

believe they are well positioned to adjust theioduction slate to accommodate
higher demands for particular machine types, shthddusiness case demand it.

Rolls Royce stated their current production capaisitapproximately 30 units per
year. If the market for CCS is attractive they ns&gk to increase the production
capacity to help accommodate this demand.

Based on the IEA Blue Map Scenario, the projectibthe number of units needed
over time can be summarised as follows:

* Approx 40 compressor units per year up to 2030.

* Approx 100 compressor units per year from 20300®02

Considering the feedback from two of the main Sigpplin the market and the
potential contribution of other Suppliers to theemll manufacturing capacity, it can
be concluded that industry has the capability tcoaemodate future potential
demand in case CCS in Power Generation will effettibe a leading strategy in
reducing the C@emissions.
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6.1

3stgs| 1 2 2 2 2stgs| 1
@ K100 | stg stgs | stgs stgs @ K103 | stg

Contrast with operating envelopes for the most pronsing
compression strategies

This section defines the impacts and the possildifinations of the machinery
selection, due to changes of some process paranatediscussed in section C, for
the following process technologies:

a- Pre combustion — Case A2
b- Pre-combustion — Case D2b
c- Post-combustion — Case B2A

d- Post-combustion — Case B2B
e- Oxy-fuel — Case C3

Machinery selection by Rolls-Royce
PRE-COMBUSTION — Case A2

Train n° 1 (two compressor packages running iresgri

FrameRES Frame RES

K100 K101 K101 K102 K104

TOTAL BRAKE POWER (WHOLE PROCESS37510 KW

The main changes in respect to the base machimetisel for the case PRE-
COMBUSTION Case A2 are the following:

Process K100

- The rotating speed remains the same, while therlabdoshaft power slightly
increases from 5630 KW to 5760 KW.

Process K101

- The absorbed shaft power reduces from 15880 KV21@Q KW.

No impact is foreseen on processes K102, K103 dri#tKhat remain as per original
base case selection.
PRE-COMBUSTION — Case D2B
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Train n° 1 (one single compressor package)
FrameRES Frame RES
3 stgs 1 2 2 2
@ K100 | stg stgs | stgs stgs
K100 K101 K101 K102

TOTAL BRAKE POWER (WHOLE PROCESS$1130 KW

The main changes in respects to the base machiaetise for the case PRE-
COMBUSTION Case D2B are the following:

Process K100
- The rotating speed slightly reduces from 4800 RPMATO0 RPM, while the
absorbed power slightly increases from 5630 KW7&OMGBKW .

Process K101
- The absorbed power increases from 15880 KW to 1 K830

Process K102
- The absorbed power increases from 7230 KW to 7940 K

The processes K103 and K104 are eliminated.

POST-COMBUSTION PROCESS (INTER-COOLING AS SPECIFIED) -
Case B2A

Train n° 1 (two compressor packages running iresgri

Frame FES Frame BB

4 stgs| 5 stgs 2 stgs| 2 stgs
@7 K101 | K102 ®7 K103 | K104
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Train n° 2 (two compressor packages running iresgri

Frame FES Frame BB
4 stgs| 5 stgs 2 stgs| 2 stgs
@7 K101 | K102 ( :>— K103 | K104

Train n°1 and train n° 2 run in parallel

TOTAL BRAKE POWER (WHOLE PROCESS¥6044 KW

The main changes in respects to the base machieetise for the case POST-
COMBUSTION (INTER-COOLING AS SPECIFIED) Case B2Aeahe following:

Process K101

- The number of stages decreases from 5 to 4 asawdlhe frame size changes
from RFS to RES.

- The rotating speed increases from 4200 RPM to 48@M, while the absorbed
power slightly decreases from 9366 Kw to 8416 Kw.

Process K102
- Within the frame RES the rotating speed increases {4200 RPM to 4900
RPM, while the absorbed power decreases from 1858t 9329 Kw.

There is no impact on processes K103 and K104réimadins unchanged.

POST-COMBUSTION PROCESS (INTER-COOLING AS SPECIFIED) -
Case B2B

Train n° 1 (two compressor packages running iresgri

Frame FES Frame BB

4 stgs| 5 stgs 2 stgs| 2 stgs
@7 K101 | K102 ®7 K103 | K104
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Train n° 2 (two compressor packages running iresgri

Frame FES Frame BB

4 stgs| 5 stgs 2 stgs| 2 stgs
@7 K101 | K102 @7 K103 | K104

Train n°1 and train n° 2 run in parallel
TOTAL BRAKE POWER (WHOLE PROCESS¥#5930 KW

The main changes in respects to the base machieetise for the case POST-
COMBUSTION (INTER-COOLING AS SPECIFIED) Case B2B:dhe following:

Process K101

- The number of stages decreases from 5 to 4 asawdlhe frame size changes
from RFS to RES.

- The rotating speed increases from 4200 RPM to 48@M, while the absorbed
power slightly decreases from 9366 KW to 8368 KW.

Process K102
- Within the frame RES the rotating speed increases {4200 RPM to 4900
RPM, while the absorbed power decreases from 188860 9320 KW.

There is no impact on processes K103 and K104rémadins unchanged.

OXY-FUEL PROCESS (INTER-COOLING AS SPECIFIED) — Case C3

Train n° 1 (two compressor packages running iresgri

Frame FFS Frame ICB

6 stgs 2 stgs
< > CK205 < > CK204
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Train n° 2 (two compressor packages running iresgri

Frame FFS Frame ICB
6 stgs 2 stgs
( > CK205 ( ) CK204

Train n° 3 (two compressor packages running iresgri

Frame FFS Frame ICB
6 stgs 2 stgs
( ) CK205 ( ) CK204

Train n°1, n° 2 and train n° 3 run in parallel

Train n° 4

Frame FCB
1 stg 2 stgs
@7 K202 | K201

TOTAL BRAKE POWER (WHOLE PROCESS§8631 KW

The main changes in respects to the base macHewtise for the case OXY-FUEL
(INTER-COOLING AS SPECIFIED) Case C3 are the foliogy

Process K202

- Within the frame RCB the rotating speed slightlgm@ases from 10427 RPM to
10393 RPM, while the absorbed power increases 2888 KW to 3447 KW.

Process K201

- The number of stages reduces from 3 to 2 whilerttating speed slightly
decreases from 10427 RPM to 10393 RPM.
- The absorbed power decreases from 16982 KW to 1KU6.7
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6.2 Machinery selection by MAN Diesel & Turbo
PRE-COMBUSTION — Case A2

Trainn° 1

RG100-8

8 stages

s [a
v

K102 K102
6th 5th
stc stc

K104 K103
8th 7th
stc stc

TOTAL BRAKE POWER (WHOLE PROCESS¥1926 KW

The main changes in respect to the base machiretisel for the case PRE-
COMBUSTION Case A2 are the following:
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Process K100
- The rotating speed slightly decreases from 5655 tpr8462 rpm, while the
absorbed power slightly increases from 6056 KW1616KW.

Process K101
- The rotating speed slightly increases from 4351 tpm1556 rpm, while the
absorbed power reduces from 10809 KW to 8286 KW.

Process K102
- The rotating speed slightly decreases from 7140 tpne859 rpm, while the
absorbed power increases from 13619 KW to 14007 KW.

Process K103 / K104
- No changes.

PRE-COMBUSTION — Case D2B

Trainn° 1

RG100-6

6 stages

(w)

TOTAL BRAKE POWER (WHOLE PROCESS}$1431 KW
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The main changes in respect to the base machimetisel for the case PRE-
COMBUSTION Case D2B are the following:

The frame size incorporates 6 stages instead @iges.

Process K100
- The rotating speed slightly decreases from 5655 tpr8462 rpm, while the
absorbed power slightly increases from 6056 KW1616KW.

Process K101
- The rotating speed slightly increases from 4351 tpm1556 rpm, while the
absorbed power reduces from 10809 KW to 8286 KW.

Process K102
- The rotating speed slightly decreases from 7140 tpn7095 rpm, while the
absorbed power increases from 13619 KW to 16984 KW.

Process K103 / K104 are eliminated.
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POST-COMBUSTION (OPTIMISED INTER-COOLING) — Case B2 A

Trainn° 1

RG140-6

6 stages

(w)

58 |m

TOTAL BRAKE POWER (WHOLE PROCES§S44816 KW

The main changes with respect to the base maclileetion for the case POST-
COMBUSTION (OPTIMISED INTER-COOLING) Case B2A ateetfollowing:

Process K101
- The rotating speed slightly decreases from 4058 tpr3818 rpm, while the
absorbed power reduces from 18052 KW to 14059 KW.

Process K102/K103/K104
- No changes.
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POST-COMBUSTION (OPTIMISED INTER-COOLING) — Case B2B

Train n° 1

RG140-6

6 stages

58| o

TOTAL BRAKE POWER (WHOLE PROCESS¥4758 KW

The main changes in respect to the base machieetisel for the case POST-
COMBUSTION (OPTIMISED INTER-COOLING) Case B2B ateetfollowing:

Process K101
- The rotating speed slightly decreases from 4058 tpr3823 rpm, while the
absorbed power reduces from 18052 KW to 14001 KW.

Process K102/K103/K104
- No changes.
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OXY-FUEL (OPTIMISED INTER-COOLING) — Case C3

Trainn® 1
RG1254
4 stages
O,
Train n° 2
RG125-4
4 stages
O,

Train n° 3



FOSTER@WHEELER

IEA GHG Revision no.:1

ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS Date: June 2011
Sheet92 of 92

Section D - Compression Equipment Survey

RG56-4

4 stages

Train n°1 and train n° 2 run in parallel, trainus in series to train 1-2.

TOTAL BRAKE POWER (WHOLE PROCESS§1745 KW

The main changes in respect to the base machieetisel for the case OXY-FUEL
(OPTIMISED INTER-COOLING) Case C3 are the following

Process CK205
- No changes.

Process CK204/K202
- No changes.

Process K201
- Number of stages reduces of one stage. The rotapegd slightly decreases

from 10832 rpm to 10633 rpm, while the absorbed gromeduces from 27965
KW to 25375 KW.
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1 | ntroduction

The main purpose of this sectionis to assess novel CO, compression concepts, which
may find application in Carbon Capture and Storage plants in next few years.

Firstly, the Ramgen compression concept is investigated, mainly considering
possible advantages and disadvantages of its potentia application to CO;
compression in CCS plants. A detailed description of the device, its state of
development and itskey characteristics are described in this section. A “strategy” for
incorporating it in a typical captured CO, compression system, the post combustion
dternative, is aso shown. Furthermore, te range of capacities to which such a
device might be applied is investigated.

In addition an alternative novel compression is assessed, based on a first stage with a
single train axial compressor that can handle a much higher flow rate than the
centrifugal compressors, having also higher efficiencies.
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2.1

Ramagen technoloqy

Overviewof the compression concept

Ramgen is a novel technology based on the supersonic shock wave compression. It
uses the same principle as a supersonic aircraft, where the engine forward motion is
used to compress the air.

In fact, at supersonic speeds, air incomes the engine, then flows around an
obstructing centre-body that creates a ramming effect when the air is forced through
the area between the body and the engine sidewall (reference shall be made to Figure
2-1).

Figure 2-1 Supersonic aircraft engineinlet cross section compared to Ramgen rotor
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The shock waves create a sudden compression (the pressure increases immediately),
after which the airflow is slowed down to subsonic speed.
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In the Ramgen compressor, a rotating disc (see Figure 2-2) simulates forward motion
of the aircraft. It spins at high speed to create a supersonic effect like the centre-body
in a supersonic aircraft.

The fluid enters through a common inlet, flows into the annular space between the
disc and the casing, where the three raised sections create shock waves. The shock
waves generate a pressure increase, compressing the fluid at the required pressure
level.

Figure 2-2: Rotating disc

Subsonic
Diffuser

Compression Ramp

“Pre-Inlet”
Flow Surface

Strake Wall

The compression ratio is highly dependent on:
the intensity of the shock wave, which increases with the Mach number;
where the oblique shock wave takes place.

The Mach number increases with the increase of the speed of the rotating disc.
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The compression is developed into two stages, with a pressure ratio of approximately
10: 1 and can be fitted with both an inter-cooler and after-cooler, depending on the
application. Typicaly, the temperature rise is approximately 200 °C over the
compressor stage inlet temperature, thus the relevant heat may be recovered in other
unitsof the plant.

Ramgen claims high efficiency for their compressors because of the relatively
simple design, having low number of leading edges that reduce the drag and
therefore minimize the losses.

Another advantage over other compressor types is the high pressure ratio per stage,

which reduces footprint requirement and cost, and the possibility to use the high
grade waste heat due to the high discharge temperature.

2.2 Design features

The rotor configuration is a double-suction design, with a common radial discharge
(see Figure 2-3).

Figure 2-3 Typical cross section of HP stage back-to-back configuration

« Key stage features
— Suction (inflow)
— Discharge (outflow)
— Starting/bleed recycle o
— Rotor
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A general view of the Ramgen HP stage is outlined in Figure 2-4.

Figur e 2-4 Ramgen HP stage

Ramgen Discrete Drive HP-Stage

Each stage of compression is coupled to its drive, so to optimise the speed, using the
step-up externa gearbox. Doing so, there is the possibility to regulate the LP stage
from the HP stage and use as an option the VFD (variable frequency drive) for those
cases where the plant resistance load curve is variable.

The design of compressor incorporates IGV’s (inlet guide vanes) in both suction flow
path that are used to provide pre-swirl and capacity turn-down, that Ramgen expects
to target at 30% (at constant discharge pressure).

The size selection is done using the compressor charts shown for each stage (LP and
HP). Figure 2-5 illustrates the various parameters of the chart, in which the inlet
capacity and differential head alow to select the best frame. Once the frame (rotor
diameter) is selected, the operating eed of that frame is calculated to achieve the
requested differential head.

An external gearbox is purchased to match the calculated speed and power required.
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Figure 2-5 Compressor selection
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2.3

Figure 2-7 Compressor chart for HP stage
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Expected performance

Ramgen calculation and machine selection is based on the specification of the study,
i.e. 12°C cooling water temperature, CO, dehydration at 50 ppmv and the possibility
to adopt a1 x 100% configuration, if available. CO, dehydration is not intended to be
in the Ramgen scope, however it is noted that the water content spec and consequent
design of the Dryer may affect compressor design as well (e.g. dried CO; recycle for
regeneration).

The specified operating envelope is the same as the post combustion base case (case
BO, ref. Section B). However, as far as dehydration level specification is concerned,
Ramgen challenged the basic assumption made for this study, particularly the
application of desiccants to achieve 50 ppmv in the post combustion case. Making
reference to Appendix 1 of the present report, where the uncertainties on the required
moisture levels are addressed and the available technologies for CO2 dehydration are
introduced, Foster Wheeler, Ramgen and IEA GHG agreed that the performance of
the compressor are estimated for the following cases:
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Dehydration through a TEG absorption unit (no CO; recycle needed), with a
minimum achievable moisture spec of 30 ppmv.

Dehydration through desiccants (CO; recycle needed for beds regeneration)
to achieve moisture specification below 10 ppmv.

Two stages compressor have been selected and relevant performances are reported in
Table 2-1 and Table 2-2.

Table 2-1: Ramgen performance and cost, Dehydration by means of TEG.

Platform LP HP Total
Model 38 26
Stage 1t 2
Quantity 1 1
Barometric — bara 1.0135 1.0135
Inlet pressure — bara 1.62 12.90
Inlet temperature - °C 37.8 24
Humidity —RH % 100 2.2
Ouitlet pressure — bara 14 111.5 111
Pressure ratio 8.6 8.6 68.5
Stage efficiency — isentropic% 86.5 86.5
Coolant temperature - °C 12 12
Approach temperature - °C 12 28
Mole weight 42.955 44.007
K - ratio of specific heats 1.291 1.376
Z — compressibility 0.993 0.932
Mass flow (wet) — kg/hr 556451 547007
CO2 - kg/hr 546960 546960
Volume flow — m3/hr 71161 7690
Discharge temperature - °C 236.5 225.3
Total power — Kw 29988 25892 55880
Motor power — Kw 33000 28500
Polytropic efficiency - % 89.3 89.8

Heat recovery

- Potential KJ/Kg CO2 212.6 357.3 569.9
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Table2-2: Ramgen performance and cost, Dehydration by means of desiccants.

Platform LP HP Total
Model 40 26
Stage 1t 2"
Quantity 1 1
Barometric — bara 1.0135 1.0135
Inlet pressure — bara 1.62 12.65
Inlet temperature - °C 35.4 24
Humidity —RH % 100 0.4
Ouitlet pressure — bara 14.3 111.5 111
Pressure ratio 8.8 8.8 68.5
Stage efficiency — isentropic% 86.3 86.3
Coolant temperature - °C 12 12
Approach temperature - °C 12 28
Mole weight 43.085 44.008
K - ratio of specific heats 1.292 1.374
Z — compressibility 0.993 0.933
Mass flow (wet) — kg/hr 617410 546836
CO2 - kg/hr 608198 546798
Volume flow — m3/hr 78094 7852
Discharge temperature - °C 235.6 227.6
Total power — Kw 33395 26267 59662
Motor power — Kw 36800 28900
Polytropic efficiency - % 89.2 89.7
Heat recovery
- Potential KJKg CO2 211.9 323.7 535.6

Ramgen have also provided budget cost of the proposed selection, which shall be
deemed as preliminary only. As per the previous cost information, only an indication
of the expected specific cost range is included in this report. Based on the budgetary
information received, the specific cost for the Ramgen compressor is expected to be
in the range 170 + 280 €/kW.
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2.4

Strategy for integration in the post combustion capture plant

Ramgen proposed a two-stage compressor configuration with a relatively high
pressure ratio (approximately 9:1), which leads to a large amount of recoverable
compression heat available at both the inter-cooler and the after-cooler.

FW and IEA GHG agreed that the best case for incorporating the Ramgen
compressor into the plant is the post combustion CCS alternative; the objective is to
demonstrate how to use the heat as best as possible.

The option considered for the present study is to use the recoverable compression
heat, which is available at relatively high temperatures (around 230 °C), in the
stripper reboiler to the maximum extent and then for the ST condensate preheating.
The latter thermal integration is already incorporated in the post combustion capture
reference case, as described in section B. From the energetic point of view thisisthe
optimum configuration, as it allows recovering most of the low-grade heat generally
available from the CO, compression.

The process flow scheme of the proposed solution is shown in Figure 2-8.
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Figur e 2-8 Ramgen compressor integration into the post combustion capture process
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An evauation of the overall performance impact of the Ramgen compressor in the
plant (see Table 2-3) has been performed through a comparison in the post-
combustion case with the integrally geared centrifugal compressor, proposed by
MAN Diesel & Turbo, and with the in-line machines configuration with optimised
inter-cooling, proposed by Rolls Royce, the latter being the minimum power
demanding scheme among the centrifugal options (ref. 5.2.1).

A process simulation of the three cases allows comparing the relevant equivalent
consumptions (ref. Section B), which take into account the effects on the plant
electrical power output of the factors listed below, according to the methodology for
the assessment of the compression strategies shown in section C:

- Therma integration of the CO, compression with the amine regeneration
system and consequent changes in steam demand from the Power Island;
Thermal integration of the CO», compression with the ST condensate
preheating system and consequent changes in the steam consumption within
the Power Island for this service;

Cooling Water demand.

The comparative analysis has been undertaken on the basis of a moisture spec of 50
ppmv, achieved through the absorption process of a TEG unit. In fact, it is
recognised that with, the 10% recycle assumed for the basic Dryer configuration (i.e.
adsorption in desiccant beds, ref. Appendix 1), Ramgen power penalty would be
aggravated by the added mass flow compressed from lower pressures, the result of
fewer discrete stages to work with Having assessed that, for the given basic moisture
specification, a TEG system can be successfully applied to both Ramgen compressor
and conventional machines, requiring no CO, recycle (ref. ref. Appendix 1), it is
acceptable to deviate from the basic configuration selected for the study, as far as
Ramgen performance evaluation is regarded.

Furthermore, Ramgen compressor shows unique potential for combination with the
HOC (Heat Of Compression) Drying system, developed by SPX, to achieve moisture
content even lower than 10 ppmv in the dried stream (ref. Appendix 1), without any
recycle for adsorption bed regeneration Hence, Ramgen compression concept can
potentially work with low moisture spec (e.g. asrequired in the CO, purification
process of the oxy-fuel combustion technology) without major energetic penalties.

The results of the comparative analysis are presented in Table 2-3, where the Ramgen
consumption deltas with respect to the centrifugal compressors are reported, i.e. a
negative figure indicates a lower demand of the Ramgen compressor.
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Table 2-3: Ramgen performance delta with respect to centrifugal compressors

Ramgen Thermal Integration with the Power Plant / CO, capture unit

Comparison with integra-gear
machine (inter-cooling as specified)

Comparison with in-line machine
(optimised inter-cooling)

Steam cons. for

Condensate Pre-hesting +94 MW, ? +25 MW, 71 MW, ? -19 MW,
Steam cons. for MEA

Rebailing -353 MW, ? -93 MW,| -353 MW, ? -93 MW,
Cooling water

CW consumption ~ 0.0 th ? ~00 MW.| -1905 th ? -0.2 MW,

Compressor Electrical Consumption

Overdl dectrica

. : +54 MW, +11.1 MW,
consumption difference
Overall Plant Electrical Power Gap
TOTAL -14 MW, -03 MW,

Table 2-3 shows that the Ramgen compression strategy has potential to offer not only
low cost and simplicity, but also a lower equivalent power demand of the whole
system It has to be noted that the net reduction of the equivalent compression
parasitic load is diminished but not overtaken even when compared to the in-line
machines configuration with optimised inter-cooling, the minimum power

demanding scheme among the centrifugal options.

As far as this comparison exercise is concerned, the two following factors should be

taken into consideration:

The low cooling water temperature assumed for this study encourages
compression staging rather than the de-staging approach proposed by
Ramgen. As a matter of fact, Ramgen provided performance figures also
with cooling water at 30°C, showing a parasitic load increase of 3.5% only
with respect to the 12°C case, whereas for centrifugal compressor the

expected penalty would be approx 5+6%.

The significant potentia for high grade heat recovery offered by Ramgen is
not fully exploited in the present analysis for the post combustion process, as
the MEA stripper reboiler operates at about 120 °C, i.e. over 100°C less than

compression discharge temperature
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Regarding other possible integration strategies, the option of using the CO-»
compression heat through either an Organic Rankine cycle or a Kalina cycle in lieu
of the ST condensate preheating has been assessed as well. However, the CO,
compression is basically the only source of waste heat within the post combustion
scheme. If the thermal integration between the CO, compression and Power Island
were removed to pursue the addition of such low temperature cycles, then the steam
consumption within the Power Island would increase due to the lower ST condensate
temperature at the preheating train inlet. Having assessed the high energetic value of
the steam turbine extractions, even at low pressure (ref. Section B), it is believed that
the low temperature cycle option should not be considered for heat recovery from the
CO, compression Also, it is noted that this solution would tend to offset cost and
simplicity advantages which the Ramgen compressor typically offers.

2.5 State of development of the technology

Despite the promising characteristics, the Ramgen compressor concept is not yet a
proven technology. Further development and testing are required to demonstrate its
capability at acommercial scale.

Ramgen has recently developed a est program on the frame HP-16, which can
support a CCS power plant in the capacity range of 200 - 250MW,.. These tests are
scheduled to start on 2" quarter 2011.

On that machine Ramgen expect to be able to offer commercia performance
guarantees and terms by 1% quarter 2012.

Further development activities will then be carried out on HP-32 and LP-48 as
required. These are the largest anticipated sizes for approximately 800MW, CCS
applications, for HP and LP stages respectively.

2.6 Effectson compression strategies

Genera understanding of Ramgen compression concept is that the proposed 10:1
stage ratio leads to a techno-economic optimum for the machine.

Even in the post combustion base case, the overall pressure ratio for the CO; in the
present study (approx 70) does not suit perfectly this ideal stage pressure ratio.

Compression Strategies aiming at an increase of the inlet pressure to the main CO;
compressor would lead to a further reduction of the pressure ratio to Ramgen and
therefore to a further gap from the optimum. For instance, if the final delivery
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pressure to the compression unit were 3 bara, the overall compression ratio would be
approx 37. At such a pressure ratio, Ramgen could still offer a competitive two-stage
solution with each stage rated at approximately 6:1, as in the design it is possible to
vary speed or wheel diameter to accommodate alternative pressure ratios however,
from a techno-economic point of view, these would not be the optimum conditions
for the considered compression concept.

For the above reason, the strategy of the staged regeneration through a multiple
pressure stripper does not seem to be compatible with the Ramgen concept. Also, the
complication associated to the addition of low head compressor within the CO;
capture unit (whose duty cannot be taken by the Ramgen compressor) would further
discourage the implementation of this strategy in case the relatively simple Ramgen
device were used.

In this sense, a good technical compromise solution would be represented by a slight
increase of the stripper/reboiler operating pressure (for instance from 1.6 bar to 2.1
bara, as per case B2a shown in section C). In fact, this strategy would allow:
recovering waste heat from CO; at dightly higher temperature (approx 130
°C instead of 120 °C), which is recommended form an energetic point of
view;
improving CO- capture performance (less solvent regeneration heat) without
penalizing too much Ramgen compressor.
avoiding excessive complication of the process scheme.

However, as stated in section C, the rea possibility of different regenerating
conditions has to be confirmed by the solvent technology Licensors, especialy in
relation to the issue of higher amine degradation and consequent higher operating
Ccosts.

Regarding general strategies, the options associated to liquefaction of the CO, and
increased number of stages would not be applicable to the Ramgen compressor, as
they would lead again to an excessive reduction of the single stage pressure ratio to
the machine.
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3 Axial machine at the front end of CO, compression

Generally, axial compressor can handle a much higher flowrate than the centrifugal
compressors, with a higher efficiency as well. In addition the limitation on the
maximum capacity of the integrally geared compressors leads, for large power
plants, to the need of splitting the flowrate in multi-parallel trains, with a significant
Investment cost increase.

An aternative novel compression concept is therefore represented by the use of a
single train axial machine for the first compression stage, which leads to a significant
reduction of the volumetric flow rate, thus allowing the installation of a single train
integrally geared compressor for the downstream compression section

The Vendors that have supported the study have been asked to provide some
feedback on the feasibility of this concept for the post combustion capture case.

Rolls Royce stated that, though they used axial compressors extensively in Aero
Engines, these machines are not available at the moment and there are no plans for
their development. Rolls Royce believes the design flexibility given by their current,
pre-customised centrifugal approach is preferable. If the volume flow rates are higher
than those that this system can cover, then parale trains would be appropriate and
also offer improved turndown capability/redundancy.

MAN Diesa & Turbo aready selected a single train machine for their conventional

approach (integrally geared compressor) for the post combustion application. The

necessity of multiple trains is thus not an issue of their proposal. However, MAN

Diesdl & Turbo have provided further information regarding the possible use of an

axial compressor at the front end of the CO, compression train. They are offering

axial flow compressor solutions for CO-, applications where the duty is too high for
centrifugal designs or the adiabatic heat of compression is required by the process.

Though the particular application investigated in the present work clearly fits the

front stages of an integrally geared centrifugal compressor, which benefits from a
stage of inter-cooling to achieve the first stage discharge pressure, they can
potentially replace these two centrifugal stages by an un-cooled axial compressor

with a pressure ratio of ~3.5 and polytrophic efficiency ~90%.

The impacts on the overall performance of the unit with respect to their integrally
geared centrifugal solution have been estimated, as shown in Table 3-1.
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Table3-1: Performance of MAN Diesel and Turbo axia front-end machine with respect to
their integrally geared centrifugal compressor.

MAN DIESEL AND TURBO AXIAL FORNT-END MACHINE

Perfor mance delta with respect to the conventional integrally geared compr essor
Thermal Integration with the Power Plant / CO, capture unit
Steam cons. for Condensate Pre-heating -83 MWy = -22 MW,
Cooling water
CW consumption -972 t/h = -01 MW,
Compressor Electrical Consumption
Overall electrical consumption difference -0.2 MWe
Overall Plant Electrical Power Gap
TOTAL -25 MWe

Table 3-1 shows an overal consumption reduction of 2.5 MWe, whose major
contribution is not the compressor shaft power itself, but the equivalent gain on the
Steam Turbine output in the Power Idand. In fact, the use of an un-cooled
compressor at the front end makes more compression heat available, thus reducing
the steam requirement for the ST condensate preheating in the Power Island.

On the other hand, in terms of investment cost, MAN Diesel & Turbo stated thisis a
much more expensive solution as the complete axial compressor must be
manufactured in acid-resistant materials (i.e. similar to the MDT axial machines for
nitric acid service), whereas for the integrally geared compressor only the impellers
and volutes are in acid resistant materials.

In conclusion, the only Vendor that confirmed this option is feasible already
provided single train centrifugal compressors for the applications considered in the
study, whereas the necessity for multiple trains was the driving factor to seek the
axial front end solution. Also, from the economic point of view, qualitative feedback
on much higher CAPEX leads to the expectation that benefits in terms of lower
consumption will be off-set by the additional investment cost of this syetm.
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11

Dehydration Options

The carbon Dioxide flowing to the CO, compression unit usually presents a moderate
level of moisture, so dehydration is needed before delivering CO, to the export
pipeline, in order to prevent potential hydrate formation, two-phase flow and
corrosion in the export line.

To avoid these problems, the CO, stream has to be dehydrated before final delivery
to the transport pipeline.

Two main basic processes are generally considered for the dehydration of the CO,
stream:

* TEG (triethylene glycol) process;

* Solid bed dessicant.

TEG process

TEG is a proven technology for gas dehydration. A wet stream enters from the
bottom of the absorber column and is contacted with descending glycol, which
absorbs the water from the gas. Dry gas leaves the top of the absorber. The glycol
then passes to a regeneration section where a reboiler operating around 180°C
vaporizes the water and water-free glycol returns to the absorber. This is a
continuous circulating process.

TEG systems have been widely and successfully used for Natural gas dehydration.
When used for CO, dehydration in a CCS application, there are potentia issues
related to the higher affinity of glycol with CO, rather than other gases like methane.

In fact, part of the CO- in the wet gas is absorbed in the glycol stream and released
from the glycol regeneration section If no recycle of this vent were provided, the
CO, stream would be released to atmosphere, thus affecting the overal carbon
capture rate of the CCS system.

No significant reference was found in the literature to quantify the faction of CO,
that can be potentially absorbed by the glycol. Should it be a significant amount, a
recycle to the CO, compression system would effectively be needed, with impacts on
machines selection and performance. For this reason it was believed that the issue
had to be further addressed during the execution of the study.

In terms of dew point depression, approximately 30 ppm in the dry gasis considered
to be the limit achievable with a standard TEG process.
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1.2

Solid Bed Dessicant

The drying process is made with specific solid materials that have the peculiarity to
remove the humidity from gas streams. In the solid bed desiccant dehydration
process the wet gas passes through a bed of solid dessicant contained in avessel. The
solid bed adsorbs the humidity in the gas phase via physisorption (Van der Waals
adsorption), chemisorption, capillary condensation or molecular filtration. In genera
the absorption process is favoured by high partial pressure and low temperature.

Once the solid phase is saturated with water, it is necessary regenerate the dryer and
to redirect the gas to be dried to another clean dessicant. Therefore the dehydration
system is composed by multiple dryers (at least two) that are alternatively working in
adsorption or regenerative manner: while one bed is processing, the other bed is
under regeneration. A sequence of valve system switches the duties of the two
vessels as one bed is exhausted. Process schemeis shown in Figure 1-1.

The solid dessicant bed can be regenerated by heating with hot gas (temperature
swing adsorption), by changing the partial pressure (pressure swing adsorption) or a
combination of both. In case of thermal swing, the regeneration is carried out using a
small portion of the dried gas product (typicaly around 10%), which is heated in the
range of 200-285°C. The quantity and temperature of regeneration gas aso vary from
one process to the other. The heat source for regeneration may be via electrica

heater, steam heater or direct fire heater.

In both temperature and pressure swing cases the regeneration gas at dryer outlet is
cooled to separate the entrained moisture by condensation and then recycled back to
the CO, compressors at the most adequate inter-stage pressure.
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Figure 1-1 Dehydration System: Solid Bed Dessicant
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Three main dehydration technologies are typically adopted to remove water from

gaseous streams:

- Activated alumina

- Molecular sieve

It is a porous dessicant where the humidity in the gas to be
dried is adsorbed via physisorption, chemisorption or
capillary condensation. The pores in the solid dessicant
provide high surface area to create adsorption sites (>30A
are selective for H,O molecules).

Molecular sieves are zeolite based adsorbent consisting of
crystalline aluminosilicate (zeolites) and clay. The zeolite
represents the active phase while a small amount of clay
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acts as a binder enhancing mechanical properties.
Network of cavity and narrow pores provide high internal
surface that enable the physical adsorption process. Liquid
condensed water destroys the binder between clay and
zeolite.

- Silicage Silica gel is an amorphous form of silicon dioxide, which
are synthetically produced. A microporous structure of
interlocking cavities gives a very high surface area (800
nf/gr) enabling high physical dessicant capacity.

Adsorption capacity together with adsorption kinetics defines the volume of
desiccant to be used. The more amount desiccant is used, the longer would be the
time needed to saturate the bed with water. Therefore, this time defines the
adsorption cycle time. In addition to that, the depth of the adsorption front (wvhich
represents the zone where the adsorption takes place effectively) is related to the
kinetic needed to reach the equilibrium in the adsorption process. The sower the
kinetic of this process, the deeper this zone would be and such that more desiccant
would be required. Among the considered solid desiccant, the silica g has the
slowest kinetic.

The efficiency measured with the water content of the dry gas. Among the three

desiccant, the most efficient are the molecular sieve that can achieve less then 1 ppm
of water in the dried gas.

On the other hand, the activated alumina is the stronges,, i.e. it is less susceptible to
deterioration and has the longest overadl life.



FGSTEH@WHEELEH

IEA GHG Revision no.:1
Date: June 2011
ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS Sheet: 7 of 18

Appendix 1- CO, Dehydration

2

21

2.2

Dehydration system design basis

CO2 moisture specification

For the purpose of the study, the moisture specification of the final CO, product was
set to 50 ppmv. This figure has been considered as typical for the relatively low
ambient conditions used in the study. However, it has to be noted that there is yet no
consensus on a widely recognised pipeline specification. For further considerations
on thistopic, reference is made to para 3.1.

Selection of thetechnology for the base cases

A dehydration unit based on solid bed adsorption technology has been selected for
the analysis of the CO, compression systems.

As described in para. 1.2, in the adsorption based technology, the regeneration of the
saturated bed is carried out using a portion of the dried gas product, which is then
recycled back to the CO, compressor. A fraction equal to 10% of the total CO; flow
has been considered for the study, this being a typical average value from in-house
set of data. It is recognised that the recycle represents an energy penalty, as one of
the compressor stages has to handle an additional 10% flow rate.

On the other hand, there are still some uncertainties related to the impacts of the
application of a TEG system for CO, drying (ref. 1.1), in terms of either carbon
capture rate or energy penalties on the compression (ref. 1.1).

Solid bed adsorption units generally have alower whole life cost than TEG units and
provide higher flexibility in terms of dew point depression, being capable to achieve
lower moisture in the export gas. As the debate on the moisture spec to be used in the
different applications associated to CO» capture is still ongoing (ref. chapter 3), these
advantages lead to select the solid bed adsorption as the reference configuration for
the present study.

Also, even though it is recognised that the need of recycling a portion of the CO, for
bed regeneration causes an energy penalty, it is appreciable that, including this
configuration as reference for the study, it is possible to investigate the impacts
which the recycle may have on machinery performance and selection.
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Further consider ations and investigations on CO, dehydr ation

Required water dew point specification

During the investigation of the novel compression concepts (ref. Section E of the
report), Ramgen expressed concern over the specified water content in the discharge
as not being representative of power plant design and CCS requirements worldwide.
Ramgen believe that low moisture level drives the need for recirculation loops and
additional equipment into the system, thus leading to unnecessary cost and
complexity increase for no apparent benefit, especially for pre-combustion and post-
combustion carbon capture. Also, Ramgen stated that acceptable levels of water
content can be achieved with straight forward TEG systems without incurring such
penalties. They reported the feedback from companies in the business of providing
drying equipment and systems, according to whose opinion, for CO, pipeline,
depending on location, the typical dehydration levels correspond to a dew point in
the order of 0 to -10°C, which equates to approximately 20-30 1b/MM SCF (400-600
ppmv) under typical transport conditions.

In general, as far as required water dew point specification is concerned there is yet
no consensus on a common pipeline specification and the requirements are to some
extent more driven by the process. The oxy-combustion process requires very low
dew points and hence the figure of 10 ppm is often taken as a suitable specification
For other processes the main limit would appear to be the avoidance of hydrate
formation, which from measurements of equilibria seems to impose a greater
restriction than the need to avoid free water to prevent corrosion of carbon steels.
Also, water solubility in dense phase CO, is higher than equilibrium concentrations
in the gas phase (ref. Figure 3-1).
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Figure 3-1 Solubility of water in pure CO, asafunction of pressure and temperature[1].
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3.2

In the dense phase much higher levels of water are needed to form hydrates at lower
temperatures but this does remain the dominant factor as illustrated by the
comparison between Figure 3-1 and Figure 3-2. For example at -10 °C water solubility
is shown below as being around 1200ppm whereas hydrates are forming between the
750 and 1000ppm contours.

In practice the allowable concentration of CO, might be set at a lower level because
of some additional occurrences such as the possible need for safe depressurisation
and cross-effects with other impurities.

In many applications it is likely that values as high as 500 ppmv [1] will be
acceptable in the pipeline and even in colder climates 200-300 ppmv should be
sufficient to prevent hydrates formation even in the gas phase.

It is noted that such specificatiors are not achievable through a simple cooling, even
with reasonably low cooling water temperature. For instance, in the post combustion
capture the residual moisture content after cooling to 20°C below CO2 liquefaction
pressure is approx. 1000 ppmv, which means that it is not possible to avoid further
drying.

Further investigation on application of TEG Units

Regarding the issue raised on the potential application of the TEG technology to CO»
dehydration (ref. 1.1), i.e. the uncertainties related to the impacts in terms of either
carbon capture rate or energy penalties on the compression, Foster Wheeler has
carried out further investigation both with drying systems Vendors and through
simplified process ssmulations.

The generalised feedback is that only a minor portion of the incoming CO, (approx.
0.3%) is expected to be absorbed by the glycol, therefore the overal carbon capture
rate is not significantly affected if the vent from the glycol regeneration is routed to
atmosphere. Hence there is no need to recycle CO, from solvent regeneration to the
CO> main path.

In conclusion TEG process can be regarded as a technicaly viable option of CO»
dehydration for CCS applications when the moisture specification for the dried
carbon dioxide is above the limit of 30 ppmv.



FGSTEH@WHEELEH

IEA GHG Revision no.:1
Date: June 2011
ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS Sheet: 11 of 18

Appendix 1- CO, Dehydration

4

41

41.1

4.1.2

Alternative options— Heat Of Compression Drier

During the execution of the study, in the context of debating on the moisture spec
and the drying processes, Ramgen introduced a novel dehydration concept which
seems to be capable of supporting down to 10 ppmv level requirement without the
need for recycle flow.

This process, know as Heat Of Compressor (HOC) Dryer, has been developed by
SPX, who supported the study providing a general description of the system and an
indication of its potential.

General Description

The concept behind the “HOC Dryer” is to use the heat of compression for
regeneration of the adsorbent. The system is generally composed by two dryers that
are aternatively working in absorption (i.e. drying) or regeneration mode. The
operation of the CO, HOC Dryer is described as follows.

Drying

Making reference to the flow diagram shown in Figure 4-1, before entering the drying
bed, the inlet gas first passes through a gas cooler to lower the gas temperature then
to a separator to remove condensed liquids. As the gas passes through the drying bed,
water vapour is adsorbed. The dried gas is routed to the final stage of compression.

Adsorbent Bed Regeneration

The regeneration of the absorbent bed is carried out in three main phases:
Bed Heating (Figure 4-1)

A fraction of the hot CO, from compressor inter-stage discharge passes through the
bed being heated. This gas provides enough energy to release moisture from the
adsorbent media and the relative humidity is low enough to create the needed
differential for desorption and to carry off the liberated moisture. This first stage of
the regeneration process removes the bulk of the previously adsorbed water vapour.

Warm, wet gas exiting the bed under regeneration recombines with the remaining hot
gas from the compressor and is routed to the working bed.
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Figure 4-1 — Bed heating phase.
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Dry Gas Stripping (ref Figure4-2)

Once the bed is heated through, the total dryer inlet flow is directed to the on-line
drying bed. The off-line tower is isolated, depressurised and a small amount of dried
gas is used to strip additional moisture from the adsorbent. Dry Gas Stripping
improves dew point suppression when the tower goes online and provides partial
bed cooling.
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Figure 4-2 —Dry Gas Stripping phase.
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Bed Cooling (ref Figure 4-3)

Once the stripping period is complete, the regenerating tower is re-pressurised and a
portion of the “wet”, cooled inlet gasis split off to cool the off- line tower as the final
step to prepare the tower for another drying period. The cooling gas passes through
the off-line tower, rejoins with the main flow and the combined flow is then dried.
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4.2

Figure 4-3 — Bed Coolina phase.

Heat of Compression Dryer

Dry Gas Stripping BED COOLING (approx. 3 hrs.)
Wet Gas Cooling =

. .
1

Final considerations

SPX stated that, when the compressor inter stage discharge temperature is approx
240°C (like Ramgen case), the heat of compression is adequate to provide the desired
dehydration (outlet moisture below 10 ppmv) with no need for additional externa
regeneration heaters.

Dry Gas Sweep is required because of the very high entering moisture content. Even
with the relatively high compressor discharge temperature, the high moisture content
of the entering gas leaves significant residual moisture on the bed at the end of the
heating phase. Without dry gas sweep, there would be a significant moisture “bump”
at following switchover.
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Total dry gas “consumed” for Dry Gas Stripping and eventualy vented to
atmosphere isa small fraction of the inlet flow and lasts for arelatively short period
with respect to the drying period, thus average CO, consumption will be less than
0.5% of the process flow.

It is noted that throttling is required on the main CO, compression path, in order to
divert a portion of the inlet flow to heat/cool the off-line tower during heating and
cooling phases, thus introducing additional pressure drop on the overall compression
system. However, the required throttling, which is equal to the pressure drop through
the tower being heated/cooled, plus piping losses, is expected to be minor, i.e.
typically inthe order of 0.1 to 0.2 bar. The associated energy penalty issignificantly
lower than with a conventional solid adsorption system using dried gas recycle for
thermal swing regeneration.

It is also noted that the minimum required heating temperature fals as the outlet
moi sture specification rises.

For instance, if the temperature from the compressor were as low as 100°C, the
adsorption bed would be |eft with relatively high residual moisture content at the end
of the heating period. Dry gas stripping tends to be ineffective in lowering the exit
gas moisture content in these conditions, so the resultant moisture content when the
regenerated tower is put online could exceed 300 ppmw, as indicated by SPX.

At 150°C, depending also on the moisture content of the inlet gas, SPX expect it
would be reasonable to achieve 30 ppmw or better.

Various design options for an HOC dryer are available to lower the exit gas dew
point, if required, but these options generally increase complexity, investment cost
and operating cost.

In conclusion, the combination of the HOC Dryer with the Ramgen compressor
(which offers high temperature gas discharge) looks promising in achieving very low
moisture content of the final CO, product with minimum impact on CO, capture rate,
avoiding the maor energy penaty of recycling back a portion of the dried CO,
during adsorbent bed regeneration.

If the dew point depression requirement is stringent, this option is unique to Ramgen
high inter stage temperature. However, if the outlet moisture specification is relaxed
(ref. 3.1) it is possible to take advantage of the HOC dryer benefits even with more
conventional compression applications, in which the heat of compression is available
at lower temperature, i.e. in the range of 100 to 150 °C.
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5 Conclusions

The main conclusions of the analysis presented in this appendix are summarised as
follows:

For the purpose of the study, the moisture specification of the fina CO;
product was set to 50 ppmv. This figure has been considered as typical for the
relatively low ambient conditions used in the study. However, it has to be
noted that there is yet no consensus on a widely recognised pipeline
specification.

TEG absorption and solid desiccant are well-known dehydration technologies
applicable to carbon dioxide drying. For this study the reference
configuration of Dehydration unit is based on solid bed adsorption for the
following main reasons:

0 Solid bed adsorption units generaly have a lower whole life cost than
TEG units and provide higher flexibility in terms of dew point
depression, being capable to achieve lower moisture in the export gas;
thisis a key factor as the debate on the moisture spec to be used in the
different applications associated to CO, capture is still ongoing.

o0 Eventhough it is recognised that the need of recycling a portion of the
CO, for bed regeneration causes an energy penalty, it is appreciable
that, including this configuration as reference for the study, it is
possible to investigate the impacts which the recycle may have on
machinery performance and selection.

There is yet no consensus on a common pipeline specification as far as
required water dew point specification is concerned. However, recent works
report that, n many applications, it b likely that the specification can be
relaxed with respect to the 50 ppmv used for the study. Values as high as 500
ppmv may be acceptable in the pipeline and even in colder climates 200-300
ppmv should be sufficient to prevent hydrates formation even in the gas
phase.

The Heat Of Compression (HOC) Dryer technology, developed by SPX,
represents an aternative option for CO, dehydration. In particular, the
combination of the HOC Dryer with the Ramgen compressor (which offers
high temperature gas discharge) looks promising in achieving very low
moisture content of the final CO, product with minimum impact on CO;
capture rate, avoiding the major energy penalty of recycling back a portion of
the dried CO, during adsorbent bed regeneration. It is noted that, if the



FOSsS I'EH@WHEI:I_EH

IEA GHG Revision no.:1
Date: June 2011
ROTATING MACHINERY FOR CO2 COMPRESSION IN CCS SYSTEMS Sheet: 17 of 18

Appendix 1- CO, Dehydration

moisture spec for the Carbon Dioxide is relaxed (for instance to values as
high as 300 ppmv), the HOC can be profitably used even with more
conventional compression unit, in which the waste heat is available at lower

temperatures.
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