RETROFIT OF CO, CAPTURE TO NATURAL
GAS COMBINED CYCLE POWER PLANTS

Report Number 2005/1
January 2005

This document has been prepared for the Executive Committee of the Programme.
1t is not a publication of the Operating Agent, International Energy Agency or its Secretariat.



RETROFIT OF CO, CAPTURE TO
NATURAL GAS COMBINED CYCLE POWER PLANTS

Background to the Study

The main application of CO, capture in the long term is expected to be at new power plants. This has
been the main focus of the IEA Greenhouse Gas R&D Programme’s studies on CO, capture. However,
there are various reasons why retrofitting CO, capture to existing power plants may be worth considering
in some circumstances, for example:

e Power plants have long lives, 40 years or more in many cases. It may be cheaper to retrofit capture
to an existing power plant rather than prematurely retire it and build a new power plant with capture.

e Utilities often prefer to extend the lives of existing plants rather than build new ones to minimise
permitting problems and make use of existing fuel supply and electricity transmission infrastructure.

e Opportunities may arise to use captured CO,, e.g. for enhanced oil recovery, in places where there is
no need for new power generating capacity.

Most of the power plants currently being built in developed countries are natural gas fired combined
cycle plants. Such plants could potentially be good candidates for CO, capture retrofit because they are
relatively new and have high thermal efficiencies. This study assesses the feasibility and costs of
retrofitting CO, capture to modern natural gas combined cycle plants. The study was carried out by
Jacobs Consultancy Netherland B.V.

Study Description

The study is based on a 785 MW, natural gas fired combined cycle plant, which includes 2 GE 9FA gas
turbines. Similar gas turbines are produced by the other main turbine manufacturers. Five CO, capture
retrofit options based on existing technology are assessed:

Post combustion capture of CO,

Pre-combustion reforming of natural gas and capture of CO, at the power plant site
Pre-combustion reforming of natural gas and capture of CO, at a remote site
Gasification of coal and pre-combustion capture of CO, at the power plant site
Gasification of coal and pre-combustion capture of CO, at a remote site

A preliminary assessment was carried out to select the technologies for use in the plants with CO,
capture. The post combustion capture plant is based on a mono-ethanolamine (MEA) scrubbing process.
The natural gas pre-combustion capture plants are based on air-blown auto-thermal reforming, followed
by shift conversion and an amine scrubbing CO, separation unit. The coal gasification plants are based
on the ChevronTexaco (now GE) slurry feed, oxygen-blown entrained-flow gasifier with water quench
of the product gas. The gasifiers are followed by shift conversion and a Selexol physical solvent
scrubbing unit for separation of H,S, which is converted to sulphur, and CO,. Post combustion capture
was not considered for the gasification plants because it was assumed that it would be less expensive to
capture CO, from the high pressure/high CO, concentration fuel gas than from the low pressure/low CO,
concentration gas turbine flue gas

In the remote site cases, fuel processing and CO, capture is carried out at a plant that is 40 km from the
power plant and hydrogen-rich fuel gas is transported by pipeline. Remote capture could be necessary if



there is insufficient plot area or other constraints at the power plant. Post combustion capture at a remote
site is not feasible because a large volume of flue gas would have to be transported between the sites.

The study was carried out using IEA GHG’s standard assessment criteria. The main criteria are:
e Netherlands coastal plant location

Australian bituminous coal

Natural gas price $3/GJ, LHV basis (equivalent to $2.7/GJ HHV basis)

Coal price $1.5/GJ, LHV basis (equivalent to $1.43/GJ HHV basis)

10% discount rate (constant money values)

25 year overall operating life

It was assumed that CO, capture would be retrofitted after 10 years operation of the combined cycle
plant. Sensitivities to the year in which the retrofit takes place (5 years) were assessed. It was also
assumed that the whole plant, including the capture equipment would have zero value at the end of the 25
year operating period. In some cases it may be possible to replace or refurbish the power plant, to obtain
a longer operating life for the capture equipment. However, gas turbines that are commercially available
in future may not have the same flowrates as existing turbines, so it may be difficult to re-use capture
units that are closely matched to the size of existing turbines. It may be easier to re-use capture units that
are not closely linked to the power plant and which could be used to supply low-carbon content fuels to
plants of any size.

Retrofitting CO, capture normally results in a reduction in net power output. In some cases a utility may

need to maintain a constant net power output, so installation of additional generating capacity to maintain
the net power output was assessed in sensitivity cases.

Results and Discussion

Thermal efficiency

Thermal efficiencies of the plants with and without CO, capture retrofit are shown in figure 1, along with the
efficiency reductions due to the retrofit.
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Figure 1: Thermal efficiencies
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Post combustion capture has the lowest efficiency reduction due to capture. The highest efficiency reduction
is for the coal based retrofits.

Capital cost

The capital costs of plants before and after retrofit are shown in figure 2. The costs are broken down into the
costs of the original natural gas combined cycle (NGCC) plant and the costs of the retrofit. The cost of the
original NGCC, in terms of $/kW of net power output, increases after retrofit because the overall net power
output decreases, as shown later in figure 7. The capital costs of local natural gas based retrofits (post
combustion and pre combustion) are broadly similar to the original costs of the NGCC power plant. The
costs of remote plant and coal-based retrofits are substantially higher than the original costs of the NGCC.
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Figure 2: Capital costs
Cost of electricity generation

A power plant operator would be able to recover the cost of retrofitting CO, capture either by an increase in
the electricity price or by a credit for the quantity of CO, emissions avoided, e.g. through a carbon trading

scheme. The total cost of electricity generation after retrofit, assuming no carbon credits, and the increase in
the cost due to the retrofit are shown in figure 3.

Figure 3 shows that the lowest cost capture retrofit option is post combustion amine scrubbing. For the
natural gas and coal prices used in this study (3 and 1.5 $/GJ respectively), coal-based pre-combustion
capture retrofit is slightly more expensive than natural gas pre-combustion retrofit. For pre-combustion
capture, retrofit of a capture plant at a remote site is about 0.8c/kWh more expensive than retrofit at the power
plant site, assuming there are no special difficulties with on-site retrofit.
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Fuel prices are different in different locations and they can fluctuate greatly over time. Sensitivities to
fuel prices are shown in figure 4. A plant retrofitted with coal-based pre-combustion capture, using coal
at $1.5/GJ, would generate electricity at the same cost as a plant retrofitted with natural gas pre-
combustion capture, if the gas price was 3.2-3.4 $/GJ. For the coal-based retrofit to compete with post-
combustion capture retrofit, the natural gas price would have to be $4.2/GJ. In some places, for example
the US, natural gas prices were higher than this at the time this report was written and coal prices were
lower than $1.5/GJ. Coal prices also tend to be more stable than gas prices and supplies may be more
secure. Retrofit of coal gasification with CO, capture may therefore be competitive with natural gas-
based capture retrofit in some places. However, as explained below, CO, emissions from coal-based
plants tend to be higher, so emissions credits would be lower.
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Figure 4: Sensitivity to fuel prices
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The costs in this study exclude CO, transport and storage. As an illustration, a cost of $10/t of CO,
transported and stored would correspond to about 0.4 ¢/kWh for a gas fired plant and 0.8 ¢/kWh for a coal
fired plant.

Cost of CO, emissions avoidance

Figure 5 shows the CO, emissions from the plants with and without capture and the quantities of CO,
emissions avoided. The quantities of CO, emissions avoided are calculated by comparing the emissions of the
natural gas fired plant without capture and the emissions of the plants after retrofit of capture. The quantities
of emissions avoided are less than the quantities captured because extra CO, is produced to provide the
energy required by the capture processes. In the case of the coal gasification retrofits, the quantity of CO,
captured is much greater than the emissions avoided because of the change to a more carbon-intensive fuel.
All of the retrofits are based on the same percentage CO, capture. The CO, emissions from the coal-based
plants are greater than from the natural gas-fuelled plants because coal is a more carbon intensive fuel and the
thermal efficiencies of the coal-based plants are lower.
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Figure 5: CO, emissions

The cost of CO, emissions avoidance, i.e. the CO, credit that would be required to enable a retrofitted plant to
generate electricity at the same overall cost as the original plant without CO, capture, is shown in figure 6.
Figure 6 also shows the sensitivity to the timing of retrofit. The base case assumption in this study is that
CO; capture is retrofitted 10 years after the start of operation of the power plant and the sensitivity to
retrofitting 5 or 15 years after start of operation is shown.
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Figure 6: Cost of avoiding CO; emissions and the sensitivity to the power plant age when retrofitted

Effect on net power output

Retrofitting CO, capture reduces the net power output of an existing combined cycle plant, as shown in
figure 7.
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Figure 7: Net power outputs

The fuel feed rate to the plant with post-combustion capture is the same as to the plant without capture. The
reduction in power output is therefore directly proportional to the reduction in thermal efficiency, shown in
figure 1. In the plants with pre-combustion capture the fuel (natural gas or coal) feed rates depend on the fuel
gas requirement of the gas turbine and the energy losses in the fuel processing stages upstream of the gas
turbine. The fuel feed rates are higher than in the plant without capture and consequently the reduction in net
power output is less than the reduction in thermal efficiency.

In some circumstances a power plant operator may want to maintain its net power output. This could be
achieved by installing additional combined cycle generating capacity at each plant that is retrofitted but this
extra capacity would be less efficient and more expensive than the original generating plant. Maintaining a
constant net power output in this way would reduce the overall efficiency of power generation by between
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zero and 2 percentage points and increase the cost of CO, emissions avoided by between zero and 5 $/t of
CO..

Barriers to retrofit

In general, standard combined cycle power plants are not designed for the future possibility of major
modifications. This study identifies possible barriers to retrofitting CO, capture to existing combined cycle
plants and possible ways to minimise them during the original plant design phase, i.e. making the plants

“capture ready”.

The CO, capture retrofit plants require a considerable plot space. The approximate plot spaces are:

- Post combustion capture 250x150m
- Natural gas pre-combustion capture 175x150m
- Coal gasification pre-combustion capture 475x375m

Significant additional plot space is also required during construction. If there insufficient area available at the
combined cycle plant, a pre-combustion capture plant could be installed at a remote site but, as shown by
figure 2, this increases costs.

Space available within the combined cycle plant for tie-in of large diameter steam and fuel gas pipes may be a
constraint in some cases. Other possible site constraints include the need to provide additional cooling and
demineralised water, coal supply and storage infrastructure in coal fired cases, and accessibility for delivery
of large plant items. Obtaining permits for major modifications to the power plant or construction of a remote
capture plant and its fuel gas pipeline could be a barrier in some circumstances.

Gas turbine performance will differ significantly when firing a low-LHV fuel gas from pre-combustion
capture plant, which will also lead to changed process conditions in the steam cycle. As no design is exactly
the same, it will be necessary to determine possible problems for each installation that is retrofitted. Retrofit
of CO, capture could also affect plant operating flexibility, such as the ability to operate efficiently at part
load.

Many of the potential barriers to retrofit could be overcome in the design phase of a new combined cycle
power plant. This would lead to minor extra costs but the cost savings at the retrofit stage could be
substantial, for example if the need to build a remote capture plant is avoided.

As a sensitivity case, the study briefly assessed retrofit of a capture-ready coal gasification plant, which could
be operated efficiently without capture. This option may be attractive in locations where fuel switching from
natural gas to coal is economically attractive now but there is no requirement yet to capture CO..

Comparison with IEA GHG studies on CO, capture in new power plants

Retrofitting CO, capture to an existing power plant is inevitably more costly than including it in a new plant.
Reasons for this include:

e The capture equipment has a shorter operating life in a retrofit than in a new plant.

o The efficiency is usually lower because of less energy integration between the power plant and
capture unit.
The power plant has to operate at non-optimum conditions.
Some equipment in the power plant becomes redundant or has to be modified.
The existing power plant has to be shut down for a period of time during the retrofit.
Separate utility systems, such as cooling water supply, have to be installed for the capture unit,
resulting in less economies of scale.
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IEA GHG has recently published cost and performance data for post combustion CO, capture in new power
plants, on the same basis as this study'. The cost of post combustion capture in a new natural gas combined
cycle plant was estimated to be $37-41/tonne of CO, emissions avoided, compared to $73/tonne in the
corresponding retrofit case in this study. This higher cost for retrofit is partly due to the reasons given above
but a further reason is the different sources of cost data in the new and retrofit plant studies. This retrofit
study is based on information provided to Jacobs by UOP, for a conventional MEA scrubbing process. IEA
GHG’s study on new plants was based on data provided by Fluor and MHI are for their improved scrubbing
processes (Econamine FG+°™ and KS-1), which have much lower steam consumptions for solvent
regeneration. The efficiency penalty for post combustion capture in this study is 11.3 percentage points but
the penalty is 8.2 and 6.0 percentage points in Fluor and MHI’s studies. The specific capital cost penalty for
CO, capture in this retrofit study is approximately twice as great as in IEA GHG’s new plant study. The data
provided by UOP is conservatively based on eight parallel CO, absorbers, compared to 3 and 2 in Fluor’s and
MHTI’s studies. The resulting economies of scale account for a significant proportion of the cost difference.
Despite the conservative data used for post combustion capture in Jacobs’ study, post combustion capture is
still the lowest cost retrofit option. Use of Fluor’s or MHI’s processes would not have affected this
conclusion.

IEA GHG has also published a study on CO, capture in new IGCC plants®, which was carried out by Foster
Wheeler. The cost and performance data for gasification plants based on Chevron Texaco gasification in that
study are broadly consistent with those in Jacobs’ study. The thermal efficiency and capital cost are both
lower in Foster Wheeler’s study but the differences are not great enough to affect the conclusions of this
study.

Expert Group Comments

The draft study report was sent to expert reviewers for comment. The main comments related to fuel
prices. US reviewers pointed out that the gas price used in the study is low compared to current US
prices. They also pointed out that one of the options considered in the study, conversion to coal
gasification, would only be attractive if gas prices were much higher than the base case price used in the
study. These and other comments from the reviewers are taken into account in the final version of the
study report or in this study overview.

Major Conclusions

Retrofitting CO, capture to natural gas combined cycle plants would increase the cost of electricity by
about 2-3¢/kWh, corresponding to about 70-90 $/tonne of CO, emissions avoided.

Post combustion capture is the lowest cost capture retrofit option.

Remote fuel processing and CO, capture plants could provide low-carbon fuel gas to a combined cycle
plant but the cost would be about 0.8c/kWh higher than for on-site CO, capture retrofit.

There are several potential barriers to retrofit of CO, capture to existing combined cycle power plants but
most of them could be overcome if the possibility of retrofit was taken into account when the power
plant was designed.

! Improvement in power generation with post-combustion capture of CO,, IEA GHG report PH4/33, Nov. 2004.
% Potential for improvement in gasification combined cycle power generation with CO, capture, IEA GHG report
PH4/19, May 2003
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Retrofitting a coal gasification plant with CO, capture could be an attractive option in some countries
where gas costs are high and coal costs are low. Capture-ready gasification plants could be built if there
is currently no requirement to capture COs.

Recommendations

No further work on retrofit of CO, capture to natural gas combined cycle plants is recommended at this
time.

Work by others on retrofit of CO, capture to coal fired power plants, involving upgrading to ultra-
supercritical boilers, should be monitored and compared to the results of IEA GHG’s studies.
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1. MANAGEMENT SUMMARY

This report describes the results of a study conducted to evaluate several options for
retrofitting an existing natural gas fired Combined Cycle Power Plant (CCPP) to a
CCPP with a CO, capture plant.

This retrofit is set to take place after 10 years of operating the power plant as a
standard CCPP.

The CO, capture options evaluated are:

- Post combustion CO, capture based on amine scrubbing of the CCPP’s flue gases
(case 1).
Pre combustion CO, capture based natural gas as a fuel. This is done by
reforming of natural gas in both a local (at the power plant site) case (case 2.1)
and a remote (at 40 km distance) case (case 2.2).
Pre combustion CO, capture based coal as a fuel. This is done by gasification of
coal in both a local (at the power plant site) case (case 3.1) and a remote (at 40
km distance) case (case 3.2).

These options are visualized in following figure.

case 2-1
Local

CcOo2
Capture

case 2-2
Rem ote

Local

case 3-2
Rem ote

Figure 1.1 - Cases Studied

As part of the report a separate chapter (chapter 4) is dedicated to technology
selection aspects for several process steps in a CO, capture Combined Cycle Power
Plant. The technologies described and selected in this chapter are the basis for the
five CO, capture cases as described in chapter 5.

For all cases considered, following characteristics have been established:
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Performance

Avoided CO, emission

Capital investment

Operation & maintenance costs

Using the IEA economic model, modified for evaluation of retrofit options, following
results have been obtained:

Electricity production costs

Cost of avoided CO,

The results of these evaluations are summarized below:

Ref. Case | Case | Case | Case | Case
1 2.1 2.2 3.1 3.2
Additional” capital expenditure
for CO, capture plant (mIn. USD) 395 569 750 962 1194
Net power production (MWe) 785 626 694 667 751 775
Overall efficiency (%) 55.9 44.6 41.5 39.9 35.4 33.6
Spec. total investment (USD/MWe) 529 1294 | 1419 | 1746 | 1833 | 2077
Electricity costs (USD/MWh) 30.0 52.4 58.6 67.1 61.9 69.1
CO; emission (ton/MWh) 0.373 | 0.067 | 0.072 | 0.075 | 0.130 | 0.140
Avoided CO, (ton/MWh) 0.306 | 0.301 | 0.299 | 0.243 | 0.233
Avoided CO; (% of ref.) 82.1 80.6 80.0 65.2 | 62.5
Cost of avoided CO, (USD/ton COy) 73.2 95.1 124.3 | 131.4 | 168.1
Notes:

Y On top of capital expenditure for reference plant: 415 min. USD

From the study it becomes clear that a retrofit of CO, capture to a natural gas fired
CCCP requires a significant cost of investment and results also in a significant
reduction of the overall electric efficiency. The post combustion CO, capture option is
strongly preferred from a performance and financial point of view compared to the
natural gas reforming and the coal gasification based pre combustion CO, capture
plants.

The post combustion option shows the smallest but still significant efficiency reduction
in combination with the lowest capital expenditures and the best specific CO,
emission.

The main disadvantage of the post combustion option is the requirement of installing
the plant almost next to the existing CCCP because of the large atmospheric flue gas
flow. As the plant requires also a large plot space, this could be a problem for
retrofitting.

Other conclusions are:
All options comply with the CO, capture efficiency of 85%.
The remote pre combustion options require a higher cost of investment and have a
lower efficiency due to transportation of the fuel gas.
The overall power generation availability of the retrofitted plant is “identical” to the
reference CCCP.

Taking this as a basis, sensitivity analyses have been made for:
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Fuel price : +100% and —50%
Discount rate 5% (instead of 10%)
Year of retrofit 5 years and 15 years after start of CCPP (instead of 10
years)

Sensitivity analyses on fuel price show a different behaviour of the cost of avoided
CO, for the coal-based plants compared to the natural gas fuelled plants. An
increase of the fuel price results in an increase in the cost of avoided CO, for the
natural gas fuelled plants and a decrease of cost for the coal fuelled plants. In case
of a fuel price reduction the opposite occurs. Sensitivity analysis on discount rate
show, as expected, a reduction of the costs of avoided CO, for all cases
considered with a reduced discount rate.

Sensitivity analyses on the year of retrofit show as expected that when the retrofit is
executed at a later time, the cost of avoided CO, increase.

The post combustion option remains the best option from a financial point of view
for all sensitivities considered.

Additionally one chapter (chapter 8) is dedicated to issues related to future retrofitting,
which can be anticipated for in the design stage of the original Combined Cycle Power
Plant.

Indications are given for:
Plot space requirements of the various retrofit options. They range from 175x150
to 475x375 m.
Additional required cooling water capacities. These additional capacities range
from 21,000 to 83,000 m%h.
Additional required space for 12" to 36" additional fuel gas line to the gas turbine
when retrofitting.
Additional required space for 36" LP steam line from the CCPP steam turbine to
the CO, capture plant in the local cases.

In this chapter some notes on availability and the effect on CO, capture of failure of
some process units are also given. In all cases, provided that the CCPP is allowed to
operate temporarily without capturing 85% CO,, the availability is not affected by
installing a capture plant.

Furthermore some capex reduction options and performance improvement potential
have been identified.

Additional Tasks
Two additional tasks were carried out by Jacobs as a supplement to the study:

Task 1 — Same Output Retrofit

In all cases, the action of retrofitting the CCPP to capture 85% of the CO,, results in a
reduction in net generation capacity. However, some operators may be contracted to
retain the original plant output.
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In order to achieve this it is necessary in most cases to install supplementary
combined cycle power plant either with additional flue gas scrubbing capacity or
fuelled from an enlarged capture plant.

The results of these evaluations are summarised below:

Additional Power Requirements Ref. 1 2-1 2-2 3-1 3-2

Total Overall Plant Net Power Output 784.8 | 625.9 | 693.7 | 667.4 | 751.2 | 774.6 | MWe
Additional Power Required - 158.9 | 91.1 | 117.4| 33.6 | 10.2 | MWe
Additional Combined Cycle Gas Turbine Type - |GE9EA|GE6FA|GE9EA| GE6B -

Revised Overall Plant Net Power Output 784.8 | 780.2 | 786.9 | 805.4 | 793.9 | 784.0 | MWe
Revised Overall Plant Net Electrical Efficiency 55.9 | 43.8 | 40.6 | 37.9 | 34.2 | 33.6 %

The study demonstrates that the reference case output can be closely matched with
CO, capture using additional gas turbines.

In all cases the overall efficiency is reduced. This is because the additional gas
turbines are all less efficient than the GE 9FA used in the CCPP. This increases
specific CO, emissions and the increase in capacity increases overall CO, emissions.

In all cases the total capital costs are increased, but in the specific capital cost differ
marginally compared to the results of the original study.

Additional Capital Expenditures Ref. 1 2-1 2-2 3-1 3-2

Additional Capital Costs’ - 584 712 978 1045 1210 Million US $
Specific Total Investment 529 1280 1432 | 1729 1839 | 2073 uUs $/MWe
Costs of Avoided CO, - 74.3 98.2 | 128.9 | 136.9 | 167.5 US $/ton
Notes

1.  On top of capital expenditure for reference plant of 415 million US $
2.  Calculated with electricity at 30.0 US $/MWh

Task 3 _ Pre-implementation Retrofit

A major problem facing an intended new power plant investor is the choice between a
plant design that cannot capture CO, and one that can only operate with CO, capture.
With the former, he will face penalties under any carbon tax levy for which his only
recourse is to pay. The latter choice will give him an uncompetitive plant for today that
produces by-product CO, to no benefit.

An option is to design a fuel plant which is CO, capture ready based on the designs
for Cases 3-1 and 3-2, renamed Cases 3-3 and 3-4 respectively. These designs could
be operated to advantage without CO, capture. The fuel gas diluent of nitrogen and
water vapour, both of which are energy intensive to use, could be replaced simply by
leaving the CO, in the fuel gas. Here it acts as the diluent and is eventually discharged
up the stacks of the CCPP and Power Block.
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The results of these calculations are summarised below.

Plant Performance Output Ref. 3-3 3-4

Combined Cycle Power Plant Net Electrical Output 784.8 | 846.6 | 820.8 MWe
Overall Plant Net Power Output 784.8 | 973.6 | 932.6 MWe

Total Plant Fuel Consumption (LHV) 1404.6 | 2388.7 | 2390.7 MWth
Overall Plant Net Electrical Efficiency 55.9 40.8 39.1 %

The economic results are shown in the table below.

Additional Capital Expenditure Ref. 3-3 3-4

Additional Capital Costs’ - 949 1102 Million US $
Specific Total Investment 529 1401 1627 Us $/MWe
Costs of Electricity 30.3 44 .4 49.8 US $/MWh

Notes

1. On top of capital expenditure for reference plant of 415 million USD

A fuel plant can be built which is CO, capture ready and used to refuel an existing gas
turbine at similar efficiencies and costs to a traditional IGCC without the ability to
capture CO,. The prices for natural gas and coal as used in the study mea