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free resources, namely on- and offshore wind energy. For this study, electricity generated by onshore
wind turbines is estimated to cost 5.5 €c/kWh, while for offshore generation the figure is 8.75 €c/kWh
(DCMNR’s REDG working group). Gas-fired CCGTs are not considered further because the supply
security aspects of coal and peat make them more desirable than gas, as discussed in previous

chapters.

5.4.1 Retro-fitted Moneypoint - Tanker transport - EOR in Miller field

In this case study, CO, is captured by physical absorption at Moneypoint and shipped about 2,000 km
by tanker to the Miller oil field off the coast of Scotland for use in EOR. The generation cost assumed
for Moneypoint is based on the cost of a new-build coal-fired power plant of an equivalent size to
Moneypoint, though the actual generating cost for Moneypoint may be lower, as the station’s capital
cost will be relatively low at this point in its life. We can see that at a carbon price of €20-30/tCO,, this

form of CCS becomes preferable to inaction.

The appeal of this option lies in the possible benefits of EOR, as is shown by the negative cost
contribution of storage in Figure 22. It must be remembered however that the potential costs and
benefits of EOR are not known to a great degree of accuracy. The cost of EOR storage varies in the
range 0.46-1.83 €c/kWh: in this and all other cases, an average value is used with error bars on the
graphs indicating the range of uncertainty. CCS in this instance adds 2-3 €c/kWh to the cost of
electricity, while inaction adds 1-6 €c/kWh.* The carbon emissions of the plant reduce from 946
gCO,/kWh* to 197 gCO,/kWh: applying CCS at Moneypoint alone would reduce total Irish CO,

emissions by 7%.

46 This wide range reflects the fact that a wide range of carbon prices are used in the analysis
47 For all cases, these original plant carbon factor terms are arrived-at by dividing the fuel carbon factor by
generic plant efficiencies. They are not values for specific plants
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Figure 21 Cost comparison: Retro-fitted Moneypoint - Tanker 2,000 km - EOR in Miller field
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Figure 22 Cost breakdown: Retro-fitted Moneypoint - Tanker 2,000 km - EOR in Miller field
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5.4.2 Retro-fitted Moneypoint - Tanker transport - Utsira Aquifer

In this case study, CO, is captured by physical absorption at Moneypoint and shipped 2,000 to 3,000
km by tanker to the Utsira Aquifer off the coast of Norway. We can see that even at a carbon price of
€60/tCO,, this form of CCS is not preferable to inaction, as shown in Figure 23. It would appear that
this form of CCS is not feasible under any circumstances: aquifer storage, unlike EOR, EGR and ECBM,
has no economic benefit beyond carbon storage. CCS in this case adds 6-7 €c/kWh to the cost of
electricity, while inaction adds 1-6 €c/kWh.

Figure 23 Cost comparison: Retro-fitted Moneypoint - Tanker 2,000 km - Utsira aquifer
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Figure 24 Cost breakdown: Retro-fitted Moneypoint - Tanker 2,000 km - Utsira aquifer
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5.4.3 Retro-fitted Peat stations - Pipeline transport - EGR in Corrib gas field

In this case study, CO, is captured by physical absorption at Edenderry, Lough Ree and West Offaly
power plants and piped about 500 km to the Corrib gas field off the coast of Mayo for use in EGR. As
with the Moneypoint case studies, the estimated costs of generation are based on the cost of an
equivalent new-build power station. The cost of EGR storage varies in the range 0.53-2.10 €c/kWh: as
in the other cases, an average value is used with error bars on the graphs indicating the range of
uncertainty. We can see that at a carbon price of €50-60/tCO,, this form of CCS becomes preferable to

inaction.

As with the EOR case discussed above, the potential costs and benefits of EGR are not known to a
great degree of accuracy: estimates range from a net economic benefit to costs many times that of
aquifer storage. CCS in this case adds 5-6 €c/kWh to the cost of electricity, while inaction adds 1-7
€c/kWh. The carbon emissions of the plant reduce from 1,090 gCO,/kWh to 227 gCO,/kWh: applying
CCS at Edenderry, Lough Ree and West Offaly would reduce total Irish CO, emissions by 1.3%.
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Figure 25 Cost comparison: Retro-fitted Peat stations - Pipeline 500 km - EGR in Corrib field
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Figure 26 Cost breakdown: Retro-fitted Peat stations — Pipeline 500 km - EGR in Corrib field
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5.4.4 Retro-fitted Peat stations — Pipeline transport - Storage in depleted Corrib gas field

In this case study, CO, is captured by physical absorption at Edenderry, Lough Ree and West Offaly
and piped about 500 km by to the Corrib gas field off the coast of Mayo for storage in depleted fields.
We can see that at a carbon price of €60/tCO,, this form of CCS becomes preferable to inaction. CCS in

this case adds 5-7 €c/kWh to the cost of electricity, while inaction adds 1-7 €c/kWh.

Figure 27 Cost comparison: Retro-fitted Peat stations - Pipeline 500 km - Depleted Corrib field
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Figure 28 Cost breakdown: Retro-fitted Peat stations — Pipeline 500 km - Depleted Corrib field
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5.4.5 Future IGCC - No transport - Aquifer beneath plant

In this case study, CO, is captured by gasification at a future IGCC plant and pumped beneath the
plant to aquifer storage. A future IGCC plant is defined in IEA (2004) as a CCS-capable IGCC plant that
could be built by 2020.

We can see that at a carbon price of €20-30/tCO,, this form of CCS becomes preferable to inaction, as
shown in Figure 29. In this case, inaction is defined as the construction of a new conventional coal-
fired plant, as opposed to a future IGCC plant. It is assumed that an IGCC plant would not be built
without CCS capabilities: IGCC plants are much more amenable to CCS than are conventional coal-
fired plants, and this is reflected in the lower capture costs. The absence of a CO, transport system

means that costs are reduced further.

CCS in this case adds 2-3 €c/kWh to the cost of electricity, while inaction adds 1-6 €c/kWh. The carbon
emissions of the plant would be 128 gCO,/kWh, compared to 792 gCO,/kWh for a new coal-fired
conventional plant and 946 gCO,/kWh for Moneypoint: replacing Moneypoint with a similarly sized
CCS-capable coal-fired IGCC plant would reduce Irish CO, emissions by 7%. Building a CCS-capable
coal-fired IGCC plant instead of a new conventional coal-fired plant would reduce total Irish CO,

emissions by 6%.

Figure 29 Cost comparison: Future IGCC - No transport - Aquifer*®
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48 “No action” refers to building a conventional coal-fired plant without CCS, as opposed to an IGCC without CCS
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Figure 30 Cost breakdown: Future IGCC - No transport - Aquifer*®
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49 Generation cost for an IGCC plant is estimated from data given in Nuclear Energy Agency, IEA and OECD
(2005). This data matches closely with data from PB Power and the Royal Academy of Engineering (2004)
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5.4.6 Summary of Case Studies

Table 13 summarises the key points from the case studies. In many cases, onshore wind energy can
be produced at more competitive electricity cost, while emitting no carbon dioxide. It must be
remembered however that due to the intermittent nature of wind, wind power cannot be considered
a baseline energy source, whereas coal- and peat-fired stations can. In the table below, “crossover
carbon price” refers to the carbon price at which a CCS system becomes more economical than

inaction.

Table 14 shows expected capital costs for various CCS project options for Ireland. The data presented
here is from the IEA’s Prospects for CO, Capture and Storage (2004), except for the aquifer development
figure, which is taken from CO, Underground Storage Costs as Experienced at Sleipner and Weyburn by
Torp and Brown (date unknown). Figures are first given in terms of €/kW or €/tCO, and then scaled for

the appropriate power plant size.

Table 13 Summary of CCS case studies

Cost of electricity | Crossover Emissions Irish CO,
Case Study carbon emissions

ccs No CCS ccs No CCS

price reduction

€c/kWh | €c/kWh | €/tCO, gCO,/kWh gCO/kWh %
Moneypoint -

6-7 5-10 20-30 197 946 7.0%
Tanker - EOR
Moneypoint -

10-11 5-10 >60 197 946 7.0%
Tanker - Aquifer
Peat stations -

9-10 5-11 50-60 227 1,090 1.3%
Pipeline - EGR
Peat stations -
Pipeline - 9-11 5-11 60 227 1,090 1.3%
Depleted gas field
Future IGCC - No
transport - 6-7 5-10 20-30 128 792% 6.2%
Aquifer

%0 The No CCS case refers to a new conventional coal-fired plant
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Table 14 Capital costs for CCS options for Ireland”’

Option Specific capital cost | Capital cost
Moneypoint post-combustion physical absorption retro-fit | €96/tCO, €528m
Edenderry post-combustion physical absorption retro-fit €96/tCO; €74m
Lough Ree post-combustion physical absorption retro-fit €96/tCO; €76m

West Offaly post-combustion physical absorption retro-fit | €96/tCO, €109m
Future 300 MW IGCC plant €1,312/kW €394m
Future 864 MW IGCC plant (sized to replace Moneypoint) €1,312/kW €1.31b
Development of TMtCO,/year sub sea aquifer - €77m

10 exploratory boreholes to 2 km depth €320,000/hole €3.22m

51 Derived from data given in Torp and Brown (date unknown). Specific capital costs for peat-fired stations are
derived from the coal-fired station figures. In reality they would probably be slightly higher
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Chapter 6 Hydrogen Case Studies for Ireland

This chapter presents a preliminary analysis of hydrogen in an Irish context. Many assumptions are
made, and available data on hydrogen production, transport and storage costs is by no means
complete. Hydrogen should be viewed as one of a number of technology options that may have
relevance for Irish emissions-reduction efforts. Other technical and non-technological strategies,
including energy efficiency and demand measures and policy actions, should be given equal

consideration.

The results of the analysis itself are presented in terms of the cost of proposed projects: again, there
are many ways to examine the feasibility of such systems. The results of the following analysis should
be considered less authoritative that those of the previous chapter due to the complexity of the

issues involved.

Transition to a power and transport system using hydrogen represents an enormous investment of
time, money and effort. If shown to be beneficial in the long-term, this transition may take decades to
complete. The Icelandic hydrogen project emphasises this point, with its 2050 timeframe. It should be
borne in mind that Iceland is a small country with a very concentrated population: of a total of only
297,000, 115,000 live in Reykjavik. With this in mind, more medium-term demonstration and

commercialisation projects are considered here.

It should also be recalled that the main motivations for embarking on a hydrogen research
programme are to reduce GHG emissions and dependence on oil. A project involving hydrogen-
powered transport would therefore seem to be a logical choice, and one similar to the EU-funded
CUTE initiative is proposed for Ireland, with off-peak wind-powered electrolysis used in the analysis as
the hydrogen production method. A rural setting would mean that transportation costs could be

minimised, and even neglected. The capital costs of the project are examined below.

A case study involving a larger city-wide bus system is considered also. In this case, an existing large
wind farm is used in the analysis, with electricity being transmitted from the wind farm to an
electrolyser at the bus depot during off-peak hours, thus eliminating the need for hydrogen

transport. Here, capital cost excludes that of the wind farm.
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6.1 Method

The capital cost of a rural off-peak wind-hydrogen fuel-cell bus project consists of the following: wind
farm cost, electrolyser cost, filling station cost and bus cost.
C =C + Cotectroyser TC +C
C =c x kW,

windfarm
C

capital windfarm fillingstation bus

windfarm

< kW,

elec

windfarm

=c elec
C
C =

fillingstation
n

electrolyser

network X nbus

network X nstd

Cbus = Cbus X nbus

Where:

c windfarm

= Wind farm specific cost [Euro / kW]
kW, atarm = Wind farm size [kW]

.. =Electrolyser specific cost[Euro/kW]
KW,
C

n,.,. =Number of fuelcellbuses

= Electrolyser size [kW1]
=Filling stationnetwork cost [Euro]

network

N oo =Number of filling stationsin the network

networ

n., =Number of buses served by standard filling stationin the network
€, = Single fuel cellbus cost [Euro]

n,.xm xHHV, xN
kW _ bus H, ,bus H, f

elec — t
Netec * Lot

Cope =7405.7 x (KW, ) *>"°
kw.

kWWindfarm = e
LFwind

6.2 Input Parameters and Assumptions

Table 15 shows the input values used for the analysis. In some cases, uncertainty must be taken into

account - the main assumptions in the analysis are:
e Daily bus fuel consumption
e Electrolyser energy efficiency
e Number of daily off-peak hours
e Filling station capital cost

o  Fuel cell bus capital cost
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Table 15 Input values for wind-hydrogen bus case studies

Input parameter or variable Symbol Value Source
Wind farm specific cost Cwindfarm €1,100/kW STAG (2005)
Filling station network cost Chetwork €30 million reFocus (2004)
Number of filling stations in the
Nnetwork 35 reFocus (2004)
network
Number of vehicles served by
Ntd 6 Estimate

standard filling station
Fuel cell bus cost Chus €1.1 million Clean Air Initiative

Rural: 3,6,9, 12
Number of buses Nbus -

City: 20,40,60
Daily H, mass required for a bus | muzpus 40 kg CUTE brochure
H, higher heating value HHVy, 39.5 kWh/kg -
Electrolyser size safety factor Nt 2 Estimate
Electrolyser efficiency Nelec 75 % Estimate

Transmission System
Daily number of off-peak hours | tos 8 hours
Operator Ireland (2004)

7405.7 x Modified data from
Electrolyser specific cost Celec 03219

(kW) Monaghan (2005)
Onshore wind load factor LFwing 35% STAG (2005)

6.3 Results

Figure 31 shows the results of the analysis for the rural proposal. The four capital cost components
are shown and their relative importance can be determined: it is clear that wind farm costs and fuel-
cell bus costs dominate the overall figure. With further commercialisation of fuel cells it can be
expected that the cost of the buses will drop: fuel cells and fuel-cell buses are not currently mass-
produced, which is the reason for the €1.1 million cost per bus. The cost of wind farms will also drop
with further commercialisation, although probably not to the same extent as the cost of buses. It is

important to bear in mind that only off-peak wind energy is used for hydrogen production - peak

energy can still be sold to the local or national electricity grid.
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Figure 31 Capital cost breakdown of rural wind-H, fuel-cell bus project
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Figure 32 shows the results of the analysis for the city-wide proposal. It is assumed that by the time
this project would be considered, wind farms would be of sufficient size for such a project. This time
there are only three capital cost components, which are shown on the graph: it is clear that the fuel-
cell bus costs dominate the overall figure. With further commercialisation of fuel cells it can be
expected that this cost will drop. Again, only off-peak wind energy is used for hydrogen production -

peak energy can still be sold to the local or national electricity grid.

Figure 32 Capital cost breakdown of city-wide wind-H, fuel-cell bus project
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Chapter 7 Conclusions

7.1  Carbon Dioxide Capture and Storage

Carbon dioxide capture and storage schemes have the potential to reduce CO, emissions from Irish
power generation. Coal and peat are highly desirable fuels from the supply security point of view -
coal is mined in many developed and stable countries and is a cheap, abundant resource, while peat
is a plentiful indigenous Irish resource. However, both are subject to heavy carbon taxes due to their
polluting nature. CCS offers the opportunity to make use of these resources while avoiding the extra
emissions, and should be viewed as a medium-term solution to the problems of supply security and
GHGs. By using it, we can continue to generate power in an economical manner while developing

long term zero-emission technologies.

The application of CCS to Moneypoint alone would reduce total national emissions by 7%, a
substantial amount. If it were used also in the three main peat-fired stations that figure would rise
above 8%. Where the CO, does not have to be transported great distances to storage, or where it has
a use in enhanced oil recovery, the economic viability of CCS is vastly improved. It should be borne in
mind, however, that the accuracy of figures for enhanced fuels recovery is not great. Of course,
stations better suited to CCS are preferable: IGCC plants are more suited to this technology than
existing coal-, peat- or gas-fired stations, as is reflected in the lower costs of electricity, around 6-7
€c/kWh, when IGCC plants with CCS are used. This compares with 5-10 €c/kWh for existing
generation with full carbon tax burdens. Electricity costs using future IGCC plants are competitive at

today’s carbon prices of around €20-30/tCO, (www.pointcarbon.com).

An important point to bear in mind, however, is the capital cost involved in the construction of CCS
systems. Retro-fitting Moneypoint with post-combustion capture technology would cost over €500
million. Building a new 300 MW IGCC plant would cost almost €400 million, while an 1GCC
replacement for Moneypoint would exceed €1.3 billion. These figures do not include the cost of
developing storage facilities. The 1 MtCO,/year Sleipner project incurred capital costs of almost €80
million. While further development of CCS promises to bring these costs down, it should be noted
that 85% of the Sleipner project costs went towards compressors, which use advanced and mature
technology. The annual CO, emissions of Moneypoint are more than five times those that the
Sleipner project deals with, and therefore require more or larger compressors. If Ireland were to

develop its own storage facilities, the cost of exploratory boreholes alone would exceed €3 million.
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7.2 Hydrogen

Hydrogen offers a long-term solution to the problems of supply security, particularly in relation to oil,
and GHG emissions. The fact that hydrogen can be produced using fossil fuels as well as renewably-
generated electricity means that we can use it even as we make the transition from a fossil fuel

energy system to an eventual renewable one.

Wide-scale transition to a hydrogen-powered energy and transport system is an enormous
undertaking. Although the versatility of hydrogen in the fields of power generation, transportation
and energy storage is extremely valuable, one must consider the challenges of infrastructure
development and hydrogen storage. Fuel cells for transportation may well be commercialised in the
coming years, but the lack of infrastructure and adequate storage threatens the future of any so-
called Hydrogen Economy. However, the fact that hydrogen may be generated using renewable
energy technologies in a distributed manner offers a possible long-term alternative to fossil fuel-

powered transport and power generation.

Demonstration projects are needed to examine the feasibility of hydrogen. A rural off-peak wind-
hydrogen bus project would incur capital costs from €10 million for three buses to €37 million for 12
buses. In both cases, the costs of the wind farms contribute more than 50% of the total. For urban
projects involving existing large wind farms, the total costs involved for a fleet of 20 buses amount to
almost €30 million, rising to over €80 million for 60 buses. The cost of fuel-cell buses, the main item of

expenditure, can be expected to decrease in coming years with further technological development.
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Chapter 8 Possible Options

8.1

Carbon Dioxide Capture and Storage

In order to understand better the applicability of CCS to the Irish energy sector the following actions

could be taken:

1.

Deep geological mapping of Ireland’s on- and offshore storage potential. This should be
undertaken in association with the Geological Survey of Ireland (GSI), the Marine Institute
(M), and other interested parties, possibly including DCMNR and CER. Possible enhanced oil,
gas and methane sites would be identified in the study, and the permanence of storage and
risk of leakage should be considered. Modelling of the cost of the various storage methods
should be examined rigorously.

Support for Irish scientific and engineering research into capture and storage technology.
Current work at University College Dublin should be encouraged and expanded to develop
an indigenous knowledge base in the field of CCS. Involvement in the various European
Union and IEA CCS initiatives, especially those supported by the Framework Programmes,
would also be of great help in this regard. Co-operation in established research in the United
Kingdom would be beneficial to any prospective Irish work.

Small-scale post-combustion capture demonstration at an existing power plant. Carbon
capture at the pilot scale should be demonstrated. A post-combustion unit, separating a
fraction of CO, emissions from either Moneypoint or a peat-fired station, would provide
valuable information for the future development and operation of larger-scale projects.
Small-scale IGCC and CCS demonstration. Pre-combustion carbon capture at the pilot scale
should be demonstrated. Ideally the plant would be situated over or near a storage facility,
increasing the viability of the project. Coal or peat could be used as fuel, as both have
desirable characteristics. Following on from this, larger scale, fully operational plants could
be built.

Public fears regarding CO, storage should be addressed, through an informed discussion

with interested parties.
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8.2

Hydrogen

In order to understand better the applicability of hydrogen in the Irish energy and transportation

sector the following actions should be taken:

1.

Further research into the precise costs and benefits of a wind-hydrogen bus demonstration.
Identification of a suitable wind farm should take place, and the possibility of selling wind-
produced hydrogen to industry examined, along the lines of research being carried out by
Bruton Bioenergy.

Involvement in the EU-funded CUTE initiative. Access to expertise and funding would be of
benefit to any similar project in Ireland.

Hydrogen production from other forms of renewable energy in Ireland. The possibility of
hydrogen production from biomass gasification could be examined, while the relative
viabilities of biofuels and hydrogen could also yield interesting results.

Hydrogen as applied to the wider transportation sector. For hydrogen to be accepted as a
fuel, it must be able to be supplied at a reasonable price. This would require hydrogen
production, supply and storage infrastructure, as well as a sufficient number of hydrogen-
powered vehicles to use it. The means by which this would be achieved should be examined.
Stationary fuel cell demonstration. A small-scale stationary fuel cell demonstration project
would be a useful method of gaining experience in the installation and operation of fuel

cells.
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Chapter 10 Appendix

The result plots should be interpreted as follows. Each figure (given in €c/kWh) corresponds to a
particular type of power plant. The large axes show the various transport and storage methods, while
the smaller axes on each coloured panel show the different transport distances and carbon taxes. This
gives each figure a four-dimensional plot. A green colour at a point indicates that a CCS system would
result in lower electricity costs than inaction, while an orange colour indicates the opposite. The
numbers on the plots show the carbon-related charge (CCS or emissions charge) for that particular

point in the parameter space.

Suppose we are considering whether or not to build a CCS system at Moneypoint. Taking the current
carbon price of €22.60/tCO, (approximated as €20/tC0O,), we assume also that we will be shipping the
captured CO, a distance of around 3,000 km to the Utsira formation in the North Sea for storage in the
aquifer there. To determine the feasibility of this option, we first go to Figure 34 (for Moneypoint). The
top of the large vertical axis relates to aquifer storage, and the right column tanker transport. On the
top right panel of Figure 34 we go to 3,000 km on the transport distance axis and €20/tCO, on the
carbon price axis. The colour of this area of the graph is orange, indicating that it would not be
feasible to build a CCS system under the given set of conditions. Furthermore, the model predicts
that inaction would add 0.95 €c/kWh to the cost of electricity, less than the figure for using a CCS

system.
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Figure 33 CCS analysis results for a new CCGT plant
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Figure 34 CCS analysis results for Moneypoint
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Figure 35 CCS analysis for a new coal-fired IGCC plant
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Figure 36 CCS analysis for the existing large peat-fired plants
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