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The aim of the project Sectoral Emission ReducRaotentials and Economic Costs for Cli-
mate Change (SERPEC-CC) is to identify the poteatid social costs of technical control
options to reduce greenhouse gas emissions adrd&&srapean Unions sectors and Member

States in 2020 and 2030.

In this SERPEC report, we have determined the piatserand costs of the deployment of
low-carbon electric power production technologig#is includes centralised large-scale
power plants as well as decentralised productiomfPV and anaerobic digestion of bio-

mass.

The power supply sector had a share of around 28 te overall greenhouse gas emission
in the EU in 2005. Electric power production in tBe is expected to grow with a steady
1.3 % per year in the so-called baseline developrmfsh a result, C®emissions will in-
crease, unless new low-carbon power supply tecresare implemented. In this study, we
identified the deployment potential of technologteat can reduce GCemissions in the
power sector to 25 % below 2005 emissions in 202069 % in 2030 (see Figure 1).
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The de

ployment rate of new low-carbon technologide a large extent governed by the rate

of turnover of current stock of fossil fuelled pawsants. For new technologies, we defined

adeplo

yment scenarialong the following principles:

implement electricity demand savings first;

achieve maximum Cg@abatement;

allow maximum implementation of renewables;

evaluate how much new fossil fuelled capacityilsretjuired.

The associated GQeductions are to some extent limited, for théofeing reasons:

2 4
«

Limits to growth of renewable§Ve estimated average (2005 — 2080hual market
growth rates of renewables technologies ranging/iden 5 % (on-shore wind), 8 %
(biomass), 11 — 12 % (wave, tidal) to 20 % (PV;s#fbre wind) to as high as 25 %
for CSP. This results in around 2500 TWh of rendevgdmwer production in 2030,
compared to 500 TWh in 2005. The high growth ratesinsufficient, however, to
supply all required new power production in the EU.

Limits to the use of biomasklere, we assumed that up to 65 % of the poténtial
available biomass in the EU is used in either thagport sector, the built environ-
ment or the power supply sector.

Assumed limited application of CCSCS was only applied to new coal fired power
plants built after 2020.
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The overall emissions reduction potential and thecsic social costs of individual options
are shown in Figure 2. Under the scenario conditiomosen in this study, a (very) large

share o

f the options has negative costs alrea@920. Between 2020 and 2030 the specific

costs of most options decrease even further, asudt of technology learning and economies
of scale.
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Cost-curves should be used with care; they shoelcebarded as scenario outcomeather

than a set of factual cost-numbers. This is ilatstl in Figure 3, which shows the specific

costs of options in 2030 under 3 scenarios:

1. The standard case (lower curve), in which we ag@iéd % discount rate and a reference
cost of electricity production of 57 € / MWh (112 € AWh for BIPV).

2. The end-user perspective, in which the discourt isaset at 9% and a reference cost of
electricity production of 157 € / MWh for BIPV.

3. A third case in which the discount rate is 9% arelreference cost of electricity is set at
45 € / MWh (125 € / MWh for BIPV).

The sensitivity analysis also illustrates thatgbeial cost perspective should not be confused
with the investor perspective.
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The SERPEC project

The aim of the project Sectoral Emission Reductioteftials and Economic Costs for

Climate Change (SERPEC-CC) is to identify the ptiédsrand costs of technical control

options to reduce greenhouse gas emissions adldasrapean Union sectors and Mem-

ber States in 2020 and 2030. The results are pexbém so-called marginal abatement
cost curves (MACCs) that provide a least-cost magkif options across technologies and
sectors in the EU. In general, MACCs provide striateormation for policy makers.

All identified abatement options refer to technaézgthat are already applied today, or
will become commercially viable in the near futufe. identify their abatement potentials

we estimated the maximum feasible implementatidestaoften governed by the rate of

turnover of existing technology stocks. Costs ofuratechnologies were assumed to be
constant over time, whereas costs of relatively teskinologies, e.g. wind turbines, were
allowed to decrease over time due to economiesadé and technology learning.

The energy supply sector

In this report we focus mainly on (centralisedictricity productiontechnologies. This
includes centralised large scale power supplyifeslas well as decentralised production
from PV and anaerobic digestion of biomass. Thectsfof abatement options like Com-
bined Heat and Power production (CHP) and advaheatigeneration technologies in the
built environment and industry sectors are atteéduto these respective sectors and dis-
cussed in separate SERPEC reports. In the curngottyeve do include cross-sectoral ef-
fects like electricity demand savings, and the iobpe biomass use in other sectors on
availability of biomass for centralised power protion.

The power sector emitted around 1370 Mt of,@®©2005, which is 28% of the total of
EU GHG emissions. (Strong) emissions reductionthénpower sector are therefore cru-
cial for the EU to reach its 2020 climate and endaggets.
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Our reference for the G&emissions development over time was a so-calleddfr Tech-
nology Reference Level (FTRL), see Figure 4. The FT&kresents a scenario which has
all the characteristics of the PRIMES-2007 basedicenario (Capros et al., 2008), while
the technology characteristics of the demand-stdeoss as well as the power supply sec-
tor remain at the (frozen) 2005-level. As a consege, the C@emissions in this refer-
ence scenario rise steeply. In our bottom-up ifieation of low carbon power supply
technologies as well as demand side electricitinggvmeasures, we also used this 2005-
technology status as a reference. This was doneibg @ single averaged value for the
CO, emissions of the reference electricity productiobhis value was set at
0.5 t-CQ/MWh and reflects an average marginal power prodaglant in the EU.

As a reference fgpolicy makersFigure 4 also shows the so-called PRIMES basesliee
nario (Capros et al., 2008). This scenario incluai@®nomous technology improvements
as well as (further) implementation of before-2@0mhate policies.
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We identified the following categories of low-carbpower supply technologies:
Hydropower
Wind energy
Solar photovoltaic energy
Solar thermal power
Wave energy
Tidal energy
Geothermal energy
Biomass Energy
Low carbon fossil fuelled power generation
Nuclear power generation

In Chapter 2 of this report, we describe the irdlial technologies in these categories,
their technical potentials to abate £€nissions, the maximum deployment rates (defined
as deployment potential) and the associated caistShapter 3, we combine this informa-
tion into two power supply scenarios for the EU.

"y 3

The specific costs of Cmission reductions (€/t-Gpin the power sector are calculated
from the production costs and g@missions of the new technology as compared to the
costs and emissions of the reference technology.

Reference technology

The reference costs of electricity production weeeveéd from PRIMES (Capros et al.,
2008), see Table 1. These costs were used as ameddior all new centralised electricity
supply options. For PV on buildings we used thairefectricity price (before taxation)
as reference.

New technologies

The capital costs of investments in new technologiesannualised using a discount rate
of 4%. This value is similar to government bondcesatThe costs of energy carriers ex-
clude taxes and levies and were taken from the EFSIMaseline scenario (EC, 2008), see
Table 1.
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The approach can be summarised in the followingnidae:

Ce,i = (aCi,INV +Ci,O&M +Ci,FueI - Bi )/FLHI (In €/kWhe

Ceo,; =1000* (Ce,i - Cojrer )/EFe,i,ref (in €/1CO,)
a=r/(- @+r)™") (in%/ yr)
With:

Ccoj = Specific costs of COemission reduction of measurén € / tonne
COy)

Cej = Specific costs of electricity production from asere i (in
€ / kWhe)

Cejret = Specific costs of the reference for measyne € / kWhe)

EFr = Emission factor of the reference(s) to measuirekg CQ/ kWhe).

a = Annuity factor (in % / yr) at discount rate(% / yr) for measuré
with a technical lifetime oh (yr). In this study the social costs are
calculated withr =4 % / yr.

Cinv = Investment cost of meastir@n €/kWe)

Ci.oam = Operation and maintenance cost of meais(ire€/k\We/yr)

Ciruel = Fuel cost of measuidin €/kWel/yr)

B; = Benefits from sales of non-electricity energyrieas (in €/kWel/yr)

FLH; = Full load hours of measuréin hr/yr)

All costs are expressed in 2005 Euros.

This method of costs calculation is also refereds ‘social costs’. It allows for compari-
son of the ‘bare’ costs of technologies, acrosssones, sectors and countries. A negative
cost number indicates that there will be a netavelfgain from a social perspective from
taking these measures, a positive cost numberatetica net welfare loss. Note, that the
so-called ‘end-user’ perceives higher energy primed discount rates. As a result, the
cost-curve from an end-user perspective looks miffe(see Chapter 4.2).
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2005 2020 2030
Natural gas €/GJ 5.6 7.2 7.7
Biomass €/GJ 6.5 9.4 10.4
Hard coal €/GJ 2.1 2.3 25
Electricity wholesale price* | €/ MWh 45 55 57
Electricity, retail price* €/MWh 85 101 112

* These values were derived from the PRIMES baseline pre-tax electricity costs for industry and households,

respectively, corrected for 11 €/ MWh CO, costs (22 €/t-CO,

0.5 t-CO, / MWh). The electricity wholesale

price matches the short term marginal costs of an average gas-fired power plant with a 45% efficiency.
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In this chapter, we stepwise discuss the follovalegtricity production options:
Hydropower
Wind energy
Solar photovoltaic energy
Solar thermal power
Wave energy
Tidal energy
Geothermal energy
Biomass Energy
Low carbon fossil fuelled power generation
Nuclear power generation

Hydropower is the most mature renewable energyntdolyy today. In 2005, hydropower
accounted for 10.4% of the total electricity congtion in the EU-25 (EurObservER,
2007). There are large differences between countriéh regard to the contribution of
hydropower to the electricity supply. The threetoies with the largest contribution of
hydro to their electricity consumption are Austri@0.2%), Latvia (49.3%) and Sweden
(50.4%).

Small scale hydropower (SHP) is usually definedadmemes with an installed capacity of
less than 10 MW, though this is not a universatlgegoted limit. Large-scale hydropower
(LHP) is defined as the full range of capacitiesvah10 MW.

Almost all easy exploitable sites for large scajdrbpower (LHP) are already in use in
Europe. Therefore, the future additional potentialfiew LHP will be relatively low. The

LHP market in Europe will focus on the modernizatadrhydropower plants (see section
2.2). SHP has better future perspectives, sincalhsttes with favourable conditions are
exploited yet. According to Lehner (2005) most lo¢ tpotential for future hydropower

expansion in East-central Europe lies in Albania,gBrih and Romania. For Western-
Europe there is evidence that significant new capadgll be available in Spain and Italy.

Another aspect that might restrict the future immatation of hydropower is the envi-
ronmental impact, primarily caused by the operatiofthe dam and powerhouse. The
changes on river conditions and on the land anete¢ign bordering the water bodies,
that are caused by dams and powerhouse turbingsinmpact fish populations and other
wildlife significantly. These concerns with regaridsthe environmental impacts of hy-
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dropower have been a barrier for the implementatibinydropower worldwide. SHP
schemes, which are often of run-of-river desige, @nsidered more environmentally be-
nign than LHP, because these types do not intesfgreficantly with river flows.
Worldwide growth rates of hydroelectricity genevatiare estimated to range from 2.4%
to 3.6% per year between 1990 and 2020. Parts défBaEurope will experience high
growth rates while for Western Europe only a 1% ahnimcrease is estimated
(Voigtlander and Gattinger, 1999).

Based on their operational mode, hydropower statame often classified as run-of-river
station or reservoir station (pondage, reservoit pmmped). Run-of-river stations show
fluctuations in their electricity production accorg to the water inflow, whereas reser-
voir stations can store water over longer timequksito generate electricity, relatively in-
dependent from variations in short-term inflows Kfher, 2005). The implementation of
one or the other type depends on geographic anthtiti conditions, suitability and also
the political direction. SHP is mostly run-of-rivdesign and is often used to replace die-
sel generators or other small-scale plants (IEA620Depending on the plant, between
75-90% of the energy input can be converted irgotetity.

Although hydropower is a mature and proven techmplthere are various technology
needs identified. The technological developmerittdP will focus on the engineering of
low head technologies. A priority for SHP is toriease the range of head and flow at ac-
ceptable costs (IEA, 2006).

Current costs

In economic terms, hydropower technology is chamsed by major upfront investment
costs, especially when a dam needs to be builtrelatively low O&M costs during the
operational lifetime of the plant. The specific @stment costs of hydropower plants vary
widely, because they depend heavily on site-specifiaracteristics (engineering of the
dams, additional cost for social and environmeptablems). Eurelectric (2007) gives in-
vestment cost for run-of-river stations of 1800\&/land for reservoir stations of 1000
€/kW. The data are derived from individual proje¢EA (2006) estimates the investment
costs, including all installation cost, for LHP E250-4550 €/kW. This large range in in-
vestment costs clearly indicates that the investrmest for LHP is very site specific.

Future cost developments

No significant reduction in the future costs of LiBRexpected. Costs might even increase
as a result of compensating measures for naturgeoaation. Such costs can amount to as
much as 30 percent of the investment costs. Thafgpeosts for hydro power plants will
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tend to rise in the course of time, especiallyteslimits of their potential come closer
(DLR, 2004).

The costs of SHP are given at 2060 €/kW in the Y84)5. In 2030, these costs are ex-
pected to be somewhat lower at 1800 €/kW (IEA, 3006e cost estimate of IEA lies
well within the given cost range for SHP by ESHAPQ23500 €/kW in EU-15 and 1200-
2200 €/kW for EU-10 countries (ESHA, 2068)

The costs for LHP are given without any further #igeation in technology type (run-of-
river and reservoir). Here, we set the cost eséraatl800 €/kW, which is at the low end
of the possible range of investment costs.

In this study, two technology measures for hydropowstallations were defined: new
large-scale hydropower (LHP) and new small-scaledpalwer (SHP). We took the fol-
lowing approach to define the technical potentidiithese measures:
The technically exploitable capacity (TWh/yr) waken from WEC (2004). Their
aggregated data on LHP and SHP schemes were gglitttracting the SHP potential
for new plants given in Lorenzoni (2001).
The estimated deployment potential in 2030 wasdasehe following assumptions:
a) Countries that have already implemented over 50%h@ftechnical potential in
2005, could potentially reach 70% implementationhaf technological potential
in 2030. Slow growth is experienced as implemeotatif large-scale hydro-
power is restricted by environmental constraintenast feasible sites are already
developed.
b) Countries that have implemented less than 50%eofebhnical potential in 2005
are assumed to reach no more than 50% of the thxjical potential in 2030
and experience much higher growth in the yeargtwéen (2005 to 2030).

From this approach, we estimate a growth of LHBnfBD0 TWh electricity generation in
2005 in EU-27 to a deployment potential of 400 TW030. The corresponding annual
growth rate of electricity production is about 1.586nong the countries with large unex-
ploited potentials for LHP in absolute terms aedyland Sweden. The realisable electric-
ity generation potential of SHP in EU-27 is estindatie grow from 44 TWh in 2005 to 47
TWh in 2030.

Turkey is one of the few countries where there istia large untapped potential. Turkey
could have an increase from 40 (2005) to over 1981 T2030) in its large-scale hydro-
power potential. Only 0.7 TWh of an untapped techiniotential of 30 TWh of SHP has
been developed to date (Balat, 2007).

A summary of the key data of this options are giv&able 1.

1.9:;1! . %% 9 : / 6 _$ $/ .9-
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New large scale hydropower (>10MW) 2005 2020 2030
Deployment potential TWhe 300 352 398
Investment cost (1% progress ratio)” €/kWe 1,800 1,795 1,794
O&M cost €/kWelyear | 35 35 35
Average lifetime Year 50 50 50
Load hours Hours 7,000 7,000 7,000
Electricity production costs €/MWhe 17 16.9 16.9
New small scale hydropower (<10MW) 2005 2020 2030
Deployment potential TWhe 44 45 47
Investment cost (1% progress ratio) €/kWe 2,350 2,345 2,342
O&M cost €/kWelyear | 40 40 40
Average lifetime year 50 50 50
Load hours hours 6,000 6,000 6,000
Electricity production costs €/MWhe 24.9 24.9 24.9

1) a progress ratio if 1% indicates that a doubling of capacity reduces costs with 1%
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Extra hydropower capacity can be provided by newdydwer plants (see previous sec-
tion) but also by modernizing and expanding existigdropower systems.

For LHP, three ways of increasing the existing ptié are identified: a) modernisation
of the plant, b) construction of a new plant a¢sialready in use and c) extension of the
capacity. Often, a combination of these measuregpied. Modernisation of hydro-
power plants includes the exchange of turbine, ggaeand control equipment. The op-
tion to build new plants at sites already in usedsa very realistic option from a present-
day perspective, partly for nature conservatiorssaa. The extension of capacity in-
volves the placement of additional turbines. ForPSthly modernisation measures are
suitable, extension measures are often not ateabtcause of high costs for small sized
schemes.

In Table 2 the costs for extension and modernisatfohydropower plants in Germany is
given, derived from DLR (2004). For hydropower scksmwvith capacities below 5 MW
costs are given for modernisation measures. Schefitiegapacities above 5 MW are as-
sumed to value extension measures higher than medton measures. The table shows
that modernisation can be achieved against costgeba 1500 — 4200 €/kW for SHP.
The extension of LHP can be done against even loass of 2100 — 3100 €/kW.

For LHP the cost estimation refers to the extensionydropower schemes. For SHP the
costs for modernisation measures are applied. is $tudy, the costs for exten-
sion/modernisation of LHP used are 2600 €/kW andeconly slightly down by 2030 to
2590 €/kW. The anticipated costs for modernisatbi®HP are 2500 €/kW in 2005 and
reduce to 2490 €/kW up to 2030 (see summary Tgble 3
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Power 70kw | 300kw |[1MW |10MW | 100 MW
Full load hours hours/year 4,000 | 4,300 5,000 | 5,500 5,700
Investment cost
New | €/kW 8,600 | 7,000 5,400 | 4,900 4,600
Modernization/extension | €/kw 4,200? | 2,600° | 2,500% | 3,100 | 2,100”
Operation and Maintenance cost
New | % of inv. cost | 3 3 3 3

Modernization/extension | % of inv. cost

Electricity generation cost

New | ct/kWh 22,1 16,7 111 9,1 8,3
Modernization/extension | ct/kwWh 12,9 7,4 6,2 6,9 4,5
Depreciated sites | ct/kWh 6,5 49 3,2 2,7

* Modernization, ** Extension

We assumed that modernisation/extension measunestitdbe applied to 50% of the ex-

isting stock in 2030, for both SHP and LHP. Keyadiatr these options are give in Table 3
below. The results show that the deployment paéefar SHP in the EU-27 is estimated
at 4.4 TWh in 2030. Modernization of LHP has a gigant higher potential of almost 16

TWh in 2030 (and 5 TWh in Turkey).

% . o< )0 9- 0

9-& I"(#,$
LHP 2005 2020 2030
Deployment potential TWhe - 0.782 16
Investment cost (progress ration x%) €/kWe 2,600 2,594 2,591
O&M cost €/kWelyear 130 130 130
Average lifetime year 30 30 30
Load hours Hours/yr 7,000 7,000 7,000
Electricity production costs €/MWhe 40 40 39.0
SHP 2005 2020 2030
Deployment potential TWhe - 0.087 4.4
Investment costs (progress ration x%) €/kWe 2,500 2,495 2,491
O&M cost €/kWelyear 125 125 125
Average lifetime Year 30 30 30
Load hours Hours/yr 6,000 6,000 6,000
Electricity production costs €/MWhe 44.9 44.8 44.8

* A discount rate of 4% is used to calculate theualised investment cost (social cost)



SERPECcC

Globally, the cumulative installed wind energy ceipareached about 120 GW in 2608
The biggest wind power market is Europe with 65 G\stadlled (54%), of which 63.5
GW on-shore and 1.5 GW off-shore. EWEA (2009) exp#us the total installed wind
capacity on land will reach 160-200 GW by 2030.-8ffbre capacity may grow to 40-150
GW (EurObserver, 2007). Such total wind power cdpamuld produce some 15-20% of
the electricity demand in 2030.

One of the major challenges for such high penetmatf wind power is the effective inte-
gration into the European electricity systems. Adew to EWEA there are no major
technical limitations to reach to a share 40% wpoder in the total electricity production
(EWEA, 2006).

Turbine technology has largely reached maturity aondsignificant technological im-
provements are expected to occur up to 2030 (McLé&ah, 2007). Technological im-
provements in turbine design and turbine contreteays will be of an incremental char-
acter and are not likely to cause significant ilveoent in turbine power performance
(power output as a function of wind speed). Anottiend is that wind turbines will be
developed that reach rated power at lower winddg€eEhe saturation of windy sites and
the need for development of less windy sites pugiegrend. Currently, rated power is
reached at 13 m/s, but it is anticipated that raaer will be reached at wind speeds of
12 ml/s for on-shore turbines. For off-shore turbine changes are foreseen.

Although no significant technological innovations wind turbine technology are ex-
pected, there will be developments in rated podimeter and hub height of wind tur-
bines. The capacity of wind turbines has increasguifeantly over the years, starting
with average sizes of 50 kW in the beginning of 8s and arriving at the first 5 MW
prototypes in 2005 (see Figure 5). The first 5 M\ibittes, developed by RePower, have
a hub height of 120 m and a rotor diameter of 126UWpscaling of wind turbines will
continue in the next 20 years. Figure 5 shows ebahomies of scale cause turbine sizes
to increase further to 8-10 MW within years. Sompegts expect no physical barriers up
to wind turbine sizes of 20 MW.

Currently, off-shore wind turbines are ‘marinatedtsions of land wind turbines and suf-
fer from the harsh off-shore environment, whichutessin high fall-out and therefore low
yields. The off-shore wind market needs dedicafédhwre wind turbines with large ca-
pacities, low weight, high availability and low m&nance. One of the new off-shore
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wind concepts that currently is tested is the dickitve wind turbine developed by Dar-
wind®. The turbine will be a 5 MW direct drive wind timb.

/ % ' 5% & <

On-shore and off-shore turbine investment costs

Turnkey investment costs for wind turbines are et to be around 1000 €/kW for on-
shore and 1200 — 1850 €/kW for off-shore wind fafthsnginger, 2005). Several studies
indicate higher turnkey investment costs for offighwind; ECN (2006) reports specific

investment cost of 1844 — 2204 €/kW, which is viellange with the off-shore costs of
1750 to 2140 €/kW given by IEA (2006). EWEA (2006)restes the costs for near shore
projects in sheltered waters to be 1250-1400 €/k\ gives relatively low costs 1800

€/kW for off-shore projects compared to other searclhe investment costs of off-shore
wind are higher because the wind turbines neectspecifically designed for operation

in harsh off-shore environments. The costs of bffre installations can be 35% to 100%
more expensive compared to on-shore installatimagnly caused by relatively high costs
for foundation and grid connection. Table 4 sholst turbine costs dominate on-shore
wind energy costs and that foundation and grid eotion become more significant in

off-shore installation cost.

$ I $%
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On-shore

Off-shore

Total turnkey investment cost

800 — 1,100 €/kW

1,200-2,200 €/kW*

Wind turbine

65-75%

30-50%

Foundation 5-10% 15-25%
Internal grid and grid connection 10-15% 15-30%
Installation 0-5% 0-30%
Others** 5% 8%

* Upper boundary of 2200 €/kW derived from (ECNOB) ** Miscellaneous items such as engi-
neering costs, project management, interest dwangtruction, et cetera.

The investment costs for off-shore wind depend igaw the distance to the coast and
the depth of the sea. Increasing distance fromcti#st generally means increasing sea
depths and therefore higher investment costs. Tosling farms are only placed in water
depths up to 20 to 30 m. But technologies are uddeelopment for projects in areas
with larger sea depths.

Factors affecting (future) costs

There are four main factors that drive the priceviofd turbines, i) the technological pro-

gress, ii) steel-, copper and carbon fibre priggghe ability of the supply chain to meet

demand (BWEA, 2007) and iv) whether or not a sysagproach will be used in utilising
the seas as a sustainable energy source.

i. A major driving factor in the historical cost dease of wind turbines has been the
up-scaling of the turbines (Junginger, 2005; Coldand Neuhoff, 2006). There are
good arguments to assume that up-scaling will oaetito be a major factor pushing
down the costs of off-shore wind. The size of offrghturbines is envisaged to in-
crease from an average size of 2-6 MW sold nowattay® MW in 2030. For on-
shore turbines, the commercial size range soldytedtypically from 0.75 to 2.5 MW
(GWEA, Global wind energy outlook, 2006). Variouadies assume that the size of
on-shore wind turbines will continue at a level2o0MW for 2020 and 2030 (Green-
peace, GWEA, 2006; EWEA, 2008).

ii. Steel, copper and carbon-fibore commodities arenthg@r components of wind tur-
bines. Pushed by the fast growing Chinese econtimyprice per tonne of hot rolled
plate that is used in the turbine tower increasedhf320 €/tonne in 2004 to 650
€/tonne in 2005. This has been an important cantich to the steep rises in the
prices of wind turbines in the past few years.

iii. The ever-growing demand of wind turbines on a dlsbale causes the wind market
to be in a market pull situation with high pressanethe suppliers of sub-components,
especially of gearboxes (ReCarb, 2007). In 2006 otlder books of leading suppliers
were filled for about 1.5 to 2 years (BTM Consw@f07). The shortage of turbine
components pushes wind turbine costs up and assgoence wind power prices.



iv. For off-shore wind specifically, additional costtetions may come from applying a
system perspective towards the deployment of the @ sustainable energy produc-
tion, such as presented in the PoseidonSupergrid visions. The Poseidon concept
proposes combining off-shore wind with other ofbsh renewable energy sources
and with the off-shore conversion of gas (and ioilp electricity. An off-shore grid
will connect wind, wave and osmotic power projeoctsiational grids and can reduce
grid connection costs to a significant extent.

The combined effect of the first three driving faston the wind turbine prices over the
past few years is reflected in Figure 6.
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Assumed future development in investment costs

The aforementioned market factors have increasegtices of wind turbines over the
past few years. Here, we ignored these turbuleimcesarket prices, set wind turbines
costs in 2005 at 1300 to 2500 €/MW (off-shorepeesively 887 €/MW (on-shore) and
assumed a decrease of costs over time of 30 tot6@%rds 2030 (see Table 5). The cost
decrease is due to economies of scale as calcudtatachistoric so-called progress ratios
of 9% for off-shore wind and 7% for on-shore witE4, 2007¥.

Several recent studies have provided outlookshiemiaximum deployment rate of wind
power in Europe (Coenraads et al., 2008; EWAE, 208®) Figure 7. Rather than devel-
oping another scenario, we chose to use the resfulie EWEA reference scenario on the
EU-level, as a basis for our assessment (see FiQurEo arrive at a more detailed as-
sessment, we applied the following steps:

On-shore wind
Potentials were defined by country in four load+hdasses (1000-1500 hours, 1500-
2000 hours, 2000-2500 hours and 2500-3000 hburs)
Technical potentials for wind power were taken fraA (2009).

In a given future year, the incremental (compare@d05) TWh on-shore prediction

from the EWEA on the EU level was distributed oveurdoies and wind classes ac-
cording to the distribution of technical potentiads a result, countries tend towards a
same share of their technical potential. Thus, c@mthat were front runners in 2005
keep a higher share and countries with a largenfiatealso get a larger amount of

wind power in absolute terms.

Off-shore wind

Off-shore potentials were defined per country iarfdistance-to-coast classes (0-10
km, 10-30 km, 30-50 km and >50 km).

Technical potentials were taken from EEA (2009).

Like for on-shore wind, EWEA-derived TWh potential the EU level was distrib-
uted over countries, according to the distributadntechnical potentials. The off-
shore production potential was distributed ovehel aff-shore classes as follows 9%
(<10km), 45% (10-30km), 37% (30-50km), 10% (>50kffihe low shares for the
close and far from coast classes are motivatedopypetition with other activities
(shipping, leisure) respectively higher investmendts (deeper ocean, larger distance
to shore).
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Summary data for the deployment potential and cfmste®ach of the off- and on-shore
classes are given in Table 5 and Table 6.
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Off-shore wind (<10 km) 2005 2020 2030
Deployment potential TWhe 0.23 11 38.6
Investment cost (9% progress ratio) €/kWe 1,300 901 706
Electricity production costs €/MWhe 44.5 36.1 32
Off-shore wind (10-30 km)

Deployment potential TWhe 1 59 207
Investment cost (9% progress ratio) €/kWe 1,750 1,371 1,074
O&M cost €/kWelyear | 65 65 65
Electricity production costs €/MWhe - 47.4 41.2
Off-shore wind (30-50 km)

Deployment potential TWhe 0.7 4.8 170
Investment cost (9% progress ratio) €/kWe 2,000 1,567 1,227
O&M cost €/kWelyear | 70 70 70
Electricity production costs €/MWhe - 52.9 45.8
Off-shore wind (>50 km)

Deployment potential TWhe 0.7 13.5 47
Investment cost (9% progress ratio) €/kWe 2,500 1,958 1,534
O&M cost €/kWelyear | 75 75 75
Electricity production costs €/MWhe - 62.6 53.7
Generic parameters for all 4 measures

Average lifetime year 20 20 20
Load hours hours 3,500 3,500 3,500




% 3. ( &!" (#.$
On-shore wind 1000-1500 |h 2005 2020 2030
Deployment potential TWhe 25.1 125 169
Load hours hours 1,250 1,250 1,250
Electricity product costs €/MWhe 73.5 55.8 515
On-shore wind 1500-2000 |h
Deployment potential TWhe 19.1 88 118
Load hours hours 1,750 1,750 1,750
Electricity product costs €/MWhe 52.5 39.8 36.8
On-shore wind 2000-2500 |h
Deployment potential TWhe 13.4 78 107
Load hours hours 2,250 2,250 2,250
Electricity product costs €/MWhe 40.8 31 28.6
On-shore wind 2500-3500 |h
Deployment potential TWhe 9 53 72
Load hours hours 2,750 2,750 2,750
Electricity product costs €/MWhe 33.4 25.3 23.4
General parameters for all options
Investment cost (progress rate 7%) €/kWe 887 673 621
O&M cost €/kWelyear | 27 20 19
Average lifetime year 20 20 20
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Solar cells convert irradiation directly into elécal current by employing the photo-
voltaic effect: (sun-) light is absorbed in thelcahd charge carriers are generated and
separated, which allows power to be delivered texdarnal load.

In 2007 the overall installed solar photovoltaipaeity (PV) in the EU was 4.7 GWp,

producing some 4 TWh electricity, which is 0.1%tleé overall electricity production of

the EU-27. Installed PV-capacity has grown fast dher 2000-2007 period, on average
37% per year. The largest capacities (2007) atalied in Germany (3.8 GWp), Spain
(0.52 GWp) and lItaly (0.10 GWp).

Here we focus on two main groups of cell techna@egsilicon based crystalline wafers
(c-Si) and thin film cells, of which amorphous il cell technology is presently the pre-
dominant one.

Wafer based silicon cells are more expensive tdywre than thin film cells. This is be-
cause silicon wafer based technology uses considenaore silicon than thin film cells
(1 m and thinner). Thin film cells are less expensiu¢ &lso have a lower efficiency.
The material is thinner and therefore can be apptiede flexibly. A drawback of thin-
film cells is the higher defect density comparectémventional crystalline cells, which
reduces the quality and stability of the semicomalugMeyer and van Dyk, 2003).

The individual solar cells are grouped into soladnies (panels). Note that all the calcu-
lations in this study are made with module efficies rather than individual cell efficien-

cies. The efficiencies of the cells are multiplietva packing factor, which stands for the
cell/module area ratio. The overall efficiency ofradule is always lower than the indi-
vidual cell efficiency because cells cannot be pddogether inside a module with 100%
space efficiency.

The modules can be integrated into the structuie lofilding (e.g. rooftop, facade). This
application is calleduilding Integrated PV (BIPV)The size of these systems is between
1 - 10 kw for home systems, although occasionbly ttan be larger e.g. on agricultural
buildings. Solar panels can be grouped together anframe, called an array, which is
able to produce several kW of power. To create &ystem, so-called Balance of System
(BOS) component8 have to be added to the system. Interconnecteelpéorm aMe-
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dium- to Large-Scale PV (LPW)stallation which has a power output between 0and
1 MW and 1 — 100 MW. These larger systems are djlginstalled on the ground.

Module efficiency (development)

Table 7 shows averaged efficiencies of wafer amdftlm PV modules in 2005.

1% #! . % % &B )! - #,

Average module effi- | Best technology**

Crystalline wafer based modules Packing factor * ciencies (2005) (2005)

Monocrystalline 87% 14.4% 22.7%

Multicrystalline 87% 12.6% 15.3%

Ribbon sheet c-Si 87% 12.2% 18.1%
13.1%

Thin film modules

Amorphous silicon (a-Si) 94% 6.1% 8.3%

Cadmium telluride (CdTe) 94% 8.5% 10.7%

CIS 94% 9.9% 13.4%

a-Si/ pc-Si 94% 7.5% 10.4%
8.0%

* Phylipsen and Alsema (1995)
** Green et al. (2006)

These efficiencies are expected to further imprower time (Table 8). Data from this ta-

ble were derived as follows. First of all, sevaradependent literature sources predict
similar future (2005 2030) improvements of celli@éncies. We took 2005 cell efficien-

cies from Solar generation IV (Wolfsegger et 800?) and Evergreen sdlar as representa- { Not in ref. list ]
tive for wafer based and thin film modules and fplitd these with so-called packing

factors derived from Phylipsen and Alsema (1995)sEhpacking factors are likely to

improve during the 25-year period of this study, Wwe did not take this into account. Fur-

thermore, we assumed a constant mix of Crystallime/film applications in BIPV of

60 % / 40 %, consistent with estimates from lit@érat Thus, we predict an overall effi-

ciency trend for BIPV modules from 12.7 % in 200518.6 % in 2030. In our calcula-

tions, we used a constant (module-volume weighdedjage of 17.6%, derived from the

values in Table 8.
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Average efficiencies of PV modules (Crystalline sil icon and Thin Film)

2005 2010 2015 2020 2025 2030
Crystalline wafer based module 13.1% | 16.0% 16.8% | 17.7% 18.6% | 19.4%
Thin film module 8.0% 10.3% 12.2% | 14.1% 16.0% | 17.9%

Expected technology share
Crystalline wafer based modules 93.5% | 80% 70% 60% 55% 50%
Thin film modules 6.5% 20% 30% 40% 45% 50%

Weighed efficiency
Mix crystalline + thin film 12.7% | 14.8% | 15.4% | 16.3% | 17.4% | 18.6%

BIPV roof and facade systems

A convenient place to install PV is on south fagpagts of existing building stock. This
can be done on flat or tilted roofs and on thedagaf a building. The major advantage of
PV on buildings is the availability of existing wttures which avoids the use of land that
could be used for other purposes. For the systaed an existing buildings the slope of
the roof might affect the performance of the Pviasys New buildings could potentially
be designed for optimal integration and performanfceV-systems. The optimum angles
for south facing roofs have been calculated by &ai. (2007) (Figure 8).

46 % % ( -1 % &CD %$

Medium to Large scale PV

PV systems can also be installed in fields, thugeling the costs because of economies
of scale. These large-scale PV systems may hawe artwo axis tracking system to op-



timise the capture of direct irradiation. This ieases the costs of the BOS components,
however, the solar yield will increase. A good epéerof this is the 11 MW Serpa solar
power plant in Portugal: this plant interconnecBs @O0 PV modules and has a 1-axis
tracking system.

Costs and cost developments over time for PV waleutated using the following three
parameters:
Current module and BOS costs

Market growth and resulting technology learning
So called progress ratio: calculated costs decseaitk increasing market growth.

Current module costs

The solar cells make up the largest part of théscoisthe solar modules. The rest of the
turn-key cost is the so-called BOS costs which iste®f the costs of inverters, tracking
systems, charge controllers, cabling, enclosurdsirastallation costs. Current costs were
taken from the IEA-PVPS T1-15 report (2006), see & &dbelow.

1% 7 * % Crystalline wafer based modules & :(-1-. (
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Turn-key system and mod- Systems below 10

ule prices (2005) €/Wp kw Systems above 10 kW | Modules

low high Low high Low high

Austria 5 6 5 5.5 3.6 3.9
Denmark 4.5 10.8 6.7 13.5 4.1 6.7
France 6.5 6.5 4.5 4.5 4.2 4.2
Germany 6 6 4 6
Italy 6 8 5.5 7 3.2 4
Netherlands 5.5 6 4.8 4.8 3.8 5
Sweden 6 6 5.4 5.4 3.5 7.6
United Kingdom 6.9 22.4 5 15.5 3.6 6.3
Average: 5.80 8.96 5.27 8.03 3.75 5.46

* Waver based modules have >90% of the presentehahiare. Thin film is cheaper but has at a lovifer e
ciency. We assume that for the time being the pr&xeWp is equal.

For operation and maintenance costs we used tmeagisins of Green-X (Ragwitz et al.,
2003). According to this source, O&M accounts for 0.8%tlé investment costs for
small systems (5-20 kW) and 0.7% for larger oneS@>*W). Home systems need very
little maintenance except for the inverter, whiesa current lifetime of 15 years.

Prices of solar modules, as well as the BOS cddfer throughout the EU. We assumed
Europe as one market and used the average priced baghe prices in the eight coun-



tries that participated in the IEA project (Table Bhe BOS costs are approximately one
third of the total costs for crystalline wafer béismodules, for thin film modules this
share is larger.

Market growth and technology learning

Table 13 shows annual module production estimategrding to the 2007 Greenpeace-
EPIA advanced scenario (Wolfsegger et al., 200%g growth rates used are 40 % for
2007 — 2010, 23 % 2011 — 2020 and 15 % 2021 2030.u¥e¢d this growth scenario to
estimate the price decrease over time of PV modudes to technology learning and
economies of scale. Price decrease over time wseddban a progress ratio of 0.79 (Van
Sark et al., 2007). This value was confirmed byeR& et al. (2002) (0.77 0.82). Note that
we assumed the same prices for wafer and thinddsed modules (thin film price pefm
is lower, but efficiency is also lower and price p¢att peak is comparable).

Results are shown in

Table 10. Due to the assumed strong market growdhbased on historic progress rates
for PV, we estimate a module price decrease byrar@ufactor of 6 between 2005 and
2030.

/% 6-1( % 5 %
BIPV (1-10kW) 2005 2020 2030
Turn-key costs (€/MWp) 5,800,000 1,459,100 1,005,600
Module costs (E/MWp) 3,750,000 943,400 650,100
BOS (E/MWp) 2,050,000 515,700 355,400
O&M costs (E/MWplyr) | 46,400 11,670 8,040
Large Scale PV 2005 2020 2030
Turn-key costs (E/MWp) 5,271,400 | 1,326,200 | 913,900
O&M costs (E/MWplyr) | 36,900 9,280 6,400

Land price is not an important factor for LPV

Large-Scale PV (MSL-PV) also has to take into account the cost for the use of land. Agricultural
land prices are high in e.g. in The Netherlands and Germany. To estimate the effect on the costs for
PV we assumed an average price for land of 12,000 €/ha. The land lease prices are on average 5%
of this amount in Western Europe (Karafotakis et al., 2006) which is 600 €/ha/yr or 0.06 €/m2/yr. To
install 1 kWp of crystalline wafer based modules, 12m? of land is needed, taking into account a
space factor of 50%. The result is an additional 0.72 €/kWp annual cost. This is less than 1.7% of
O&M costs in 2005 and 8.3% in 2030 due to decreasing O&M costs in time. Thus, land price is not
an important cost factor at this moment. It will become relatively more important when the module
prices and other investment costs decrease over time.




Residential buildings

In this section we calculate the technical potémtianstalling BIPV. This potential is de-
fined by the area of roof and fagade surfaces aiailfor PV. The technical potential is
only calculated for existing roof and fagade sugfaof buildings in 2005, based on popu-
lation statistics of 2005. It is likely that thistential will slightly grow over the years and
that the solar yield on newly built buildings wlle higher, but this was not taken into ac-
count.
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The calculation of the technical potential for RiMhe residential sector has been done ac-
cording to the flow scheme of Figure 9:
Residential floor area (in At Floor areas (Mper dwelling) and the average number
of persons in a dwelling were derived from the HogsStatistics in the European Un-
ion 2004". Missing data for the EU25+2 were taken from théléBim of Housing
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Statistics for Europe and North America 2006 (UNEQE)6). The calculated floor
area per capita was multiplied with the countryydapions found in the Eurostat da-
tabas&. The result is the floor area of private housesdid nf).

Roof area.To calculate the roof area the number of flo@d to be determined since
higher buildings have less roof surface per dwgltiman lower buildings. In the same
Housing Statistics in the European Union 2004 tleesbf multi-family and high-rise
dwellings in the total dwelling stock is given. Misg data were completed by aver-
age data of the EU-15 or the ten countries thatsseckthe EU in 2004. We differen-
tiated between these two groups of Member Statese shese new EU member states
have a different composition of their building $tod@he number of floors is not
available in any European statistics so the follgnassumptions were made:

o single family dwellings: 2.5 floors,
o multi-family low-rise: 3.5 floors
o high-rise multi family (buildings with more thanfibors): 8 floors

The derived ground floor area is multiplied by atéaof 0.4; the solar architecturally
suitable area of a roof compared to a ground fioern of 1 as determined by Nowak
et al., (2002).

Facade areasfor fagade areas a different approach was followedetermine the
suitable south facing area per dwelling, data ftB# (2002)° were used. The south
facing areas of the standard IEA reference row h¢Rsioors) and IEA reference
apartment building (4 floors) were determined ifatien to their_floorsurface. We
used 50% of these south facing areas to be suitabliastallation of PV taking into
account construction, historical and shading eldéméncluding vandalism factor
(Nowak et al., 2002). Since we know the living aspace of these standard buildings
we could determine the relation with the floor aimeatead of the ground floor area.
The results were: reference row houses 6.3% ofldeitacade area and apartment
buildings 8.4%. We assumed that these figures appete the usable fagade areas
for all row houses and apartment buildings irreige®f their height.

Technical potential annual electricity productiofp calculate the potential annual
electricity production in the individual countrieéthe EU, the following formula has
been used:

E=A*POA* *PR

In which:
E: annual electricity production (MWh/yr);

A: usable roof or facade surface Bm

POA (Plane Of Array): average yearly irradiatiortlie tilted horizontal or verti-
cal plane per square meter (KWHRim);

: average module efficiency (%);

6) $ $% $
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PR: performance ratio. A ratio that expresses ifierdnce between performance
under standard test conditions and the actual owtpthe system due to losses:
e.g. deviation from standard test temperature (R9%Sses due to an offset from
the optimal angle, cable and inverter losses.

The Performance Ratio was set at a constant faftor75, a typical value for this pa-
rameter at this moment. The ratio will be improvedards values above 0.80 if more ex-
perience has been gained with roof mounted PV sys(&/esterhuis and Verhoef, 2008).

The calculated roof and fagade surfaces were ntiallippy irradiation data (POA) from
the Joint Research Center (JRC) published by $(i. €2007). For roof areas the hori-
zontal annual irradiation for optimum angle wasdjsessuming that the panels are tilted
with an optimal angle towards the sun (dependerthenatitude see Figure 8). For the
fagcade areas, the vertical yearly irradiation waslable.

Non residential buildings

The above described calculations only include #wdential part of the building stock.
There is also a large non-residential building Isteith potential for the installation of so-
lar panels. For these non-residential buildingsi¢aiure, industry, offices, education,
health care, hotels, retail etc.) the assumptios made that the average share of the floor
area is 46% of the total building stock in Europeanntries. Specific country data were
not available. The assumption was made based enfaah the EPA-NR report (Poel,
2007) and is in line with the statistical buildirgm Nowak et al. (2002). The rest of the
calculations are made in the same way as for Imgj&lin the private sector. Again an as-
sumption had to be made about the number of flddre.average non-residential building
is assumed to have 4 floors. This assumption arilyences the calculated roof area.

The overall result of our BIPV technical potentatimates are given in Table 11.

1% 6 % % % % -1 " #
EU-27 Private households
Roof Facade
Total surface (km2) 3,537 2,393
Potential installed capacity (TWp) 625 423
Potential Electricity production (TWh) 624 290




Large scale PV (LPV) systems in fields often hasvexis or 2-axis tracking systems that
improve the solar yield. Because of the highersastd complexity of 2-axis systems this
study has concentrated on the 1-axis tracking syste the most relevant option. We
compared several studies on tracking systems (dele Td) to conclude that a perform-
ance improvement of 25% extra irradiation yield isealistic assumption for all latitudes
in the EU provided that the optimal tracking sysfemthe given latitude has been used.

/% 6 - 5 % <
Study Tracking system Performance Latitude
gain of yield
Abu-Khader et al. (2006) N-S axis tracking system 30-45% 30 degrees
Tomson (2007) two position tracking system 10-20% 60 degrees
Huang and Sun (2006) one axis three position tracking | 24-27% 45 to 65 degrees
mechanism

The size of the technical potential depends for IdPvthe amount of available land. We
assume that 0.5% of the agricultural area is naohmtive or non-used land and can be
used for installation of PV plants. Only 50% ofstlavailable space will be used effec-
tively, to prevent the modules from shadowing amdreate the necessary moving space
for the tilt system. Overall, we estimated the kisé area for LPV at 11866 Krfor the
EU-27.

The overall technical potential of LPV capacity etEU27 was calculated at 850 GW,
which potentially generates 1125 TWh/yr.



In the previous sections we derived teehnicalpotential of BIPV and LPV. The extent
to which this potential is reached, however, istéth by the maximum growth rate of the
PV module market.

/% 6B%/% % 5 -1 " &+ % %S #,

2000 | 2005 2010 | 2015 2020 2025 2030
Annual world wide PV
modules production | 278 1,320 6,564 | 18,479 | 52,023 | 104,637 | 210,463
(MWp)
Growth rate 38% 26% 40% 23% 23% 15% 15%
Cumulative installed ca- 14
pacity world (GWp) . 5.2 24 88 267 670 1,482
Share Europe (%) 33% 43% 41% 40% 31% 22%

Estimate cumulative in-
stalled in Europe (GWp) 17 10 36 106 207 326

The 2007 Greenpeace-EPIA advanced scenario (WoHdsegaal., 2007) estimates such
maximum growth rates on a global and EU (Table W&}. used the market growth and
2030 module capacity from this Greenpeace-EPIA atento set our overall EU-
deployment potential for PV. To distribute this dgphent potential over EU-member
states, BIPV and LPV we applied the following rules
We assumed the BIPV and LPV markets to be fullyaszted and set a 50-50% mar-
ket share for BIPV and LPV-LPV in 2030. Though therent market is dominated
by BIPV (due to policies), we assume that LPV \{girongly) gain market share be-
cause of its higher cost-efficiency (LPV producesrenelectricity per module due to
the tracking system)
Within BIPV we set a fixed market of 90% PV-capgdh roofs and 10% on fagades.
BIPV and LPV were distributed over Member Statesh®ycountries’ production po-
tential, which depends on the technical potensak(previous section) and the irra-
diation levels in different countries. As a resalf, nember states get a share of the
total available volume of modules, but southernntes get a higher share. This dis-
tribution reflects the national policies on BIPV tme one hand (also in countries
were irradiation is less optimal) but prioritisée tsouthern EU countries where PV is
more cost-efficient. E.g. Italy implements in ouesario 30% of its roof-PV potential
whereas the UK implements 19% (in GWpeak).

Overall results are shown in Table 14.
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Totals EU-27 2005 2020 2030
Roof PV
Installed capacity (GWp) 15 47 147
Electricity produced (TWh/yr) 1.3 55 174
Production costs (€/MWh) 250 —-480 | 64 —290 44 — 225
Facade PV
Installed capacity (GWp) 0.2 5 16
Electricity produced (TWh/yr) 0.1 4 13
Production costs (€/MWh) 410-670 | 100 -440 | 70-315
Total BIPV
Installed capacity (GWp) 1.6 52 163
Electricity produced (TWh/yr) 14 59 187
LPV 1-axis tracking
Installed capacity (GWp) 0.2 51 163
Electricity produced (TWh/yr) 0.2 92 296
Production costs (€/MWh) 180-350 | 46 -138 32-160
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Solar thermal power, also called Concentrating IS&taver (CSP), is a way of producing
solar electricity by concentrating direct sunligt@0 to 1000 times using some kind of
mirroring system to produce solar heat. There lareet leading technologies at the mo-
ment: Parabolic Trough Collector (PTC), Central &eer System (CRS), also called So-
lar Tower, and Parabolic Dish/Stirling system. Tingin advantage of this way of conver-
sion (except for the Dish/Stirling) is the posstiito store part of the collected heat be-
fore producing the electricity. This increases thailability to up to 24 hours a day dur-
ing summer, giving it the ability to produce elégity without interruption and availabil-
ity during all peak periods, including the evenpepk. CSP is able to achieve substantial
higher annual load factors compared to wind enamgy PV. Because CSP needs direct
irradiation, the technique is only suitable at tamas with a high number of sunny days.

Today’s commercial experience with CHP largely hssfrom nine parabolic trough
plants situated at Kramer Junction, Californiahvéttotal capacity of 354 MWBLUIlt be-
tween 1983 and 1991 these plants still represdartga percentage of the total commer-
cial installed capacity world-wide. Only recentlgvm commercial plants are built (see
Table 15). In addition, three Integrated Solar Comat Cycle System (ISCCS) plants are
under construction in North Africa (Algeria, EgyptcaMorocco). Although these plants
are a combination of fossil fuelled and solar tetbgy, they do help to build up experi-
ence and reduce the costs of the Through-technology
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CSP Plant | Country |Capacity [Type Transfer Thermal | Stage of tech- | Start of
name medium* storage | nological de- | operation
velopment **

Saguaro USA 1MW Trough | Synthetic none Commercial April 2006
oil

PS 10 Spain 11 MW CRS Saturated | 50 min Commercial / | March
steam RD&D project? 2007

Nevada Solar | USA 64 MW Trough | Synthetic 30 min June

One oil Commercial 2007

AndaSol-1 Spain 50 MW Trough | Synthetic 7 hrs Commercial / | Oct/Nov
oil / Mol- RD&D project? 2008
ten salt

PS 20 Spain 20 MW CRS Saturated | none Commercial / | January
steam RD&D project’ | 2009

Solnova-1 Spain 50 MW Trough | Synthetic none Commercial Expected:
oil 2009

Ibersol Puer- | Spain 50 MW Trough none Commercial Expected:

tollano January

2009

AndaSol-2 Spain 50 MW Trough | Synthetic 7 hrs Expected:
oil / Mol- Commercial Spring
ten salt 2009

Solnova-3 Spain 50 Mw Trough | Synthetic none Expected:
oil Commercial 2009

Extresol-1 Spain 50 Mw Trough | Synthetic 7 hrs Commercial Expected:
oil / Mol- 2009
ten salt

Almaden 20 Spain 20 MW CRS none Commercial Expected:

2009
Gemasolar/ Spain 17 MW CRS Molten 15 hrs Commercial/ Expected:
Solar Tres salt RD&D project2 2011

* Second medium refers to a different storage medium. °RD&D= Research, Development and Demonstration

*BH/% :$
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In this study we focus on solar-only plants. In t@ropean concentrated solar thermal
road mapping (Pitz-Paal et al., 2005) several mogiCSP technologies are compared,

see Table 16.
/% 36 5 5 - % & *+ =, & =(- %
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Heat  Transfer | Capacity Storage | Net effi- | Investment

CSP technologies Medium* factor time ciency costs O&M
(50 MW) (hrs) M €)

Parabolic Trough Thermal Oil** 29% 3 14.0% 176 2.3%
Parabolic Trough Steam 22% 0 10.6% 102 2.9%
Solar tower Molten salt 33% 3 16.0% 177 3.1%
Solar tower Saturated steam 26% 0.8 13.6% 166 3.0%
Solar tower Atmospheric air 33% 3 13.5% 199 2.9%
Dish/Stirling 22% 0 16.7% 402 2.9%

* Transfer medium for receiver and storage loops, power cycle uses steam except for Dish/Stirling.

** Storage fluid is molten salt.

For SERPEC, we defined two ‘average’ 50 MW CSP plamdsed on molten salt stor-
age. We assumed molten salt as the preferred stdieig because of its cost competi-
tiveness. The first CSP plant, with 3 hours of ewlsalt storage, has an average effi-
ciency and investment costs taken from the Ecostd map. The second one has 15
hours of storage, to utilise the possibility ofinaoreased load factor at higher costs. This
option has higher investment costs due to the testggage capacity and the larger solar
field (see Table 17).

1% #6" + - %
Working Capacity | Storage | Net effi- | Investment | Investment
CSP technologies | fluid factor time ciency costs costs O&M
(50 MW) (%) (hrs) (%) (M €) ME/MW (%)
Trough / Tower Molten salt | 31% 3 15% 177 3.54 2-3%
Trough / Tower Molten salt | 64% 15 15% 247 5.13 2-3%

Since most of the SCP-technology is still in thendastration or early commercialization
phase, there is little historic information on teclogy learning and associated cost reduc-
tions (Gribler et al., 1999). The Ecostar roadmagz{Paal et al., 2005) proposes several
possible innovations and identifies major cost otida drivers for each of the considered
reference systems. The overall cost reductionsdfonrthis study is 55-65% for the next
15 years. We used a 55% cost reduction for thee2-geriod of our study (Table 18).
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Average CSP plant (50MW) Cost reductions based on Ecostar roadmap
Storage time
-5% -10% | -15% | -15% | -10%
(hrs) 2005 | 2010 | 2015 2020 2025 2030
Investment Costs (ME€/MW)* 3 3.54 | 3.36 3.01 2.48 1.95 1.59
15 5.13 | 4.88 4.36 3.59 2.82 2.31
O&M costs (% of investment costs) 3% 2.8% 2.6% 2.5% 2.2% 2%

For the annual operation and maintenance costpdi@&ntage of investment costs) we
used the rather high 3% in 2005 which equals tkeeut maintenance costs of solar tow-
ers. We decreased these costs wit 0.2% for evemabs, reflecting the O&M costs de-
crease at the Kramer junction CSP-site in Californ

Technical potential

The technical potentials for CSP in Europe were éérivom the Trans-MED CSP study
(BMU., 2005). This study used satellite (Meteosatémote sensing to calculate Direct
Normal Irradiance, which is a measure for the disemlight that delivers the heat for
CSP. These data were combined with a Geographifahtation System (GIS) database
containing information of all the land resources. Cglculate the potential, exclusion cri-
teria were determined such as: slope of terraim] leover, hydrology, geomorphology
and land use. A threshold value of 1800 kWh#as assumed to exclude areas in the EU
with low solar yield. Only southern European cowednivere selected in this way for pos-
sible CSP electricity generation. The technical piéé is very large, notably in Spain
(see Table 19).
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CSP Technical Potential
(TWhlyear)

Cyprus 23

Greece 44

Italy 88

Malta 2.3
Portugal 436

Spain 1,646
Turkey 405

Total 2,644

Deployment potential

We used the Athene CSP deployment scenario (2025)20rieb, 2004), which we ex-
trapolated to 2030. In this scenario, the CSP dgpgmows with some 20% per year from
a capacity of 95 MW in 2005 to 20,000 MW in 208fich corresponds to 3-6% of the
technical potential (dependent on the load facidig.split that CSP-capacity over the two
technologies. The 15hrs capacity, which is muchapbke (in € MWh), grows in from
2015 on and reaches a 95% share in 2030. Ovesaltsare show in Table 20.
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Production with 3 hours of storage (GWh/year)

2005 2020 2030
Cyprus 0 22 34
Greece 0 4 7
Italy 0 8 12
Malta 0 2 3
Portugal 0 155 240
Spain 0 1,398 2,158
Total 0 1,589 2,453
Average production costs (€/MWh) 93.5 46
Production with 15 hours of storage (GWh/year)

2005 2020 2030
Cyprus 0 182 1,335
Greece 0 36 267
Italy 0 64 467
Malta 0 17 127
Portugal 0 1,293 9,480
Spain 0 11,635 85,321
Total 0 13,227 96,998
Average production costs (€/MWh 75.2 32.1
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Compared to other renewable energy technologiebnt#ogies that extract ocean energy
are at an early stage of development. Among tHerdifit forms of ocean energy are tidal
and marine currents, waves, salinity gradient &ednal gradients. In this study tidal and
marine current technologies (see section 2.7) aankviechnologies (this section) are in-
cluded, because of their attractiveness for the EU.

Wave energy is estimated to be the largest ocearggmesource available for exploita-
tion (IEA, 2006). The energy potential of wavedeati$ significantly around the world, but
most European coasts have an attractive wave climitewave power levels of the 25
kW/m off the southernmost part of Europe’s Atlarg@astline up to 75 kW/m off Ireland
and Scotland (CRES, 2002). EU countries with theelstrgvave energy resources are Ire-
land, Scotland, United Kingdom and Portugal.

Wave energy technology is undergoing a pre-comraeptiase. A humber of wave en-
ergy systems are being developed, with a few systenthe stage of being developed at
sea for prototype testing. In 2006, five technatggihat have achieved the prototype sea
trials phase have been identified and describe8awnento et al. (2006). These five are
the Archimedes Wave Swing (AWS), the Oscillating t&¥aColumn, Pelamis, Wave
Dragon and Power Buoys. The Pelamis is the oneditsest to park-scale deployment.
In October 2006, a first commercial wave energyjgmioof 2.25 MW based on Pelamis
technology started operations in Portugal. The Fslafave Energy Converter is a 750
kW machine with a length of 120 m and 3.5 m in dien’. In the future it is planned
that a larger number of machines will be combinedaave farms’. Combining 40 Pe-
lamis machines of 750 kW each to a ‘wave farm’ ae equared kilometre would gener-
ate enough electricity for over 20,000 homes. Otfear-term wave energy conversion
projects are planned in England, Scotland and Spaigeneral, it is assumed that in the
first phase of commercial development power ley&ls unit width of 20 kW/m will be
required to commercially exploit wave energy (Neamapersonal communication,
2008).

Other concepts, such as the combination of wavetidatienergy in one device are also
under development, such as the Wave Rotor. A pioeodf this system already delivered
electricity. The full capacity will be several hued of kW per device.

Wave power is hardly commercialised yet. That tieene be significant discrepancies be-
tween projected costs and real costs is highligiedhe Pelamis Wave Energy Con-
verter. Table 21 shows estimated costs for the Rel#fave Energy Converter, the con-
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cept that is closest to commercialisation. Howetteg, 2005 prototype turned out to be
much more expensive than the costs presented ile PabThe costs of the first 2.25 MW
Pelamis wave energy farm in Portugal turned olte@ver 3500 €/kW (Sarmento et al.,
2006). The operation and maintenance cost are astihat 10% of the investment cost
(DTI, 2005). Ocean Power Delivery (2002) expects dperation and maintenance costs
to be 6% of capital cost per annum for an earlyv®8 Pelamis installation. It is expected
that investment cost of wave energy technologiglk eapacities of 2 — 50 MW will come
down to 1800 to 2100 €/kW in the period 2020-20B38ar{ish Energy Authority, 2005).

1% 5 - % +5 1 5 &
>%5 "
Size 2005 €/kwW
Pelamis - first prototype 500 kW 2,901
Pelamis - medium term 650 kW 1,088

We defined one measure for wave energy; a protolyges energy conversion technol-
ogy. Its implementation potential was calculatemirf the following information:
We used aggregated data on wave energy potenBalsquntry as available from
Green-X (2004) and included new country specifitadfor Portugal (WEC, 2004)
and Ireland (SDI, 2005). Typically these are coastivhere the future potential of
wave energy is expected to significantly contribictgenewable energy targets. The
overall technical potential for the EU27 is estiethit 158 TWh.

Although not yet commercially available we assunwvevenergy to have its com-
mercial breakthrough in the period up to 2030 ad% 2f the technical potential can
be developed by 2030.

% . 5 ' &!"( #,

2005 2020 2030
Deployment potential TWhe 0.004 7.16 29.4
Investment cost (5% progress ratio) €/kWe 3,500 2,732 2,316
O&M cost €/kWelyear | 83 83 83
Average lifetime year 15 20 20
Load hours hours 2,628 2,628 2,628
Electricity production costs €/MWhe 151 108 97
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In Europe, the cumulative installed capacity of ltidlaergy amounts to 240 MW. In the
United Kingdom, Ireland, Greece, France and Italgltstream resources have been rec-
ognised as important sources for future energy Igufgtudies to assess the marine cur-
rent resource have been carried out in the UK (993), European Union (CEC, 1996),
and in some of the far-eastern countries (CEC, 19%8hin Europe, the highest tidal re-
sources are to be found around the UK, Irelande@eFrance and ltaly. In these areas,
106 promising locations have been identified whiohld, using present day technology,
supply 48 TWhly to the European electrical grid rets (Boud, 2003).

#

Basically, there are two ways to extract energynfimarine and tidal currents: by means
of tidal range technologies that use the differeinchigh and low tides to generate elec-
tricity or by means of tidal stream technologieatthse the movement of the water to
generate electricity.

Tidal range technologies

In 2005, three tidal barrages with a total capasft240 MW, were in commercial opera-
tion in France. A system of dams, turbines andnsaisi placed in a high tide estuary and
produces 4 to 5 hours energy in a cycle. Currettigre are concerns about the possible
significant environmental impacts of tidal barrag8sll, countries such as the United
Kingdom are looking for opportunities to build neidal barrage schemes. Various
schemes are for example proposed for the Severargstu

Tidal stream technologies

Tidal stream technologies make use of relativelyventional turbines (“under water tur-
bines”) to extract energy from free flowing watBtJUSUSTEL, 2007). Still, the only tidal
stream units are pre-commercial prototypes (ENTHED/2 The size range of tested pro-
totypes is 160-300 kW (EUSUSTEL, 2007). Although elifint types of tidal stream
technologies have been tested successfully, theg hat yet been developed to the size
necessary for large scale exploitation. Companigéis small-scale demonstration proto-
types are expected to develop these to sufficieet lsy 2010 (SEI, 2005). Tidal stream
technologies will probably be installed in multitufarms rather than in single units.

Future developments

The number of different tidal current technolodileat is under development has experi-
enced significant growth over the past few yeans2003, only 5 different tidal stream
technologies were being developed, in 2006 thisbarrhad increased to 25 (IEA, 2007).
Some of these technologies are at or near fulestevelopment and are tested at sea. Fu-
ture developments for tidal stream technologiesfailus on:
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Increased lifetime and lower maintenance efforteese aspects are considered more
important than the increase in power output anidieffcy (EUSUSTEL, 2007).

Plant designs that can exploit the tidal energpuese at higher sea depths. Today,
turbines are suitable for placement in waters wépths up to 40 m, the second gen-
eration of turbines is expected to operate at deptitween 40 m and 80 m where
tidal currents are larger.

#

Investment costs of 2300 €/kWe are given for tidahnologies, without further specifi-
cation on type of technology (tidal stream or mariurrent) by OECD/IEA (2006). The
Royal Academy of Engineering (2004) estimates ctri@restment cost of marine and
wave technologies at 2059 €/kW and future costs780 €/kW. Annual operation and
maintenance cost are given at 82 €/kW.

Table 23 gives investments cost indications for sdvidal power stations. To arrive at
these numbers, Davidson (2007) used data from ewuip developers and compared
these with feasibility studies of the Electric PoviRgsearch Institute (EPRI). The esti-
mates include the costs of the turbine, suppanttire and installation (Davidson, 2007).

1% 5 % &>5 #,
Company or site Size Equipment Installation Total €| kKW
EPRI Knik Arm 760 kW | 1,299,250 1,088,831 2,388,080 3142
EPRI Minas Passage 1.1 MW | 1,644,572 1,088,831 2,733,403 2460
Company A 1MW 2,818,727 649,372 3,468,099 3468
Company B 2265
Company C 500 kW | 1,075,994 1,087,320 2,163,315 4327

#

Its implementation potential was calculated from fibllowing information:
We used data on tidal energy potentials per cowadrgvailable from Green-X (2004)
and included new country specific data for the WREC, 2007) and Ireland (KMM,
2004). The overall technical potential for the EU @$timated at 82 TWh.
We assume that implementation reaches around 102030, except France which
starts at a current 8% implementation of its pagénthich grows to 30% in 2030.
The total deployment potential in 2030 is 9.6 TWhrdest contributions to this de-
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velopment will come from the United Kingdom (5.5 RV France (2.1 TWh) and
Ireland (1 TWh). Table 24 gives the summary datdifad energy.

% 2. % &1"( #,

2005 2020 2030
Deployment potential TWhe 0.60 2.48 9.57
Investment cost (progress ratio 15%) | €/kWe 3,000 1,368 811
O&M cost €/kWelyear | 120 55 32
Average lifetime year 15 20 20
Load hours hours 3,500 3,500 3,500
Electricity production costs €/MWhe 127 50.7 30
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Geothermal energy is the heat of the earth thabeamsed for heating and electricity pur-
poses. Most EU countries have some accessible Ithalpy geothermal resources, but
only a few countries have high-enthalpy sourcesabié for electricity production. In
2005, the worldwide annual geothermal power prddoctvas 57 TWh spread over 24
countries, while EU-25 production was 5.2 TWh (Beiit2005 and Eur'Observer, 2006).
The 5.2 TWh electricity from high temperature geatied sources is produced in five
countries: Italy (5.0 Twh), France (0.1 TWh), Pgali(0.1 Twh), Austria (2 GWh) and
Germany (0.2 GWh). Direct fluid use from low anteirmediate temperature sources was
2109 MWth in 2005. Small-scale generation of hgatreans of geothermal heat pumps
is promoted by the European Union. Heat pumps aed ts heat water as well as to
warm and cool residential and commercial buildinfise installed capacity in 2005 was
5379 MWth (EurObserver, 2006). Heat pumps mainlyeséinie domestic market and will
be dealt with in the sector study covering the detinesector.

$

The quality and type of geothermal reservoir andoenaiture and water conditions deter-
mine the type of energy conversion technology thauitable. In general, low and inter-
mediate temperature geothermal energy (up to 150is’@Qsed for direct use and high
temperature geothermal energy (150 °C to >220 6Cpdwer generation. Table 25 gives
reservoir temperatures and energy uses. The masnoa use of geothermal energy is
direct use in the form of space heating, agriceltbalneology (i.e., hot springs and natu-
ral spas) or process heating.
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Reservoir temperat Reservoir Fluid | Technology Common use
ture
High temperature | Water or steam | - Flash steam Power generation
>220°C . Combined (flash and bit
nary) cycle
Direct use

Direct fluid use

Heat exchangers

Heat pumps
Intermediate tem{ Water - Binary cycle Power generation
perature . Direct fluid use Direct use

100°C -220°C Heat exchangers

Heat pumps
Low/intermediate | Water - Direct fluid use Direct use
temperature . Heat exchangers
50 °C -150°C

Heat pumps
Low temperature | Water - Heat pumps Direct use
20°C-50°C

Since no two geothermal sites have exactly the samaeacteristics, energy conversion
systems must be chosen and adapted to suit théicpsite. For power generation two
types of energy conversion technologies are diststgd: conventional steam turbine and
binary cycle plant. Each of technology accountsfafto of the geothermal electricity pro-
duction in the EU.

Steam turbines are driven by steam or hot watemaed temperatures of at least 160 °C
while binary cycles use working fluids with a loweoiling point than water and need
temperatures of 85 °C. The unit size of conventisteam cycles ranges from 5 MWe to
120 MWe, with an average power rating of 30-40 M®Binary cycle units operate in the
lower capacity range of 1 to 10 MWe, but a binaygle plant can consist of many units
allowing the installed capacity of the total plamtrease to 30 to 200 MWe (EUSUSTEL,
2007).

Among the future technologies to transform heatgnato electricity are Hot Dry Rock
(HDR), magma and geopressured systems. With HDRhttogy the use of geothermal
heat becomes location independent, because aqinfdeep formations, i.e. layers filled
with water, are not necessary. Hot Dry Rock resesiare currently unexploited, but offer
large future potential. It is believed that HDR gmatfals are much higher and more wide-
spread than hydrothermal resources. The commerg@ativen binary cycle technology
can be applied to HDR. Reservoir creation of HDR haen successfully demonstrated,
but operational experience with HDR reservoirsnisufficient. Technological develop-



ment is needed to bring down the current high obstelivering hot water to the power
plant.

$

The economics of geothermal energy plants are ctesised by high initial investments
costs and relatively low operating costs. A sigmifit part, up to 50%, of the cost of a
geothermal power station relates to the identificaind characterization of the reservoirs
and to the drilling and production and reinjectigells (EUSUSTEL, 2007). The invest-
ment cost of geothermal power plants are veryasitbsize specific and range from 640 to
2400 Euro/MW. The influence of size on the investhast is illustrated by the Interna-
tional Geothermal Association that quotes a cost48f0 Euro/kW for a 55 MW power
station and 2400 Euro/kW for a 15 MW power statiBdGUSTEL, 2007). We estimated
the investment costs of a 50MW power plant at 2888V, in 2005, based on the inven-
tory of investment costs from different literatw@urces as presented in Péyry (2007).

$

Two measures have been defined for electricity prthdi from geothermal resources,

one for conventional electricity production and doe the production of electricity by

means of the innovative HDR technology.
Conventional geothermal resourcestimates of the potential for Eastern Europe and
the Mediterranean countries were taken from GEA 91.99/hen more recent country
updates were available these were applied (e.gGémany). The overall technical
potential for conventional geothermal resource336 TWh; we assumed that some
6% of this potential can be deployed in 2030 (21 YWh
Geothermal power from HDRestimates of technical potentials were taken fthen
TRANS-MED study (DLR, 2005). This study defines theoremmic potential for
HDR as the electricity that can be generated fitoeratvailable heat with temperatures
higher than 180 °C at 5000 m depth. It was assutrada layer with 1 km thickness
in 5000 m depth was used as heat reservoir. DLR52i@@ntifies a potential of 66
TWh in 2030; we assumed that 20% of this (13 TW) lwa deployed in 2030.

Summary data are given in Table 26.
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Conventional geothermal 005 2020 2030
Deployment potential TWhe 5.5 8.3 18.9
Investment cost (5% progress ratio) | €kWe 2,400 2,273 2,192
O&M cost €/kWelyear | 54 54 54
Average lifetime Year 30 30 30
Load hours Hours 7,000 7,000 7,000
Electricity production costs €/MWhe 27.5 26.5 25.8
HDR

Deployment potential TWhe - 0.19 7.7
Investment cost (15% progress ratio) | €/kWe 5,000 4,460 3,977
O&M cost €/kWelyear | 54 54 54
Average lifetime year 30 30 30
Load hours hours 7,000 7,000 7,000
Electricity production costs €/MWhe - 44.7 40.6




There are three markets for the use of energy friomdss: electricity, heat and transport
fuels (see Figure 10 below).

Biomass feedstock includes a wide range of prodardsby-products from forestry, agri-
culture as well as municipal and industrial wadteans. In this study we classify bio-
mass types according to the method of EEA (2006).r&ie biomass categories in this
method are: agriculture biomass, forestry biomassste and biogas. Municipal solid
waste is not included here, as it is covered irRBRPEC study on the waste sector.

In general, there are four main routes convertoligl diomass to electricity and / or heat:
(1) direct biomass combustion, (2) co-firing of miass with fossil fuel, (3) gasification
and (4) anaerobic digestion of biomass (Figure 10).

Biomass feedstock Conversion Output

Agriculture biomass . .
- dedicated bioenergy crops Direct combustion

- cuttings from grassland

Forestry biomass
- forest residues (residues from harvest operations)

- complementary fellings Electricity
- complementary residues Co-firing
- competitive use of wood

and / or
Waste
- Solid agricultural residues Heat

- Wood processing residues
- Demolition wood

- Packaging waste wood Gasification
- Black Liquor (always available)

- Black Liquor (not available at high wood chip price)
- Other agricultural residues

Biogas o .
- wet manures Anaerobic digestion
- dry manures
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Current use of solid biomass

The type of solid biomass that is currently mostduisethe European Union is forestry
biomass. The use of wood pellets produced fromsfoyaesidues is currently in full ex-

pansion. The use of dedicated energy crops fotreiég and heat production has been
negligible to date in Europe, but is expected toobee the largest contributor to bio-
energy production in the future (Van Dam et alQ&0

EurObserv'ER reports a total solid biomass use 882 PJ (66.3 Mtoe) in 2007 (exclud-
ing solid urban waste). The countries that are ayrtbe principal producers of biomass



are France (388 PJ), Germany (382 PJ), SwedenR3b&nd Finland (300 PJ) (EurOb-
servER, 2008).

Competition and sustainability

Until at least 2010, the European Commission do¢®xgect major competition for raw

material, because biofuels rely mainly on agriqaltecrops and electricity and heating on
wood and wastes (EC, 2005). At the same time the @od paper industry expresses
their worries about the potential shortage of raatarials, when the electricity and heat
generation from biomass get financial support (C2B05).

The sustainability of large-scale biofuel produetftas been the focus of much discussion
recently. To tackle the sustainability concerndiofuels, the RES Directive (EC, 2009)
includes a sustainability scheme for biofuels arat the Commission shall report on re-
quirements for a sustainability scheme for enegpsiof biomass, other than biofuels and
bioliquids, by 31 December 2009 at the latest. Tdpport shall be accompanied, where
appropriate, by proposals for a sustainability sehdor other energy uses of biomass, to
the European Parliament and the Council.

%

A wide range of different biomass resources andiemion technologies exist to produce
electricity and/or heat from biomass. The main @sub convert solid biomass into elec-
tricity and / or heat that are considered in teister study are:

Co-firing with fossil fuel

Direct biomass combustion

Gasification and

Anaerobic digestion of manure biomass.
These technologies are briefly discussed hereafter.

Co-firing

Co-firing of biomass in modern coal plants is catle the most cost-effective biomass
use for power production. In comparison with defidebiomass power plants of the same
effective capacity, the conversion efficiency offaing is very high, particularly with
state-of-the-art energy technologies. Electricaliciefiicies of 38% to 40% can be
achieved. When biomass is co-combusted in a baifetp 20% of the fossil fuel can sub-
stituted. More than 20% of biomass can be co-cotedulsy indirect co-combustion via
gasification, pyrolysis or torrefaction of biomass.



Direct combustion

Direct combustion is a commercialised and well ldihed technology. The most com-
mon plant configuration of direct combustion plaistcombined heat and power (CHP)
producing both power and heat. In 2005, CHP plantsluced some 70% of the total
gross electricity production from solid biomass {@&h) (Eurobserver, 2007). The typi-
cal minimum scale of wood combustion CHP is 1 MVifebt combustion plants exist in
a wide range of capacities. In general, capacditidiomass plants are restricted to 1 - 50
MWe due to the limited availability of biomass raswes. The largest biomass fuelled
CHP plant is located in Finland and has a capati40 MWe. The state-of-the-art com-
bustion technology for combustion plants with cates above 2 MWe is steam turbine
cycle technology. Biomass fuelled steam cycle glamé often installed at industries that
provide their own fuels and have a market for tbepoduced heat (BTG, 2004). The
type of wood fuel preferred for direct combustienfarestry biomass or wastes such as
wood processing residues.

Gasification

In gasification processes the solid biomass i$ fimverted into gaseous fuel (the pro-
ducer gas) which is input for the generation ot&le power in an internal combustion
engine (e.g. gas turbine). Among the gasificaterhhologies are the biomass integrated
gasifier/gas turbine (BIG/GT) and the Biomass Iniégd Gasification/Combined Cycle
technology (BIG-CC). A general description of condd cycle technology can be found
in the sector study on fossil fuel based electrigiéneration. Currently, gasification tech-
nology is not available on a commercial scale,ibist expected that gasification technol-
ogy will be available in 2030. At the moment, thajan bottleneck for BIG-CC is the
product gas cleaning. Over the longer term BIG-E€@pected to be the most efficient
way to produce electricity. In the future, combioas of BIG-CC technology with fuel
cells and carbon capture and storage might belgessi

Anaerobic digestion

Anaerobic digestion of biomass is a commercial ardure technology. Wet types of
biomass, such as manure, are converted to biogasdmg-organisms. In a next step, the
biogas is converted into heat and power in a CHE The best available technology in
2005 is a digester combined with a gas engine.gduiinstalled digesters have typical
sizes of 150 to 1000 kW5000 to 36000 tonnes of manure). A disadvantdigbgestion

is that larger scale digestion units also requargédr quantities of biomass, which are
sometimes not available in the direct surroundiofgthe plant. The current trend is the
expansion of anaerobic digestion in small, off-gnigplications (OECD/IEA, 2007).
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Technology costs

Cost numbers for the biomass conversion techn@ogysummarised below (Table 27):
Direct combustioninvestment cost for a medium scale biomass @aa0-50 MWe
are currently about 4000 €/kVEnd expected to decrease to 3500 €/kW2030 as a
result of upscaling. Direct combustion is a matmd commercial technology.

Co-firing: The additional investment costs of co-firing abmut 100-1000 €/kW (IEA
Bioenergy, 2007). The large range in costs is pilgnaaused by differences in bio-
mass handling and processing required. The techpasoconsidered mature with few
technological improvements anticipated up to 208@. estimate that the investment
cost for co-firing is 1000 €/kW and reduces to B0ON by 2030.

Gasification: Although the investment costs for new plants ail wtcertain, the
technology gives prospects of lower investment costpared to direct combustion
on the long term. Current investment cost for geesifon technology are estimated at
1,800 to 2,800 €/kW(50 to 200 MWe) and future investment cost at 140@800
€/kW, (Ecofys, 2008). Currently, gasification technoldgynot commercially avail-
able, but its commercial breakthrough is expeatetié nearby future.

Digestion: The specific investment cost range from 2000 t604€@/kW, (Ecofys,
2008). In this study we use investment cost of 3&@WV in 2005. In the years after
significant cost reductions in digestion technolgiye investment cost of 1000 €/kW
in 2030.
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Co-firing 2005 2020 2030
Investment cost (3% progress ratio) £/kWe 1000 820 710
O&M costs €/kWelyear | 80 80 80
Average lifetime Year 15 15 15
Load hours* Hours 1450 1450 1450
Electricity production costs £€/MWhe 122 113 107
Combustion 2005 2020 2030
Investment cost (5% progress ratio) £/kWe 4000 3670 3520
O&M costs €/kWelyear | 320 260 210
Average lifetime Year 20 25 25
Load hours Hours 7500 7500 7500
Electricity production costs €/MWhe 86 72 65
Gasification 2005 2020 2030
Investment cost (15% progress ratio) £/kWe - 2500 1550
O&M costs €/kWelyear | - 175 93
Average lifetime Year 25 25
Load hours Hours 8000 8000 8000
Electricity production costs £/MWhe - 46. 29
Digestion 2005 2020 2030
Investment cost (15% progress ratio) £/kWe 3000 1330 1020
O&M costs €/kWelyear | 150 67 51
Average lifetime Year 15 15 15
Load hours Hours 8000 8000 8000
Electricity production costs £/MWhe 57 30 25

* effective load hours at 20% replacement of coal by biomass.
Biomass fuel costs

The cost of biomass based electricity generatioreniép heavily on the price of biomass
fuels. The EUBIONET Il project (2069 showed that prices vary significantly between
end-users (retail, industry and municipalities)yrmoies and type of biomass fuel. To give
an example, the average retail price without VATrifined wood fuels (pellets) is 10.01
€/GJ, the average price at municipal plants is€@J and at industrial plants it is 5.9
€/GJ (all June 2005 data) (VTT, 2007). For our dalions we assumed a generic bio-
mass price in 2005 of 6 (5-7) €/GJ. This price éases to 10.4 €/GJ by 2030. This limited
price rise may reflect two opposing factors; a grmademand for a scarce resource will
raise prices, on the other hand, greater volumédsoohass production could give econo-
mies of scale and push prices down (DTI, 2007).
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Potential supply of biomass

The estimation of the deployment potential of bismto energy requires first of all an es-
timate of the biomass resource potential. In thisl\y we assumed that biomass energy
will be supplied only by EU-internal sources. Elhtistic biomass potentials up to 2030
were derived from (EEA, 2006). This study categorliesass in forestry biomass, agri-
culture biomass, waste and biogas:

Forestry biomassomprises residues from harvest operations tlatarmally
left in the forest after stem wood removal, suclstasn top and stump, branches,
foliage and roots.

Agricultural biomasscomprises dedicated bioenergy crops. These caicdre
ventional’ bioenergy crops such as cereals or sbgets or rapeseed and sun-
flower as well as perennial grasses or short itdtrests on agricultural land.

The EEA categorywaste was filtered, to include only solid agricultunasidues,
wood processing residues, demolition wood, packagiaste wood, black liquor
and other agricultural residues (excluding e.g. Viithat is cover in our ‘waste’
sector study).

The biogas category includes dry and wet manures. In the SERBCulture
study, it was concluded that around 20% of this@enanure production in the
EU could become available for biogas production.

Results are shown in Table 28. The sum of the piaten10.8 EJ, was considered as bio-
mass resource potential for heat, electricity aadgport fuels production in the EU-27.
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PJ/year Agriculture  Forest aste Biogas from manure  *
Austria 88 147 105 1
Belgium 4 8 33 12
Germany 980 201 375 19
Denmark 4 8 46 12
Spain 670 63 183 11
Finland 54 75 239 1
France 712 595 459 10
United Kingdom 615 46 164 20
Greece 92 0 20 0
Ireland 4 4 15 27
Italy 636 126 148 10
Luxembourg 0 0 0 0
Netherlands 29 8 29 38
Portugal 33 8 94 1
Sweden 59 100 379 0
Cyprus 0 0 1 0
Czech Republic 67 38 56 3
Estonia 54 8 0 0
Hungary 130 17 52 2
Lithuania 331 17 52 1
Latvia 63 25 6 0
Malta 0 0 0 0
Poland 1,273 50 199 11
Slovakia 50 38 28 1
Slovenia 8 42 10 0
Bulgaria 48 44 4 1
Romania 201 49 20 4
Total EU27 6,207 1,718 2,718 186




Scenario for the demand for biomass

The following cross-sector scenario approach watiegpto estimate the actual use of the
identified biomass potential for electricity prodioa:

1.

Digestionof manure: In the SERPEC agriculture report warest2d the potential of
manure for digestion at a detailed Member Statelle@®verall, around 20% of ma-
nure can potentially be used for digestion (in 2030

For all other biomass technology options we allov#dtinternal trade and defined de-
ployment rates at the EU level as follows:

2.

Transport We calculated the energy (in PJ) of liquid bidfassociated with 10%
(2020) and 14% (2030) of biofuels in the transpeadtor (see SERPEC transport re-
port). We assumed a 50% conversion efficiency (&b Montfoort, 2006), to calcu-
late that transport consumes 1750PJ (2020) and R83@2030) of agricultural bio-
mass in primary energy.

Built environment (heating)n the SERPEC built environment report we estimated
demand for wood-pellets for advanced heating systef 610 PJ in 2020 and 900 PJ
in 2030 of primary energy.

Co-firing: We used a scenario in which the power produabfocoal drops from 890
TWh in 2005 to 300 TWh in 2020 and 142 TWh in 2@8€e Chapter 3). From 2015
on, 20% of the coal input can be replaced by bi@nbs 2020 and 2030 this con-
sumes 580 PJ and 270 PJ of (forest) biomass, tasggc

Remaining solid biomass for electricity productiop dombustion or gasification
Biomass use from steps 2. — 4. above was added;@Gbdof the_remainingiomass
was attributed to combustion and gasification. Thhbe supply of biomass was as-
sumed to limit the growth of these technologiedl, $iteir growth rates are substan-
tial, on the order of 9% per year over the entiegiqul. Note, that combustion and
gasification compete for the same biomass. We asgumt by 2030 gasification
would consume 40% of this biomass.

Overall in our scenario, 50% of the biomass po#trigi used in 2020 and 65% in 2030.
Key-data for the biomass options are given in T@bBle

73 % ! & ' '-?) %
Sector 2020 2030
Transport: liquid biofuels 1750 2630
Power supply: cofiring coal 580 270
Built environment: heating 610 900
Power supply: combustion/gasification 1380 3280
Total allocated 4300 7070
Total potential supply 8660 10640




Fossil fuels play currently an important part inyeo generation in the EU. In 2005, 55%
of total power generation is generated by fosslduFossils fuels are expected to remain
and important source for power generation in tharéu This is also visible in plans for
new power plants in the EU, of which many are basedoal or gas.
The use of low carbon fossil power generation isngwortant option for reducing green-
house gas emissions in power generation. Low cdidssil power generation means that
the specific greenhouse gas emissions (g.gKWh) are relatively low, due to:

a high electrical efficiency

the use of the plant’s residual heat (also refeiweas CHE)
the application of carbon capture and storage (CCS)

A selection has been made of the most promisingjlfieed power generation and CCS
technologies, based on literature sources. Foethesasures an overview is made of spe-
cific costs and specific greenhouse gas emissibhs. ‘Reference document on best
available techniques for large combustion plantREB)’ has been used as a primary
source to assess which technologies are suiteapfuication in the near future.

& '

A basic method for generating electricity is the o§a steam-cycle. The underlying prin-
ciple of a steam turbine is quite simple. “Supetbéateam is generated in a boiler, which
is fed through a turbine which is connected to megator” (Blok, 2007, p.78). In more
complex steam cycles, recycle loops are implemeitedhich the steam is reheated
again to its maximum temperature which can thendeel once more for the generation of
electricity.

Figure 11 provides a schematic overview of a sifigali(single) steam cycle (EC, 2007,
p.37)
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Ultra-supercritical pulverised coal

Ultra-supercritical coal is a based upon the ppleciof the traditional pulverised coal
(PC) plants, except the ultra-supercritical coaht®mlogy operates “at temperatures and
pressures above the critical point. The criticahpdescribes the temperature and pres-
sure above which the working fluid — in this casgev — no longer turns into steam but
instead decreases in density when it is heatedealimiling point'. By eliminating this
transition into steam (phase change) the efficifde process can be improvédThe
steam which is produced with the generated heamighrough a steam turbine which is
connected to an electric generator.

The condenser condenses the steam that has rwmlthtbe turbine, to function once
more as the carrier of the heat produced by thietboi

Table 30 gives an overview of the differences betwthe existing pulverised coal tech-
nologies.

/% $ 55 %5 % %

Type of coal plant

Temperature (°C)

Pressure (Bar)

Sub-critical 538 167
Supercritical 540 — 566 250
Ultra-supercritical 580 — 620 270 - 285

Ultra-supercritical pulverised coal with oxyfuel canbustion

Ultra-supercritical coal with oxyfuel combustionbased upon the same principle as the
ultra-supercritical coal technology except for faet that the combustion of pulverised
coal occurs with almost pure oxygen instead ofaaithe combustion reactant. Oxyfuel

N O+ +% % % F5/ #$
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requires a pre-combustion air separation unit (A®lBeparate the nitrogenNrom air

to produce an almost pure (approximately 95%) strefioxygen (Q). This technology is
less efficient per unit of energy produced tharoaventional plant without carbon se-
guestration. On the other hand for carbon captock sdorage, significant energy is re-
quired to scrub a dilute gas stream prior to cosgom and storage. This is avoided with
oxyfuel combustion, so this technology becomes nuamapetitive if CCS is required.
Therefore ultra-supercritical coal with oxyfuel camstion will mainly be considered
combined with carbon capture and storage (CCS)thHanadvantage of oxyfuel combus-
tion over combustion with air is that no thermalNformations occur from combustion.

Biomass Steam Turbine — Biomass Fueled (single) SteaCycle and biomass co-
firing with predominant coal combustion

Biomass steam turbine technology is based upondimbustion of biomass with a subse-
quent (single) steam cycle. Since biomass fuelsdiffier significantly in moist content
and structure, a single biomass combustion procesds to be able to handle different
types of biomass feedstock. Fluidized bed combug#®C) technology is most suitable
for burning a range of biomass feedstock; circntafiuidized bed combustion (CFBC) is
the most appropriate FBC for power generation (Pole@an, 2004, p.32), and also allows
for large amounts of coal to be fired as well whichkes it very suitable for biomass co-
firing (EC, 2007, p.289).“Fluidized beds suspenddshlels on upward-blowing jets of air
during the combustion process, which provides neffective chemical reactions and
heat transfer®. The heat generated as a result of the (solidh&ss combustion in a con-
ventional boiler is converted into superheatedmsteahich is passed through a steam-
turbine connected to an electric generator. Theregeh steam is subsequently condensed
back to water by surface water or cooling towers.

&

NGCC — natural gas combined cycle

Natural Gas Combined Cycle NGCC (also known asatu(al gas) combined cycle gas
turbine, or CCGT) is a power-generating technologyedl on the combustion of natural
gas. As the name suggests, combined cycle technotogbines two cycles: a gas turbine
cycle and a steam cycle (Blok, 2007). Figure 12vigkes an overview of a simplified
combined cycle power plant configuration (EC, 2004,18).
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Coal or biomass IGCC - integrated gasification comibed cycle

IGCC stands for integrated gasification combinedleywhich is a power-generating
technology based upon the gasification of coaliomlass under partial oxidation. The
coal or biomass is partially oxidised with oxygenair in a gasification based system.
The resulting syngas mainly consists of carbon mioleo(CO) and hydrogen ¢H After
cleaning the syngas of (predominantly sulphur) intj@s it is burned as fuel in a gas tur-
bine cycle®.

This technology is more efficient than conventionaé of solid fuels, as the efficiency
losses occurring when gasifying the coal or bionassoutweighed by the efficiency of
the use of the combined gas- and steam-turbineecydbo, when carbon capture and
storage is applied to IGCC, there will be moreoédficy gains to the gasification of coal
since the C@does not need to be removed from the diluted extgassbut can relatively
easily separated after a water shift reaction iickwithe CO and FD are converted in
CO; and H.

& (

Solid oxide fuel cells (SOFC) can be integratedhwitombined cycle technologies
(NGCC, IGCC). The benefits of the SOFC include: higlerating temperatures (resulting
in high efficiencies) and a solid state design. B@FC is supplied with a gaseous fuel
and immediately converts it into electricity andihe

NGCC SOFC — Natural Gas Combined Cycle + Solid Oxigl Fuel Cell
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A solid oxide fuel cell (SOFC) can be added to tured gas combined cycle (NGCC) by
connecting the SOFC to the gas turbine. By burthiegnatural gas, electricity is immedi-
ately produced together with heat rejection. Thjeated heat is converted into electricity
by the gas turbine. The waste heat of the gasrerisi utilised to produce steam which is
injected into a steam turbine, producing additia@attricity (Hendriks et al, 2004).

Coal or biomass IGCC SOFC — Integrated GasificatiorCombined Cycle + Solid Ox-
ide Fuel Cell

A solid oxide fuel cell can be added to the gaatfin system of an integrated gasification
combined cycle (IGCC). Gasified coal or biomasfe&to the SOFC anode, and oxygen
to the SOFC cathode. Electricity is produced togettith syngas. Syngas generated at
the SOFC anode is fed to the feed side of a meralmaactor. There the syngas is con-
verted into hydrogen ({fand carbon dioxide (Cpby a water-shift gas reaction. The hy-
drogenis then burned in a gas turbine. The waste hetiteofjas turbine is used to gener-
ate steam which is subsequently used to generttieity in a steam turbine (Hendriks
et al, 2004).

Figure 13 provides a schematic representation obrabined cycle/SOFC power plant
configuration (Hendriks et al., 2004, p.26)
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Carbon capture and storage (CCS) is a method witbhathe level of C@emissions into
the atmosphere resulting from power generationgraatly be reduced. A disadvantage
of applying CCS is that the different steps neagstastore the emitted GGafely un-
derground, require energy as well and thus nedgtaféect the overall efficiency of the
power plant to which it is connected. Carbon captavolves the underground storage of
carbon dioxide (Cg) produced as a result of the combustion of cadmmtaining fuels
which would normally be emitted into the atmosphere

Carbon capture and storage technology consistsob8equent steps (IPCC, 2005):
Capture and compression
Transportation
Underground Storage

Large point-sources of GO(particularly carbon based centralised power gt
plants) are most suitable for the application of,@€@pture and storage. The most promis-
ing technical storage locations are “geologicatagie (in geological formations, such as
oil and gas fields, unrecoverable coal beds ang daéine formations) and (off-shore)
ocean storage (direct release into the ocean vealemn or onto the deep seafloor)”
(IPCC, 2005, p.3). Figure 14 (IPCC, 2005, p.20egia schematic overview of the differ-
ent potential CO2 underground storage facilities.

2. 55 %
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There are numerous technologies to capture carlmxiddi from energy conversion proc-
esses, which can be categorised in three captutbod® (IPCC, 2005, p.5): pre-
combustion, post-combustion and oxyfuel.

Figure 15 (IPCC, 2005, p.26) gives a schematic wieer of the different C@capture
methods, of which the first three are energy-prtidnaelated and thus of interest for this
study.

Capturing CQ has not (yet) reached a commercial level of appiba, but several dem-
onstration projects are active such as CASTQffot project; estimations suggest that
commercial application is possible around 2020.ofékcally, three methods of fitting
fossil power plants with CCS can be distinguishecbfys, 2007, p.20):

1. Retrofitting existing plants for CCS

2. Constructing new plants 'capture-ready’ which worrlelke it easier and cheaper
to retrofit them later on if required

3. Constructing new plants with a complete function@@S operation unit

Capture ready plants (even though the definitionagfture ready is still somewhat impre-
cise) constructed around 2015 and actual CCS ptamtstructed in 2020 are considered
economically viable options for the application@ES. Retrofitting existing plants is the

least economically viable option, being a fact@31lmore expensive than capture ready
plants considering IGCC, and a factor 1.27 moreepsjve than the capture ready plants

9
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(2015) and the actual CCS plants (2020) when cernisigl pulverised coal technologies
(Ecofys, 2007, p.21).

Underground storage potential for CCS in Europe

The potential for the underground storage for CE&Sai least for the foreseeable future,
much larger than the amount of &@hich is emitted into the atmosphere by the power
generating sector. According to Hendriks, (200fg, $torage potential for G Europe
(Western- and Eastern Europe’s storage potential tmdpis 163 Gt Cg whilst the to-

tal emissions anno 2004 from energy generationimvitte European Union are ‘only’ 3.8
Gt CGyin 2004 (IEA, 2006, p.507); this means that theagerpotential is 42 times larger
than the total amount of G@missions which would need to be stored.

Costs of Transport and Underground Storage

The costs of transport and actual underground ggodepend on a variety of factors.
Transport is dependent on the distance over whiehcarbon dioxide needs to trans-
ported, and storage costs depend on the depthhanghysical characteristics of the stor-
age. For storage purposes, the intensity of mangoonce the C@is injected under-
ground is a determining cost-factor. For the puegasf this study an average cost is cal-
culated, which results in €8/tonne £€@&3.5/tonne CQfor transport and €4.5/tonne €O
for underground storage). This is based on a tygreaisport distance of 100 km and a
storage depth of 2000 meters (Hendriks et al., 2004

Power-only activities combined with CCS

Since all power-only generating technologies haaenbdescribed in the chapter 'Electric-
ity Generation’ and this chapter has discussetyp#is of CCS-alternatives to be consid-
ered, only a concise overview of these 'power-gilys CCS technologies’ will be given
below.

NGCC post-combustion with CCS - g@apture by scrubbing Gdrom post-
combustion flue-gases

Coal IGCC pre-combustion with CCS - g€apture prior to combustion resulting
from the gasification of coal which results in #atively pure stream of CO
Ultra-supercritical coal post-combustion with CCE©, capture by scrubbing
CO, from air-based post-combustion flue-gases

Ultra-supercritical coal oxyfuel with CCS — G@apture of relatively pure GO
resulting from the combustion of fuel with oxygenstead of air

BGCC pre-combustion with CCS - GO@apture prior to combustion resulting
from the gasification of biomass which results irekatively pure stream of GO
Biomass steam turbine post-combustion with CCS , €&ture by scrubbing
CO, from post-combustion flue-gases
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NGCC/SOFC with oxyfuel CCS - G@apture of relatively pure GQesulting
from the SOFC off-gas

Coal IGCC/SOFC with oxyfuel CCS - G@apture of relatively pure G@esult-
ing from SOFC off-gas

BGCC/SOFC with oxyfuel CCS - GQ@apture of relatively pure GQesulting
from SOFC off-gas

Combining CCS with CHP technologies

Finally, a combination of carbon capture and ster@@CS) with CHP is also possible. As
described earlier, energy is required for CCS eeitls heat in the case of post-combustion
or electricity for the air separation unit. The sgiof the CHP plant to meet a given heat
load will therefore need to take this into account.

&

To determine key characteristics of the technolog@sidered in this study, a number of
recent literature sources have been consulted.eTées European Commission (2006),
Eurelectric (2007), Hendriks et al. (2004), Hendriand Graus (2004), Powerclean
(2004), ECN (2007), RAofE (2004), Graus and Hend{2a96).
Of these sources, the following three sources baea used most frequently:
European Commission (EC), 2006. Reference documetitest available tech-
niques for large combustion plants. Brussels, Behgipp.1-580.
Hendriks, C., Harmelink, M., Burges, K., Ramsel,2004. Power and heat pro-
duction: plant developments and grid losses. Ecdfyiecht, Netherlands, pp.1-
66.
Eurelectric, 2007. The Role of Electricity A New P&ttSecure, Competitive En-
ergy in a Carbon-Constrained World, Brussels, Beigipp.1-218.

Since power plant characteristics change over {erg power plants become more effi-

cient due to technological development), we defime time periods. We use different

data sets for plants that will be commissionedageriod up to 2020 and plants commis-
sioned after 2020. For plants commissioned in #réod up to 2020 we use the character-
istics for power plants in literature sources fog year 2005.

The table below gives an overview of the assumets @l efficiencies for the technolo-

gies used. This table is based on the literatuneces mentioned above. Typical values
have been determined by comparing information fifernt years in the documents and
taking average values. In some cases data haveiftegpolated e.g. where information

was available for 2005 and 2030, we back calculatddes for 2020, assuming a linear
development.
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Energy- Investment Operation CO; emis sions
efficiency costs and mainte-
nance costs

% (EIkW)* (E/kW/year) (g CO2/kWh)

2005 2020 | 2005 | 2020 | 2005 2020 | 2005 2020
Natural gas combined-cycle | 57% 59% | 500 506 29 24 357 342
(NGCC)
Coal gasification combined- | 46% 52% | 1,387 | 1,300 | 67 58 741 659
cycle (coal IGCC)
Biomass gasification com- | 44% 48% | 3,332 | 1,300 | 78 63 0 0
bined-cycle (biomass IGCC)
Coal ultra  supercritical | 46% 50% | 1,163 | 1,143 | 51 47 741 597
steam cycle (USC)
Biomass steam turbine 36% 44% | 1,793 | 1,765 | 54 49 0 0
NGCC with fuel cell (SOFC) | N/A 71% | N/A 950 N/A 43 N/A 480
IGCC with fuel cell (SOFC) N/A 65% | N/A 1,989 | N/A 61 N/A 524
BGCC with fuel cell (SOFC) | N/A 62% | N/A 2,040 | N/A 63 N/A 0
NGCC with CCS post- | 50% 54% | 1,067 | 878 50 42 60 38
combustion
IGCC with CCS pre- | 40% 43% | 2,495 | 1,944 | 121 96 33 76
combustion
BGCC with CCS pre- | 38% 43% | 4,025 | 2,642 | 120 98 0 0
combustion
USC with CCS post- | 35% 39% | 2,018 | 1,923 | 143 127 144 86
combustion
Biomass steam turbine with | 33% 41% | 2,147 | 1,945 | 100 86 0 0
CCS post-combustion
NGCC with fuel cell (SOFC) | N/A 68% | N/A 1,174 | N/A 56 N/A 0
and CCS pre-combustion
IGCC with fuel cell (SOFC) | N/A 61% | N/A 2,213 | N/A 96 N/A 0
and CCS pre-combustion
BGCC with fuel cell (SOFC) | N/A 58% | N/A 2,264 | N/A 98 N/A 0
and CCS pre-combustion

* Note these costs are without the recent pricesridue largely to the price of steel. It is uraiert
whether these price rises will continue into theuife or whether the supply and demand for steel
will eventually balance out again.

The table below gives the assumed lifetime of ttedmower plants. The figures are based
on the average operational lifetime of retired cityaand design values.
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Coal Natural gas Qil Biomass
33 28 28
Average operation time of | (97 plants, | (49 plants, | (97 plants, N/A
retired capacity in Europe | range 10-70 | range 10-40 | range 10-45
(Platts, 2006) years) years years
Typical design values
30-35 25-30 30 30
(RAOfE, 2004)
Assumed life-time for new
35 30 30 30

and existing capacity
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Another option for reducing greenhouse gas emissionpower generation is the use of
nuclear power. This section reviews Generatiomutlear fission reactor technologies
based on the boiling water reactor (BWR) and tlesgurised water reactor (PWR).

A selection has been made of the most promisindgeaupower generation technologies,
based on literature sources. For these measuregeaview is made of specific costs and
specific greenhouse gas emissions. In order tardete the emissions reduction poten-
tial, these technologies are compared to the besealpecific emissions and costs for
power generation. We assume that nuclear poweitsplzan be implemented for new
power generation (due to an increase of power ddjreard to replace retired capacity.

Nuclear fission technology is the generation of powy initiating, controlling and sus-
taining nuclear chain reactions at a steady rale2 dontrolled fission reaction creates
tremendous amounts of heat, which is used to conveter into steam which is subse-
quently fed through a steam turbine which is cotewto a generator in order to produce
electricity.

Nuclear fission technologies that are consideredéw capacity installation are Genera-
tion Il nuclear plants. Generation Il plants diguish themselves from the currently
used Generation Il plants through “increased teldyical safety, the protection of the
fission-cycle, increased fuel-efficiency (resultiimgless radioactive waste) and increased
economic performance (lowering of the costs andeising the reliability of the plant
operation)”(ECN, 2007, p.33). Generation IV plardsiufs even further on enhanced eco-
nomic performance, proliferation resistance, safesyies and nuclear waste related is-
sues. Generation IV plants are not taken into cemation for the purposes of this study,
since sufficient data on these types of reactaunsidvailable.

Generation Il technologies include:
ABWR (advanced boiling water reactor)
APWR (advanced pressurised water reactor)
EPR (European Pressurised Reactor)
Advanced CANDU (Canadian Deuterium Uranium) Reatheavy-water re-
actor)
ESBWR (economic simplified boiling water reactor)

Several examples of the most promising Generafionukclear fission reactors are dis-
cussed below.



ABWR - Advanced Boiling Water Reactor

The advanced boiling water reactor (ABWR) is a gatien Il nuclear fission reactor
based on the light-water BWR principle. The ABWRs ltlemonstrated advancements in
“operation and maintenance costs, proven reactbmtgogy and performance enhance-
ments and shorter construction times” (GE, 2006, p.1

APWR —Advanced Pressurised Water Reactor

The advanced pressurised water reactor (APWR) @&nargtion Il nuclear fission reactor
based on the light-water PWR principle. ComparethteoPWR technology of its prede-
cessors, “the design of the advanced PWR subdtantieludes more passive (not related
to human intervention) safety measures, such asgemey cooling water, residual heat
transfer and the cooling of the reactor buildingZ( 2007, p.35).

EPR — European Pressurised Reactor

The European pressurised reactor (EPR) is a geneiditiouclear fission reactor based
on the light-water PWR principle. Its main safatyprovement is the inclusion of a core
catcher, which will catch and cool down the redstaore in case of a complete core
meltdown; as a result radioactive radiation will dmntained within the nuclear facility
(ECN, 2007).

ACANDU — Advanced Canada Deuterium Uranium Reactor(Advanced Pressurised
Heavy Water Reactor)

ACANDU stands for advanced Canada Deuterium Urar{iReactor) and is a Generation
[ll advanced pressurised heavy water reactor. Tvarstage of heavy water reactors over
light-water reactors is the ability to “use lespemsive natural (not enriched) uranium fu-
els and can be built and operated at competitigesa

ESBWR — Economic Simplified Boiling Water Reactor

The economic simplified boiling water reactor (ESBW&pa generation Ill+ nuclear fis-
sion technology based on the light-water BWR pplei Its design includes passive
safety measures such as “the cooling of the nudee through natural circulation in
stead of pumps” (ECN, 2007, p.35). The ESBWR alstuitess a core catcher (ECN,
2007).
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To determine key characteristics of nuclear powants, a number of recent literature
sources have been consulted. These are: Powerdé8d)( RAofE (2004), Graus and
Hendriks (2006), and notably Eurelectric (2007) B&@&N (2007).

The literature review by ECN (2007) showed thatiséa investment costs range from
1590 to 2300 €/kW, and variable costs from 11.28&% €/MWh, added with 10 €/ MWh
for decommissioning. Notably the investment costvsla wide range. Eurelectric (2007)
reports investment costs of 2373 €/kW for 2005 add4 €/kW for 2030, with variable
costs going from 8 to 10 €/ MWh. It should be notbdt due to the long construction time
of nuclear power plants (typically up to 6 yeatkl construction interest is significant. If
this extra cost is capitalised, this results in 3@40% higher investment cost. Construc-
tion interest also plays a role with investmentg&s or coal fired power plants (typical
construction times of 2 and 3-4 years respectiyély) due to the shorter construction pe-
riods this effect is smaller. For this study we ¢eertake the high-end assumptions on
costs, as presented in Table 33 (but mostly basdeucelectric (2007)). Furthermore, we
will assume a capacity factor of 90% or 7900 fo#id hours.

Since power plant characteristics change over {erg power plants become more effi-
cient due to technological development), we defimetime periods as we did for the fos-
sil fuel technologies.

As the split between the different generation éiditnologies is unknown, we defined one
representative technology with the characterigiieen below.

1% - % <
Energy- Investment Operation CO2 emis-
efficiency costs (€/kW) and mainte- | sions
(steam to nance costs | (g CO2/kWh)
electricity) (E/kW/year)
2005 [ 2020 [ 2005 | 2020 | 2005 | 2020 | 2005 | 2020
Nuclear plant generation |l| 35% 36% 2400 | 2500 | 65 80 0 0

Table 34 gives the assumed lifetime of nuclear pgants. The figures are based on the
average operational lifetime of retired capacitgl design values.

1% 2 ( % L&
Nuclear
22
Average operation time of retired capacity in Europe (Platts, 2006) | (87 plants, range 10-50 years)
Typical design values (RAofE, 2004) 40
Assumed life-time for new and existing capacity 35
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In this chapter, we combine the information on dgplent potentials and costs of the dif-
ferent power supply technologies into two powernpdygcenarios for the EU.

New power production technologies: deployment potéial

The overall deployment potential for new power pitidg technologies between 2005
and 2030 is defined by:

1. the total electricity demand development and

2. the fraction of 2005-production capacity that egibetween 2005 and 2030.

This ‘new-production-wedge’ defines the deploympattential for the low-carbon supply
technologies (see Figure 16a).
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Deployment order

The overall deployment potential for new electriesvpo technologies between 2005 and
2030 is defined by the total electricity demand elepment and the fraction of 2005-
production capacity that retires between 2005 @802

The large portfolio of power sup-ply options coulskity ‘over-supply’ this deployment
potential. Deploying technologies in the order oteefficiency (€ / t CO2) would put
the single technology of new most efficient fodsitled power plants upfront, which
could in principle supply the full deployment pdieh (modern gas-fired power plants).
However, the C@savings from this option are lowest.

We therefore defined a step-wideployment scenarialong the following principles:

1.

Implement the single outstanding, most cost-efficieption first: demand-side
electricity savings.

Achieve maximum CO2-abatement on the supply sideractice this implies de-
ployment of renewables at their maximum rate.

For the remainder of required new production cagadeploy new, efficient fos-
sil fueled power plants, which are equipped withS¥@m 2015 on.

In a second scenario, we excluded the demand isidesfry, built environment) electric-
ity savings, in order to focus on the electriciypgly options only.

In more detail, the sequence of steps used toeaatithe power production deployment
scenario is as follows (see Figure 16):

1.

#4

Take the overall electricity demand projection; heeeused the PRIMES FTRL-
scenario, which assumes that across the economydiegies stay at their 2005-
level efficiencies, as a result there is no automasnor policy driven electricity
demand savings (Figure 16a);

Subtract the total potential of electricity saviriigat was identified in the industry
and refineries and built environment sectors ardl thé electricity demand in-
crease from implementation of electric cars intthasport sector (Figure 16b);
Calculate the turnover (retirement) of the 200&lstof non-renewable power
generation (Platts, 2006), to project the evolutibthe existing nuclear and fossil
fuelled power production stock; coal fired poweargb that remain in production
will increase biomass use, up to 20% from 2015 (@igure 16a);

Deploy renewables at their maximum rate (Figure);16

Evaluate how much new fossil fuelled capacity i stquired (Figure 16d)..
For this new fossil fueled capacity we assume #mesfuel/technology mix as in
2005. Any new gas or coal plant is built with théekt technology. For gas this is
the NGCC technology. For coal this is IGCC untiL3Gand USC with CCS from
2015 on.



The option of trade was applied to all the renewalptions. Thus, a member state that
has a low demand for deployment of new electrigéperation technology (e.g. because a
large share of the fossil fuelled power plants riesiin production), will still deploy all

its renewable power production potential, and wgitbduce for the EU-electricity market.
This way, we assured the full deployment of theeveaible energy options that we identi-
fied.

Results

FTRL reference scenario without electricity demaanirgy

The power production scenario in which eecludeddemand side electricity savings is
shown in Figure 17. In this scenario, which takésehnology frozen’ Europe as a refer-
ence, full deployment of the renewables potential supply around 65% of the required
new production potential in 2030. The real takeedffenewables occurs in the period af-
ter 2020. As a result, a large fraction of requinedv productiorup to 2020, in this sce-
nario, provided by a mix of fossil and nuclear poseeproduction to which CCS is not
yet applied. Though this scenario has an unrealfSTiRL context, its features actually
mimic today’s developments in the electricity markewhich new fossil fuelled power
plants are built or planned (Ecofys, MVV consulti@g§08).
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Principal scenario: Full implementation of demandesghvings
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In our principal scenario we included the full pdtel of electricity demand savings that
was identified in the industry and built environrheactor (see Figure 16b). This full im-
plementation is equivalent to an electricity demarding of around 2% per year (1850
TWh in 2030, compared to the frozen technology &lgtt of around 5200 TWh). Now,
a much larger fraction of the overall required naectricity production can be supplied
with electricity from renewables (see Figure 18).

More detailed results of this scenario are showhable 35.
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Electricity production (TWh)
Category Class 2005 2020 2030
NonRenewable | Exist. Fossil Other* 190 190 190
NonRenewable | Exist. Nuclear 944 730 140
NonRenewable | Exist. Gas 742 704 456
NonRenewable | Exist. Coal 877 240 114
Renewable Exist. Coal-Co-firing 14 60 28
Renewable Hydro 341 397 476
Renewable Offshore Wind 3 128 429
Renewable Onshore Wind 69 340 467
Renewable Ocean_Wave 0 4 19
Renewable Ocean_Tidal 1 2 9
Renewable BIPV 1 56 181
Renewable Large Scale PV 0 75 238
Renewable CsP 0 17 98
Renewable Geothermal 6 9 30
Renewable Biomass Digestion 16 12 37
Renewable Biomass Combustion 48 149 248
Renewable Biomass Gasification 0 29 210
NonRenewable | New Nuclear 5 23 38
NonRenewable | New Gas (NGCC) 15 30 26
NonRenewable | New Coal (ho CCS) 10 43 15
NonRenewable | New Coal (w/ CCS) 0 0 17
NonRenewable | New Fossil Other 2 7 5

* coke/petroleum based electricity production:

No information on stock turnover, therefore assutoeoe continuing
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In this SERPEC report, we have determined the paisrdaind costs of the deployment of
low-carbon power supply technologies. This includestralised large scale power supply
facilities as well as decentralised production fie and anaerobic digestion of biomass.
The effects of abatement options like Combined Heat Power production (CHP) and
advanced heat generation technologies in the eniironment and industry sectors are
attributed to these respective sectors and disdusseparate SERPEC reports.

The power sector emitted around 28% of the totaEbf GHG emissions in 2005.

(Strong) Emissions reductions in the power seatttzerefore crucial for the EU to reach
its 2020 climate and energy targets. Here, we fifiedita potential of 25% reduction in

2020 and 60% in 2030, compared to 2005.
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The three prime factors that limit deeper reductiare:

i) The limits to growth of renewable#/e estimated average (2005 — 2080)ualmar-
ket growth rates of renewables technologies rangietgveen 5 % (on-shore wind),
10 - 12 % (biomass, wave, tidal), 20% (PV, off-ghaind) to as high as 25% for
CSP. Nonetheless, these growth rates are insuffidie supply all required new
power production in the EU (see Figure 18). AltHowge did not investigate in depth
the assumptions behind the market growth scentradsve used, we know that these
reflect, amongst others, limits in production ratése.g. PV-modules and wind tur-
bines.

ii) Limits to the use of biomasklere, we assumed that up to 65% of the potentiall
available biomass in the EU (see section 2.9.3%éslun the transport, built environ-
ment and power supply sectors

iif) Assumed limited application of CCGCS was only applied to new coal fired power
plants built after 2020.
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The overall emissions reduction potential and tecsic costs of individual options are
shown in Figure 20. Between 2020 and 2030, theifipeosts of most options decrease
strongly, a result of technology learning and ecoies of scale. Note that the costs are
sensitive to input assumptions, as will be showseiation 4.2. Abatement potentials and
specific costs of the individual options on thetemsve are shown in Table 36.



1% 3 :/ % %" %
CO2 abatement | SpecificCost
Mt CO2 €/t-CO2

NonRenewables | Coal IGCC 4 -90
Renewable Hydro_LargeNew 54 -81
Renewable Hydro_SmallNew -65
Renewable Geo_Conventional -62
Renewable Wind_On_Class4 22 -59
Renewable PV_Roof 83 -53
Renewables Bio-electricity from Digestion 19 -50
Renewables Bio-electricity from Gasification | 105 -49
Renewable Wind_On_Class3 47 -47
Renewable Wind_Off_Class1 17 -46
Renewable CSP_15hr 48 -37
Renewable Hydro_LargeRetrofit -35
Renewable Geo_HDR -33
Renewable Wind_Off_Class2 92 -28
Renewable Wind_On_Class2 54 -27
Renewable Ocean_Tidal 4 -25
Renewable Hydro_SmallRetrofit -25
NonRenewables | Gas NGCC -20
Renewable Wind_Off_Class3 81 -18
NonRenewables | Coal USC_CCS 14 -2
Renewable PV_LPV 119 -2
Renewable Wind_Off_Class4 24 -1
Renewable Wind_On_Class1 76 7
Renewable PV_Facade 6 28
Renewables Bio-electricity from Combustion | 92 32
Renewables Biomass co-firing in coal plants | 19 55
Renewable CSP_3hr 1 57
Renewable Ocean_Wave 10 97
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The results summarised in this chapter are seediithe input assumptions. This is illus-
trated in Figure 21 for the renewable power proidnobptions.

The figure shows the specific costs of optionsdB8Runder 3 scenarios:

1. The standard case (lower curve), in which we apgmié % discount rate and a refer-
ence codt of electricity production of 57 € / MWh (112 € MWh for BIPV) accord-
ing to Table 1;

2. The end-user perspective, in which the discout isaset at 9% and a reference cost
of electricity production of 157 € / MWh for BIPV.

3. A third case in which the discount rate is 9% dmel iteference cost of electricity is
kept low, around the 2005 level of 45 € / MWh (E26MWh for BIPV).

In our default situation the vast majority of trenewable options are cost efficient in
2030. When we change the discount rate from 4% éwed half of the options are no
longer regarded as cost-efficient. When, in a s#ap, the production costs of the refer-
ence technology in 2030 are kept low, the majmftthe renewables curve shifts into the
positive cost-range.

This exercise illustrates, that the social costwdations should be regarded as a scenario
outcome that should not be confused with the emdsuginvestors) perspective.
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(PV) Photovoltaic

kWhe kilowatt hour electrical energy

FLH Full load hours

LHP large scale hydropower

SHP Small scale hydropower

kw kilowatt

TWhe Terawatt hour electrical energy

GW Gigawatt

GWp Gigawatt peak

(c-Si) silicon based crystalline wafers
(BIPV) Building Integrated Photovoltaic
(BOS) Balance of Systems

(DC) direct current

(AC) Alternating Current

(MSL-PV) Medium- to Large-Scale PV

(Wp) Watt peak

(LPV) Large scale Photovoltaic

(kWp) kilo Watt peak

(GWh) Gigawatt Hour

(POA) Plane of Array

(TWp) Tera Watt peak

(CsSP) Concentrating Solar Power

(PTC) Parabolic Trough Collector

(CRS) Central Receiver System

(ISCCS) Integrated Solar Combined Cycle System
(GIS) Geographical Information System
(AWS) Archimedes Wave Swing

(HDR) Hot Dry Rock

(BIG/GT) biomass integrated gasifier/gas turbine
(BIG-CC) Biomass Integrated Gasification/Combitaatle
(ASU) air separation unit

(FBC) Fluidized bed combustion

(CFBC) circulating fluidized bed combustion
(NGCCQC) Natural Gas Combined Cycle

(CO) carbon monoxide

(SOFC) solid oxide fuel cell

(IGCC) Integrated gasification combined cycle
(USC) ultra supercritical steam cycle

(BWR) boiling water reactor

(PWR) pressurised water reactor

(ABWR) advanced boiling water reactor

(APWR) advanced pressurised water reactor
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(EPR) European Pressurised Reactor

(CANDU) Canadian Deuterium Uranium

(ESBWR) economic simplified boiling water reactor
(RD&D) Research, Development and Demonstration



