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Abstract. The aim of the paper is to assess energy technolegi
in power and transport sectors. The main tasks ar¢o develop
the framework for comparative assessment of energy
technologies based on future carbon prices imposeh economy
by post-Kyoto climate change mitigation regimes. Ta
assessment framework allows to compare power gendi@an and
transport technologies in terms of their environmetal and
economic impacts. The main indicators selected faechnologies
assessment are: private costs and external costs GHG
emissions. The ranking of energy technologies basexh total
social costs allows to identify the most perspectvtechnologies
in future taking into account international climate change
mitigation constraints and to promote these technolgies by
policy tools. The main results presented in this pzer were
obtained during EU financed Framework 7 project
“PLANETS" dealing with probabilistic long-term assessment of
new energy technology scenarios.
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I. INTRODUCTION

Climate change is the dominating environmental eamc
of the international environmental political dissim of

technologies based on total social costs allowdentify the
most perspective energy technologies seeking tdeimgnt
GHG emission restrictions in 2020 imposed for gper
sector by possible post-Kyoto climate change miibga
regimes.
II. COMPARATIVE ASSESSMENT OF ENERGY
TECHNOLOGIES

The main indicators for energy technologies assest
used in this study are private costs and exteiwstsoof GHG
emissions. The life cycle GHG emissions indicatdtects
the potential negative impacts of the global clenahange
caused by emissions of greenhouse gases for tlaeiqiron
of 1 kWh of electricity or ride of 1 vehicle kmit follows
the methodology of IPCC [1] and covers completergne
carrier chains. This indicator was used in almdkthain
studies on energy technologies assessment perfalineder
theworld[ 2, 3,4,5,6,7,8,9, 10, 11].

Seeking to integrate long-term technology assesswiém
results of long-term policy scenarios run in assgsshe
main relevant power and transport technologies cidmon
price obtained by various policy scenarios rung bé used

today. Global warming is not only an issue for thén the calculation of the GHG emission externditief

environment, but rather for human society as a ahsince
rising global temperatures might have serious cquseces
not only on the environment, but on our economy social

life as well. In 2012 the Kyoto protocol will conb@ end. The
very struggle to reach agreement at Copenhagen I50R

December 2009, demonstrates that climate diplontesy
finally come of age. The negotiations at Copenhagere so
contentious because of the very real impact theqmals on
the table will have, not only on the environment{ hlso on
national economies. In combating climate changenergy

technologies play the major role as energy secttree main
source of GHG emissions.

As climate change mitigation is the central envinemtal
policy in EU and all over the world the long-terssassment
of new energy technologies based on various longpolicy
scenarios is useful for policy makers taking intoaunt just
2 main criteria for technologies assessment: eicaists and
external costs of GHG emissions.

The aim of the paper is to assess the main reldutunte

selected energy technologies in power and transsmtors.
These two main fossil fuel burning sectors werescted
based on IPCC methodology as they are the majoceswf
GHG emission from this GHG emission sector [1].

Within EU Framework 7 project Planets [12] aiming a
probabilistic long-term assessment of future energy
technologies scenarios the assessment of energydiegies
was performed based on carbon price developmeekii®e
to assess energy technologies based on future yererd
climate change mitigation policies the informatimm carbon
price developments is crucial in terms of technisg
ranking.

The policy scenarios integrating various GHG emissi
reduction commitments and climate change mitigat&wgets
can provide information on carbon price developreenter
time frame. The policy oriented assessment of the@nm
selected power and transport technologies inghjser will
be provided for 2020 and 2050 for the 5 regionsouar
regions (World, OECD, Energy Exporting EEX — Russnal

electricity generation and transport technologiey HbMid-East, Developing Asia, DevAsia, Rest of the Wor

integrating price of carbon obtained by policy so@rs run
using various energy models in calculating GHG eiuis
externalities for the main future power and tramspo
technologies. Such comparison and

ROW) covered by models (ETSAP-TIAM, DEMETER,
GEMINI and WITCH) [13].

ranking of energy



10 policy scenarios runs were performed for 4 gper In power and heat sector:

models: e hard coal
e First best scenarios: FB-3p2 and FB-3p5 setting * natural gas
alternative targets after 2050: 3.2 \§/amd 3.5 W/rh . oil
e Second best policy scenarios: e nuclear
1. SC1-3p2 —To reach commitments indicated in Table e biomass
1 for SC1 linearly declining from business as usual In transport: oil and biofuels.
from start date (Table 1) to the indicated of 2005 |0 power sector just base load technologies were
emissions. The target after 2050: 3.2 \W/m assessed. In transport sector some technologies asc
2. SC1-3p5- To reach commitments indicated in Tablgybrid electric vehicles and hydrogen based caree wet

1 for SC1 linearly declining from business as usugssessed in this report because of the lack ofistens data
from start date (Table 1) to the indicated of 2009n GHG emissions life cycle and fuel costs. Though
emissions. The target after 2050: 3.5 \R/m hydrogen could capture 10-15% of the transportafioei
SC2-3p2- To reach commitments indicated in Tablgarket by 2050 however, important obstacles reraitthe
1 for SC2 linearly declining from business as sugjehicle side, and in the transition to a hydrogeelléd
from start date (Table 1) to the indicated of 200%ansportation sector which is highly uncertain. bHg
emissions. The target after 2050: 3.2 \K/m electric vehicles (HEVs) have recently gained a tdt
SC2-3p5 - To reach commitments indicated ifinterest. These vehicles use a combustion engimenerate
Table 1 for SC2 linearly declining from business ag|ectricity. This electricity is used to drive alearic motor.

usual from start date (Table 1) to the indicated ofhe energy efficiency of this type of vehicles is to 50%
2005 emissions. The target after 2050: 3.5 ¥W/m higher than for conventional vehicles.

The set of 4 variant second best policy scenartestf®e ~ |n the following chapters of paper based on recent
same as for four second best scenarios, but withitation  scientific literature review and results of varidgs funded
on the purchasing of carbon permits between 20802860, projects the range of life cycle GHG emissions arigate
during which period at least 80% of abatement (#efias costs for the selected electricity generation &amsport
business usual minus the allocation) has be urderta technologies will be derived.
domestically by each region, and at most 20% of the The average values of life cycle GHG emissions and
abatement can be done with international offsetscfmse of private costs were further used for electricity emtion and

permits). transport technologies policy oriented assessmemd a
TaBLE1 ranking. The most competitive energy technologid$ lve
GHG REDUCTION COMMITMENTS APPLIED IN POLICY identified based on external costs of GHG emissanstotal
_ _ SCENARIOS ‘ social costs for the main policy scenarios.
Regions Starting ~ Commitments  Commitments Policy oriented energy technologies assessment can
date of SC1 in 2050 SC2 in 2050 ide inf ti th t attracti fut
commit-  comparing comparing with provide information on the most attractive futureergy
ments with year year 2005 technologies taking into account climate changegatiion
2005 targets and GHG emission reduction commitmentswvimnd
OECD 2015 -80% -90% regions. The average values of life cycle GHG eimimssand
ENERGY 2025 -50% 0% vat t furth d f lectricit :
EXPORTING private costs were further used for electricity eyaion
(EEX) technologies policy oriented assessment and rankKiihg
DEVELOPING 2025 +25% 0% most competitive energy technologies will be idféedi based
QE?T%?:V-TQE@ 2025 \55 1005 on external costs of GHG emissions and total cfastgshe
WORLD (ROW) ? ’ main policy scenarios. Policy oriented energy tetbgies
WORLD 28% 26% assessment can provide information on the moshctitie

future energy technologies taking into account atien

The main indicators or criteria for energy techigids change mitigation targets and GHG emission redoctio
assessment according various policy scenariosbeifprivate - commitments for world regions.
costs of energy generation and external costs ofGGH Carbon price developments obtained by 10 policyace
emissions integrating carbon price. The followingergy runs for ETSAP-TIAM, DEMETER, GEMINI and WITCH

technolo

gies were selected for assessment: models are presented in Table 2.



TABLE 2

GHGPRICE IN2020AND 2050EUR (2005)METRIC TONNE OFCO, o,

Fuel or energy type 2020 2050

Global | OECD EEX DEV ROW Global OECD EEX DEV ROW

Asia Asia

REF 0 0 0 0 0 0 0 0 0 0
FB-3p2 scenario 21-89 21-48 21-48 21-48 21-48 17%-5 195-573 195-573 195-573 195-573]
FB-3p5 scenario 13-52 13-48 13-48 13-48 13-48 8p-29 195-297 195-297 195-297 195-297
SC1-3p2 scenario 3-21 3-21 3-21 3-21 3-21 107-24807-248 107-248 107-248 3-107
SC1-3p5 scenario 3-44 3-13 3-13 3-13 3-13 110-28910-28B9 110-289 110-289 110-289
SC2-3p2 scenario 3-14 3-14 3-14 3-14 3-14 110-2p910-29 110-229 110-229 110-229
SC2-3p5 scenario 3-13 3-13 3-13 3-13 3-13 110-26810-268 110-268 110-268 110-268
VAR1-3p2scenario | 0-14 0-14 0-17 0-12 0-12 111-192 13-192 125-192 103-192 103-192
VAR1-3p5 scenario|  3-13 3-14 3-15 3-11 3-11 110-238114-238 120-238 103-238 103-238
VAR2-3p2 scenario| 0-13 0-15 0-12 0-12 0-12 105-164115-164 101-164 101-164 101-164
VAR2-3p5 scenario|  3-11 3-15 3-10 3-10 3-10 105-203114-203 101-203 101-203 101-203

Further the policy oriented power and transport

technologies assessment will be performed for warfmolicy
scenarios (10 scenarios) for 2020 and 2050 timedr and
for various regions by calculating external costs GHG
emission using data on carbon price developmeet time
and space obtained by various models (Table 2).

The principle factors determining the GHG esiuges

from a fossil fuel power
technology (and hence choice of fuel) and

plant

the typef
iteermal

efficiency. In addition, thermal efficiency imases with
the load factor (although efficiency reductoman be
full load operatiamd

observed towards achieving

therefore GHG emissions from a particular foséilel
[ll. LIFE cYCLE GHG EMISSIONS AND PRIVATE COSTS OF  technology will depend on the mode of its operatjery.
FUTURE ELECTRICITY GENERATION TECHNOLOGIES peak load management, base load supply, combinatd he

and power supply etc.). The ranges of life cycle GcH

The data on life cycle GHG emissions for specifielf ~ emissions for power and heat generation technadogie
cycles is necessary seeking to assess external @o&HG presented in Table 3. Life cycle GHG emission range
emissions for different energy technologies using (from minimal to maximal values) were presentedebas
information about C@ prices over the time and space information provided by various sources [14; 15; 18;
delivered by various models by running policy sceasa 18, 19]. The range of direct GOemissions from
Life cycle CO2 emissions from power sector dependcombustion and total life cycle GHG emissions per
strongly upon details of supply chain, production technology were calculated in kg/MWh. Further tHeta
techniques, forestry and agriculture practicesnspart will be used for external costs calculation of powe
distance etc. Life cycle emissions of GHG emissionkg generation technologies using carbon price data
(C0O2-eq.)/kWh are selected to assess electricingmgion (EURCQ,) produced by various models for various policy
technologies according EU environmental policy ptyo— scenarios, regions and time frames.
climate change mitigation. Climate change is the
dominating environmental concern of the internailon
environmental political discussion of today. Global
warming is not only an issue for the environment, father
for human society as a whole, since rising global
temperatures might have serious consequences hobon
the environment, but on our economy and social dige
well. Among the potential consequences are momruéet
extreme weather events like heat waves, stormedifhg
and droughts, stress due to higher temperatureplémits
and humans, rising sea level, and altering occuoeenf
pathogenic organisms. The indicator reflects thteemqal
negative impacts of the global climate change ahuse
emissions of greenhouse gases for the productidnkd¥h
of electricity.



TABLE 3
LIFE cYCLE GHG EMISSIONS OF THE MAIN ENERGY TECHNOLOGIES IN POWEFRECTOR

Fuel or energy type Direct CG emissions from Life cycle CQ emissions Average
combustion value, of life cycle
GHG emissions,
kg/MWh
kg/GJ kg/MWh kg/GJ kg/MWh

Nuclear 2.5-30.3 9110 2.835.9 10130 65

Oil 126.9:300.7 4661090 137.8331.0 5061200 850

Natural gas 96.6-179.31 356650 110.3215.2 406780 590

Hard coal 193.1:262.1 706950 206.9344.8 756:1250 1000

Hard coal IGCC with C@capture 52.4+60.7 190-220 38.6-46.9 140-+170 155

Large scale wood chips combustion - - 21.0-23.0 76.083.3 79.6

Large scale wood chips gasification - - 6.0-8.0 21.629.0 25.3

Large scale biomass IGCC with €@ -139.4-1435 -505=520 -35.9-~41.4 -130+150 -140

capture

Large scale straw combustion - - 62.0=70.0 223.2252.0 237.6

Biomass (wood chips) CHP large scale - - 6-10 21.6:36.0 28.8

Biomass (wood chips gasification) CHP - - 36 10.8:21.6 16.2

small scale

As one can see from information provided in Table is defined as the total of all costs incurred failding the
biomass wood chips gasification technologies hheddwest plant immediately. The operating and maintenancstsco
life cycle GHG emissions followed by wood chips CldRje  (O&M) contribute by a small but no negligible fremt to the
scale. Hard coal technologies have the highestjitdee GHG total cost. Fixed O&M costs include costs of themgional
emissions followed by oil and natural gas technielegHard staff, insurances, taxes etc. Variable O&M costduide cost
coal IGCC with CQ capture technologies have quite low lifefor maintenance, contracted personnel, consumectrialat
cycle GHG emission comparable even with Large esceand cost for disposal of normal operational wastel(iding
wood chips gasification technologies. Nuclear tedbgies radioactive waste). The range of current and lamgt
have lower life cycle GHG emission than some bi@naprivate costs (ALLGC) for the same power generating
technologies for example large scale straw combustitechnologies were selected from various informatonrces
technologies and large scale wood chips combusti[4; 8, 10]. In Table 4 the range of current privatsts of the
technologies. Biomass technologies with ;C&pture have selected power generation technologies is presented
negative life cycle GHG emissions. Especially higdgative

GHG emissions are during combustion processesah&ss TABLE 4
IGCC with CQ capture. LONG-TERM PRIVATE COSTS OF POWER GENERATION
The private costs in EURcnt/kWh are based on the TECHNOLOGIES(2030-2050)EUR/MWH

Average Levelised Generating Costs (ALLGC) methodgl
The methodology calculates the generation costs | (fuelor energy type Costs, Average
EuroCents/kWh) on the basis of net power suppl@dhe EUR/MWh private
staFion _busbar, where electri_city is fed to the_dgfl'his cost EU(;O,S,'\;SV’Vh
estimation methodology discounts the time series |of Min Max
expenditures to their present values in 2005, wlgclhe | Nuclear 24 42 33
specified base year, by applying a discount rateofding to | Ol 79 100 90
the methodology used in the IEA study in 2005, ldwvelised |-Natural gas 53 60 57
lifetime cost per GWh of electricity generatedhe trratio of Hard coal - 21 44 33

L Hard coal IGCC with C® 40 43 42
total lifetime expenses versus total expected d8{pUcapture
expressed in terms of present value equivalent. (Ofed | Large scale wood chips 35 38 37
lifetime expenses include the value of the capifagl | combustion _
expenses and operation and maintenance expenskesjve ;grs?f?caﬁ;nca'e wood  chips 42 49 46
t_he rate of return _equal_ to d|scount_ rate. The_taa Large scale biomass IGCC with 57 60 59
(investment) expenditures in each year include tcoaon, | co, capture
refurbishment and decommissioning expenses. Asestigd | Large scale straw combustion 44 48 46
by OECD the methodology used defines the spec f%%“;isczle(wow chips) CHp 37 60 49
overnight construction cost in €/kW and the expeswedule Biomass wood chipd 37 &0 79

from the construction period. The overnight conginn cost | gasification) CHP small scale
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As one see from information provided in Table 4 th P
cheapest technologies in long-term perspective muetear 0 I

and hard coal technologies followed by large stédenass 20 Ex 2 L

combustion and biomass CHPs. The most expensi a0 ~ 7% 50% S0® 50.4 49.% 269 g,
technologies in terms of private costs are: oil aatural gas * L T
technologies. Therefore the energy technologiesnbathe
lowest life cycle GHG emissions are not the mogtessive
but not the cheapest one in terms of private cdstsrefore
the ranking of technologies in terms of competitiess
would highly depend on the carbon price impliedvlayious
policy scenarios integrating specific GHG emisgieduction
commitments taken by countries and set climate ghanFig. 1. The range of social costs of electricitpgm@tion in
mitigation targets. 2020 according the first best policy scenario FR2-3
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IV. RANKING OF FUTURE ELECTRICITY GENERATION As one see from Fig. 1 because of large uncergginti
TECHNOLOGIES BASED ON CARBON PRICE DEVELOPMENTS related with life cycle GHG emission and privatestsoof
power generation technologies the ranking of &gt

Seeking to compare electricity generation techriekg generation technologies is quite complicated howedkam
based on carbon price developments several masbleel Fig. 1 is obvious that the best electricity generabption in
scenarios were selected: first best and secondsbesarios. 2020 is nuclear following by large scale wood chips
The average data for global region (the average ém@r combustion and other biomass technologies. Oil dase
regions: OECD, EEX, DevAsia, ROW) on carbon pricasw technologies are the least attractive followinguraltgas and
applied in analysis. The first best scenarios (pB-and FB- coal technologies. The most expensive biomass based
3p5) include specific targets: 3.2 W/mnd 3.5 W/, The technology in 2020 is large scale straw combustion
second best scenarios (SC) also include 3.53nu 3.2 technology. Hard coal with GQrapture technology is ranked
W/m? targets and 2 options for GHG emission reductiom the same order like most biomass based techieslog
commitments for world regions: (SC2) include GHGnNcluding biomass with CQcapture.
emission reduction commitments just for OECD — GHG
emission reduction in 2050 by 90% from 2005 levasl 600
(SC1) include different commitments for OECD (80% 500
reduction in 2050 from 2005 level); energy expartin 400 s 4“7]"
countries (50% reduction in 2050 from 2005 level) - f 2775
Developing Asia countries (25% increase in 2050nfi2005 iii 1359 5,
level) and for the rest of the world (55% increase2050 * 66> 593 593 550 546
from 2005 level).

The ranking of 11 main future electricity generatio
technologies for 2020 and 2050 based on externsts anf
GHG emissions is the same as the same life cycl& GH
emissions were applied for technologies assessineat!
time frames. The most attractive technologies atingr
external costs of GHG emissions in 2020 are: biem@CC
with CO, capture, small scale biomass CHP (wood chi
gasification), large scale wood chips gasificatilamge scale
biomass CHP (wood chips combustion), nuclear, laage

wood chips combustion, hard coal IGCC with £f@pture. . - . .
Less attractive technologies are: large scale strawIn 2050 the ranking of electricity generation telmyies

combustion, natural gas, oil and hard coal. Thekiranof a_ccording_the_same sce_nario (Fig. 2) even takittganc_ognt
electricity generation technologies based on eateand big uncertianties and V.V'de range of total costseﬂelctrlqty
private costs for the first best scenario in 2026 2050. generation _technologies .prowdes completeley. difier
In Fig. 1 and Fig. 2 the range and average valfidstal results. The most competetive te.chnology in 203@lamass
(private and external costs of GHG emissions) casts ICGG with CQ capture, following by other large scale

electricity generation technologies are presente2020 and blom;\ss Be;:hnr:)lo%e:_; and ntuhclelar. ?'l’ hardt C‘;’;"gufa‘
2050 respectively according the more strict firgstbpolicy gas based technologies are Ine ieast competetnadivgies

scenario FB-3p2 in 2050. Hard coal with COcapture is less attractive

EUR/MWh

0il

=
=

ad chips
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Hard coal
Natural zas
caplure

Large scale straw
-

combustion

CO

Large scale v
Large scale wood chips

1Tard coal [G

pI§ig. 2. The range of social costs of electricitygetion in
2050 according the first best policy scenario FB-3p



technology comparing with variety of biomass based Though quite different ranking of electricity geaton
technologies except large scale straw combustion. technologies is obtained for various scenariostand frame
Therefore the ranking of 11 future electricity gexion the results obtained in technologies ranking baseexternal
technologies based on total costs in 2020 and 20%8iite  GHG emission costs and total costs are similar flustB-
different. This is related with the fact that thigghh carbon 3p2 scenario in 2050 because of very high carbae (875
prices in 2050 have significant impact on technasg EUR/tCG; eq). External costs of GHG emissions in FB-3p2
ranking as external costs of GHG emissions ovefweigcenario in 2050 overweight impact on private casts
private costs of electricity generation technolsgiehe most technologies ranking.
competitive technologies according total costsvgig and For all other policy scenarios electricity geneati
external costs of GHG emissions) in 2020 are: rauclarge technologies ranking based on total costs and GiiSsion
scale wood chips combustion, large scale wood chigests provides for different results in technolsgranking.
gasification, biomass (wood chips gasification) CkiRall The most expensive technology in terms of totatts all
scale, hard coal IGCC with GQ@apture, biomass (wood main policy scenarios in 2020 and 2050 is oil. Thest
chips) CHP large scale and biomass IGCC with, C&pture. competitive technology for all scenarios in 2020nisclear
Total costs of these first ranked technologiesgaiige similar and in 2050 — biomass IGCC with g@apture. Biomass
except nuclear. The less attractive technologres large IGCC with CQ capture is the most competitive in
scale straw combustion, hard coal, natural gas @hdn technologies assessment based on total GHG emiss#is.
2050 the following ranking of the same electriagneration The hard coal, oil and natural gas technologiesaareng the
technologies based on total costs is providedmbgs IGCC most expensive for all policy scenarios and alletifames.
with CO, capture, biomass (wood chips gasification) CHP 2050 because of the high carbon prices in ahados
small scale, large scale wood chips gasificationclear, natural gas technologies are more competitive and020
biomass wood chips CHP large scale, large scalelwbips coal technologies are more competitive than natgad
combustion, hard coal IGCC with GQ@apture, large scale technologies as private costs overweight extermatsc of
straw combustion, natural gas, hard coal and oil. GHG emissions in comparative assessment of techieslo
The ranking of electricity generation technologiedn the ranking of technologies based on externatscof
according external costs of GHG emissions and tobats GHG emissions the coal technologies are the ldsdctive
(private and external) costs is similar for lesgcsfirst best one. The ranking of biomass technologies basedtahdosts
policy scenario where 3.5 Wfrtarget is imposed instead of is different for specific scenarios and time fraamel depends
3.2 Wi/nf. For all policy scenarios electricity generationron carbon price obtained by specific scenarios.y\egh
technologies ranking in 2020 and 2050 based onrredte carbon prices make more competitive technologiesnga
GHG costs provides the same results because shithe life low life cycle GHG emission such as biomass IGCG@wi
cycle GHG emission data of electricity generatiol©O, capture, biomass wood chips gasification and bgsma
technologies. The most competetive technology aiegrthe CHPs technologies though these technologies in stesin
second best scenario SC1-3p2 in 2020 like in tis® ¢he private costs are more expensive than other biomass
first best policy scenario is nuclear folowed lyge scale technologies external costs of GHG emissions i le@rbon
wood chips combustion technologies however the lcaal price scenarios overweight the private costs itnelogies
based technologies are ranked in the same ordés. i$h ranking. Hard coal with COcapture technologies are ranked
because of low carbon price in 2020 according sbnario in the middle and in 2050 have similar total com$slarge
as private costs of hard coal based technologieswmight scale straw combustion technologies.
impacts of external GHG emission costs. BiomassG®th
CO, capture technologies because of quite high privasts V. LIFE CYCLE GHG EMISSIONS AND PRIVATE COSTS OF
are less competetive in 2020 according this scendrne TRANSPORT TECHNOLOGIES
most expensive technologies like in the case dft firest
scenario are oil, hard coal and natural gas basguhblogies. The range of life cycle GHG emissions of transport
The most competitive electricity generation techgglin  technologies in g/vehicle km were obtained by gatlgedata
2050 according the second best policy scenario iikthe on GHG emissions from transport sector from various
case of the first best policy scenario is bioma3€C with  sources [14, 20, 21, 22, 23] evaluating direct, @®issions
CO2 capture however the nuclear is ranked as sebest from combustion and total life cycle GHG emissidios
technology. The lower carbon price of second beshario specific transport technologies (Table 5).
has impact on the competitiveness of electricitpegation
technologies as external costs of GHG emissionsrdin
this scenario do not overweight private costs ofme&o
technologies like in the case of first best scen#ierefore
provides for different ranking in first bets andceed best
policy scenarios.



Fuel GHG intensity is the key factor which reprdsehe For our assessment of transport technologies GH& i
net lifecycle emissions impact associated with theycle and direct GHG emissions from combustion i
consumption of a unit of fuel. Sometimes termedual's evaluated in g C®per vehicle km. Conversion of GHG
"carbon footprint," it can be expressed in unitsgedms of emission data from g GOl to g CQ/vehicle km for various
carbon dioxide-equivalent per megajoule (gC&y/MJ) of fuels is presented in Table 5 as well.
energy delivered to vehicles or other transpontatio
equipment. Fuel GHG intensity is but one factor agymany
that contribute to transportation emissions.

TABLE 5
LIFE CYCLE GHG EMISSIONS OF TRANSPORT TECHNOLOGIES

Fuel CQO; emissions on combustion Life cycle GHG emission80, eq Average life
gllitre  kg/gal g/M g/mile at gl/litre  kg/gal g/MJ g/mile at 4.5 glvehicle km cycle
J 4.5 MJ/mile* GHG emissions
MJ/mile g/vehicle km
Petrol 2328 10.6 728 328 2600 11.8 81-110 366-495 227.4-307.6 268
Diesel 2614 11.9 726 327 3128 14.2 87-90 391-405 43.02251.7 247
Bioethanol from 1503 6.8 716 322 724 3.3 37-43 166.5-193.5 103621 112
sugar beet
Bioethanol from 1503 6.8 716 322 511 2.3 27-31 121.5-139.5 75.8-86 81
wheat
Biodiesel from 2486 11.3 753 338 1334 6.1 39-43 175.5-193.5 102012 115
rapeseed
Biodiesel from 2486 11.3 753 338 437 2.0 11-15 49.5-67.5 30.8-41. 36

waste vegetable oil

14.5 MJ/mile is equivalent to 32.5 mpg for a petrat or 36.4 mpg for a diesel car. However, thikas no allowance for differences in combustiortieficy between different engine designs. For
example, diesel engines run at higher compresaiimthan petrol engines and therefore are typicathre efficient (fewer MJ per mile).

2To convert miles per gallon of a particular fuebrams of C@per km divide the figure for gllitre of GQeither directly from combustion or lifecycle) Hye mpg (miles per gallon) figure multiplied by

0.354 (to convert to km/litre):
g/km = (g/l)/(mpg x 0.354) = (g/l x 2.825)/mpg



As one can see from information provided in Table based on information about costs of fuels proviogdarious
biodiesel from waste vegetable oil has the lowidstdycle data sources [20, 21, 22] presented in Table 6.
GHG emission followed by bioethanol from wheat. tr&le The price of gasoline and diesel is based on dostunle
based transport technologies have s the highestchtle oil c.$50/barrel (FOB Gulf cost). These costs foofiels
GHG emissions followed by diesel based transpoviary widely depending on location for existing hiwenol
technologies. and biodiesel technologies.

The range of current and long-term private costs of
transport technologies were evaluated in EURcnitletkm

TABLE 6
CURRENT PRIVATE AND LONG COSTS OF TRANSPORT FUEL THNOLOGIES EURCNT/VEHICLE KM

Fuel Private costs Average private
EURcnt/ Energy density | EURcnt/ EURcnt/mile  at  4.5| EURcnt/ costs, EURcnt/
litre MJ/litre MJ MJ/vehicle mile vehicle km vehicle km

Petrol 27.6-47.3 32 0.86-1.08 3.87-4.86 2.41-3.02 722
Diesel 27.6-47.3 36 0.77-1.31 3.47-5.90 2.16-3.67 922
Bioethanol from sugar beet 47.3-63.0 21 2.25-3.0 .13:03.50 6.30-8.39 7.35
Bioethanol from wheat 55.1-74.8 21 2.62-3.56 118P2 7.33-9.96 8.65
Biodiesel from rapeseed 31.5-43.3 33 0.95-1.81 -B8.98 2.66-3.67 3.17
Biodiesel from waste vegetable oil 55.1-78.8 33 712639 7.52-10.80 4.67-6.71 5.69

over four regions: OECD, EEX, DevAsia, ROW) on aarb

As one can see from information provided in Talflettie price was applied in analysis. As the first besnscios and
most expensive in terms of fuel costs are bioethansecond best scenarios include specific targets\Wai#* and
technologies and the cheapest are transport temfiesl 3.5 W/nf the scenariowith stricter target as in the case of
based on petrol and diesel. Therefore the transpatfectricity generation technologies were used engport
technologies having lowest life cycle GHG emissiare technologies assessment.
among the most expensive terms of fuel costs. Transport technologies were compared based onnakter

Seeking to conduct policy oriented assessment efggn costs and total costs in 2020 and 2050. The samiéng of
technologies external costs of GHG emissions wil btransport technologies based on external costs HGG
evaluated for electricity generation and transgeshnologies emissions was achieved for all policy scenariassimered
based on carbon price developments provided byerpoticy and for both time framewoks: 2020 and 2050 as dneeslife
scenarios runs. cycle GHG emissions costs were applied. The most

It is important to stress that the ranking of emergcompetetive transport technologies based on ext&hs
technologies based on costs (private, external tatal) costs are technologies having the lowest life cy@ldG
points to a general problem in having costs asrtfa@n emissions, i. e. biodiesel from waste vegetable b#sed
parameter for comparison of different technologgsce technologies followed by bioethanol from wheat dmam
these energy technologies do not compete on thee sagugar beet based technologies.
markets. For example, biomass technologies showarge | In Fig. 4 and Fig. 5 the range of total costs amdrage
span in costs and efficiencies and different preegsyield total costs of transport technologies is provide®020 and
different installed capacities therefore it is geshatic to 2050 respectively according the first best scenaBe3p2.
compare such processes if comparison is only madeost
basis since the different processes are suitablalifterent 9
markets however comparison of different energyrnetigies & )
based on total costs and carbon price enables/gapesome ;
important policy recommendations even taking intcoaint
high uncertainties in private and external costpipropriate
interpretation of results is provided.
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Seeklng to Compare transport teChHOIOgles basmmn ’ Bioethanol Bioethanol  Biodiesel from Biodiesel from Diesel Petrol
price developments several most reliable scenanwese T

selected as in the case of policy oriented eletric
generation technologies ranking: first best andosécbest
scenarios. The average data for global region &erage

Fig. 4. The average and range of total costs ofspart
technologies in 2020 according FB-3p2 scenario.



As one can see from Fig. 4 the high uncertainties a
relevant to total costs assessment of transpottntdgies
however even taking into account wide range ofl tuats of
transport technologies in 2020 it is obviuos thetr@ and
diesel fuel based technologies are the most corieeta
2020 as carbon price and external costst of GHG®aons
do not overweight fuel price differences in trangpo
technologies assessment. Therefore even takinge dud
uncertainties biomass based technologies are nxpensive
comparing with conventional transport technologie<020.
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Fig. 5. The average and range of total costs ofspart
technologies in 2050 according FB-3p2 scenario.

However as one can see from Fig. 5 the high capbime
in 2050 accoring first best policy scenario makesigport
technologies based on biofuels more competetive thase
fossil fuel based.

The ranking of transport technologies based orl taists
according the first best scenario in 2020 and 20%Wides
oposite results. Because of the high carbon pricgZ0b0 the
petrol and diesel based transport technologiegarked as
the least atractive in this year though in 202G¢hansport
technologies are ranked as the most competetivtheAsame
time biodiesel from waste wegetable and bioethdrmh
wheat based transport technologies are the mospetetve
in 2050 though these technologies in 2020 wer&etras
the least attractive because of the high fuel costs

Further transport technologies ranking based al tatsts
will be provided for the second best policy scepsrin Fig.
6 and Fig.7 the range of total costs and averaigé ¢osts of
transport technologies is provided
respectively according the second best policy so@n&C1-
3p2.

in 2020 and 205§,
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Fig. 6. The average and range of social costsanfport
technologies in 2020 according the SC1-3p2 scenario

As one can see from Fig. 6 the most expensive
technologies according the second best scenamoitikthe
case of the first best scenario in 2020 are tramspo
technologies based on biofuels.
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Fig. 7. The average and range of total costs ofspart
technologies in 2050 according the SC1-3p2 scenario

As one can see from Fig. 7 even taking into accdignt
uncertainties according the second best scendsoiti the
case of the first best scenario the most expenisolenologies
in 2050 are based on conventional fuels and thet mos
competetive technologies are based on biofuels hewia
the case of second best scenario as lower carlcesprere
obtained for this scenario the most expenive teldyyois
bioethanol from wheat as carbon price is not higbugh to
erwight the high costs of fuel in technologiesessment.

As the seond best policy scenarios have almosttleiver
carbon prices (178 EUR/CO2 eq and 170 EUR/CO2®Qq)
2050 comparing with first best scenario (375 EURYECeQq)
it provides very different ranking of transport heologies
comparing with the first best scenario. Though @2@ the
most competetive transport technologies are thesed on
petrol and diesel like in the case of first besenstio
however the least attractive transport technolslgiecording
these scenarios are based on bioethanol from whbat.is



related with the fact that carbon prices obtaindedng the
second best policy scenarios runs in all time frare too
low to overweight the high costs of bioethanol froimeat.
Though in year 2020 carbon prices in first beshade are
significantly higher (55 EUR/tCO2) than in secondsb

develop some important policy recommendations eakimg
into account high uncertainties in private and exkcosts.
Analysis of life cycle GHG emissions and privatestsoof
the main future electricity generation technologiesformed
in the paper indicated that biomass technologiesxlarge

scenarios (12 EUR/MCO2 eq in SC1-3p2 and 9 EUR/&g02scale straw combustion technologies followed by learc

in SC2-3p2) the ranking of transport technologies2020
obtained by applying carbon prices provides vdryilar
ranking of transport technologies for all scenar&ss high
carbon price in first best policy scenario is ndileato
overweight the mpact of private fuel costs in teidbgies
ranking.

The most competteive transport technologies in 2@20
all policy scenarios are based on petrol. The leastptetive
technologies in 2020 are based on bioetanol froraatvh In
2050 the most competetive transport technolofpesall
scenarios are based on bioethanol from waste vagetil
and the least competetive transport technologiedased on
bioethanol from wheat excpet FB-3p2. In the casdhtf
scenario the bioethanol form wheat is ranked antbagnost
transport technologies because of high carbon pnic2050
overweighting high fuel cost of bioethanol.

Because of very high carbon prices in 2050 in BR-3
scenario the ranking of transport technologies dasetotal
costs and GHG emission costs are very similar fos t
scenario but very different for all other policyesarios
especially in year 2020 where fuel costs are dotimigan
transport technologies ranking because of compaitgtiow
carbon prices. However in 2050 the carbon pricdésmain
determinant in transport technologies ranking. Esly first
best policy scenario provides the competitive athge for
low carbon transport technologies such as biodiesel
bioethanol.

VII. CONCLUSION
The long-term assessment of new energy technolegss

performed in the paper for various long-run polscgnarios
taking into account 2 main criteria: private cofd.LGC)

have the lowest life cycle GHG emission. The chetfugure
electricity generation technologies in terms of/até costs in
long-term perspective are: nuclear and hard cahlnt@logies
followed by large scale biomass combustion and bgsm
CHPs. The most expensive technologies in termsrighe
costs are: oil and natural gas technologies. Asethctricity
generation technologies having the lowest life ey@HG
emissions are not the most expensive but not thapdst one
in terms of private costs the ranking of technasgn terms
of competitiveness highly depend on the carboregrigplied
by various policy scenarios integrating specific @GH
emission reduction commitments taken by countried set
climate change mitigation targets.

The assessment of the main selected power tediaslo
based on external costs of GHG emissions and¢otit was
performed in 2020 and 2050 for the first best @Gf2) and
second best scenarios (SC1-3p2; SC2-3p2). Scenaiibs
more strict targets (3.2 M/m2) were selected fehtmlogies
assessment.

11 main future electricity generation technologigsre
selected: nuclear, oil, natural gas, hard coaluttidg hard
coal technologies with COcapture and various biomass
technologies (wood chips combustion, gasificati@hP,
straw combustion, biomass IGCC with £€apture). For all
policy scenarios electricity generation technolegenking in
2020 and 2050 based on external GHG costs provtues
same results as the same data on life cycle GHGs#nis
were applied for technologies ranking. The most petative
technology according all policy scenarios basecexternal
GHG costs in 2020 and 2050 is biomass IGCC with, CO
capture biomass followed by other biomass technefog
Nuclear is ranked in the middle.

Though quite different ranking of electricity geaton

and external GHG emission costs. Such policy oceignt technologies is obtained for various scenarios &k

energy technologies assessment based on carban gt
private costs of technologies can provide infororaton the
most attractive future energy technologies takirig account

frames the results obtained in technologies rankiaged on
external GHG emission costs and total costs ardasifust
for FB-3p2 scenario in 2050 because of very highhaa

climate change mitigation targets and GHG emissigorice (375 EUR/MC@®eq). External costs of GHG emissions

reduction commitments for world regions.

in FB-3p2 scenario in 2050 overweight impact onvate

The ranking of energy technologies based on costssts in technologies ranking. For all other pokmgnarios

(private, external and total) points to a genenabfem in

having costs as the main parameter for comparisbn
different technologies since these energy technesodo not
compete on the same markets. Energy technolog@s sh
large span in costs and efficiencies and diffepmoicesses
yield different installed capacities thereforestproblematic
to compare such processes if comparison is onlyenad
cost basis since the different processes are $uiitbdy

different markets however comparison of differenergy

technologies based on total costs and carbon priables to

electricity generation technologies ranking based total
costs and GHG emission costs provides for differeaults

in technologies ranking. The most expensive teagplin
terms of total costs for all main policy scenariio2020 and
2050 is oil. The most competitive technology fdrsalenarios

in 2020 is nuclear followed by large scale woodpshi
combustion technologies and in 2050 biomass IGC® wi
CO, capture followed by biomass wood chips gasifarati
CHP small scale having the lowest life cycle GHGs=mNs
among analyzed technologies except biomass with, CO



capture. This technology is the most competitive
technologies assessment based on total GHG emissiia
as well. The hard coal and natural gas technologies
among the most expensive for all policy scenarios.

In 2050 because of the high carbon prices in alicp
scenarios natural gas technologies are more caotinpetiian
coal and in 2020 coal technologies are more cotigethan
natural gas technologies as private costs overweigternal
costs of GHG emissions in comparative assessment
technologies. In the ranking of technologies based
external costs of GHG emissions the coal technetogre the
least attractive one. The ranking of biomass teldyies
based on total costs is different for specific seegrs and
time frames and depends on carbon price obtainexpégific
scenarios. Very high carbon prices make more catiyget
technologies having low life cycle GHG emission tswas
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