Technology Portfolio

CpaBHeHue npeanosioXXeHUm o CTOMMOCTU TEXHOI0TUMN B
moaenax KomnaekcHou oueHku MESSAGE u GCAM
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Objective:
yeno:

* Characterizing the main power generation technologies
° OXapaKTepun3oBaTb OCHOBHbIE TEXHO/IOTUM MPOUN3BOACTBA INEKTPOIHEPTUN
* Creating transparency for the Pathways project

e Co3aaHue Npo3payHOCTM Ansa npoekTa Pathways

Detailing the techno-economic input assumptions (CapEx, O&M, Efficiency, Lifetime)
MpenocTtaBUTb MHPOPMALMIO MO TEXHUKO-IKOHOMMUYECKMM 0OOCHOBAHMAM
(KanuTanbHble 3aTPaTbl, CTOMMOCTb 3KCMAyaTaUMKN U 0OCNYKMBAHUA, TEXHUYECKAA
3P PEKTUBHOCTb, TEXHUYECKUIN CPOK CNYKObl)

Comparing the models with each other and with literature values
CpaBHeHMe moaenen apyr c 4Pyrom u ¢ AMTepaTypHbIMU AaHHbIMU

Displaying annualized cost for each technology to consider all factors simultaneously
(CapEx, O&M and Lifetime)
OTobparkeHne roaoBON CTOMMOCTM KaXKA0M TEXHONOTNU
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Activities: Technology Description

aeincrteua: OnmncaHue TeXHON0rmMm

Descriptions of each technology to provide
reader with a brief overview (details are in
the report):

TeXHONOru-
YyecKum
npUHUMN

OnuncaHunAa KE!H-(,EI,OVI TEXHOJ/10TNN, 4yTOODI

NpeaoCcTaBUTb YNTATENIO KPAaTKUN 0630p

Bapuauun

TEeéXHONO0InA

lMepcneKTusbl
passuTtua
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Activities: Technology Description
Aeucteua: OnucaHue TeXxHONOrmm

BK/IIOYEHbI ONUCaHUA TEXHOJIOTUMN:

* Renewable technologies BozobHoBnsemble :

Photovoltaics doToaNneKTpU4YecKmne cucremol
Concentrated solar power TEXHOJIOTUU NO KOHLUEHTPALUM COJTHEYHON SHEpPrum
Wind power BeTpO3HepreTuka
Hydro power f'maposHepreTuka
Biomass 6uomacca
= —
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Activities: Technology Description
aeucteua: OnucaHue TeXHONOruu

BK/1IOYEHbI ONUCAHUA TEXHO/IOTUNA:
e Conventional technologies 06biuHble 31€KTPOCTAHLUM :
Coal-fueled power plants DNEeKTPOCTAHLU MU HA YrO/IbHOM TON/IMBE

(IGCC, subcritical, supercritical) KomnnekcHaa ycraHoBKa gnA
KOMb6UHMpoBaHHOro uukna rasa (IGCC),
obopyaoBaHMA Ha Jo-, CBEpPX- U
cynepcBepxXKpuTuyeckue napameTpbl napa

Gas combustion INEeKTPOCTaHUMA HA ra30BOM TON/iMBe
(CCGT, gas steam power) Mapora3soBana yctTaHOBKa
Nuclear power ApepHaa saHeprus
— —
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Activities: Data Comparison
AEeNCTBUA: CpaBHEHUE AaHHbIX

BCE AaHHble

panopT

npese

\__/

e [1na Kaxporo napameTpa
24 TexHonormu
12 pervnoHos (32 8 GCAM)
11 BpemeHHbIx waros (2005-2100)

~ 40,000 TOYKM AAHHbIX

* [pouecc otbopa

18 TexHonorum (ynop Ha
3NEeKTPO3HEpPrnmn)

3 pervoHa

5 BpemeHHbIx waros (2010-2050)

* [Ipe3eHTaumA coaepuT
1 npumep TexHonornm

Pe3lome OCHOBHbIX pPe3y/1bTaToB
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Activities: Data Comparison

AEﬁCTBMﬂZ CpaBHeHUNne AadHHDbIX

-

Literature Comparison

CpaBHeHMe
NINTEPATYPHbIX AAHHbIX

~N

*Values from open literature

eStudies including parameters for the time period from 2010 to 2050 were
prioritized

® [IAHHbIE N3 OTKPbLITOM INTEPATYPbI

® pccnefoBaHMA, BKIOYAA NapameTpbl 414 nepuoaa spemenn 2010-2050
6bI1M NPUOPUTETHLIMU

-

\_

Visualization

BM3yaaM3auusa

y
~

s

eliterature values were cumulated into cost ranges

eOverlapping ranges with darker grey shade

*Model assumptions were added on top of the literature ranges

e JlutepaTypHble gaHHble OblaM 06beAMHEHDBI B CTOMMOCTHbIE AMana3oHbl
® MecTa nepeKpbITMA (TEMHO-CepbIi)

e [peanonoxeHuna mogenu 6oinv gobaBneHbl B 4ONOAHEHME K
JINTEPATYPHbIM AMarna3oHam

L

\_

Adding Annualized Cost

nobasneHme ronoBow
CTOMMOCTU

eComplementing the direct comparison of capital cost, 0&M cost and efficiencies

*This approach allowed a comparison that takes into account both cost factors
and lifetime

e [IONONHAS NPAMOE CPaBHEHWE BXOAHbIX NapameTpoB
 Takol Noaxon NO3BONAET PACCUMTLIBATb Kak 3aTPaTbl, TaK U CPOK CAYKObI

J\_

J
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Activities: Data Comparison

AEeNCTBUA: CpaBHEHUE AaHHbIX

-

\_

Adding Annualized Cost

nobasneHne roaoBoun
CTOUMOCTU

~N

y

eComplementing the direct comparison of capital cost, O&M cost and efficiencies

*This approach allowed a comparison that takes into account both cost factors and
lifetime

e [lononHAs NPAMOE CPaBHEHWE BXOAHbIX NAapaMeTpoB
* TaKol NoaxoZ NO3BONSAET PACcCUUTLIBATb KaK 3aTpaTbl, TaK U CPOK CAYKObl

~

J

AC calculated once without interest rates and once with interest rates

fopoBaa ctonmocTb (AC) paccumTbiBaeTcA oAUH pa3 6e3 NPoLEeHTHbIX CTaBOK U OAUH pa3 C

NPOUEHTHbIMU CTaBKaM¥H

* The calculation including interest rates has been conducted with the following formulae:

* Pacyet BbINO/IHEH cO cneaytowen GopmMmynon:

Calculation of the Annuity factor: A(t,r) =

Calculation of annualized cost: AC =

1-(1/(1+1)YH
r t = lifetime TexH. cpok ny6bl

Capital cost
A(t,r)

+ O&M cost

r = interest rate npoueHTHanA cTaBKa
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GCAM/MESSAGE Discount rates
JANCKOHTHbIE CTaBKMU

*  GCAM and MESSAGE use different methods to annualize their CapEx for technology cost
calculations

e GCAM u MESSAGE ncnonb3ytoT pa3Hble MeToAbl ANS pacyeTa A1a pacyeTa roaoBon CTOMMOCTH
TeXHON0rMu

* GCAM uses a Fixed Charge Rate (13%), which includes multiple discounting factors such as:
depreceation, interest rate, taxes and return on equity

e  GCAM ucnonb3ayeT GUKCUPOBAHHYIO cTaBKy (13%), KoTopas BKAtoYaeT Koadd.
AUCKOHTUPOBAHMA: aMOPTU3aLMSA, NPOLEHTHAA CTaBKa, Ha/10TW, peHTabenbHOCTb KanuTana

 MESSAGE uses the interest rate to discount investment costs over lifetime of the technology
(5%). Other mentioned factors are considered at different stages

°* MOAEeNb NCNO/b3yeT NPOLEHTHYIO CTaBKYy ANA CHUMKEHUA NHBECTULIMOHHbIX 3aTPaT 3@ BECb CPOK
CNy»Kb6bl TexHonornu (5%). Apyrue ynomsHyTble GakTopbl pacCCMaTPUBAKOTCA HA APYrMX aTanax

* Differences in calculated ann. cost due to different methodologies

® pPasIdnNAa B FOAOBOI‘/"I CTOMMOCTUN TEXHOJZTOTNU N3-3a PA3HbIX METOA0B MOAE/TMPOBaAHUA
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Results — Example Renewable: Solar PV

pe3ynbTatbl - Mpumep Bo3obHOBAsEMblEe UCTOYHUKU IHEPTUMN:
ConHeyHana ¢oToranbBaHUKa

Capital Cost

KanutanbHble 3aTpaTthbl

General trend among models and
literature is similar

Obuwana TeHAEHUMA cpeau
Mmoaenem n nntepaTypol
aHaNorM4yHa

Capital Cost [USD/kW]

GCAM more conservative, smaller
overall cost decline

obllee CHMUKEeHMe CTOMMOCTHU
meHble B moaenm GCAM

MESSAGE with similar developmer
for all regions

aHaNI0rMYHOEe pa3BUTUE ANA BCEX
permoHos B mogenn MESSAGE

6000 -

5000

4000

— MESSAGE WEU

—— MESSAGE NAM

MESSAGE East UNECE
) \\.. - GCAM

3000 4

2000 -

10004

0

! I ' I N I N 1
2010 2020 2030 2040 2050

Year

Comparison of literature values (grey area) and the regional assumptions from MESSAGE
(WEU — Western Europe, NAM — North America, FSU — Former Soviet Union) (blue lines) and
GCAM (red line)
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Results — Example Renewable: Solar PV

pe3ynbTatbl - Mpumep Bo3obHOBAsEMblEe UCTOYHUKU IHEPTUMN:
ConHeyHana ¢oToranbBaHUKa

* Operation and 604
Maintenance Cost 55 —— MESSAGE WEU
50 S —— MESSAGE NAM
* CTOMMOCTb - MESSAGE East UNECE
- —— GCAM

KCnAyaTauum u

obcnyxuBaHus

* Greater difference between
MESSAGE and GCAM

*  GCAM more than 100%
higher than MESSAGE

* pas’HuLa Mexay \

mexxagy mogenamum

O&M Cost [USD/kW/yr]

N I v 1 N I v 1
¢ MNPEANONOKEHNA 2010 2020 2030 2040 2050
6onee uem Ha 100% Year
BblLlUe B G CA M Comparison of literature values (grey area) and the regional assumptions from MESSAGE

(WEU — Western Europe, NAM — North America, FSU — Former Soviet Union) (blue lines) and
GCAM (red line)
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Results — Example Renewable: Solar PV

pe3ynbraTthbl - Mpumep Bo3ob6HOBAAEMbIE MCTOUYHUKU IHEPIrUMN:

ConHeyHana ¢oToranbBaHUKa
* Annualized Cost with 300 -

interest rates gzg
* ropoBasai CTOMMOCTb C Ezg
—— MESSAGE WEU

200 -
— MESSAGE NAM

180 -
160 ] MESSAGE East UNECE

NPOUEHTHbIMU
CTaBKamMu

Annualized Cost [USD/kW/yr]

* MNPOLEHTHbIE CTaBKM: 140 - GCAM
120
80 - T
GCAM 13% 60 -
, i 40
e Large difference in 20 .
discount rates pulls 0 : ; : ; : . : .
2010 2020 2030 2040 2050
GCAM and MESSAGE Vear
further apart
Comparison the regional assumptions from MESSAGE (WEU — Western Europe, NAM — North
America, FSU — Former Soviet Union) (blue lines) and GCAM (red line)
_—— L
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Results — Example Renewable: Solar PV

pe3ynbraTthbl - Mpumep Bo306HOBAAEMbIE MCTOUHUKU IHEPIrUMN:

ConHeyHana poToranbBaHUKa
* Annualized Cost without

. 140 -
interest rates :
130 — MESSAGE WEU
* ropoBsasii CTOMMOCTb 6e3 120 ] N oncE bt UNEGE
] as
NPOLLEHTHBIX CTaBOK 110 — GCAM

* Notincluding interest rates brings
GCAM and MESSAGE closer together

* Main difference because of high
O&M cost in GCAM

* be3yyeTta npoueHTHbIX cTaBoK GCAM
n MESSAGE cbaunkatroTca

50 i \
° OcHoBHoOE pasanyune n3-3a BbICOKOWM ]

CTOMMOCTUN NPOU3BOACTBEHHDbIX N
3KCNNYyaTaUMUOHHbIX pacXxo4oB B
GCAM

Annualized Cost [USD/kW/yr]

' I ' 1 4 1 4 1
2010 2020 2030 2040 2050
Year

Comparison the regional assumptions from MESSAGE (WEU — Western Europe, NAM — North
America, FSU — Former Soviet Union) (blue lines) and GCAM (red line)
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Summary: Deviation between GCAM and MESSAGE
pe3tome — gesunauua mexay mogenamm GCAM v MESSAGE

Renewable power generation technologies — comparison of the deviation of capital and O&M cost over time
TexHonornm Bo3obHoBSSEMOM SHEPreTUKM - KannuTaJibHble 3aTpPaTbl, IKCN/Z1yaTalMNOHHbIE pacXoabl

Deviation in %

40%

20%

0%

-20%

-40%

-60%

-80%

MESSAGE/GCAM Deviation Capital Cost

2010 2020 2030 2040

Year

e Bjomass - IGCC/ W CCS e===Bjomass - IGCC/ wo CCS

2050

Deviation in %

0%

MESSAGE/GCAM Deviation O&M Cost

150%

100%

50%

-50%

-100%

2010 2020 2030 2040 2050
Year

e Bjomass - IGCC/ W CCS e====Bjomass - IGCC/ wo CCS

e Bjomass - Steam power CSpP e Bjomass - Steam power CSP
PV Wind PV Wind
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Summary: Deviation between GCAM and MESSAGE
pe3tome — gesunauua mexay mogenamm GCAM v MESSAGE

Renewable power generation technologies — MESSAGE/GCAM Deviation Annualized Cost
comparison of the deviation between MESSAGE (including interest rates)

and GCAM of annualized cost with the inclusion of 0%

interest rates over time 10%

-20%
TexHonorMm Bo306HOBNSEMOMN SHEPTETUKM -

X -30%
fop0Bas CTOMMOCTb C BK/IOYEHUEM g 40%
MPOUEHTHbIX CTAaBOK § -s0%
A -60%
deviations for all renewable power 0% —
generation are similar (50-80%) 0
OTK/IOHEHMA ANA BCeX BO30OHOBAAEMbIX R 5020 5030 5040 5050
TEXHONOrMIA aHaNOTUYHbI Year
e Bjomass - IGCC/ w CCS === Bjomass - IGCC/ wo CCS
= Biomass - Steam power CsP
PV Wind
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Summary: Deviation between GCAM and MESSAGE

pe3tome — gesunauua mexay mogenamm GCAM v MESSAGE

Conventional generation technologies — comparison of the deviation of capital and O&M cost over time
TPaANUUNOHHbIE TEXHO/IOTUN - KANUTA/IbHbIE€ 3aTPATbl, 3KCN/1yaTauUOHHbIE pacXoabl

Deviation in %

20%
10%
0%
-10%

-20%
-30%
-40%
-50%
-60%
-70%
-80%

MESSAGE/GCAM Deviation Capital Cost

e —

[r—

?
2010 2020 2030 2040 2050
Year
e Coal-IGCC/wW CCS e C0al-IGCC/Wo CCS
= Coal-Subcritical Coal-Supercrit/ w CCS
Coal-Supercrit/ wo CCS Gas - GCC/ w CCS
@ Gas - GCC/ wo CCS e (Gas - Steam power

e G3as - Turbine power  ess=Nuclear

Deviation in %

160%

140%

120%

100%

80%

60%

40%

20%

0%

MESSAGE/GCAM Deviation O&M Cost

\E

2010 2020 2030 2040 2050
Year
e COal-IGCC/wW CCS e C0al-IGCC/wo CCS
= Coal-Subcritical Coal-Supercrit/ w CCS
Coal-Supercrit/ wo CCS Gas - GCC/ w CCS

@ Gas - GCC/ wo CCS e (Gas - Steam power

e G3as - Turbine power e Nuclear
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Summary: Deviation between GCAM and MESSAGE

pe3tome — gesunauua mexay mogenamm GCAM v MESSAGE

Conventional power generation technologies —
comparison of the deviation between MESSAGE and
GCAM of annualized cost with the inclusion of interest
rates over time

TPaAAULNOHHbIE TEXHONOINU - rOAOBaﬂ
CTOMMOCTb C BK/1FOYEHUEM NMPOLEHTHbLIX CTaBOK

deviations for all conventional power
generation are similar (50-70%)

OTKNOHEHUA ANA BCEX TPAAULIMOHHDbIX
TEXHONOrMM aHANOTNYHbI

Deviation in %

MESSAGE/GCAM Deviation AnnualizedCost (incl.

0%

-10%
-20%
-30%
-40%
-50%
-60%
-70%
-80%

interest rates)

~—_
——

2010 2020 2030 2040 2050
Year
e C0al-IGCC/w CCS e C0al-IGCC/wo CCS
e Coal-Subcritical Coal-Supercrit/ w CCS
Coal-Supercrit/ wo CCS Gas - GCC/ w CCS

e Gas - GCC/ wo CCS e (5as - Steam power

@ (G3s - Turbine power e Nuclear
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Results: Annualized Cost of different technologies 2010-2050

pe3yabTatbl - [040BaA CTOMMOCTb pa3IMyHbIX TexHonormi 2010-
2050 rr mogenu GCAM

GCAM - Annualized Cost for different Technologies 2010-2050

1600
==@==Biomass IGCC with CCS
1400 ==@==Bijomass IGCC without CCS
[ —
==@==Bijomass steam power
1200 O .
==@==Coal - IGCC with CCS
e
\ —0 Coal - IGCC without CCS
1000 : — Coal - Subcritical
s L
E ==@==Coal - Supercritical with CCS
= 800 & ==
aQ —C=—— — —=@—CSP
%) —C——
- o =)
> =0 -=@==(Gas steam power

600
==@=Gas turbine power

e
— | GCC with CCS
400
=@=GCC without CCS
500 == —— —— ] ==@==Nuclear
o~ = o - ° =PV
0 e=@=\\/ind
2010 2020 2030 2040 2050
= =
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Results: Annualized Cost of different technologies 2010-2050

pe3yabTatbl - [040BaA CTOMMOCTb pa3IMyHbIX TexHonormi 2010-
2050 rr mogenu MESSAGE

MESSAGE - Annualized Cost for different Technologies 2010-2050
500

=@==Biomass IGCC with CCS
450

\ ==@==Biomass IGCC without CCS
400 «=@==Bjomass steam power

+
==@==Coal - IGCC with CCS
350
Coal - IGCC without CCS
300 \ Coal - Subcritical

": ==@==Coal - Supercritical with CCS

|
|

USD/kW/yr
N
(9]
o

=@=—_SP
200 ° —_— -=@==(Gas steam power
C== .
— ==@=Gas turbine power
——— —9
150 —— — — GCC with CCS
100 [~ — =@==GCC without CCS
+ +
— —_—— j ==@=Nuclear
50 @ —
— —— =3 3 3 e
0 =@=—Wind
2010 2020 2030 2040 2050
——— —
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Results: Ranking of Annualized Cost from both models

pe3yabTaTbl: paHXUpPOBaHME ro40BOU CTOMMOCTU PAa3INUYHbDIX
TeXHONOTrnumn

GCAM Ranking 2050 MESSAGE

Technology lowest first Technology

PV

PV

O || N[O |k [P |F
O | I N[ | TWIN |-

Biomass Steam
Biomass IGCC

CSP

=
o

Biomass Steam 10
Biomass IGCC 10

[EEN
[EEN

=
N

Hydro

CSP
Biomass IGCC w/CCS

[uny
N

[y

w

=
w
[ERN
IS

[any
(2}

Biomass IGCC w/CCS 14

[y
(9]
[EEN
(e}
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Results: Ranking of Annualized Cost from both models
ObcyXaeHue pe3ynbraTos

* Lowest annualized technology costs:

¢ CaMmble HU3KUe rogoeble CTOMMOCTU PA3/TNYHDbIX TEXHOI0TUN:

GCAM: Wind, PV, GCC without CCS
MESSAGE: Gas turbine power, GCC without CCS, Wind, PV (by 2050), GCC with CCS

* Highest annualized technology costs:

¢ CamMble BbICOKHNE rogoBble CTOMMOCTU Pa3/TNUYHbIX TEXHONOTUN:

GCAM: Coal supercritical with CCS, Biomass IGCC with CCS
MESSAGE: Coal supercritical with CCS, Nuclear, Biomass IGCC with CCS

\
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Results: Ranking of Annualized Cost from both models
ObcyXaeHue pe3ynbraTos

* For some technologies we found widely spread literature data. Uncertainty in the
future development of a specific technology leads to higher variations in the
projected costs.

e J1nA HEKOTOPbIX TEXHOAOMMIN Mbl HALLIU LUMPOKO pa3bpocaHHble AnTepaTypHble
NaHHble.

* MESSAGE and GCAM assumptions on the reviewed parameters differ considerably
for some technologies, but the deviations for renewable and conventional power
generation are similar (50-70%)

* npegnonoxenmsa MESSAGE and GCAM no paccMOTpPeHHbIM NapameTpam AN
HEKOTOPbIX TEXHONOTNI PAacxoaATCcs, HO OTKAOHEeHUA aHanornyHbl (50-70%)

\
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Thank you for your attention!

Cnacubo 3a BHUMaHue!

Q&A

\
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Results — Example Renewable: Hydro

pe3yabraTthbl - [pumep Bo3obHoBAsEMble UCTOUYHUKU SHEPTUMN:
rmaposHepreTUKa

* Capital Cost

* KanuTtanbHble 3aTpaTthbl

Input Assumptions of MESSAGE fit
into the upper half of literature data

ncxoaHble NpeanonoXeHua
MESSAGE cooTtBeTCcTBYIOT
BEPXHEWN NOJIOBMHE AMana3oHa
AAHHbIX "nTEpaTypsbl

MESSAGE assumes light increase in
capital costs for the eastern UNECE
region

yBe/InYeHNe KanuTtaabHbIX
3aTpaTt A4/11 BOCTOYHOro pPernoHa
ESK OOH

Capital Cost [USD/kW]

—— MESSAGE WEU
4000 —— MESSAGE NAM
~ MESSAGE FSU
3000
2000
1000

T T 1
2030 2040 2050

Year

T
2020

Comparison of literature values (grey area) and the regional assumptions from MESSAGE
(WEU — Western Europe, NAM — North America, FSU — Former Soviet Union) (blue lines) and
GCAM (red line)
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Results — Example Renewable: Hydro

pe3ynbTaTtbl - pumep Bo3o6HOBAsEMbIE UCTOUYHUKU SHEPTrUN:

rMAPO3HEepPreTnKa

Operation and
Maintenance Cost

CTOMMOCTb
aKcnayaTauum u
obcnyxuBaHus

Input Assumptions of
MESSAGE fit into the
upper half of literature
data

ncxogHble
NpeAnoN0XKeHuUA
MESSAGE
COOTBETCTBYIOT
COOTBETCTBYHOT HUXKHEN
NONOBMHE AMana30oHa
AAHHbIX UTEpaTypbl

200

—— MESSAGE WEU
—— MESSAGE NAM
—— MESSAGE FSU

150

100

O&M Cost [USD/kW/yr]

50

T l T l T l T I
2010 2020 2030 2040 2050
Year
Comparison of literature values (grey area) and the regional assumptions from MESSAGE

(WEU — Western Europe, NAM — North America, FSU — Former Soviet Union) (blue lines) and
GCAM (red line)
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GCAM Technology Costs

* How prices are computed:

* Socioeconomic inputs (SSP2)
,generate” demand for services
from different sectors

e Supply curves for raw materials
etc. define supply

* Price vector with initial ,,guess”
prices

e GCAM computes demand
disequilibrium and iterates
through price vector until supply
and demand match

* This is repeated for every new
time period (myopic model)

Pick a Price Vector

Run GCAM

if no
Supply = Demand ?

if yes

Equilibrium Prices

\
\
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GCAM Technology Costs — Technology Competition

Cost of technology:

Ci:gi+thj+Ti

C, = total unit cost

g; = non-fuel input cost
(costs analyzed in portfolio)

h; = no. Of fuel input units j to
produce one output unit i

P, = price of fuel input j

T, = other costs e.g. carbon tax

Market Price

Median Cost

Median Cost
Technology 3

\

* Economic competition assumes a distribution of realized costs in an
attempt to capture non-price related factors

* Market share based on probability that the technology has the least cost

III

* Avoids ,winner take al

scenario

\
\
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GCAM Technology Costs — Technology Competition

* Logit function for -

changes in cost s a.C
@ s. = market share I o C o Source: Clarke and Edmonds
! ivi (1993), McFadden (1974)
of technology j
° o, = logit
! & Change in technology shares when tech 1’ s cost increases by 20%
parameter 100% -
* ¢, =costof 90% +
technology i 20% 1
° o =logit 70% -+
parameter s0% 1
* Appropiate ¢ is s0% 1 e
chosen ek 1

40% -+
* o determined through
calibration with
historical data (using
the given o) 10% +

30% T

20%

0% -

base year =0 o=-1 c=-3 o=-6 o=-12 o=-24 0=-100

Z Fraunhofer Z Fraunhofer

ISI UMSICHT



MESSAGE Technology Costs

 MESSAGE is designed to formulate and evaluate alternative energy supply strategies
consonant with user-defined constraints.

* The model minimizes total costs while satisfying given demand levels for
commodities/services and considering a broad range of technical/engineering
constraints and societal restrictions (e.g. bounds on GHG emissions)

* The optimal solution selects the most appropriate option with respect to the
calculated discounted cost of the delivered energy unit taking into account the
whole technology cost of investment operation and maintenance (O&M) and fuel
cost at constant price of the base year

\
\
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MESSAGE Technology Costs

The objective function of MESSAGEix core model minimizes total discounted systems
costs including costs for emissions, relaxations of dynamic constrains

OBJ] = Z discount factor, - COST_NODAL,,
ny

Equation COST_NODAL: Accounting of regional system costs over time

(as well as costs for emissions, technology, land use, relaxations of dynamic constrains
and linear relations.)

The implementation of MESSAGE includes specified upper and lower bounds on new
capacity and activity, as constraints on market penetration and rate of expansion or
phase-out of technology

\
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Results — Model comparison summary:

Deviation between GCAM and MESSAGE

Results for renewable and nuclear power generation technologies - negative values indicate that GCAM assumptions are higher

than those made by MESSAGE. The reverse is true for positive values.

Technology

PV

csp

Wind

Biomass - IGCC/ w CCS

Biomass - IGCC/ wo CCS

Biomass - Steam power

Nuclear

Category

Capital Cost

O&M Cost
Annualized Cost (1)
Capital Cost

O&M Cost
Annualized Cost (1)
Capital Cost

O&M Cost
Annualized Cost (1)
Capital Cost

O&M Cost
Annualized Cost (l)
Capital Cost

O&M Cost
Annualized Cost (1)
Capital Cost

O&M Cost
Annualized Cost (1)
Capital Cost

O&M Cost

Annualized Cost (1)

2010

Deviation between GCAM and MESSAGE

31%
-62%
-40%
-40%

83%
-56%
-38%
-44%
-66%

-67%
-43%
-76%
-72%
-43%
-78%
-27%

91%
-51%

2030

-12%
-74%
-59%
-35%

98%
-53%
-49%
-54%
-72%
-66%
-24%
-75%
-68%
-46%
-77%
-72%
-46%
-79%
-43%

49%
-62%

2050

-25%
77%
-65%
-30%
113%
-49%
-50%
-54%
-712%
-66%
-26%
-75%
-68%
-45%
-77%
-70%
-45%
-78%
-44%

47%
-63%

Annualized cost (I): including interest rates
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Results — Model comparison summary:
Deviation between GCAM and MESSAGE

Results for conventional power generation technologies - negative values indicate that GCAM assumptions are higher than those
made by MESSAGE. The reverse is true for positive values.

Technology Category Deviation between GCAM and MESSAGE
2010 2030 2050

Capital Cost -64% -62%
Coal-IGCC/w CCS O&M Cost 39% 46%
Annualized Cost (1) -73% -72%
Capital Cost -62% -63% -61%
Coal-IGCC/wo CCS O&M Cost 74% 71% 78%
Annualized Cost (1) -71% -72% -71%
Capital Cost -55% -54%
Coal-Supercrit/ w CCS 0&M Cost 59% 64%
Annualized Cost (1) -68% -67%
Capital Cost -41% -45% -44%
Coal-Supercrit/ wo CCS O&M Cost 103% 93% 95%
Annualized Cost (1) -59% -62% -62%
Capital Cost -53% -56% -56%
Coal-Subcritical O&M Cost 144% 121% 116%
Annualized Cost (1) -62% -66% -66%
Capital Cost 12% 8%
Gas - GCC/ w CCS O&M Cost 125% 126%
Annualized Cost (1) -60% -60%
Capital Cost -37% -51% -51%
Gas - GCC/ wo CCS O&M Cost 150% 120% 121%
Annualized Cost (1) -52% -63% -63%
Capital Cost -34% -49% -50%
Gas - Steam power O&M Cost 150% 120% 121%
Annualized Cost (1) -51% -62% -63%
Capital Cost -61% -70% -70%
Gas - Turbine power 0&M Cost 150% 120% 121%
Annualized Cost (1) -63% -72% -72%

_— ]

Annualized cost (1): including interest rates
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Results — Example Conventional:
Supercritical coal power plant with CCS

* Capital Cost

Widely spread
literature values

Both models fit into
the literature range

Assumptions by
MESSAGE and GCAM
differ considerably

GCAM’s capital cost
assumptions are
twice as high
compared to
MESSAGE

Capital Cost [USD/kW]

7500

. — MESSAGE WEU
000 - — MESSAGE NAM

6500 MESSAGE FSU

6000 - — GCAM

5500

5000

! I ! I ! I N 1
2010 2020 2030 2040 2050
Year
Comparison of literature values (grey area) and the regional assumptions from MESSAGE

(WEU — Western Europe, NAM — North America, FSU — Former Soviet Union) (blue lines) and
GCAM (red line)
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Results — Example Conventional:
Supercritical coal power plant with CCS

Operation and
Maintenance Cost

Reverse effect - O&M
cost assumptions
made by MESSAGE
are higher

O&M Cost [USD/kW/yr]

100

20

—— MESSAGE WEU
—— MESSAGE NAM

MESSAGE FSU
— GCAM

e

40 -

' I ' I ' I N I
2010 2020 2030 2040 2050

Year

Comparison of literature values (grey area) and the regional assumptions from MESSAGE
(WEU — Western Europe, NAM — North America, FSU — Former Soviet Union) (blue lines) and
GCAM (red line)
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Results — Example Conventional:
Supercritical coal power plant with CCS

Annualized Cost without

interest rates

GCAM asset lifetime:
60 years

MESSAGE asset
lifetime: 30 years

Not including interest
rates brings GCAM
and MESSAGE closer
together

Annualized Cost [USD/KW/yr]

220+
—— MESSAGE WEU

200 - —— MESSAGE NAM

MESSAGE FSU

—— GCAM

180

160 4 \

140 5

120 5

100 T T - T - T - 1

2010 2020 2030 2040 2050

Year

Comparison the regional assumptions from MESSAGE (WEU — Western Europe, NAM — North
America, FSU — Former Soviet Union) (blue lines) and GCAM (red line)
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Results — Example Conventional:
Supercritical coal power plant with CCS

Annualized Cost with
interest rates

* |nterest Rates:
MESSAGE 5%
GCAM 13%

Large difference in
interest rates pulls
GCAM and MESSAGE
further apart

Annualized Cost [USD/kW/yr]

1000 ~
800 -l
600 —— MESSAGE WEU
— MESSAGE NAM
MESSAGE FSU
—_—
200 A
0 ' I ' I ' I N 1
2010 2020 2030 2040 2050
Year

Comparison the regional assumptions from MESSAGE (WEU — Western Europe, NAM — North
America, FSU — Former Soviet Union) (blue lines) and GCAM (red line)
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