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4, AU B4 9 AZ43 =7(PYAM)
2 F5H R ow Hyd AUl AFH}EL pyamo| 2= IHo| 3 (Python) 3 71X &

O pyam2 2FE A2 7]REe] sto]M(Python) 3|71 A2 FFF7IEE, AA-AHA Alnvte
A Az=" B4 AHEY Ayhed dY HolHUM A AetvEhES 4

O pyam IAMCel| 9J3l A|&GaA] 7 2 HJUo|EF T 9loH, &2 FE=+= githubs &
3 /M=ol S (https://github.com/IAMconsortium/pyam)

O pyamell gk Ax], A< EA(tutorials), AlZtst 23 2] 58 T AOlE =z

(https://pyam-iamc.readthedocs.io/en/stable/index.html)

pyam: analysis and visualization
of integrated-assessment & macro-energy scenarios

Release v1.2.0.

License Apache 2.0 | pypl ¥1.2.0 | Anaconda.org 1.2.0 | Last updated 21 Oct 2021

pyam @ python 37138139 ] ) pytest [passing
analysis and visualization DOI 10.5281/zen0do.5589750 | ORE 10.12688/openreseurope.13633.2 | JOSS |10.21105/joss.01095 chat |Slack

of integrated-assessment

& macro-energy scenarios

P Overview

The open-source Python package pyam [1][3] provides a suite of tools and functions for analyzing and vi(l
Navigation sualizing input data (i.e., assumptions/parametrization) and results (model output) of integrated-assess[]
ment models, macro-energy scenarios, energy systems analysis, and sectoral studies.

Installation

Authors and Developers The source code is available on Github.

Support and Contributing

Dymaiel Key features

Tutorials

Plotting Gallery « Simple analysis of scenario timeseries data with an interface similar in feel & style

to the widely used pandas.DataFrame
) ) « Advanced visualization and plotting functions (see the gallery)
Integration with R « Features for scripted validation & processing of scenario data and results

API Reference

Scientific references

<78l 2-5> PYAM 17| X]|
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Production

Conversion Bioenergy
Market
Buildings
Sector
Coal
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<#E F83-1> GCAM 29| J|ZHA=0 HIE AXHol| 28t 7=
Reactor class Gen |l Gen Il Gen Il

Legacy 2005 2095
Burnup (GWd/MTHM) 45 50 50
Enrichment ( %) 4.08% 4.51% 4.51%
Uranium Ore Cost Endogenous Endogenous Endogenous
Conversion Cost (S/kgU) 10 10 10
Enrichment Cost ($/SWU) 105 105 105
Fuel Fabrication Cost ($/kgHM) 240 240 240
Interim Storage Cost (S/kgHM) 300 300 300
Woaste Disposal Cost (S/kgHM) 548 548 548
Capital Overnight (S/kW) Legacy 2,300 1,800
O&M Fixed ($/kW) Legacy 64 64
O&M Variable (mills/kWh) Legacy 1.8 1.8
Efficiency (%) 33% 34% 34%
Capacity Factor 0.90 0.90 0.90
Lifetime (years) 60 60 60
Note: S year is 2005
Ref: Advanced Fuel Cycle Cost Basis 2007, INL.

3to| &&
& A 7]xHElectric

] GCAM =3 <&

Vehicles), &1 &% xHFuel Cell Vehicles), 7]

23} Clarke et al. (2009)¢] AT A= 127 71<=
4 4=4(Other), %

g4z 2@ AZHCCS), ¥4 A4 (Agricultural Productivity), 44 A AHHydrogen
A2 ¥ (Nuclear Fission) 2

Production), =€

(Wind Power), ©j 2F33(Solar Power),

A E(Buildings), 4F<d(ndustry),

eS| = 2= = ol 3 =) o -
A E(Geothermal)oﬂ tste] 1070 7l Aue s A 2 &8st on, Auges
2~ 18 1:! A= =z A=~ = L
VeREY £ &8 /b o F(availability), 7]&4F(reference) =&
2~ ==
AR GF(advanced) 2] Al 7HAZ Edsta Qo
" 55 : = el 71=(d) 79| =3
<E F£23-2> GCAM 28 AlLl2[@)2 M= 7|=(Y) 71He =&
Nuclear Nuclear End Use & Hydrogen &
Reference Reference Advanced Cccs Bio and CCS  Renewables End Use Renewables Supply Advanced
Scenario & Naming Convention (Ref) (Nuc Ref) (Nuc Adv) (ccs) (BioCCS) (RE) (EE) (EERE) (Supply) (Adv)
Transportation: Electric Vehicles Reference Reference Reference Reference Reference Reference Advanced Advanced Reference Advanced
Transportation: Fuel Cell Vehicles Reference Reference Reference Reference Reference Reference Advanced Advanced Advanced Advanced
Transportation: Other Reference Reference Reference Reference Reference Reference Advanced Advanced Reference Advanced
Buildings Reference Reference Reference Reference Reference Reference Advanced Advanced Reference Advanced
|Industry Reference Reference Reference Reference Reference Reference Advanced Advanced Reference Advanced
Electricity and Hydrogen CCS No CCS No CCS No CCS Advanced Advanced No CCS No CCS No CCS Advanced Advanced
Agricultural Productivity Reference Reference Reference Reference Advanced Advanced Reference Advanced Advanced Advanced
Hydrogen Production Reference Reference Reference Reference Reference Reference Reference Reference Advanced Advanced
'Wind Power Reference Reference Reference Reference Reference Advanced Reference Advanced Advanced Advanced
Solar Power Reference Reference Reference Reference Reference Advanced Reference Advanced Advanced Advanced
Nuclear Fission No New Nuclear ~ Reference Advanced  |No New Nuclear|No New Nuclear| No New Nuclear| No New Nuclear|No New Nuclear| ~ Advanced Advanced
Geothermal Reference Reference Reference Reference Reference Advanced Reference Advanced Advanced Advanced
I~z = A E o AT E
O 71 7o #20le B AW uet AHEE B &9 4 £58 bg=
3T o) = = IO ok3l dl =gl o o = a2 o
E@5a Qe o8 Bof ofd) Eo BFF L FHY AS, 71F U] ARG A o
= Q] i O ol S o 2= 0] Es ok3l o ]
%9 g3y =9 HL(evelized)o] F2)8tA & 1 Ao 53], eSFFe F5

j&o
)

AGgEZ M2 o2 dALEK(insolation)S Hol7] W&o, HF LA
H]-8-(LCOE; levelized cost of energy)s A|G¥EZ MZ th2A H&3t
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<# F53-3> B & FYH J|z9 =¥ FAHIE 71
Reference Advanced
2005 2020 | 2050 2095 2020 2050 | 2095

Central PV

Capital cost $/kW 6875 4525 2468 1758 3446 1381 947

O&M cost $/kW-yr 25 25 18 15 22 16 12

Storage cost adder | $/kW 480 413 342 306 355 225 180
Rooftop PV

Capital cost $/kW 9500 | 6278 3583 2793 4258 2246 1654

O&M cost $/kW-yr 100 50 30 20 30 20 15
CSp

Capital cost $/kW 3004 | 2786 2397 1913 2219 1770 1413

O&M cost $/kW-yr 47 43 37 30 34 27 29,
CSP with storage

Capital cost $/kW 6008 5573 | 4795 3827 3731 2976 | 2375

O&M cost $/kW-yr 47 43 37 30 34 27 22
Wind

Capital cost $/kW 1167 1124 1043 932 1082 931 743

O&M cost $/kW-yr 36 30 28 26 30 27 22

Storage cost adder | $/kW 658 566 469 419 486 309 246
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3.6 GCAM-KAIST 1.0 =¥
B AFo A= GCAM v.5.28 Z3to s @vtgle] A 9 7|edASS bygs) =3
E§%7}'E—65](GCAM KAIST1.0)= +=3th 20108 & 7|9 EE 5d @9 = 2100@ 71A]
AEFCIANA, AHTH, AATE B Fdegd Anls, A
ZIBpAHI 2, ARE, HlR A, A33ke b 5 4] 7]
712 ke AAS =23 AYRFES 7|vtor £33

AT HEe BEHAD. GCAM 7]
A H3S WY sty GCAM-KAIST =9

3.6.1 A3 @A A 71 A

<E FE=E34> Ol? ot

ad= 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
EaRes! 47,044 48,184 51,010 51,780 51,910 51,930 51,630 50,860 49,570 47,740
<E HE3.5> GDP A2}
ad= 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
GDP
(20154494 875 10,70 1,240 1,438 1,631 1,801 1,938 2,062 2,187 2,286
USD)
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3.6.4 $ElYUele 7|=d3
[0 GCAM-KAIST 3o Hlgd == eyl AgFEE dx7|e b8 A 3k BNEF Korea
¢} NREL®] vl &3} A ke 7|Hlo g wkg st

ook

<#Z F83-6> 7|E 2Nz 8

dA7|E | 99 2005 | 2010 | 2015 | 2020 | 2025 | 2030 | 2035 | 2040 | 2045 | 2050
EES 3,892 | 3,892 | 3,678 | 3,310 | 2,943 | 2,575 | 2,207 | 1,839 | 1,655 | 1,541
23tsley | 20158/K | 883 883 817 817 817 817 817 817 817 817
A=4 W 6,268 | 6,268 | 6,268 | 6,154 | 55,963 | 5,823 | 5,665 | 5506 | 5,352 | 5,157
5 1,195 | 1,059 | 1,059 | 901 864 842 828 817 809 791

<# F53-7> MYo|iX] 2XT|= HIS

BEA

Ae @9 2005 2010 2015 2020 2025 2030 2035 2040 2045 2050
R 5470 | 5470 | 5407 | 3939 | 3,862 | 3,814 | 3,752 | 3,689 | 3,634 | 3,546
g

AAES 9,119 | 8350 | 8350 | 8350 | 8350 | 8350 | 8350 | 8350 | 8350 | 8,350
S

B ok 2453 | 2453 | 2453 | 1,269 | 1,144 | 1,019 | 964 905 857 809
2R

\BSS 5014 | 4079 | 2943 | 2567 | 2122 | 1.835 | 1,729 | 1,618 | 1,519 | 1,420
Aed | 20158/ 5356 | 3,984 | 3,984 | 2464 | 2,034 | 1593 | 1,479 | 1,361 | 1,287 | 1,240
Hlo] &

o 4557 | 4,285 | 4,164 | 3,962 | 3,862 | 3,814 | 3,752 | 3,689 | 3.434 | 3546
9%

S 2,023 | 2023 | 1,659 | 1523 | 1,387 | 1247 | 1,188 | 1,129 | 1,070 | 1,008
N5

. 5517 | 3,678 | 3.807 | 2921 | 2479 | 2108 | 1,791 | 1,519 | 1,291 | 1,100
=il

ESS 3,369 | 3,285 | 3,285 | 2,818 | 2361 | 2,064 | 1,953 | 1,843 | 1,732 | 1,618
365 &7 & ©§4& X3 V&9 HE
O =3k A4 37 £ 71€9 AAALES vtgshr] Y3 8- oz 7143 7€ FAH 8
EE 7ES 715E3] Y% oy A Hg(HAVEA 2 ADS BF 1HT o AFHY. oluf,
Hhd = Ay Z7) 3 7]<9 v]8-S Furman et al., (2020)o) 7)¥kste] FA sk )

<E 838> 37| & B ZF Iz H|E8 71

33 2 24 % e 471 # MouA g
(GJ/ tCO2) (GJ/ tCO2) (m3/ tCO2) (20208/ tCO2)

A H§ 5.3 1.3 4.7 197

3 H & 8.1 1.8 4.7 328




36.6 % 9E 7& vl A%

O 4 93 $47)e 7R 712202 UC Davis (2013)2 wskow Eom et al., (2010)
2 Eom et al, 2012)¢] $-2lugt =578 dUA HE, 55 /IS F &5t
TFETFHE 7le HES eyl dAel e 7ls B8-S 7|+ S E Bergero et
al (202D)0] H&® 71&W e ga 24 s

<E §239> 52 £ HI8 Y
At TET TE7 e @9 2015 | 2030 | 2050
St Compact Car BEV 2015%/pass-km 0.30 | 0.20 | 0.15
gAY Large Car BEV 2015%/pass-km 0.55 | 0.38 | 0.28
eAazy Light Truck and SUV BEV 2015%/pass-km 0.59 | 0.40 | 0.30
g2z Subcompact Car BEV 2015$/pass-km 024 | 017 | 012
BAFH Compact Car FCEV 2015%/pass-km 0.28 | 0.22 | 0.16
gAY Large Car FCEV 2015%/pass-km 052 | 0.39 | 0.29
BAFH Light Truck and SUV FCEV 20158/pass-km 0.56 | 042 | 0.31
B3AEY Subcompact Car FCEV 2015%/pass-km 022 | 0.18 | 0.13
BAFY Compact Car Hybrid Liquids 20158/pass-km 023 | 024 | 0.24
BAasd Large Car Hybrid Liquids 2015%/pass-km 0.41 0.43 0.43
BAFY Light Truck and SUV Hybrid Liquids 2015%/pass-km 043 | 045 | 0.46
BAasd Subcompact Car Hybrid Liquids 2015%/pass-km 0.17 | 0.17 | 0.17
B4y Compact Car Liquids 20158/pass-km 0.22 | 0.23 | 0.23
B3A5Y Large Car Liquids 2015%/pass-km 0.40 | 043 | 043
BAasd Light Truck and SUV Liquids 2015%/pass-km 0.41 0.44 0.45
B4y Subcompact Car Liquids 20158/pass-km 0.16 | 0.17 | 0.17
B3A5Y Compact Car Natural Gas 2015%/pass-km 026 | 027 | 027
BAFY Large Car Natural Gas 2015%/pass-km 045 | 049 | 0.49
Az d Light Truck and SUV Natural Gas 2015%/pass-km 0.47 | 0.50 | 0.50
B4y Subcompact Car Natural Gas 2015%/pass-km 0.19 | 0.20 | 0.20
G A & Compact Car BEV 2015$/pass-km 0.31 | 0.24 | 0.21
A =) & Large Car BEV 20158/pass-km 0.57 | 044 | 0.39
AA A= & Light Truck and SUV BEV 2015$/pass-km 0.61 | 0.47 | 0.42
A AR & Subcompact Car BEV 2015%/pass-km 0.25 | 0.19 | 0.17
AA A= & Compact Car FCEV 2015$/pass-km 0.29 | 0.25 | 0.21
A7 A X & Large Car FCEV 2015%/pass-km 054 | 045 | 0.39
A =) & Light Truck and SUV FCEV 2015%/pass-km 0.58 | 0.49 | 0.42
G A & Subcompact Car FCEV 2015$/pass-km 0.23 | 0.20 | 0.17
A7 A A & Compact Car Hybrid Liquids 20158/pass-km 0.23 | 0.23 | 0.23
AR A=A & Large Car Hybrid Liquids 2015%/pass-km 0.41 0.42 0.42
H g A =) & Light Truck and SUV Hybrid Liquids 2015%/pass-km 0.43 | 044 | 0.44
AR A=A & Subcompact Car Hybrid Liquids 2015$/pass-km 0.17 | 0.16 | 0.16
A A =) & Compact Car Liquids 2015%/pass-km 0.22 | 022 | 0.22
A A A & Large Car Liquids 2015%/pass-km 0.40 0.41 0.41
A =) & Light Truck and SUV Liquids 2015$/pass-km 0.41 | 042 | 0.43
A A= & Subcompact Car Liquids 2015$/pass-km 0.16 | 0.16 | 0.16
A A X & Compact Car Natural Gas 2015%/pass-km 0.26 | 0.27 | 0.27
G A & Large Car Natural Gas 2015$/pass-km 0.45 | 0.47 | 0.48
A A =] 4= Light Truck and SUV Natural Gas 2015$/pass-km 0.46 | 048 | 0.49
A A=) & Subcompact Car Natural Gas 2015%/pass-km 0.19 | 0.20 | 0.20




<& F53-10> 3= 5 d|8 713

Ayl e TE TH FE7E bing 2015 2030 2050
BAasd Truck BEV 2015%/ton-km 0.65 0.45 0.33
gAY Truck FCEV 2015%/ton-km 0.62 0.47 0.35
== Truck Liquids 2015$/ton-km 0.36 0.38 0.38
SAF Truck Natural Gas 2015%/ton-km 0.44 0.45 0.45
d A& Truck BEV 2015%/ton-km 0.68 0.52 0.46
d AR 4 Truck FCEV 2015%/ton-km 0.64 0.54 0.47
d A& Truck Liquids 2015%/ton-km 0.36 0.37 0.37
d AR & Truck Natural Gas 2015%/ton-km 0.44 0.44 0.43
3.6.7 GCAM-KAIST =8 483 & 4%
1] GCAM 7] & o £9]
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Web-based user interface Scientific programming API

Features
v Visualization of input data & model results

v Intuitive drag & drop tables and graphs X g
v Data |mport & export usmg MS Excel

Powered by E E

Seamless integration with powerful, open
and flexible scientific programming languages
v Efficient implementation of workflows

+ Standardized interface for data processing
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Equation SYSTEM_RELIABILITY_CONSTRAINT

This constraint ensures that there is sufficient firm (dispatchable) capacity in each period. The
formulation is based on Sullivan et al., 2013 [6]. {Tech nology ;| Technology f, |
Rating

|
teT!Nv 7

L v

+ Y reliability_factor, ey cing - ACT_RATING,,, v .11
tay¥<y | Load | — Peakload factor
> peak_load_factory 1, - COMMODITY _USE, .},
This constraint is only active if peak_load_factor,, ., , , is defined.
u " g
<12 F£4-10> Reliability x|2}4
Equation SYSTEM_FLEXIBILITY_CONSTRAINT
This constraint ensures that, in each sub-annual time slice, there is a sufficient contribution from
flexible technologies to ensure smooth system operation.
Z flexibﬂity—fador"[‘,l-yVyy-’"-ﬁl-"g'"""““"fl :lﬂ:):fiifity coefficients by technology.
nlt ‘:_’"Jl" 2 g ; Technology Flexibility parameter
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Bound on emissions

Equation EMISSION_CONSTRAINT

This canstraint enforces upper bounds on emissions (by emission type). For all bounds that include

multiple periods, the parameter bow?.d__ea'nisséanm&__ i is scaled to represent average annual

emissions over all years included in the year-set 4.

The formulation includes historical emissions and allows to model constraints ranging over baoth the
model harizon and historical periods.
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Aohs A% Aokol)

O H&= #loF

E E Cmcoefk‘t,rpk‘t,r = COzcap(y) v cp %%5 /;I] (6)

tEp k,r

O s=4ell ol 8" A 2 d, vz 3 Mol tid 72 va3 2o



O w7/} ¥ 4=(parameter)
— df: golg
— INVy: FA](AZE 753} H8)

— FCyy: A7+ —E@H]

Lo

- L 78713
- VCk,t_r: %%H]
— CFy i H o o] &&

— selfy: 2WAN]E
=

— RFy: 93271
- RMi: &3 oH]&
- Dt.r: %\"—9—

— stfy AR 28
— CO2coefy ;s CO2 wWiEAS

— CO2cap: AIE71ZE W& W

O W (variable)

3 FHA o] wHo] oy A= D] vk wEkA AA7E AIRE Wl
Aol o] =F0] 7Hedt =S 8,760t 48709 Ao T FojA &
5

A gstdnh A 28 S Ud 7Y BAL
q



<E $251> 353 @yl Alzif 72

A7+ £ (3-H) o9& (6~8 7H& (9~1D) AL (12~2)
T3 =& T3 4 T3 2 F3 2
06~09 1 7 13 19 25 31 37 43
09~12 2 8 14 20 26 32 38 44
12~14 3 9 15 21 27 33 39 45
14~16 4 10 16 22 28 34 40 46
16~22 5 11 17 23 29 35 41 47
22~06 6 12 18 24 30 36 42 48
AYFAAr) 3 £2 2 Ause) 2 B A4 - wA dge [A9%
AE g7 A | GRS, 20200 witth A7didE dg8949+= 20194
AR KPX), AALAIA o] &L 20189 AAXKPX)E 7Hgske] Wi st
2 A7 HAS 2o AMEE JEARY HE53 A4 <E FF55-20¢ £
<E 2252 oY = &X 29
AR = &% AR EA
A8 BA A 1A 2= (EPSIS) EPSIS-"H7d 4 A - b4 -2k 7]
H;ﬂ)\—la §;]_§ I:I;ﬂ /\Hafl Z_H—T'—/\l:l N;ﬁh
3 A 25 A2 A g £2018) 37 3] A dZ AR o
Pp.249-290.
HFz2 A n] x el w = =] ;(—]/HH AXNAE F .89,
a9rn (] E/\I-Z]-"J 2020) d9Ts AR Aers. pi
d=w Agsa Fhe CReerTE AYFEe WY-BX5R, p74
HHA ARFNA -
LAZE &8 247, M2018) g &HlE, TEF AAGK FEA
3) p.l2.
WA ARFANAHT -
b B 2018 =7F drledEd wiE Hos e
@ 1] 2(CAPSS)
Bl & A 2 2(2018) Hed 71225, pd
ol =, 717]¥H2020) Ej o3 CAPEX A, p.120
Prognos, Oko-Institut and | AR 7HA

z7] EA

Wuppertal-Institut(2020)

(Energiewirtschaft_Annahmen)

Wesley and Frazier(2020) pp. 5-6
IRENA(2020) pp. 65-66
EIA(2021) p. 6
AZAA M & OECD and NEA(2012) p. 127
AsH & 29 A7 B A 2~ BI(EPSIS) EPSIS-H & A A-A et}
& A v & U.S. EIA, (2013) Table 1, p.6.
gzt 715H & DRA ARZNAHT -
dAE &5 DRAA AEIHNT -

A 2 (201 oF2= WAz A® AR, pll.
o] S| s 4724 (2013) Fo BA7) 718 AR, p
AE A2 (2013b) Tkt An) 54, pp.12-14
Frdriel FEEE, p.9s.
2L 2~ A 3 = o1y
oA u 247, BF2(018) B2 e Z1= 9 A
c AR L(Y), p.43.
8a FEAE 7z 48 AA
T AR 2] ZA 7, ¥F3-4(2018)
RGICIA © °r . 144 A &(FOR, %), p.43.

AAYANAA AT o] &E | AHANE FERINAT
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=

20199 %= o] =2 F7Hs
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TFRI7HE

20313 742 =
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st Th 201993
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Fed 20199 ol % <

S|

20199 = thH] F237HES &

23718
Ex

g3

2031 d7H A= TAI92L ™ gF7IZA oA AN =

S
L

2050

=
| S

H Ayl Lol m

% 20507+ A =
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S|
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5719

T Tt FEIT AREE

3

bs

O ARFH

FSA T

J]

b &8 Aol ozl EA

bl A 2sITHE 3

aHE ARE ]88

[e=]
=

T(2018)ll A A A 7

0.001162kWh/kcal

-
(<]

H & &

H o AH|E(EH keal/kWh)

2,212

LNG &%

1,588

2,059
A87 9(2019), p.21; A&7 94(2021) p. 39 AL

AR

2,365




0

[

<E FE54> UNAYH LS2(TH:%)

S taka Mgt LNG &3t 7 &)
36.4 41.8 54.2 38.9

A AR, 9 (2018); A8 €0(2019), p.20; AL £(2021) p. 40 AL,

LDA71E A4 7Hsste b FASE vl82 A 27| FAH], d88E, $YHlgo=
TEE + Ao
st Am W7o g 27 FANE WAV E@dEE e A5 =g A 8 4(2018)00 A
AA B Y& 20149 o] F FFH 7tAEFAEH o P A48 BrH924H A/kW)E
Attt 7 dFeAeE ARG A8, A 5o Afe Al AL A2 585k
ol met o] E BHVIE IV FEAHE JHAEAA ALt
AEGFg BokollA vl o 9T G soz gNE e G 2 T
T 71Eo] dafiAe o] Z-2 7181202008 AFAlA A AAE AE5E H 8
B oFgo] -4 o] 27 718H2020)8] IMWHE 71+=S A&t on, §438e 4%
o] Ztf-A718H2020)2] 20MWF 71+ AEE AL s THY 27 FAH As5e
7He-8k U A5 7 F=3F] Prognos, Oko-Institut and Wuppertal-Institut(2020)2] 20203
71% A8E &89 .21, Prognos, Oko-Institut and Wuppertal-Institut(2020)2] 4%
tiH] sidEE FAR &S Evete] §43FY FAH O A &5t i dETE FAHE
TEEstdth
< £55-5> EH|¢d SAH=EH|S(CAPEX) M2
& 2020 2025\ 2030 Za&( ‘208~ 30d)
nE 400.0 306.4 251.8 -37.0%
100kW | BOS 1,113.3 922.5 803.3 -27.9%
A 1,513.3 1,228.9 1,055.1 -30.3%
TE 390.5 299.1 245.8 -37.0%
RS IMW BOS 955.3 773.2 661.7 -30.7%
A 1,345.8 1,072.3 907.5 -32.6%
nE 380.9 291.8 239.8 -37.0%
MW BOS 857.7 694.2 594.1 -30.7%
A 1,238.6 986.0 833.9 -32.7%
S4%d | 20MW | @4 2,522.4 2,319.9 2,202.4 -12.7%

285 o2, 77]€(2020), p. 120.

HEA ol & AAAUA Y HIFo] FolA = v o= @718 35 o
ol x| A &7 x| (Energy Storage System, ©]3} ESS)e] & &o] A =
et AEBEE HZHI 2y S 53 gAY Ay B4 lojA] ESSe o g
BAAAR7ed 54 7H- o] wig FLsth shAIRF ESSoll gk AAA A 7)Aol gk
U Fdo] BA e wet #H A5E v Iy A A A AT ANNREL) ol A
33k Wesley and Frazier (2020)o 4 43 A3E &8sttt oo =W A&7zt
(duration) 4413t 71 glEFol&MA 7I& 27| FAH = 20199 3938/kWhell A 20501 156
20198/kWh7t2] at=td Ao g2 AWt o] & wkgste] 2019WF-E vid 2.94%9 H-&

HaE 7Hgskit



O F4&7F2EHl o] 7] % 28] = Prognos, Oko-Institut and Wuppertal-Institut(2020)2] FA 2] &
HEE SR =, 2030 1004.7 4/kW, 2050 900.374 ¥/kW, 9 1H]+= 2030d 26.27 ¥ /kW,
20501 2354 UKWO R At o, Au) 5w 409, BES 60%S HASATH A8
F2AZ 71€9 dsiAE IRENAQR020)] FH X5 A &34t =3, CCS =3 7j&e
A9t LNG 2R 7)ol sl 28 7Fed 2oz 713 }99 “ﬂ AAA-7ed EAS
EIA02D< &3ttt Aedrde Alatddo] gl 2 7hA gl wel A e o
gk CCS A8 =g vjA| = Aot

0 AEH§e Bade] FA $Hw9
o)
AA

AR Zolt WAY &

rlr

= Hlgo2 WSS 98 =9

2 dTE 22 THYE YellAe 7 Aelvt jle
Aoz 7t AREHA E3lo] 57) BAIARERE S8 £U7E YRS
Rt o, 74 Akol 7t _-EI_X] < Folstgnh thuk INGY A% 327} ATALRZRE
B2 Pl A% AEow A7 FFIE A 714 Z]—O]7]- WAt AL
oIty I R BE3sHE dA AU 2T AZAIRREE INGE FYsStE=E,
Azl glE Ao AT F4 M-S DAAQIDAA ANE 2018

= 7 ¥ 91(2,700~5,100/kg)7F F1Hake] 3,900 /kgo 2 1A Et o, 20504
3,0009/kg7kA] stetsle Aog 71 E AT

<2

52 mlm .L

(1 vl&37F AR F+8(d g A4, 2019.9a, p.39)<] ﬁ‘l%i"xl‘ﬂl FES IR
Fotat st A-FA R AdH], FARA 8], AE], durs
AEY, S EAAY] AAAE SE of 2o Mci 9] &3(US. EIA, 2013)9]
<7 -] ¥ (variable O&M costs) 3t ©]&3IATHE 6 =)

=4 =

<E 225.6> Wy AMCH} U SHRAH]
T 244 Agslg 5339
A4 7HUSD/MW) 5,530,000 3,246,000 917,000
=% -2 ¥(USD/MWh) 2.14 4.47 3.60
Ak&: US. EIA(2013);, A&7 2(2019), p.25; A&7 2(2021) p. 42 AL,

O <& 6> 7oz Eiyete] B 2d7AM A3 2@)< o838kl ALtstitt

A F-A8]($/ MWh)
—?— o 8 = LN A
A N E D)= “mae18700m) /876000) 4D
<E FE57> UNYH 2 FA|H| H|Z(2H:%)
425 2 ek3ly 233y
0.34 121 3.44
2bg: U.S. EIA(2013); 7871 9(2019), p.25; A&7 £(2021) p. 43 AL
-3 S o)
A8 A0 (9 kn) = DB DAL o g 0w g (%) 4(8)

8760h



4 g v Eo daise ol 24718202000 ATl A A AlsE
S 55 A&, IR 49 IMWE 7IES 48357 o,
S4FE] 49 20MWE 7€ ARE A&t F MR AS 2F A3t

SAFAN G AuH &9 16%= FHEHAT HFFH] A BE] R8It 785

wol 4389 4T A FAE(1.6%)<= 7H s,

[e)
3
[e)

3

H, B3 FHol tis AlFAAN LS E OECD & NEA (2012)oA F4 g gt= 7]
A2 (57 $9.65/MWh, 3174 $26/MWh, B3 $14.57/MWh)E wHg st T

N

N
N,
!

Aol 25%, WELGHE St o Rstgon.

FH717+e 1593, =8A & S8(ound-trip efficiency)& 85% % 714 it}

A7 FEAR] FS Al = ARl APo] DasiH, 2 1Fo = Qlety
FAZHA ATAA 2292 F ATk ol AAHE @ 1 A &S 2835
AT Fe =dss U2 2o g = Ao

o
TE A4 LRk =g 533 #5
oA d 58 26~28 28 25 33
1 BAE 6.0 4.4 6.8 5.7 6.2

A 2AR, W34(2018), A4 £0(2019), p.32; AEA 21(2021) p. 44 AL

A BAUH HolHE
Nk RFAN AT

AARAUAE 715 =0 Sol o3 BHAYREY 2 AFDS WAt Ut
A golth. oleld AU B4 HAs =] WY Bart ek ol
= ol gate] Aol ] AZE o] L A4tste] mwaol



6. KIER-POSTECH-TIMES = &

]_

ol
rlr

[J KIER-POSTECH-TIMES 232 TIMES 282 7|9re2 thauls A2 mA
42 o= Al 28l maolth, TIMES(The Integrated MARKAL-EFOM System). & &
A o L X 7] FH(IEA) Q] ol U X 7] & Al 28l 24 == 2 71 H(ETSAP, Energy Technology System
Analysis Program)<& &3ted 7is o] A AAHeR de #E&H e 7 tiE
AEEA oL A A] 2~ m & o|T}

[ TIMES = &< 22 8HOptimization) 7]4+e] 43F2] oA A 28] m& o g Foiz
Atz WHetHA EH4FFE Hadtst= A s (Optimal Solution)E =&38h= o
7] A A EMulti Period Linear Programming)el]l 7]%kstx 9Jth.

[] KIER-POSTECH TIMES 2&& tlgul =g shte] N oz wAsts gdxd waoln)
AF-DolA B3 & A o] dA 2L 13 A 33 &

]_

A
AFoUA 2l Bophx F7h oA A28 HAF Az WM 3 Yok

O g, @4 AR 7]E 5302 A5 F3ad REEe Mog o gAH BAF Qo
ATH] A8 FEed 54 A4 89 HE TRy HIFoUA &veh #dd
FEHEolt, UrA FEEL JduA s5Te wgEta e E¥olt

O 2gollA &8 Fd TIFS AMUA A3 Adx Aldel =t 20173 7HH 2
AqUA dF IS FEeAon, 247 WEA T A7 247 ANER 4
Aol Mt gofsiity. EelEL =7t AulEtgAd Akl 2835k AHEZ Ede])
mEEe g eso]l WS 2017d A g2l 1,130.59/USDS

Mt 25 ox] et FFAR| 2
e A 3
AR ? 2 ? 7H
A7 AR A A4
A g4 ik
71E} T AR 55171
<J% F£6-1> KIER-POSTECH-TIMS Z& LH OL{X|A[AR] B2

O BA Azt #83 249 7|#S AuRd, nygddie 7Fdss 20173902
AAJ P, BAAF7= 202085 20503714 & H = 59 g =2 AAJYT o, AA
VEDA-TIMES =& 2060d7kA F@Hoilx, AshE 206084 7H4] =&3tg ot A 24
Aol= 20507k 2] o] Aspuks gatdTh



22l E}Y) Zeto] A(Time Slicels 47174, F5/F,
Fatel 192712 o] Aelstinh ol AAeIUA e WEYS Fash
sa 2ot 5% /169 BF ERE FANOE BH5Y] A AGHEE e

ukg

ol 28 AlEste AHaga Fob e 5 AP A LT dH S whgstaat

il
r

GUUEE A7 o2 N ESslE
S
=

N

o X N

AR YR 25 9ust= 7]|Fo WX A ~=I(RES, Reference Energy System)<]
o5 2ol FHEHUT. <OAHE-2>9F Zo] qUAFAARS] 2017d =7} | XA
E 7o, oAlYA FERAIRIA, A FA, JEAUAFTA, AAA A= S Al
Z83l 47F 9 AUA LY 7E FokE A EsIete ZEAUA A 2"S Aot

9 g Hopol TElAE WAZA B AR wFolu

3 ol om, AFNA 4n] Bobol thal At 7] Eo A Al 26 o] 4

FUE v auls 33 oUA A EAGAA AR AR AE AR

2 o gate] Wlo|xghel Atel s MBS

ol 22}l 203087 A9 AHSFANRAY L Fuko Feolsie o,

A Bl Bsse] 94g B0l 23S 2o Sl B, 59
2T AN Ay, A4, A4 5o U AL Ao i WIS

gapo] fAHAY F1esgol get gashs Ao Folshgrh

Bl Fee) Aot 2020 *VH*MMZ] WANA ANE AF A G nest

off nE

2L
R
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A k3t A Tk

i c2 [ gmm [ uxmaoux

A HF axz | @ (E2h

LY by R 0 2 R} ALl A
EEEREED ojui x|
ofLix| Hek +08 -
HRAFS UL, HALHIR) it
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O d=o=2 £49¢ 7IE0] He vddd Avugz2s HFANHA 28 a0 et

o] 22kl Ayl o= 3z oUAZ|ZA e ErFast 53X 85 V|V oR 747
FAA Q9 AAUAFQ AlvEl o2 AAsIAT =35, v olyXA] 7HF e digh
Ho] 2kl Ayl e oAUAFTAAR, AA oAuX] Al QIAMOIE,

gk A -3 AH(Petronet), e-UetA| &, R =A7IAFHI] FY AEE o] &3t 2017dE
71#ENAE AAsta EIA] A4 Annual Energy Outlook®] 712 wW3ls Aw-S 2 831

ol

-

AR AR 7% FEOE AN FHH LRSS TSI Sdskel, AT FEE
sgets 2% Fule 4 4RSS JMoR 7% DBE THAL T4 7147
LA PE £0Y ANE BHT £ =S wFo] FAHC Utk AFHEE B
A7 Fo PO T BAREY TA Yo A A3 HHsHnA dok
A, Wolzehel Aukgl Qoo wAE HulgF HAL 8] A FAANF oA
7 A9 AHFF/N AL AATH AS RG] 20179 FH 2034974 9
AW A §FS BHSAL, 20359 ol FlE HZ Yre] A PFL Wyl

)
po W0z i o
=2
T
N

243727 2(2018)7}2)
o

ool §2 & > e i & Ho
i o e X

ol
tlo
fo

o
ol
ol
K
X0
v

<E F56-1> H|o[ASI2l A[LE|20(M 2] LM HE Mu[ISE dF

(*: slete =28 M ofEl MH|SE)

T wbd A8 (GW)
o=z 2017 2020 2030 2040 2050
LA 22.5 23.2 20.4 15.4 11.4
Mg 35.3 34.1 30.6 19.9 8.3
A 3.9 3.7 11 11 1.1
HA7FCC 31.8 35.5 48.1 51.7% 48.0%
HAA7}CT - - 1.0 1.0 1.0
Ef 33 5.1 14.3 34.0 45.6* 45.6%
%9 1.2 1.4 7.1 14.3* 14.3*
3 E - 0.5 10.6 10.6 10.6
71 EFA A 4.0 4.6 5.0 5.3 5.3
A8
P 0.3 0.6 2.6 8.0 8.0
FT 4.7 4.7 5.2 6.5 6.5
ESS - - 0.7 0.97% 0.97%
ol =] 9.1 9.1 9.1 3.8 3.8




FF A7)0 71e EAX AT EANE, 1A4NE WEE 88, o]&E,
Ne5 5 Ods 71E B4R Bady, @4 mdA B 3 vE BE gue
AUAAA AT ARAT HTA, QLA 20 BANBAG, AAHATA WA,

EIA¢] Annual Energy Outlook 2019, NREL<®] 2018 Annual Technology Baseline, IRENA<]
Renewable Power Generation Costs in 2018, Lazarde] Levelized Cost of Storage Analysis<}
2 e ARE Fadte FASATY FoE G8, o &F, YAV R A

A9zt AHFF 7| EA G AAE 2 B YA AAGATY BRiA 5 ZHY
THEANA ATt A= A7 AHFF7IEAEY FEAAANA SEEHAY FX =9
Awstel 2330
<E 2262 YHAH JE SMX A=
s | wAsAN | wseAw | xe | Ase | o |J1EES
7-| %Eg T T S T o = 71015___ %%
AEA/GW | WA/GW-y | /A TOE| % % % Gw
HA7ZF~EH| 1,052,000 34,200 94.9 42 87 100 24.340
HAA7} 2~ 53 593,000 37,470 19.6 42 87 100 0
A7
B oF33 1,610,833 37,365 0.0 40 _ 16 5.062
233}
SA=E 2.526,22 72,1 0.0 40 A 2 1.21
¥ H ,526,228 ,193 . A5 215
N A7
S AE = 6,476,258 132,321 0.0 40 e 2 0
FETTRe
ESS 1,669,749 © ;—_31 i 723.0 88.5 96 100 0
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c o] RuME SAVAFIARAENA AP 789 A A
HuMdud.

co] RuA &S T wo= vt
AN AT HA e ATARdd
37T IE IR A Bed yee telHor Ty Ee 3
st A= oY %HE}

c o] RuAet #EH EoAe FRHE
DE5ERER (A3} 043-714-7564) 0.2 &




