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Abstract: Developing clean electricity to replace fossil fuels
is an important way to tackle global climate change. Different
electricity generation methods have different impacts on
the ecological footprint, influencing regional and global
ecosystem services. Despite much attention, there is still a lack
of quantitative methods to evaluate the ecological benefits of
electricity generation. In this study, the impact of power bases
on ecosystem services was comprehensively evaluated from the
ecological footprint, through which we established an ecological
benefit assessment model for clean electricity generation. Based
on the distribution of different types of power bases globally in
2050 of GEIDCO, the following results are observed. (1) The
affected land area of typical clean power bases (hydro, wind, and
solar power) is quantified, which are 5.29x10°, 3.39x10°% and
1.94x10*km’, respectively. (2) The development of hydropower
bases has the largest impact on the regulation services in the
Middle East and North Africa (MEA). The development of wind
and solar power bases has the largest impact on supply services
in North America and South Asia; however, it has little impact
on ecosystem services in MEA. In 2050, the ecological benefits
of clean electricity generation will have the highest value in
Centrally planned Asia and China and the lowest in the Pacific
OECD. It can be suggested to strengthen the construction
of clean electricity for MEA and reduce expansion in Latin
America and the Caribbean. (3) Compared with traditional power,
1 GWh of clean power generated annually has an ecological
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National Key Research and Development Program of China
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benefit of approximately 440 000 US dollars. In this study, we
built a clean electricity ecosystem services value evaluation
model, which has characteristics of cross-region and cross-type
comparison, and provided a new way to evaluate ecological
benefits in the future development of energy evaluation.

Keywords: energy development; connectivity; ecological value;
ecological footprint; ecological benefits
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thE &Sl EEU: IRCFIZRNR FSU: M2 B A
W LAC: $i T RUAMEN L X ; MEA: TR
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£ X el HAK[E %2 UL https://iiasa.ac.at/web/home/research/
researchPrograms/Energy/MESSAGE-model-regions.
enhtmD o ABFFEUARIEIL I ZRITIER E K02, b
RERE XA N - S R GRS TG SR, L
FEARIX N E R 22 5. H AT R AL i = v CORTAR R IXC 3
(EEU) WY EMARBI RG], Fr s AT A X
Xo THIB BRI %A HIESA CCI (European Space
Agency Climate Change Initiative) 420184421k 1+ HiF
M5 (land use and land cover, LULC) ZEHUHE .
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Fig. 1 Clean power installed capacity in 2050
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Fig. 2 Ecological value assessment method of clean electricity generation
:: GEI, & ERABIRTEIL K (global energy interconnection) ; BAU, BUHEAELL]E 5t (business as usual) 5 LULC: A5
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Table 1 Land factor of clean electricity generation

BEBEAREA ERRIBETF(F)/ (hm™GW')
Fifid Xy & H 205.97
itE AU A H 0.52
RIFHBE LR K 4139.1
KTk, 38631.6
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W, PEBOOFGeiT 3 b JE i M X ) 4 M w2
SRR DX PN A% Ha il R ML Sk L9 o A i B 1 o
FATEOL . BEAh, GRSk Ha g A 7 il S B —
BRI, WMBE M 100% 0 5 FH Ee A, fonidg - X
F L - b B R 2SR 100% AT VE, T OBk &
Fedh, LML AN 100% R R . Y IE L S AR
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Fig. 3 Distribution of land use and land cover types affected by global clean electricity generation

122 ABRERSMETEFE
Costanza®¥ fllde GrootZ 545 it By 4 o T AL A
BRGNS (B2 5 F A E BRAsfE™ . Llde Groot
BIBFFEAE R AR, Costanzaf B HAR 55 M (E1E AN 7T,
HRAE A= 25 R GRS M (A AR AR S R SR S5 (B
Z I AE g, A5 24 R 1 R ] S A 2R A
SRR BAES RGOS IE (322D, S0 2007
EYIM AT o ARG T A FE I AR S R SRk
S ERTHREAL R
Ev=i(AixV[) 4

EC =Y (Ef V) (5

A EV R4 OR NI D BFEn AR S R
M{E, 320 ERAr XN RRJCIIFER S RGN
e, ST0s DR T o A A ISR
B VAR DR L A PSR A B T AR A S AR
GRS AMA, 2Eo0/hm’s AR5 X N TR T T g
M5 RN R TR, hm®e Xk, H
A AR REBE A, ny JCHL T A 2 A 2 A
BH

®2 EBRGRSNE

Table 2 Value of ecosystem services

FJ0/hm’
THFAE e B MR X BEF

el & iR %5 AR5 AR5 &

i 3275 0 2292 0 5567
ol ARk 1828 2529 39 867 5263
TR AR 671 491 862 990 3014

AR 253 51 1277 7 1588

Hi 1305 159 1214 193 2871

P it 1659 17 364 2455 4203 25681
R 102 65 5 319 491
IRIKIT 1914 187 0 2166 4267

123 FBiEBIEEHESHEERE
3 ) AT I A R AR S RS I E B FE, FTLLS
G KX, PRS2 A28 R GRS M B ) 25 0E
R SOMIF I A = AR B30 #S (ecological benefit),
HIE AL N
E, =E°—E' 6
Kf: EHS A XSS TR AR SR 4E, SEoC:
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21 BERNEFINESEDR

A PRAE IR I LRI e, 20504E 4Rk L
DAL B RE A L M) 7 TR 29 1) 4529 203 km?,
3394 km’® F119 405 km®, ¥ ik A4 7= EBAES Rl
HSSHkm®e KRG SR 5 00T, ARAE A [H) K
R AT O B KRR R, A5G T
A IXIRFLULC, Geit AN o XA s i o A S R
WM (K3, RIS X AL L GWRIH T ™
AR TR] - B W S R (R A 25 R o AR & i 2R AR
B, MHL S KR A AR o5 A S BT IR R D i &
H 70, LULCRAVE /D H Z 4ol B —Fp s X

T, £ XY & B 27.40%F122.19%; K FHAE
K B TR AEA SRS, KX FH N
FHEEB M 43.45%F115.32% . MIE T, K EE 4
AR L KB FI R PHBE & F i A A R & . AR
K, iR L, HE ARG 2 ki
FREHL, 2% DX 5 H L 41.45%F126.45%
FEXT A XS, FEA 7= IR 2 5 T L T
O, PR 2 2R b IX (SAS) AY7KHL
Hodth, 5L TR A E R B 2 10 2 AL S
X (NAM) (7K H b, o5 o 22 1 g2 v B %
JilihHiIX (CPA) M7k, (&R Gl &%
ZRJE SR AR R AEM (AFR) (/KB 3EH, 4
FHE M B 22 () & T 26U R te X (LAC) (1)
KL R L, 5 AR GV e 2 102 12 1 Fn
HlE (FSUD BB EEM . SR, A0SR e i
T NG G O, I 205 048 PR ¢ H A F=HET)
CO,, TE AR BATELA15757km’, Hi g
429 Fkm bR . 343 Tkm B Hh . 4467 km I VE .
63 JTkm M. 987 km IR K KR 987 km # itb Fn
98 T km (KA 7= Sy (RRBAEGE), iR e

H B M 7 T 2R S R G 2R A E SOV E IR (5 FER TR ER L
F3 BHERNEFHNESERTLE
Table 3  Ecological footprint based on per unit clean electricity generation

hm*/GW

NS iy we e ok me on IR mw mw oo KK
A, 3391 34.51 73.02 24.17 9.66 0.00 26.29 2.08 0.00  0.00

AFR  KFHRERH 59845 361.82  2101.00  742.71 313.18 0.00 21.93 0.00 0.00  0.00
TKH, 10051.77 1062622 228872 1721.11  471.48 0.00 611820  7354.10 0.00  0.00

JAH 25.42 11.80 0.76 75.09 11.82 0.00 81.07 0.00 0.00  0.00

CPA K BHRE & HL 0.00 0.00 0.00 0.00 0.00 0.00 4139.10 0.00 0.00 0.00
JKH 824429  9787.02  193.19 1723781  363.86 0.00 2708.13 97.29 0.00 0.00

A, 0.11 3.43 0.05 0.02 0.00 0.00 3.31 0.00 0.00 0.50

FSU KIHREA H 0.00 0.00 0.00 0.00 0.00 0.00 4139.10 0.00 0.00 0.00
JKH 469955 17679.58 253229 354238 446543 0.00 4016.15  1696.22 0.00  0.00

0N 2.58 8.24 80.53 5.15 2.64 0.00 3.06 0.00 0.00  0.00

LAC KIAREL 9.24 14.60 942.59 56.96 1308.70 0.00 1 807.00 0.00 0.00 0.00
KA 1861.10 2159390  793.73 19.02 22.57 0.00 18.04 1432323 0.00  0.00

KU 0.00 0.00 0.00 0.00 0.00 0.00 205.97 0.00 0.00  0.00

MEA K PHRE A HL 0.00 0.00 0.00 0.00 0.00 0.00 4139.10 0.00 0.00 0.00
A 107.26 38.36 0.81 59.21 0.04 0.00 0.28 0.00 0.00  0.00

NAM  KFHBEAHL 998.46 1601.44  448.69 1079.66 1.28 0.00 9.57 0.00 0.00 0.00
KA 79171 2629658 2900.86 1169.60 3487.97 2337.18  983.94 663.76 0.00  0.00
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b4 Lo A< . KA
X it Thith R Hith . i R ith N 7k
#A T ’ kg KE
PAO KIHAE A H 3.46 234.46 1418.56 278.63 2127.58 0.00 76.41 0.00 0.00 0.00
PAS JKHL 16553.01 1792126 2161.67  740.52 7.14 0.00 16.72 298.24 0.00 0.00
KIFRELH,  2976.84 756.31 160.77 150.21 8.55 0.00 55.03 31.39 0.00 0.00
SAS
JKHL 2846681 377474  337.61 404974  174.96 0.00 1065.48 762.25 0.00 0.00
KHL 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.03 0.49
WEU
JKHL 11066.94 2042453  229.01 161033  2503.24 5.37 786.51 2 005.69 0.00 0.00

1¥: AFR: #Hi IR RAE: CPA: thiE K i1 FSU: MR BITFITIE: LAC: F1 T AN HIX ; MEA: hZA1dtAE: NAM: dt3%; PAO: WCF.

B2 FIHAS; PAS: HALIE K MK ; SAS: Bill; WEU: FEEK.

2.2 BEBNEFESRARRS MBI

o T IRELRSE TR M, THR T A
HEEHE I GWRHLAS f Ir i e (1 A= 8 R G55 (i
EY (k). WILIE & K e A S R G5
WHAEAE3FIIE T L PR 2, HOE R HEE A H
M A BARE & B AN XUA S & H X A 285 2R G A 3L 45 IR 55 TG
SRS BN L, K B XA IR 55 A IR 55 R
e, FERIAEAHEE & St x A FH RS A 2
RGN R S R R AR A S R G
FHs DABOK B S A B AR A S R G o . X
FASR I K BHAE & BRI X ) & S ) P e, SR 22
WXL IR S5 JCHE R B G e, R
SR A FH X o AR 7 PR B RO 1 A 25 R i
MIEAS RGNS IMERAEED, B OO A7 B L (Y
IMEARERDP . KRR TR B AR T LA S KR
KBAREHE S, R HOR 5 &MY T, (U5 I
PSRRI, DT AT LS SR A A S R G
S

BAXEN, BLRL GWIER T, EER
G5 IR 55 (B 5L RE B 22 110 X 38k 7 T 98 I AT I 8 He
X (LAC), HYCHHmsHi s igdE (AFRD, #J
DA HIEERIRE BN DR R RTEE . Hh,
LACHKHBAEAE S REMS MERE, MMk
BRI RS X E T K HL B A T X LAC
P BT FRPR AR ™ AR IR, SR RHZ L X Y 5 4
BRI, AR AT KA
o HTHFEAES RGBS M E R sl B AE & R
ER I ERNHIX, TEX A R SA T — W
G SHEEE SEEY, AnR s A T e  AE . A
ARG S5 (B SR AR S5 D 1) DA b R AL R
X (MEA), HAFER SSRGS MEILT- 0, H

Ry H 3R R F A S XU R FRTOR BR R &
RG], b A B2, T AR R A 2
RGNS IR0 TS RGNS Dhe s KU b
FIUK BH AE ¢ F 355 1 52 M) B KA DX 38 43 3] A b 56 Ml X
(NAM) FIE X (SAS), MiHLX A4S RGNS
IReZE R Z 520 e K3 25 iR 55, AR v 8 b
MRj55, Zeid X AER R AT &3, b R #E
B2, 3K S0 ARH B AR B 25 A B AR SC A 1 A AvG
S bR P A S o
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Table 4 Ecological service value based on per unit clean electricity

generation
JFIL/IGW
RE SR fiteg BWH #EB# X BEN
AR i & i & i & i &

AFR 1.88X10° 6.06X10* 2.35X10° 4.81X 10" 531X10’
CPA 1.89X10° 1.78X10* 1.61X10° 2.62X 10" 3.94X 10’
FSU 2.75X10° 1.72X10° 3.30X10° 3.56>X 10 1.13 X 10*
KH LAC 5.06X10* 2.58X10* 1.15X10° 8.70X10° 2.00% 10’
MEA 0 0 0 0 0
NAM 4.54X10° 2.83%10* 3.52X 10’ 4.94X 10" 8.84X10’

WEU  50.41 3212 2.47 157.63 242.63

AFR 3.70X10° 4.03X10° 527X10° 5.16X10° 9.89X 10°
CPA 0 0 0 0 0
FSU 0 0 0 0 0
K Afe LAC 3.70X10° 9.40X10° 1.29X10° 3.02X 10" 1.79X 10°
KL MEA 0 0 0 0 0
NAM 5.87X10° 9.81X10° 5.55X10° 1.80X 10° 1.42X10’
PAO 8.91X10° 2.32X10° 2.36X10° 2.96X10° 3.78 X 10°

SAS 1.14X107 2.49X10° 7.32X10° 8.18 X10° 2.20X 10’
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RE SR fitsg Wy OERM X BER
AR e & B35 B 55 e

AFR 5.51X107 1.33X10° 5.53X 10" 4.18X10” 2.85% 10"
CPA 5.63X10" 9.25X10° 4.87X10" 1.34X 10" 1.28X 10"
FSU 3.53X 10" 3.88X 107 3.77X10" 2.53X 10" 1.37X10"
LAC 6.96X10" 3.03X10* 4.13X10” 8.16X 10" 4.45X10*
IKH
NAM 236X 10" 2.48X10" 3.12X 10" 2.58X10” 1.09X 10
PAS 8.90X107 5.07X 10" 4.30X10” 1.69X 10" 2.00X 10*
SAS 1.07X10* 234X 10" 7.26%X107 7.72%X10° 2.10X 10*

WEU 5.54X 10" 4.51%10” 5.01X 10" 2.65%X10” 1.80X 10

TE: AFR: #0857 IR dEM : CPA: rhE R R FSU: M2 fihilr
LAC: $ T ZEUAINEI LXK ; MEA: HhARFIIEIE; NAM: Jb3%; PAO: #
KA B2 IH A PAS: HAb VAKX s SAS: s WEU: FGRR.

2.3 BEENEFIESHE

E R4, ATLCREIE I 9 AR S AR e s
TSR A R
EV=Z’:(TJ. xV,) (7

K EV R XN K R s e R AR S R SRS
BrfE, 3570 TR o XN S RTE T A HL Y S pL A &
GW; Va8 i & s i 1) 2B A iR 55 th (i
M, EIU/GW: rAIEREH SRR S, X (D
5 RAMEE A T LR G SR AR REIE LR 5 28 &7
fEAF PR AR Sy

FEASF BN TV I A AR S R GRS T (R FE
G, AT SRS KBS R GRS I EBRET H, BE
PRAEIR) T 1 I 7E20504F B A LA (2911 970 TWh)
IR KR ER R GRS M ERFE. THAS A Nk
SHEN, VT ARG R m Tk H,
BNAEBRGRS AT SME S A5.27 5103500, H
LIRSS TR IRSS « ALE M IR 55 AN SRR R S5 0
SEAIR.56 T4 1.74T540 0.93T514HF11.04T5425%
JGo XM TE20504F, RERFIREA 1 GWhil i
WA, ATRIA SR 2447 2ot AR ARk Es , Hrpadsn
HEL RS« AT IRSS « A8 M IR 55 A AR IR 55 325 o
BIA13TT S 1477, 8JT M9 o0, W _LiRgsHnT IR
o R T R A e K R B D T R A
T, WLAERAESRGEMSME. LA N3 i
Z 0N HELA IR SS AR RS, SRR T & RIS T R R
SRR AT RIS . B A ERAR R . P Bk AR
Pty e A SR . APARR AL I AR S RS RS DB

KA, A ARG S R 55 AR B S e DY, X
R = AW O Ll SRR V= NE D I (R R WA S 15 37 s
HAOSE TR TR X AR W B B A S AR A U X
R A R R B BB AT AR S5, (EBFAE ST L

JIT LI 1 F ) Rt i e B R R IX, A%

Jir A S UL AR o

x5 TEEELBEBHESHE
Table 5 Ecological benefits of different electricity generation types

e

e BT 12 3 BT

BE  RE s BE

JKHL -82334 -1129.53 -624.34  -427.71 -2 888.87

PR -3.57 -0.40 -3.18 -0.49 -7.64
KFHRE

Loty -23.19 -4.80 -17.51 -1.92 —47.42

KHL -16413.94 -18 486.57 -9909.17 -10851.30 =55 661.61

Rl
TS 15563.84  17351.83
e

9264.14 10421.18 52717.68

XF20504F 4RI 1 L ) AR 77 I A AR R R AT 4
Br, AT B AE AR fe 2o 1) Xy v ) % ) 30 b
X (CPA), ZJK17 66642370, ke SRR
LR 2N616442.3570, RGBT AERM GG REZ N .
S AR S A g e /D B X O IRORRIE BT P =2 R H AR
(PAO), ZIN126/03T0. MAB TR AR
UM B K rh B IX. (FSU) AOGIR A L, 2 R12
fe.3655. 22950, hARAGL AR (MEA) &
JEE I CRLHE XA AR BHREYGIR & ) S ditde
BRGNS B I, HAE20504E Fil 11 35452504
{CETTR RS, U X S T H ) H TR B K
B, (AR LR TTEK .

REE SRR, VT A A AR AR
BRGNS B G150 K AR LA R B b .
M4 Costanza S M AFFE", 201 V4R Bk RG0S5
SMEAS T 125 542~145T712. 65T (LL20074E 35T
WD, ARSI B A SR NS 2710k
JC, A NAERTT243.63%~4.22% M 4 5 R GRS
L2 XU A0URE A A 25 3R G0 R 55 I (2 3 it it v )
i/, JEREA S LRI RER . KT &
AR MRS R GRS TR &3 FE T b i
(), (HHA KR ES S, BTG ARRIESR
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RN 13 FL T R SRR AR 25 R G 55 A IX S v
TER & TIEBNERN CUIHOS AR AR X
B0, H 2 DI R ST T R R AR 7 B H bR
ABRZEN . B THHBZTKFA R, A5E
XX L [ P —E B S EOR SR, I HE X
L6 [ Il PG S S B ) o P RO AE, R R S i
Tt FL D0 LU A B3 RS o S AT LA Bl 4
ERAEVR-T L T T HFLE A, o nl LUK i BE IRV 2K 5K
Pl ER TR AR AR S

3 ZRERE

AW GEAR I 4 Bk M . AR VR AR 7 AR 5K
P, BN T ARBRUEE H A A S IR SS M B EAG T
oo AT HEARMME. TTHAEM, TR T2ERA
[ XS X LA o S A8 SE Y RIS AR 4 DAk AR
W, AHEME TESEDSAESRGERSEE,
FRREIRAL P s i 1 A 80 a8 e B AR T RE

T A RE A R Ak, $ETHE
BRGNS ME. 20504471 GWhiFiEH T, 1l
Phai R 2944 7 Loy AR S, Hoh e FE k45 ik
%5 T IRSS AR bR 55 RSO AR IR 55 Ak AR o R
1377, 1477, 879 3ETC. M TAETARFILIEH X
(MEA) & J& XL TR BH 8 & F 0 AR 38 R Ge k55 DR
SN, AT UGS G2 X AT 15 B % 20504F
AEBRVE T A e R AR AR RS B R B XA R [ K
J X (CPA), /MR K ISR FIE . BrvE 2%
FIHZA (PAO): &K HL B XTHL T 32 YA Lt
X (LAC) MABRGENMSG IIHeA B, JLH
SRV IRSS s 7K A R I R I A I XS 5K s KL
i, i 1A B BE &2 P B3t %o (L 45 IR 45 G I, e il 55
MR, TR 2 TR M b A A L L LR

R LI NI SR E TR i R e AT B E5 % a1}
WA R, AT AXEARTRIZRAL . AS[A] X s
TS AR PR A T RO H . — T R LA R
THIERREBBHER S, TERBIREA . XUHLFIK
HL S5 2 A T s o — T Tt T AT AS [] X 3
TS A S O, kbR S

TG H A A SRS VTN 22 BT Y R Bk
i AEE, RORIE SR R TR E ST E L T
1B, AR RGNS ME Y5 IF T RER A Y
BCREETH A A RE IR A S S8k . LAk, W

T A ) A SR AT AR R B A AL RERE
F AT RETH PR, AWPICONE THBEA IR . B
JER 5 XA 2 R BE N TR 5, SR ) 3 B
RN 2 AR 2% o T HEL g A A i S ST 0 A 25 5
A R R T E e B AR, DA TIDRE 42 A= i o 10
B A AR AR A D RE TR BEAG LA, O REVR FLIK Ll 4
PR AR -

ABIRFE FEE H e AT T A R AR AR
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