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Analysis of rooftop photovoltaic efficiency and tree-panel carbon reduction in low

rise communities under shading
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Abstract: Rooftop photovoltaics have become a prominent solution for the development and utilization of distributed energy
due to the advantages of cleanliness, high efficiency, low cost, land conservation, and easy installation. Under the
background of promoting the Carbon Peaking and Carbon Neutrality Goals in China, evaluating the power generation
efficiency and carbon reduction potential of rooftop photovoltaic systems in low rise communities was essential for supporting
the construction of the low-carbon community. The study comprehensively considered the dynamic shading effect of tree
growth on photovoltaic panels, established a combination model of trees and photovoltaic panels. Beijing, Xi'an, and
Shenyang were selected as representative cities, and Sophora japonica was chosen as the typical tree species. Key
parameters including the height of photovoltaic panels above the ground, the vertical distance between trees and photovoltaic
panels, and the age of trees were used to calculate the cumulative rooftop photovoltaic power generation and carbon

reduction under the joint action of trees and photovoltaic panels in simulated years. A comparative analysis was conducted on
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the power generation efficiency of low rise community rooftop photovoltaic systems and the carbon reduction contribution of
tree-panel system through the calculation results. The results demonstrated that during the first photovoltaic panel lifecycle,
the tree-panel communities in three representative cities were not significantly affected, nevertheless, the impact of trees on
the photovoltaic panels increased patently in the later stage of the lifecycle. Among the 84 parametric scenarios, household
electricity satisfaction rates attained 40.5% , 47.6% , and 29.8% in Beijing, Xi'an, and Shenyang respectively. When the
height of the photovoltaic panel above the ground exceeded 6.5 meters, the vertical distance exceeded 6 meters, and the age
of trees was within 30 years, the photovoltaic panels in the northwest and north China regions basically meet the needs of
users, simultaneously, the tree-panel matching was ideal. However, in the northeast region, the satisfaction was merely
enhanced when the height of the photovoltaic panel above the ground exceeded 6.5 meters, the vertical distance exceeded 5
meters, and the age of the trees was within 20 years. Compared with the northwest and north China regions, the northeast
region is less suitable for planning tree-panel communities. Additionally, in all settings, the carbon reduction contribution of
photovoltaic panels surpassed 80% , and the carbon sequestration brought by planting trees in three regions was insufficient
to offset the reduced carbon reduction of photovoltaic systems. These findings provided important references for the rooftop

photovoltaic configuration and tree planting planning of low rise urban and rural communities in northern China.
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FEFk EMLA % Sophora japonica age/a 3
FEARMHLHE PV panel specifications BT 250 W

A 1.6 m?
FARM AR PV panel damage rate/ ( %/a) 1

PV :5%4k Photovoltaic

1.2.2 B AAR K B s PR 2 AT

A X 2 A5 (1% 5 ) = AR IAE LA R R oA 8 S R e X S T R B B A e, LR R
675 % WL EE M 28R, HHERE RS 5 C LR IR UG & 28 IRBKRHHE A VS 3, A SGEREENY 3 b IX Y
Ryl 2 R R E R A A B RO A KT B o RS AR Sl J2 L Bt R A R R B BH S e, AR
T FE R AR 2 00 R A SR e R FL B Ry 0.2, B g 7 P P AR (AR 01 TE A I 4005 AR IR B A 32
JZALBREE R 0.8,

HEARAR UK ZFE DR K f R 2R AR AR e B Al IR A O 5 B B 8, AN [R) F KRR
BOGIR B s A sk H  REH KR TOUR RETFEH P ATABEBUR, BRI H P ZIEL b, B AT
HEIAEE ARIEEA T B R TG R G BURE  RZECH 0.8, RVEUREE I IR TAERCR %
1% 20% .,

1.2.3 B AR Ry
A RS AT R I ] SRR X IR R G0 & L i R A i AT 20, 5 R RN ], 4 A A

http ; //www.ecologica.cn



17 14 BIRT A5 7 A BT P IR A X OB AR B3 B Al e 70 A 5

ARITHEDCAR R G0 & WL B I 7 i 2 6 I DGR B AR AR
WERS TR AN, AR SCGHE I PVsyst B4 57 = iR R
FGARAASERY | XA 32 A7 (1] A S AR AR A Fr) 38 4
FRIATOT I, SRR AP T2, B35
ARSI AT ASCIRBOR fL T A AR AR Gt LA
15 T SR X LUAE Ry B A TR AR

AR R A A A T A B S A T R A WL
PRI, 1% 757 FERE RS AT RS W B AR A A L, A Bl T 47
ERHRICAE S ERER S K RS
FZICHR[22] [ 27 ) PR LS TR AN (7)) —(8) ,
AR T A s B A T2 2% At at T E MR - A
MR35, = (9)

2 BREEXR
Fig.2 The spatial relationship between trees and PV panels

H=-3.5x10"Y*+0.5113Y+0.4239 (7)
C=-2.4x107Y*+0.3418Y+0.3788 (8)
D=4.524H"" (9)

A, H B (m) Y I (4F) , € W5 (m) , D A HafE (em) o

AR AR MO BRI T M AR RURR ) (DBLL/T 953—2013 ) SURLRIRLRR G A 1) b 5 ik 2
KO A SCHR 30 ) Fe A AR 7 00 28 A TG RAR A= i R0 P9 A% b LRI BT e . HC el by 1 IR g 9 i
TR A JRVE RV BRAE YR Y 8.73% VT, HE S R AR (10) —(12) .

W=0.093 (D*H)***(1+p) (10)
NPP = MABI+L+Pr (11)
Q = amxNPP (12)

K, W EB AR Y (kg) , p AARZE LR ZE U 0.3, NPP RS G LE 77 7, MABL R AR 4R
Ve Ymstiat L ORARERTE & (kg) , Pr I REARAEE Y & (AT, B00) , Q i FRBRAM A [ i & (kg) ,m N
W5 S ALBR I FE AL R B B 44712 o WRREL I 280, L 0.5,

RE X LR TR R G0 H MR ST e A= A, H SR R G014 F 2 el B
W R 2 A SRR AR . B R HAE X P SEBR L, LA 12.8 m? B 8 Bt 1.6 m* G R ARIEIZ 1T
ERY DGR AR 125 b oy FE RN T PR B A BUE R | I A T8 MR AL T AR v (AT TE A R AT S 57
PO AR (DB11/T 839—2017) , &M IR AR B HFE A /N T 8 em"™) | PR AR U401 4 5% % 1) FE BRAR 3% Ay
34E LI(T7) —(12) THERARRERR B o G R AR B LA TR1 25 2 i i T KCH & E AR B s i (kL 2 L1 kW
23R 0.97 kg —AAAbER) M, BIRLEATAERINA 3 K 4,

I 3 R 4 = R B F s R IR K R s L R R BEE T A 13 AR BRI RS T 4R
i J2 G AR 2 L, e A R gk B X RS 17 ARR, 2R A0 B 38, P 2 1 DX Pl M B 8 O g, 26 P8 4K
I, FER A AT 20 AR N R LI I A R IR A TR, (H O A RERI K G BRLa TR 5 —4F, AL
BT B & BRI A B 0.43 kWh/m® F10.45 kWh/m* | AHELE 17 4FAYRZ M KR Y 200% ; VG 2 {0
0.22 kWh/m? , 5 Fi W T AH 22 30— 155, S M4 K R 2 174% o SRR Y AR R A8 (A 5 min A5 PR, 5 76 s 74
BTG 4 AFS2 AR B N LR R bR T DURE AR 815 R 2e 0 & TTOGAR 7™ A= TR

DIAC Rt HL X A ] (18] 5)  FERERYE AT I N R L2 B AR Al 1Y) R B 0 22 K TRy s > 1) [ e i 25, AN F
TR AFIAE AT [ ek AR e r R e A B S 22 5, LR AT A R A 40 T il i o i A PR . AR AR AR R
W OGIR RGN SRRAL T A AR T 24 93% Rt it . 455 & L i RN ik S P 7 TET 0T, (PR 2 A DX 2 2 J2 Tt
AR ZR GE 1 [R) B S AR AR 4l 1 AN 23 B S g WG AR Al & ORI IR B 32 A R R AL AT

http ; //www.ecologica.cn



6 S 45 &

250
240
E 230 £
= =
£ 20T i
W 5 Es
22 210} 22
® 5 R
5 200 )
5 15}
2 190 f z
2 &
180
170 — : . : . : : * * ! 0 : : * * * !
2 4 6 g 10 12 14 16 18 20 13 14 15 16 17 18 19 20
[} 1] Time/a I} i) Time/a
B3 #ESTAREMMXERZEE L B4 BIEEE RS B ER X
Fig.3 Comparison of photovoltaic power generation in typical Fig.4 Comparison of the reduction in photovoltaic power

areas under shading generation under shading

2 AAHEER B S ERITERE ST 4000, -
TR R A — e 50 47, 8 T T e e e

AR REILE] 60—70 4E. MG RIS R

G4 BB IR B A A A K % 10 m xRN 5 )

BRI A B TR Y KR AR S B, § 20T

SEMIRIEAL K R S AL, B TR SRR S )

X A SO IR EL A RS H  5, R iR B 10

[ B34, DA I LA S AR [ A B 0 F A AR R AR AR 00

Y VC FCRE A TR 0 5 10 15 20

2.1 FREICRAE0 ST B Timela
FHTAT R ARl (0% [ B A% ol v BE 04 (24 20 m, B5 JLERAHRA S SR ERE

WET 4 ELUFIEEAL X, HIAFsE L, 3 M FEHIX.  Fig.s Carbon reduction of combination model in Beijing area
BER LG AR MR A v AR Ry ML O M 1 AR, 20 4F
RIS JE Y AR AR v e L B AR AR g PR X 1—3 J2 12 TOUAY A 500 v B2 AR RV E R
WAL . X 3 AT 3 AR AR BE 7 A B R DA 4 SRR AR AR I 3t 252 FlIE L HETTRORIEAL , 25
LR A MR R T 3 ELEE B A O, I RS P R B S R LSV AT TE R I T 2k AR S IR AR RS
ORI RPN 2 m,

& 2 AR, A5 SRR AN, L OB AR R2 EWMAMMTHAEMR RIS EGZEBEN L
e r te ey DL PR DA 5 Pl 6 X G TR, 25 F g A e Table 2 Comparison of lifetime power generation of PV panels in
PHIT 3 A DR G AR MR A HL SR UL FH B DX [T S B typical areas without the influence of trees

(F, FEBEH X 26 B T SR B It f A S A 4 i St (KWh/?)
26 DX 5 DR 2 A R S AL, A A 06 £ hrea Power generation
R it L MDCAMER (2GR AR T 5 B A e ;‘;; ;‘:;:-zj

P, P, AT 598 2 T e DR 2 W oK BH 8 55 AT
AT (AT X e A A R, T BOHOEIR A L AL
AR PGLH XA 90% ., 18 1) X bE | 3 BLHR BT AW AR

e 4065.62

http ; //www.ecologica.cn



17 14 BIRT A5 7 A BT P IR A X OB AR B3 B Al e 70 A 7

AT AR AR AR T AR R ), LR W) W 52 I e 8 R A A 38 DR s/

—8— Wt 10a —O— W20 a —&— Wik30a —A— k40 a

AR R3.5m AR 56.5m AR H9.5m
1.0
0.9
0.8
0.7
0.6
0.5 9
04 1
0.3
1.0
0.9
0.8
0.7
0.6
0.5 4
04
0.3
1.0
0.9
0.8
0.7
0.6
0.5
0.4 3
0.3
4

e

JerRAEE PV panel efficiency

R
\\\\\\\\\QK\\\

)

=N
o
—
(=)
~

6 8 1

(=}
E
[=)}
o]
—_
S

T FEE Vertical distance/m

6 MERFARIRREIRE L

Fig.6 Efficiency curves of newly installed PV panels for power generation

MR A | ] B SR EEAT FHHEL R TE 2200 kWh 2471 L FE AR [E A W i B3 FH WL 25 57 ARSI, e o
FIRBERHE 12.8 m* (8 1.6 m* MR ) BIOGARIFH, Jbat P54 TR FH 3 it SR P25k 3 5 22 2 /0 ik 5|
77.9% 78.8% 84.6% A REARFHHI P & L . SR, RIS 6, BN E 20 4F SR ARRLCR R FE A S, 78
WER 3 AT 3L 252 FHE LT ,60% A GAR 28 58 J0 14 05 2 5 RE 230 T HRL T oK, LR v il 5 w8 ol o 2 1
G, LA INE] 16 m®(10 B 1.6 m* IR ) B JGARZCE TR R T BREE 2 62.3% ,63.0% ,67.6%,
BEBS  ZE G = 9.5 m I BL T, 87% HIDGAR FH P LT SR vl 2t R TOBAR & i fit . R RaR
AR, FE IR A A5 2 DGR BCRAR TR TR, FH ™ 5 AR o0 A Rl ot A 7 0 AR sk R A A
FOA LR SRR, BRI SRR 25 , R 2%

XoF LA [7) i DX FL A8 30, i DX B P AR e B s e sg i R Wit o 2 B T o, AR AR B2 R 6 20 HLOG
PRI A 38 K T BOCRACE Z) B AR . LASRBH A, 1] 6 Hhiffi sy & sk 3R i 42 B 323 40% , S5 MR %
14T PG 22 Hb DX R FLASCRAR LURR IR 29 7% A 2S TP B4R R m GIRAR B 29 1.4x10° kWh B HLHE, IHAh,
Bl 46 B A T, P R4 25 00 PR LT SR B T, DTG 5 2 2 T 22 ) YR AR, T 17 8 3 2 (e AR M R A1
DAL I 25 P8 250 e )t LXK X 5 AR P A XA

DL % BB AR B /2 3 MR T R A P AL/ SR 38 bn Bl . 5 LA i 12.8 m? Jy i,
3 BN T A WAL KOG IR FRBE P LG R B0 . 3 NIk o P 2 T R IR AT, 7F 47.6% [ DL T Y6tk R G #E
T 2 B T L T oK, 30 % T 70 A R B4 - S5 AR A 46 B, I PG b XN 11 5 4 0k & 2 7 R i, S5 7

http ; //www.ecologica.cn



8 xR 45 %

LT UL, DRI P A M DXCHEA TR ARA DX S BE T 2 2 P 755K U st iy 2 BE AR AP 22 T S g {EL el T3t
PR A0 2 6 AR A T 5 o A B AR S B2 v DAL e b s T A R T L 3 2 1 00 (S 558 T P 22 T, Bl R R
40.5% o PLBH T L ARAL 29.8% , RIEL 22 , AOCIRARE 1 =5 B 3.5 m IFASCA PRI B0 vl i A2 5 8 T L 75
R, T ARICHBIX 6 B i R PHAR /D, LS AR 5 BT VA8 #5 s T AR BT BH T 25 A SN A, DR AR b X
et AN B AR DR, AR AR AR I R 2% S8 22RO IR MR, £ b FE AR AN PR AL 3 DX, UG AR 2 b vy JEE
6.5 m FEEEEES 7 m W% 30 403070 SR AR AL D, DUGIRAR B M B 6.5 m FE B ES 5 m B 20 45
RIS FER S SRR BT B EARAR B AR B AL 1 i 7 F R R oK AR A A BEAEL

®3 ZERSMAKMEGF TR AL AMAITREARHZHR
Table 3 Household power supply in Beijing, Xi’an and Shenyang under the condition of installing 12.8 square meters of PV panels
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9 vV 2 X X vV \ iV x v/ v % <

10 VoV oV ox VoV YV x VOV x x

9.5 4 VooV ox x Vo Vox x Vo ox x x
5 ARV x x VARV % y ARV « «

6 Vv vV X X vV vV X X V4 V4 x %

7 VoVoox ox VoV Vo x VOV x o x

3 VOV OV o x VOV VYV x VOV x x

9 VoV voox VoV V VvV VLV x

10 VoV Vvo VvV YV VYV VY x

IR B B RCRYT T i 22 57 R AT B PR O 5 - — SR 3 oG AR 22 3 1o B e KR JEE 52
BA S H IR A 2] R LA B OCIREFE I W 1) 4 o Sl B A5 5 1) A e R A L AT
205 1 M DX e L e T A 1 XD AR R GERCR B, PIRR T3 S X U I T BE RN 5%, TP i A 4 iy
AR BT B R 2 THOIG AR R e Y [mDAciD
2.2 WA BRI RR G bR b

it a8 LA R GE T 3 ARSI AR AR MO ARAR A [R) A5 223 15 0 T A B IsCHE R o A 0B AR 5
6.5 m, TEEHIE N 7 m BRI (R 4) , 5 JEH A AR THOCIR Z GE MR ATE— AR Az i J 391 P B e Dk
1 5 5 (B R VU 223 DX 34.0 t, HrAoGARUsHE 29.0 v, AT WLV Skl X5 AR T R AR -l DRI RS Al A DX e ik
HETTHR SR, %) LUAN ] 2% 4L A et 0 B A A 1 D0 D DR B B s HE BTAR o LE 25 5 1A Y 80% 5
AT A Y1 P A AR A i TE A s /N T HAalB R X R ke i e s o PRIk, Jo A it s 243 P8 M T B
P AT AR A XA B RGO 1 e 0 s 5 A A ik — 4 i e 1 SR I 85« — 2452 1k 2 AR
B, BEGARBCRICARBN s Z LA L XA BEATIE BT, B 1L BB RN, 25 R SR 5 IR e Ak 5T

http ; //www.ecologica.cn



17 14 BIRT A5 7 A BT P IR A X OB AR B3 B Al e 70 A 9

BR 22 57 EL R, 5% It S R IO P LS R, Oh , BEAREPS R AR I s A IRLRE | el o R MR P v 5 oK
Pk FL ST AR , DT PR AER IR HE AL , o I AR Btk TE AL i, P LA A o Ak DX Bl AT 22 777 D STk, 17 244 et e e,
R 9 W AR O BRIR 25 6 R4

F4 BRAPREASERERRI

Table 4 Carbon reduction of combination model of single user

X FAk E BRI/ a PRI TG 6 Ve JCARAR BB At /1 R AL A e i/t
Area Sophora japonica age Number of PV panels Carbon reduction of PV panels Carbon reduction of the system
Jemt 20 8 22.1 26.1
10 27.6 32.6
30 8 17.7 21.7
10 22.2 27.2
Py % 20 8 23.2 27.2
10 29.0 34.0
30 8 19.7 23.7
10 24.6 29.6
tzAEl 20 8 20.0 24.0
10 25.0 30.0
30 8 16.2 20.2
10 20.2 25.2
3 #ig

AR SCRAEE T 25 R ITEE P A 124 DX R TOOGAR 2 v Ak 3 S A B e o AT R 80 R R T 0 R 2 4 X A
TERSABEPS I T 19 R TOGAR R 58 & HUSCR , Z A XRS5 56 AR A b A A sk Il e Ak o 1) o ik, 55 B e e A1
R X AR SR A 2F B [, A5 HHE5iean T .

(D) #EEAL AT P92 e PHopAed VG Rk XA A IR T, DL EIAR A B A, USRS 77 i R &)
1AL 3 AR T ARUZ Ak DX A S AR AR 2 BRI e FEL 52 M TR il 8 Al B 35, AR = b R & LS T A
B, (R R AR A2 £ 7 A JU 5 i 5 0 S0 498 K, b st 7T ANk BE T AR AR A S i & FURR FEARLABL, 20 A PR e T 1Y 2 £

(2) 50 BT T AERS AR AR [F) 20 22 A 0 T T B R B8 B AR AR 50 B8 RARS #7228 F % S AR Al i 1 258023 1) 52 il i
P GERFRW FEBRE ST A % JLIH 3 MO AR S BE FH L 2 3850 IR 40.5% .47.6% .29.8% , 4E
At PGk Hh DX AR AR DG F %) BRAR S SRR AR B = BB AT 6.5 m TR ELEE B AT 7 m W 30 AR LA NI AEIX
AR Hh DX U] G AR Al 2 1 s B R ) 6.5 m TR LA B AL 5 m AR 20 AF AP AAEIX

(3) AHBIX BEARAERS DGR U AR Gt T 20 P 24 A AR (Y R R a2 SR e W Pl AR A i
0 ) TR 12 AN A2 AR T L0 A AR Btk i, 7E0'G IR R G0 32 A B 2 424 ™ B B, XA R AT A8 B, (025 &
IR EA AR S 2 AEE SR IREE AR A, Ik & Ak DX S A IR AR =22 (] B SRS I 25, 7 3 /2 P
HL T R 1 At TR T REAR BE AL XA A

AT A AN, A SCRIF ST 32 2% B = b7 i DX A A= K Stk Jo2 T AR AR B 24 7 A AR MR, 1t A T B b A 54k
SO R B L 25 SR ARA B 1 28 BE N 5 A5 REOGAR 3 | IRt 2 v (8 s HE K T LA SO G AR A A FiT e
WA S, AT 25 N A 2 0 P 24 i, R 4 [ X L, TR R iE— 25 Ao TAE
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