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Figure 2-1. Spatial relationship between the Sun and panel. (a) schematic of
tilt angle and azimuth angle of solar panel. (b) schematic of altitude angle

and azimuth angle of solar ray based on Gilman et al. (2018)
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Figure 2-2. Relative location between the Sun and the Earth. (a) Earth
orbiting the Sun with a tilted rotation axis. (b) Seasonal shift of solar

apparent motion on Earth, resulted from tilted axis.
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Figure 2-3. Julian date and equation of time.
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Figure 2-4. Seasonal difference of solar irradiance in ecliptic orbit.
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Figure 2-5. Concept of GHI, DNI and DHI.

GHI = DNI « sina + DHI (Eqn. 2—15)
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a= F/m= EF/W= (MF— TR)/ W (m/sec?) (Egn. 2—20)
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Figure 2-7. Binary function which determines whether spot is shaded or not.
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Figure 2-8. An example of Solar Radiation Graphics function in
ArcGIS (a) with result (b).
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Figure 2-9. Photovoltaic power generation with given
module temperature and solar irradiance (Shin et al.,
2009).
E=H,xSx 9, x9;x[1=B,x(T,—25)]x(1—24,)x(1—2,) (Eqn. 2—24)
Ex AAl @45 kWh), Ht @9 W83 A dA A
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Esri Karea, Esri, HERE, Garmin, USGS, NGA,
GeoServicesMap Esn Korea

Figure 3-1. KTX-Sancheon Gyeongbu line and its stations. (Up
train:passing Ulsan or Gupo toward Seoul/Down train: passing Ulsan

from Seoul) (Base map from Esri Korea).
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Figure 3-2. Velocity model of train. (a) actual velocity model of train,

(b) assumed

which has acceleration interval and deceleration interval.

velocity model which has constant speed while moving from station to

station.
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—

Figure 3-3. Variation of inclination of solar incident. (a) relative solar
altitude angle on object being irrelevant to object’s azimuth angle, if
panel installed horizontally. (b) change of relative solar altitude angle on
object, as object passing through a slope.
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A, Y AAML 08 FAskeE Al ®E 7MYt (Figure 3—3.).

Table 3—-1. Details of the train adopted in this study(Hyundai Rotem, 2014).

Train Attributes

Name

KTX-Sancheon

Total length

201 m (8 x passenger cars, 2 X power

driving cars)

Single car length

18.7 m (Passenger car)

227 m (Power driving car)

Height

3.78 m in average

Width

2.97 m (Passenger car)

2.81 m (Power driving car)

Total weight

403 ton (without passengers)

per single drive
(by TPS Simulation)

Average energy consumption

11,633kWh at peak speed 300km/h,
average speed 208.5km/h,
scheduled speed 189.6km/h
11,960kWh at peak speed 350km/h,
average speed 210.3km/h
scheduled speed 191.1km/h
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Table 3-2. Route Information.

Route information

Seoul to Busan

Busan to Seoul

Total rail distance

Haengsin - Busan : 437km

Seoul - Busan :@ 421km

Tunnel distance

Haengsin - Busan : 160km

Seoul - Busan :

157km

Exposed distance

Haengsin - Busan : 277km

Seoul - Busan :@ 264km

Timetable

6:05 (Seoul to Busan)
9:30 (Seoul to Busan)
13:00 (Seoul to Busan)
13:55 (Haengsin to
Busan, Monday to
Thursday only)

14:30 (Seoul to Busan)
15:25 (Seoul to Busan,
Friday to Sunday)

9:44 (Busan to Seoul,
Monday to Thursday
only)

10:06 (Busan to Seoul,
Friday to Sunday only)
13:29 (Busan to Seoul)
17:09 (Busan to Seoul,
)
17:17 (Busan to
Haengsin)

18:30 (Busan to
Haengsin)

1843 (Busan to Seoul)

Total running time

Shortest : 141 min.
(15:25717:46)
Longest : 167 min.
(13:00715:47)

Shortest @ 149 min.
(9:44712:13)
Longest : 194 min
(18:43721:57)

Stations on the way

Haengsin, Seoul,
Gwangmyeong,
Cheonan-Asan, Osong,
Daejeon,
Gimcheon—Gumi,
Dongdaegu,
Shingyeongju, Ulsan,

Busan

Busan, Gupo, Milyang,
Gyeongsan Ulsan,
Shingyeongju,
Dongdaegu,
Gimcheon-Gumi,
Daejeon, Osong,
Cheonan-Asan,
Gwangmyeong,

Seoul, Haengsin
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Figure 3-4. Process for DSM. (a) ASTER GDEM (Basic DEM) (b)
building polygon (c) DSM made by adding height of rasterized (b) to
(a)

AGA == Hehll= DSMe T-Fstaa A A+ "Ll 1=A55
A Est= Aster GDEM AR5 E et A A9S tdos ARgsith =
7HEAA BRI NGID A 5 vlolE 7 X3td b= & dHolEE F

Seto] Hd AE FaQ 2.7TmE F59% F3 F e sstel DEM
stAdsto 2 A=y DSMS 9 A A Y (Figure 3—4.).
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(a) (b) (c)

Figure 3-5. Process of extracting DSM around measuring point from actual
railway map and original DSM. (a) simplified ambient environment map of
railway and its equal-interval-measuring points. (b) rasterized measuring

point and DSM range. (c) regional DSM extraction from original DSM.
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Table 3-3. Panel and Inverter Assumption

Panel Attributes
Model name LG400S2W-U5
Geometry 2,024(mm) x 1,024(mm) x 40 (mm)
Power capacity (kW/unit) 0.4
Efficiency (%) 19.3
Module weight (kg/unit) 20.3
Nominal Operating cell temperature
45 + 3°C
(°C)
Temperature coefficient (%/°C) -0.35
Losses (%) 2
Inverter Attributes
Model SSE-S050]JK
Efficiency (%) 98.6
Capacity (kW/unit) 56
Inverter weight (kg) 68
Losses (%) 0
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Figure 3-9. Initial state of UI design.
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Figure 3-10. Error message coming up for any of combobox is

not selected.
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Figure 3-12. First result recorded on text browser.
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SOLAR TRAIN CALCULATOR - ﬁf‘
A/
Railway Line Kyeongbu line Sanchean StoB ~ Calculation in progress..

Date & Time . Tatal . (W/m"2)
Sto B 2021-04-01 09:30:00 1420328

DD/MM/YYYY [ v [E <] [EE 5

Departure Time PM 00

Cloud Cover(0 to 10) [ Activate Cloud amou

Time & Date:2021-04-02 13:00:00

Result(Total Irradiation) = 1420328  Wh/m»2
Save all
Calculate
[ Auto Save
Quit

Figure 3-13. Second calculation in progress.
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& MainWindow

Menu

- \J
SOLAR TRAIN CALCULATOR 4:@"‘
-

Railway Line Kyeongbu line Sancheon StoB ~ Calculation in progress...

DDIMM/YYYY 2 ~ | ~| | 202l ~

Date & Time: Total lrr(W/m™2)
. ; S to B 2021-04-01 D300 1420320
Departure Time i S to B 2021-04-02 13:00:00 135,257

Cloud Cover(0to 10) [ Activata Cloud amot
Time & Date:2021-04-02 13:00:00

Result{ Total Irradiation) = 1392.257  wWhim~2

Save all

Calculate
Auto Save

Quit

Figure 3-14. Second calculation result accumulated in text browser.

Auto Save X

[
i
Y
k]
o
tlo
B
-
fljo
)
o
i)

a5, 9AE BEle-A
of A=, @&, Azt F dAlEo] ZHHE T (Figure 3—13.). F7F AAE
2|43t Auto Save REZES A H A& FH% 7150 9

AE BEle-Ad YEld (Figure 3—14.).
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Irradiance Record.csv - Excel

goje  HE

29 v £
A B L45 _ D E

1| 0 Date & Time Total Irr.(W/m*2)

2 | 1 to B 2021-04-01 09:30:00 1420328

3 | 2 S to B 2021-04-02 13:00:00 1392.257

s

> |

6 |

7|

2 1

Figure 3-15. Creating CSV file containing record history by
clicking ‘Save all’ button.

e HRE 3 AAE Aldlo] FRE F Save all 52 AT HS
A AEo] AEH O 7 Figure 3—15.9F o] +7 AZdAT. 99
Y-S B2 Hed I thit A vl & oA 58 g8 ¢
2 AZF AA, H A, dEE 55 A & Sl

Adgeg A2 Table 3-3. o AAE 25 A9 (&& 5= 19.3%,
8,=—0.35, A,= 2%, /N5 18870 tlgt F W3 389.64 m*) ¥} <AH
H AF(&E 5 = 98.6%, 4= 0%)& Fas3ich &40z vehd 7
9 ot 9} At}

E= H, x398.64 x 0.193 X 0.986 X [1 —0.0035 x (7", — 25)] x 0.98
= 72.67 H, x [1—0.0035 % (7T, —25)]

(Eqn. 3—3)
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Table 3-4. Average monthly temperature of 14 train stops in past 30 years (199172020) (KMA, 2021).

Stops /Month (¢ C) Jan. | Feb. | Mar. | Apr. | May | Jun. | Jul. | Aug. | Sep. | Oct. | Nov. | Dec. A;l\rflgal
Haengsin (Goyang—si, _ _ -
Cyeonggido) 3.5 0.4 5.2 11.8 17.4 | 22.0 | 24.8 | 25.4 | 20.8 13.8 6.3 1.2 11.6
Seoul (Jung—gu, Seoul) -3.3| -04 | 5.1 11.7 | 17.6 | 21.9 | 24.3 | 25.2 | 20.7 | 14.3 6.4 -1.2 11.9
Gwangmyeong (Gwangmyeong-—si, _
Gyeonggido) 1.1 1.6 6.7 12.8 18.7 | 23.3 | 25.6 | 27.0 | 22.6 16.3 8.8 0.8 13.6
Cheonan—Asan (Asan—si, _
Chungcheongnamdo) 0.2 0.2 5.4 11.7 17.7 | 22.0 | 25.2 | 26.0 | 21.1 14.5 7.3 0.3 12.5
Osong (Cheongju—si, _
Chungchungbukdo) 1.5 1.0 6.5 13.0 | 18.7 | 23.0 | 25.8 | 26.2 | 21.3 14.6 7.5 0.6 13.1
Daejeon (Dong—gu, Daejeon) -1.0 1.4 6.6 13.0 | 185 | 22.7 | 25,5 | 26.0 | 21.2 | 14.6 7.7 1.0 13.1
Gimcheon—Gumi (Gimcheon—si, _
Gyeongsangbukdo) 0.1 1.2 6.7 13.0 | 18.3 | 22.4 | 25,5 | 25.7 | 20.5 13.8 7.0 0.4 12.8
Dondaegu (Dong—gu, Daegu) 1.1 3.5 8.4 145 | 19.7 | 23.4 | 26.3 | 26.7 | 22.1 16.2 9.4 3.0 13.7
Shingyeongju (Gyeongju,
Gyeongsangbikdo) 0.3 2.3 7.4 12.7 18.4 21.9 25.4 25.9 20.5 14.8 8.7 1.9 14.5
Ulsan (Ulju—gun, Ulsan) 2.4 4.3 8.4 13.7 | 18.2 | 21.6 | 25.2 | 26.0 | 21.7 | 16.5 | 10.4 4.3 14.4
Gyeongsan (Gyeongsan—si,
Gyeongsangbukdo) 0.5 3.0 8.0 14.0 | 19.4 | 23.0 | 26.2 | 26.7 | 21.7 15.7 8.8 2.2 14.1
Milyang (Milyang—si,
Gyeongsangnamdo) 0.5 2.8 7.7 13.2 | 18.3 | 22.3 | 25.6 | 26.1 21.5 15.2 8.4 2.1 13.6
Gupo (Buk—gu, Busan) 2.2 4.3 8.6 13.9 18.7 | 22.0 | 25.2 | 26.4 | 22.2 | 16.9 10.5 4.2 14.6
Busan (Dong—gu, Busan) 3.6 5.4 9.1 13.8 17.9 | 21.0 | 244 | 26.1 22.6 17.9 11.9 5.8 15.0
Regional avg. 0.0 2.2 7.1 13.1 18.4 | 22.3 | 25.4 | 26.1 21.5 15.4 8.5 1.7 13.5
— 45 -
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Table 5-1. Calculation for total G sina (Blank means there is no train schedule).

_49_

Train ochedute = 30l 1 6205 9:30 13:00 | 13:55 | 14:30 | 15:25 | Total GXsina
Jan 1% (Fri) 9.84 801.64 878.47 444.00 176.61 2310.56
Feb 1% (Mon) 1.65 806.80 1195.21 1022.33 870.58 3896.57
Mar 1% (Mon) 9867 | 1100.88 | 1475.36 | 1293.81 | 1151.20 5049.91
Apr 1% (Thu) 951.61 | 1540.56 | 1668.267 | 1426.54 | 1256.06 6143.05
May 1% (Sat) 628.32 1812.03 1732.68 1274.66 876.90 6324.58
Jun 1% (Tue) 740.60 1872.52 1810.41 1547.77 1373.31 7344.61
Jul 1% (Thu) 589.31 | 1797.31 | 1888.84 | 1665.80 | 1501.15 7442.41
Aug 1% (Sun) 411.71 1695.69 1869.56 1499.04 1136.17 6612.17
Sep 1%" (Wed) 394.84 1641.25 1655.03 1391.56 1212.63 6295.32
Oct 1% (Fri) 447.53 1528.83 1231.23 666.02 316.34 4189.94
Nov 1°* (Mon) 342.72 1281.28 777.82 419.95 246.17 3067.95
Dec 1% (Wed) 11469 | 1012.63 | 662.36 | 350.68 | 195.27 9335.63




Table 5-2. Calculation for total DNI, DHI, GHI, and electricity generation.

Date - Total Solar

Monthly Avg.

irradiance (Wh/m?) DNI DHI GHI Temp. (C) Generated energy (kWh)
Jan 1°'(Fri) 1469.52 174.68 1644.19 —-0.01 129.94
Feb 1°"(Mon) 2478.22 294.58 2772.80 2.16 217.61
Mar 1°'(Mon) 3211.75 381.77 3593.52 7.13 277.48
Apr 1°"(Thu) 3906.98 464.41 4371.39 13.06 330.95
May 1%(Sat) 4022.43 478.14 4500.57 18.39 334.62
Jun 1% (Tue) 4671.17 555.25 5226.42 22.32 383.36
Jul 1°(Thu) 4733.37 562.65 5296.02 25.36 384.38
Aug 1°'(Sun) 4205.34 499.88 4705.22 26.10 340.61
Sep 1°"(Wed) 4003.82 475.93 4479.75 21.46 329.57
Oct 1% (Fri) 2664.80 316.76 2981.56 15.36 223.98
Nov 1°(Mon) 1951.21 231.94 2183.15 8.51 167.81
Dec 1% (Wed) 1485.46 176.57 1662.03 1.73 130.62
~ 50 -
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Monthly G sin a per Day (Result of representative day)
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Date, Summation of st mins (Representing each month of whole year)

Figure 5-1. Monthly representative G sina value.

Amnual Average G sin a of each schedule
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Figure 5-2. Average G sina value of each time schedule.
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Monthly GHI per Day (Result of representative day)
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Solar Irradiation (Wihim?)
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E 8 8§ £ B
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e
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Date, Summation of six runs (Representing each month of whaole year)

Figure 5-3. Monthly representative GHI.

Annual Average GHI of each schedule
1200

mo II
0 II.

605 am. 930 am. 1:00 pm. 1:533 pm. 2:30 pm. 325 pm.
Time of regular schedule

Solar Irradiation (Wh/m?)
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= = =

()
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Figure 5-4. Average GHI of each time schedule.
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Mcmth[y Eleﬂtnmty per Day (Resutt of representahve day)
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Figure 5-5. Monthly representative electricity generation.

Annual Average Electricity of each schedule
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Figure 5-6. Average electricity generation of each time schedule.
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Table 5-3. Approximation of electricity consumption of whole schedule of

KTX-Sancheon down train.

Departure Arrival D%:n’;)él : Di(sﬁ;ann)ce Sc(%%fi/%ed C%%:%}gt%n
6:05 8:48 2.72 421 154.97 5782.60
9:30 12:16 2.77 421 152.17 5428.42
13:00 15:47 2.78 421 151.26 5316.60
13:55 16:38 2.72 437 160.86 6830.69
14:30 17:11 2.68 421 156.89 6035.39
15:25 17:46 2.35 421 179.15 9557.68
AlEHoldo] FaF =% 7=ow JIAEUty AZdstd (Nug L
D 74 9+ 92(F +5% 403 ton)oﬂ Bk 2 vy 22 B
A 93 Ao AulE zhE 5 (3.884 ton) RS W FUhEe
] Agsre zF #Hao A 0.96% =713 Aol AE#olHo] wkxt
TF o E APHJT AAZstd A 2) WA AFEfe] Gt
(T TF 424.78 ton)oll Av|E F7lshd &v] dyFE ZF A
0.91% =73 Zo|t}. ofg] Table 3—4.o] Al e Av|AE Z7}
e e T

Table 5-4. Approximation of additional electricity consumption of each

TPS (Train Performance Simulation) scenario.

o Additional tconsump}]ttior(lk\f]\cf)g)PV &
(Sgggﬁﬂlree) CE%E%&%H if empt;n‘vcilrr elg Wellfg full occupation 1s
assumed in TPS assumed in TPS
(Scenario 1) (Scenario 2)
6:05 5782.60 55.51 52.62
9:30 5428.42 52.11 49.40
13:00 5316.60 51.04 48.38
13:55 6830.69 65.57 62.16
14:30 6035.39 57.94 54.92
15:25 9557.68 91.75 86.97
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oA 7]£9 Table 3—1.3 H|Ws|A ZAH| JHRo] WHEH
o A Ay 4A¥ 7 a3 o F22 %A (Unsuitable), A9
28] A7 a¥rt glom 2EA ¥ A (Suitable) & dho] Wl W RkT)
g Zroll= &9]o] AmpIA L 7% o] vt (Table 3—5, 3—6.). Al
Hale 19 A 31718 Ak AltelA Hdds *+ds7] AR e

, AldEl e 29 A9 32708 AAf Aol A B kRS
FFTE 6] 30 AlZFHe] Axb= 12709 el A
Aest Aoz vgtow 7H &gety] A e Al

F_Nu
o[\

H

0]
FF Aads =Y A, /‘]‘/}Fﬂi 12 A 239.84
© 2% AA 58.07 kWho| &35 &t} v
= A% e Feekd, A2 A 127 E
Ao o] 5& Hi A9t 9:30, 13:00 F 7HA] AgWolmz T A3

of A& w Alvpg] e 1, 2004 Z+7Z} 563.14 kWh, 627.58 kWh9]
7]% Xéolzﬁl Z,: 9’}1\1;]_ o ]‘jnl'oﬂ ﬂ}o]:;ﬂ— ILHHQ— E]—Hil/\lgi _?_oﬂﬁ]—

3
Aoid, Aok gyt = BE A Attt g E o FHu)
Z} 743.82 kWh, 843.07 kWhe #7]1& A7g 4 it} vyt
e At 714 FHE 7HEst e E R, AA VA Ag ofstz
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Table 5-5. Gains and losses of each schedule’s electric energy of scenario 1 (Blank: no train schedule).

Gains and losses of scenario 1 6:05 9:30 13:00 13:55 14:30 15:25
Jan 1% (Fri) —54.96 —7.03 —1.64 —-32.97
Feb 1°" (Mon) —55.42 —7.05 15.71
Mar 1°" (Mon) —50-%e 8.38 30.03
Apr 1" (Thu) —41.95 30.89 38.84
May 1°" (Sat) —22.27 43.76 40.63
Jun 1°" (Tue) —16.85 45.63 43.46
Jul 1" (Thu) —25.07 40.72 46.51
Aug 1% (Sun) ~34.30 | 35.24 | 45.27
Sep 1° (Wed) —34.84 33.81 35.60 5.54
Oct 1° (Fri) ~31.59 | 29.61 | 14.78
Nov 1" (Mon) —36.76 17.97 —8.50 —42.60 | —44.48
Dec 1 (Wed) —49.10 4.52 —14.00 | —45.96 | —47.02
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Table 5-6. Gains and losses of each schedule’s electric energy of scenario 2 (Blank: no train schedule).

Gains and losses of Scenario 2 6:05 9:30 13:00 13:55 14:30 15:25
Jan 1% (Fri) ~5207 | -4.32 1.02 ~29.95
Feb 1% (Mon) —5253 | -4.34 | 18.37
Mar 1% (Mon) —51.04 | 11.09 | 32.69
Apr 19 (Thu) ~39.06 | 33.60 | 41.50
May 1° (Sat) ~19.38 | 46.47 | 43.29
Jun 1% (Tue) ~13.96 | 48.34 | 4612 | 1863 | 16.76
Jul 1% (Thu) ~22.18 | 43.43 | 49.17 | 23.87 | 2261
Aug 1° (Sun) —31.41 | 37.95 | 47.93
Sep 1% (Wed) ~31.95 | 3652 | 38.26 8.56
Oct 1% (Fri) —28.70 | 32.32 | 17.44
Nov 1% (Mon) —33.87 | 2068 | -5.84 | —39.19 | —41.46
Dec 1% (Wed) —46.21 | 7.23 | —11.34 | —42.55 | —44.00
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Abstract

GIS—lpased algorithm fpr the
calculation of.photovoltalq power
generation on a train

KIM Hanjin
Energy Systems Engineering
The Graduate School

Seoul National University

VIPV (Vehicle Integrated PhotoVoltaic) is photovoltaic system
integrated into vehicles such as cars and public transportation, and it
requires a computational model that can quantitatively estimate power
generation because they are significantly impacted by spatio—temporal
elements, unlike typical solar power plant systems remaining
stationary in locations.

This study, which concentrates on the routed train model among
various VIPVs, suggests models and interfaces that figure out the
ideal quantity of solar electricity a train can generate over time and
route. Based on GIS, the terrain close to the train route was
displayed as raster data, and the incident angle of the solar irradiance
in time and space was calculated at about 2,700 measuring points
along the route to determine whether it was shaded by the terrain or
buildings and the actual amount of solar irradiance when it entered
the panel. The DSM (Digital Surface Model) was developed to
rasterize topography by setting the DEM (Digital Elevation Model),
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downloading open-source building vector file database data, and
calculating the average floor height of buildings across the country. It
was possible to determine whether the sun was blocked at the
measuring point after calculating the sun’s relative position using a
celestial movement—-aware function by utilizing Python programming
package (pvlib). The 3km rectangular area near the measuring points
was examined using an isotropic solar diffuse irradiance model to see
if the any DSM pixel blocks solar ray at the measuring point. If
shaded area was identified, direct irradiance i1s excluded and total
diffuse irradiance is calculated by using the Solar Radiation Graphics
function as an incident area for diffuse irradiance. For better
accuracy, meteorological variables which directly affect solar
irradiance, like clouds, were applied.

The actual profit and loss of panel operating by train schedule
was analyzed by combining the algorithm with the physical model of
the moving object. The daily amount of solar irradiance was
calculated by choosing the annual representative date(one day per
month). Following that, the inverter and panel were set using the
proper assumptions, and the power was calculated. According to the
analysis, an optimistic calculation could result in the production of
98.88 MWh of train power annually on a one-way basis. Moreover,
as a result of analysis of panel operation, it was found that solar
panel 1s not efficient in winter season, dawn or afternoon.

The study’s findings can be used to assess the financial viability
or planning capacity of converting cars into renewable energy
combinations in major public transportation industry. It can also be
used as a test bed for developing algorithms that forecast sun
irradiance for free-path solar vehicles.

keywords : Photovoltaic power, Express train, GIS, GUI, Solar
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irradiance model, Shade analysis
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