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Subscripts

T

ha  :height of anemometer above the ground

IS

: height of observation field above mean sea level

: electrical load served
: electrical power output by generation system

: renewable penetration by generation system

Abstract >> This study focuses on the performance of hydrogen energy based hy-
brid system in terms of system reliability of electricity generation. With this aim to
evaluate the off-grid system of photovoltaic (PV), wind turbine, electrolyzer, fuelcell,
H, tank and storage batteries, 14 different sites in South Korea are simulated using
HOMER. Performance analysis includes simulation on the different sites, verification
of operational behaviors on regional and seasonal basis, and comparison among a
control group. The result shows that the generation performance of hydrogen pow-
ered fuelcell is greatly affected by geographical change rather than seasonal effect.
In addition, as the latitude of the hybrid systems location decrease, renewable power
output and penetration ratio (%) increase under constant electrical load. Therefore,
the hydrogen based hybrid system creates the stability of electricity generation,
which best suits in the southern part of South Korea.

Key words : Hydrogen energy($ A 0| L1 X]), Hybrid system(& 8tdf M A| A El) System
reliability(A| A&l Ot M), Fuelcell(¥ & M X|)
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Fig. 1. Schematic of the PV-wind-fuelcell-battery hybrid system
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Table 1. Classification of each generation system

Hybrid system, 2 DC-bus
(i+ii)

Primary PVI1 (50 kW)
system (i) Wind (4 kW)
PV2 (200 kW)
Secondary Fuelcell (50 kW)
system (ii) Electrolyzer (200 kW)
HoTank (108 kg)
Etc. Battery (45 kWh)

o] 2712 ZE(KOSIS), A7t EA ZFA R
A|2~BI(KESIS) AH4 2015 A= bty Aot A
gach AFol HEHow A,

Fig. 2= W A|2sl0] o4t HA S 9% A
2otk WA BAle) &-83 Hybrid Optimization
Model for Electric Renewable (HOMER) AIE o]
L AU A] whA A AEY] 74 W AL
BAsle Lz g@o|t) o]o] BakahA Al A L
A3t el g 5 AY ARt g Felud, At
A AR, 714 dolEE =gl ARt

2 HOMER®Q] X9 B4 ZAx} oF 407] &7
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[ Compute the schematic of the hybrid system ]

[
[]
i Data inputs ; =
1. Load profile estimation
" 1. Selectionof the researchareas
Define
output data

3. Solar radiation and wind speed resources
Assumption on

the relationships

Three-tier
analysis

1. Calculate data correlations over one year
S —

HOMER
analysis

1. Calculation of the electrical power outputs (P)
1. Calculationof the renewable penetration (RE)

-—-___-——"'-'-—-—_._-

Performance
analysis

L. Classify each system on seasonal basis
s —

3. Verifywith a control group of 2 cities
e —

Fig. 2. Flowchart of performance analysis on hybrid system op-
eration

Table 2. List of the 14 observation stations
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= H =2 v

27155z 2 e AUl global solar radiation)
I} H+F<S(mean wind speed) Tjo|EE FAlo A

Bihbd A AL mo| Hedt 7ol 7| ot

S_— Observation period by renewables Latitude Longitude H ha
Solar radiation Wind speed N) (E) (m) (m)
Seoul 1981 - 2010 37°34 126°57 85.8 10
W Suwon 1981 - 2010 37°16° 126°59° 34.1 | 187
NE Gangneung 1981 - 2010 37°45 128°53" 26 17.9
Wonju 1981 - 2010 37°20° 127°56° 1486 | 10
Seosan 1981 - 2010 36°46 126°29° 289 | 202
MW Daejeon 1996 - 2010 36°22° 127°22° 68.9 | 19.8
Andong 1983 - 2010 36°34° 128°42" 140.1 10
ME Pohang 1981.01 - 2010 1981.02 - 2010 36°01° 129°22° 23 15.4
Gwangju 1981.01 - 2010 1981.03 - 2010 35°10' 126°53° 724 | 175
W Mokpo 1981 - 2010 34°49° 126°22° 38 15.5
Busan 1981 - 2010 35°06° 129°01° 69.6 | 17.8
SE Jinju 1981.01 - 2004.12 35°09° 128°02° 30.2 10
C.A Daegwallyeong 1981 -2005 37°40° 128°43" 7726 | 10
CB Heuksando 1997.01 -2010 1998.03 -2010 34°41° 125°27 76.5 9
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Fig. 3. Geographical position of the considered locations in
South Korea
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Fig. 4. Monthly solar radiation and wind speed by regions
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Table 3. One variable summary on annual hybrid system out-
puts for Gangneung

Pp,; P Py, RE,,
Mean 5737 | 965 | 67.02 | 92.03
Variance | 5068.68 | 10521 | 406632 | 652.96
Std. Dev. | 71.19 | 1026 | 6377 | 2555
Skewness | 0.6795 | 0.1246 | 0.74 | -3.01
Kurtosis | 1.7538 | 1.0198 | 1.88 | 1032
Mean Abs. | ca04 | 1023 | 57.64 | 14.44
cV.
Minimum | 0.00 0.00 0.00 0.00
Maximum | 19234 | 2062 | 19234 | 100
Count 8760 | 8,760 | 8760 | 8,760

Table 4. Hybrid system outputs for a complete year by regions
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Rank Load served hours (hrs) Py, (kWh) REw (%)
1
2
3
4
5 Pohang 7,983 Pohang 588,801 Pohang 92.61
6 Daejeon 7,981 Daejeon 588,105 Seosan 92.32
7 Seosan 7,967 Andong 588,044 Andong 92.29
8 Andong 7,962 Seosan 587,943 Daejeon 92.28
9 Suwon 7,951 Wonju 587,332 Wonju 92.05
10 Wonju 7,949 Suwon 587,320 Suwon 92.04
11 Seoul 7,944 Gangneung 587,117 Gangneung 92.03
12 Gangneung 7,933 Seoul 587,069 Seoul 91.96
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Fig. 6. Renewable penetration and power output correlations of each system
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Table 5. Primary system outputs for a complete year by regions

Primary system

Rank Spring (%) Summer (%) Fall (%) Winter (%)
1 Wonju 48.47
2 Wonju 47.49 Seosan 48.47 Pohang 45.28 Pohang 41.25
3 Seosan 47.49 Andong 45.14
4 Pohang 47.47 Seoul 48.22
5 Gangneung 47.40 Suwon 48.17 Gangneung 45.08
6 Andong 40.79
7 Andong 47.35 Daejeon 47.93 Daejeon 40.56
8 Seoul 47.33 Pohang 47.87 Daejeon 44.92 Gangneung 40.42
9 Suwon 47.32 Gangneung 47.79 Suwon 44.73 Wonju 40.37
10 Andong 47.68 Wonju 44.70 Seosan 40.37
11 Seosan 44.70 Suwon 40.28
12 Daejeon 47.23 Seoul 44.64 Seoul 40.23
NwoNe [ ] owmweme [ ] sw-se [T
Table 6. Secondary system outputs for a complete year by regions
Secondary system
Rank Spring (%) Summer (%) Fall (%) Winter (%)
1
2 Pohang 51.16
3
4
5 Pohang 46.55 Seosan 42.10 Daecjeon 51.05 Pohang 49.11
6 Andong 46.50 Daejeon 42.04 Andong 49.01
7 Daejeon 46.43 Wonju 41.86 Seoul 51.00 Daejeon 49.00
8 Seosan 46.34 Pohang 41.79 Andong 51.00 Wonju 48.92
9 Wonju 46.29 Andong 41.74 Seosan 50.93 Seosan 48.91
10 | Gangneung 46.27 Suwon 41.69 Gangneung 50.91 Suwon 48.88
11 Suwon 46.23 Seoul 41.46 Suwon 50.88 Gangneung 48.86
12 Seoul 46.14 Gangneung 41.42 Wonju 50.82 Seoul 48.85
NwoNe [ ] owmweme [ ] sw-se [
Sl ueh WA RS E BE FHE AL urga A2dE 94Tl Table S 1%
> EAS et WA Aol AL AT A AFNA F912t BAR
= =YEE oz A AFH 2 54
4.2 NAHC AH U XYY 2EM} 24 B A9 2RIt AYEUSE
4T AT T, 1 BAAL FRAY Pl
Tables 5-7 AE W3lo] W2 AIAE dlolg &  Eo] HFAY din] $4% UEALE =52 -
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Table 7. Hybrid system outputs for a complete year by regions

Hybrid system

Rank Spring (%) Summer (%) Fall (%) Winter (%)
1
2 Seosan 90.53 Pohang 96.44
3 Pohang 90.36
4 Daejeon 89.93 Andong 96.14
5 Pohang 94.00
6 Andong 93.83 Suwon 89.82 Andong 89.79
7 Seosan 93.82 Gangneung 95.98 Daejeon 89.55
8 Gangneung 93.65 Seoul 89.64 Daejeon 95.97 Seosan 89.28
9 Daejeon 93.65 Pohang 89.63 Wonju 95.76 Gangneung 89.28
10 Suwon 93.54 Wonju 89.63 Seoul 95.63 Wonju 89.24
11 Wonju 93.53 Andong 89.39 Seosan 95.62 Suwon 89.16
12 Seoul 93.47 Gangneung 89.18 Suwon 95.61 Seoul 89.08

Table 8. Availability of configured modalities of each system
by latitude

Spring | Summer | Fall | Winter
Prlmar}{ system X X X 0
(M)
Secondal?f system 0 o 0 o
)
Hybr.ld s.}./stem 0 X X o
(i+1ii)

stk 28| Ad 23 A4 5 4l =AE
Al2latr, 12} A2 59 wHstel BA R0l ARt
o] Hatele] wet 2G4t Aot g ®Eol
FEHAIH.

ojef tia o ® 22 Mo -, A AH|A
A= A dps AT 29IV Fete
4 HE& =SB0t Table 6= 22} o] 7|

=R o e ru

A

X,
o

N
[
ke

orebA 2 S A" Al wer 37
F 7P FgE Wk Table 72 13} Ay} 27
HHYE 2she ST ALHY] 2IIE
HojEoh WA, w3k A 9o wet AlL" &
Y7L Hebshe Aol ASHUH. ol AAE
Aol =9 W] &0l detxl= 22F EA
o) &4 SoRRE Vet e, o
7 S0l dAss =98 HE &

H3

U
=4
2
waeel 9%

H29d HM6z 20184 12

Sl Alg) AR wst gl 2] walel ne
E4e th27e Satol ASISHAL) Fig 72
A ()T T2t B (S4HE)9] 917k 2%
F WA Folot W, vl

-



50

40

30

O - £015| - 2P 617

20

10

Average fuel cell power output (kWh)

50

120

100 ¥
S

80 =
i
r
T
=

60 o
=1
=
[
-

40 g
w
u
=
[1:]

20 3
>
=T

o

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
=== Hybrid system  ==de=Primary system
120
100

10 W

30

*4"'—_*/‘\'\' 0

Average fuel cell poweroutput (kWh)

¥
=
ie]
=]
e
-
]
o
60 o
ey S N SR e, sy sy pa o R g
20 .—// _‘\ +
o 0 =
a
eg
10 — — | [ o
20 ¢
=T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 0

=== Hybrid system

=== Primary system

Fig. 7. Monthly system performance in (a) Daegwallyeong and (b) Hueksando

A9l A HejeE Zols ey WA,
AmdA| 7|9t 23} W le] YW EUWHLL &
AFE (3540 kW)7} Tl EH(20-40 KW)RTH $95519]
o AmAA wdEre] o]t Azt Zolk A9
Aol 4] FHAFE A28 3T UEhtaL, oY
Aol BAE Aol FEaA.

e e 9 e A 13 2
BHo® A7t F EA|A B} ALHART} of

=
7he Rl Z7hAE et YA 27
_":_

Vol. 29, No. 6, December 2018

Ao mE, T AEY A Wstel vhEehe
Aol 12} o] EAolrt. & U AlA"S
T e &4 EXo g HE 9IRS whon, #¢
T A9 AE AlA" At Ado| wet wE
e 4 B85 elskelnh

5, E

7|EY AR 77 A E VIEeR FR A

Aol 28t $AS STk, A A12g A

Transactions of the Korean Hydrogen and New Energy Society <<



618 $A7|5H ATHYOILIK| ST AAHO| X|of 2247 £
L]

lo

of h2 FaglomA Ay oYy B
T Gl ol £ Aol FUT

dr x
Ol
e

o

g, A8, ARPAE 23R ST A

=Y
o

0

bl

re

N

12

o

o

i)

)

BN

el

[\S)

>

2

Ruec)
o2

ot

2 o o N r2

NOH
o 2
koo
ﬁiﬂ
w e
T
:LE
i [ilg
ﬁ‘o
_1803:
*l__%%
il
st P
> Az
-
= o
)
i)
1>H'11\,

o &
é_g%b
=

o

H—I
e
Ql'.
2
T
il
2
<
I

iy
1o
Lo
©
N

gigﬂlﬁ
TY“‘FIOH

Mo W o Mt B =X 2

chek 4L dlole] AT} A2

1=
ARE 2tk WA AT o

N,
2

[e)

LN

fo
tlo o

2ad

ox

[

>

L

sy

oo

Hi

=2

§)

fu
o oF iz

1%

4 e

o Loy

(o]

ta

ox
ui}
<ok
)

-

p

o
o &2 ki
4
2,

2
)

3
oo
ol
o

Lo
2 of

A
ofd

o X Ho o
ok

Oﬁ, 0_>C.
o AL Jz
B

B~

-

N

=
oo

i

2
tlo 1
4o

x
R
oo
ol
=

N
N
)
o
o,
rir
o
alll
>,
>
T
I
oo

o flo T
i
ox
Fo
B
o

i o
-
=
>
N

fd
&,
ol
e
41 oo
oX o

lo &
HUr
e
o

m
>
pacs
o
pacy

o
[
rir

oMo 2k

M ol

o
-

o)
o = CR AT

N
Mo
g
2
1% Jo
H
)
12
ne
I
e o
M
1
L
ool
S
N

cg M

ox
s
i)
)
oS
ox
[o
o
‘
ook
=
ook
N
2l
2
2
TR

é

N
N,
ol
ot
o
i
A
o
o

N
rir
i)
AN

o M
B

N
=
[\]
0
Mk
rN
(o
1o
Mo
[
fof
i)
rir
0
T
oL
(o

o L

[> rio g2 ﬂﬂg D)

0 N

o
fal
i
>
[» o o f r

i)
o
o
RS
)
o
e
i)
2
mu o
e
o

(]
0,
ox
ox
i
ox
=2
S~
re
Fu
[
RS
F;l
o
=)
s
o
i3
2
>

T o
>
fols
_\:1!‘
o
o

o
flo
Hl
=
N
do
H
)
> 12
i)
o
tlo of
oX
o

<
o

off

ol

ok

2

B fo

A=A 9] et =4 TAERRICH, AE
off A glo]l HA|ZAfo] &-go] 7hsdt 4]

A 7Fsdt AlaE o2 A ARl

lu
ox

ot
o
)

&
&

>

[o
o
ok
2
)
2
=
g
)
(i
i3
i
1
i)
fo
ox,
o
oL
N

Dol oo et

» BRSNS =27

ZQre =y Hut 2hls| Hy gl eilkE7|E 7]dis)

ot

for

7|

2 A= A7 e AAAFHA 7laAt
21(2015010130310)] $171H] 9} KU-KIST 1812

EFAYE A AldE ot == Ik

References

1. J.H.Park, “Master Plan for Energy Independence of Islands
with small population”, Gyeongnam Development Institute,
Korea, 2015, pp. 1-12.

2. S. B. Silva, M. M. Severino, and M. A. G. De Oliveira, “A
stand-alone hybrid photovoltaic, fuel cell and battery sys-
tem : A case study of Tocantins, Brazil”, Renewable Energy,
Vol. 57,2013, pp. 384-389.

3. A. Shirazi, S. Pintaldi, S. D. White, G. L. Morrison, G.
Rosengarten, and R. A. Taylor, “Solar-assisted absorption
air-conditioning systems in buildings : control strategies
and operational modes“, Appl. Therm. Eng., Vol. 92, 2015,
pp. 246-260.

4. A.H. Mamaghani, S. A. A. Escandon, B. Najafi, A. Shirazi,
and F Rinaldi, “Techno-economic feasibility of photo-
voltaic, wind, diesel and hybrid electrification systems for
off-grid rural electrification in Colombia”, Renewable
Energy, Vol. 97, 2016, pp. 293-305.

5. B. Najafi, A. H. Mamaghani, F. Rinaldi, and A. Casalegno,
“Long-term performance analysis of an HT-PEM fuel cell
based micro-CHP system : operational strategies“, Appl.
Energy, Vol. 147, 2015, pp. 582-592.

6. M. H. Ashourian, S. M. Cherati, A. A. M. Zin, N. Niknam,
A. S. Mokhtar, and M. Anwari, “Optimal green energy
management for island resorts in Malaysia”, Renewable
Energy, Vol. 51, 2013, pp. 36-45.

7. O. Hafez and K. Bhattacharya, “Optimal planning and de-
sign of a renewable energy based supply system for micro-
grids”, Renewable Energy, Vol. 45, 2012, pp. 7-15.

8. E.D. Giannoulis and D. A. Haralambopoulos, “Distributed
generation in an isolated grid : methodology of case study
for Lesvose Greece”, Appl. Energy, Vol. 88, 2011, pp. 2530-
2540.

9. A.B.Kanase-Patil, R. P. Saini, and M. P. Sharma, “Integrated
renewable energy systems for off grid rural electrification of
remote area”, Renewable Energy, Vol. 35, 2010, pp. 1342-1349.

H29d HM6z 20184 12



. R. K. Akikur, R. Saidur, H. W. Ping, and K. R. Ullah,
“Comparative study of stand-alone and hybrid solar energy
systems suitable for off-grid rural electrification : a review”,
Renew. Sustain. Energy Rev., Vol. 27, 2013, pp. 738-752.

. KEA, “New and Renewable Energy”, Korea Energy Agency,
Korea, 2016.

. S. M. Shaahid and M. A. Elhadidy, “Optimal sizing of bat-
tery storage for stand-alone hybrid (photo-voltaic+diesel)
power systems”, Int. J. Sus. Energy, Vol. 24, No. 3, 2005, pp.
155-166.

. L.C.G. Valente and S. C. A. De Almeida, “Economic analy-
sis of a diesel/photovoltaic hybrid system for decentralized
power generation in northern Brazil”, Energy, Vol. 23,
1998, pp. 317-323.

. G.K. Singh, “Solar power generation by PV (photovoltaic)
technology : a review”, Energy, Vol. 53, 2013, pp. 1-13.

. E. I. Zoulias and N. Lymberopoulos, “Techno-economic
analysis of the integration of hydrogen energy technologies
in renewable energy-based stand-alone power systems”,
Renewable Energy, Vol. 32, No. 4, 2007, pp. 680-696.

. M. J. Khan and M. T. Igbal, “Pre-feasibility study of
stand-alone hybrid energy systems for applications in
Newfoundland”, Renewable Energy, Vol. 30, No. 6, 2005,
pp- 835-854.

. E.Bilgen, “Domestic hydrogen production using renewable
energy”, Solar Energy, Vol. 77, 2004, pp. 47-55.

. L. B. Askari, L. B. Askari, M. M. Kaykhah, and H. B Askari,
“Optimisation and techno-economic feasibility analysis of
hybrid (photovoltaic/wind/fuel cell) energy systems in
Kerman, Iran ; considering the effects of electrical load and
energy storage technology”, Int. J. Sus. Energy, Vol. 33, No.
3,2014, pp. 635-649.

. O. H. Mohammed, Y. Amirat, M. Benbouzid, and A. A.
Elbaset, “Optimal design of a PV/fuel cell hybrid power sys-
tem for the city of Brest in France”, Int. Conf. Green Energy,
2014, pp. 119-123.

Vol. 29, No. 6, December 2018

20.

21.

22.

23.

24.

25.

26.

27.

28.

A.Khosravi, R.N. N. Koury, L. Machado, and J. J. G. Pabon,
“Energy, exergy and economic analysis of a hybrid renew-
able energy with hydrogen storage system”, Energy, Vol.
148, 2018, pp. 1087-1102.

S.J. Park, Y. Li, Y. S. Choi, and K. S. Lee, “Optimization of
Residential Photovoltaic-Fuel Cell Hybrid System Using
HOMER?”, The Transaction of the Korean Inst. Electrical
Engineers, Vol. 59, No. 1, 2010, pp. 129-133.

S. H. Yang, C. J, Boo, and H. C. Kim, “Optimization of
Stand-Alone Hybrid Power Systems Using HOMER
Program”, Journal of the Korean Solar Energy Society, Vol.
32, No. 2,2012, pp. 11-18.

E.Y. Ko, J. H. Baek, T. H. Kang, D. H. Han, and S. H. Cho,
“Determining the optimal capacities of distributed gen-
erators installed in a stand-alone microgrid power system”,
The Transaction of the Korean Inst. Electrical Engineers,
Vol. 65, No. 2, 2016, pp. 239-246.

J. H. Park, S. H. Han, and J. H. Choi, “Energy Power Source
Design for Off-Grid Using HOMER Program”, Power
Electronics Annual Conference, 2016, pp. 457-458.

L. M. Halabi, S, Mekhilef, L. Olatomiwa, and J. Hazelton,
“Performance analysis of hybrid PV/diesel/battery system
using HOMER : A case study Sabah, Malaysia”, Energy
Conversion and Management, Vol. 144, 2017, pp. 322-339.
Jeju Center for Disaster and Safety Management, “Geography
of South Korea”, Jeju Center for Disaster and Safety Management,
Korea, 2018, retrieved from http://bangjae.jejul19.go.kr/re-
lated/history/environment/geography.htm.

KOSIS, “Average Household Electricity Consumption
(kWh) per Day”, Korean Statistical Information Service,
Korea, 2015, retrieved from http://kosis.kr/statisticsL-
ist/statisticsListIndex.do?menuld=M_01_01&vwcd=MT
_ZTITLE&parmTabld=M_01_01&statld=1997037&the
mald=G#SelectStatsBoxDiv.

KMA, “Climatological normals of Korea (1981~2010)”,
Korea Meteorological Administration, Korea, 2011.

Transactions of the Korean Hydrogen and New Energy Society <<





