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Abstract — Since the Paris climate agreement, reducing greenhouse gases has been the most important global issue. In
particular, it is necessary to reduce fossil fuels in the mobility sector, which accounts for a significant portion of total
greenhouse gas emissions. In this paper, we investigated the economic feasibility of green mobility energy supply chains,
which supply hydrogen as fuel to hydrogen vehicles based on electricity from renewable energy sources. The design and
operation costs were analyzed by evaluating nine scenarios representing various combinatorial possibilities such as renewable
energy generation, hydrogen production through water electrolytes, hydrogen storage and hydrogen refueling stations.
Simulation calculations were made using Homer Pro, widely used commercial software in the field. The experience gained
in this study could be further utilized to construct actual hydrogen energy systems.
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Table 1. Analysis capabilities of hybrid energy system software tools [19]
Tools Economi.cal Technic:al PV Wind Generator Stor'flge Bio-cneray Hydro Thermal
Analysis Analysis System System set device energy System
HOMER X X X X X X X X -
HYBRID2 - X X X X X - - X
iHOGA X X X X X X - X -
RETScreen X X X X - X - - -
HYBRIDS - X X - - X - — -
SOMES X X X X - X - — -
RAPSIM - X X X X X - - -
SOLSIM X X X X X X X - -
ARES-I &11 - X X X X X - — -
HYSYS - X X X X X - - -
INSEL - X X X X X - — X
SOLSIM X X X X X X X - -
HybSim X X X - X X - - -
Dymola/Modelica X - X X X
SOLSTOR X X X X X — - — -
HySim X X X - X X - - -
IPSYS - X X X X X - X -
Hybrid Designer X - X X X X - - -
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Fig. 1. Articles used Homer each year.
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Table 2. Parameters and results of previous studies using Homer
Peak Electrical ~ Daily Electricity

Study Area Load Type Load Consumption Technology LCOE NPC REF.
. . PV/Wind/Battery/Electrolyzer/
Shiraz (Iran) village 65 kW 623 kWh/day Hydrogen Tank/Fuel Cell $0.398%kWh  $2,26M [20]
Kavala town (Greece) building 16 kW 48 kWh/day PV/Battery/Diesel €0.65kWh  €130.23 [19]
K‘rkl?;ﬂr‘kl; ;")V‘nce building 36 kW 485 kWh/day PV/Grid $0256kWh $0.84M [21]
Urumgi (China) household 5.6 kW 11 kWh/day PV/ Wind/Battery $ 1.045/kWh  $0.053M [22]
Tioman Island village 109 kW 496 kWhiday Diesel $0.734kWh $1,70M  [8]
(Malaysia)
. . PV/Battery/Electrolyzer/Hydrogen
North-West (Australia)  village 192 kW, 2 MWh /day Tank! Fuel Cell $0342kWh $323M [23]
. Wind/Diesel/Electrolyzer/Hydrogen
Grimsey (Iceland) Island 175 kW 2.4 MWh/day Tank/Fuel Cell $0.434kWh  $4,45M [14]
Bozcaada Island island 135 KW 1875 kWhiday PV/Wind/Electrolyzer/Hydrogen Tank/ $0.83kWh  $11,06M [24]
(Turkey) Fuel Cell
- Wind/Battery/Diesel/Electrolyzer/
Tehran (Iran) building 1.5 kW 17 kWh/day Hydrogen Tank $0.783 kWh $0.063M [25]
. . PV/Battery/Diesel/Reformer/Hydrogen
Cheras (Malaysia) hospital 22.5 kW 250 kWh/day Tank/Fuel Cell/Grid $0.084/kWh $0.098M [26]
Shafar (Yemen) households 111 kW 886 kWh/d PV/Battery/ Wind/ Diesel $0.137kWh  $0.72M  [9]
. o PV/Battery/Electrolyzer/Hydrogen
Bhopal (India) building 44 kW 56.52 kWh/day Tank/ Fuel Cell $0.203/kWh  $0.047M [27]
Kapit, Sarawak household 2085kW  140.75 kWh/day PV/Battery $0323/kWh $034M  [28]
(Malaysia)
Grenoble ( France) building 952 kW 7400 kWh/day ~ PV/Electrolyzer/Hydrogen tank/Grid € 0.073/kWh €328M  [29]
Izmir, Cesme (Turkey)  household 2331 kW 165.59 kWh/day PV/Wind/Battery/Diesel $0.186 kWh $0.17M  [16]
Alminiya (Egypt) desalination 15 kW 110 KWh/day PV/Electrolyzer/Hydrogen tank/Fuel $0.062kWh $0.12M  [30]
system Cell
Nuevo Rocafuerte

. household 21.78 kW 374.94 kWh/day PV/Battery/Diesel/Hydrokinetic $0.184¢/kWh $03IM [31]
(Ecuadorian)

PV/Wind/Battery/Biogas/Biomass/

Karnataka (India) village 149.21 kW 724.83 kWh/day Electrolyzer/Hydrogen Tank/Fuel Cell $0214kWh  $0.89M [32]
Rezvan (Iran) village 2.16 kW 13.68 kWh/day PV/Wind/Battery/Diesel $0.151/kWh  $0.011M [17]
izmir (Turkey) hyb“s‘:afﬁ)fgmg 328 kW 2.4 MWh/day PV/Wind/Battery $0.064kWh $0.70M [33]
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Fig. 3. Schematic of hydrogen refueling station.
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Table 3. Economical and characteristics parameters of wind turbines [41,42]
Name Rated capacity Capital Replacement ~ O&M cost Life Hub height Cut-in wind Cut-outwind Rated wind
(kW) cost ($) cost ($) ($/yr) time (yr) (m) speed (m/s)  speed (m/s)  Speed (m/s)
EWT DW 54-500 500 100,000 100,000 37,500 20 75 2.5 25 10
Enercon E-53 800 1,750,000 1,750,000 51,250 20 73 12 12
Enercon E-44 900 2,337,500 2,337,500 51,250 20 55 3 34 16.5
GE 1.5sle 1500 3,375,000 3,375,000 87,500 20 85 3.5 25 12
W27k e ¥ Qlet, e 2l 2l E ol wiE & AR FTh 5 ok 2 153011, AINE] E&2 95% FH7] &2 90%%]
& 15d0]a1, 2710l 100% FA % o] ldtkar 7P Rick. Aol ZIHE S ARSI

ARg3k wjE] 2] Q] 7)< A] AFEE Table 504 HojZ=t}, vijE| 2] <]
73 AL 600 volH, o T AF= 167A, 14 £
100 kWh, BllE{2] 9] obdsk 82 90%°|tt.

3-4-4. ZAHE{[45]

2 Aol ARg-s AWE] Q] 7|57 A AFEE Table 5914 H.oq
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Table 4. Typical surface roughness length [44]

Terrain Description z0
Very smooth, ice or mud 0.00001 m
Calm open sea 0.0002 m
Blown sea 0.0005 m
Snow surface 0.003 m
Lawn grass 0.008 m
Rough pasture 0.010 m
Fallow field 0.03 m
Crops 0.05m
Few trees 0.10m
Many trees, few buildings 0.25m
Forest and woodlands 0.5m
Suburbs 1.5m
City center, tall buildings 3.0m
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3-5-1. A3l 3[35,43,46]
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Fig. 6. Wind turbine power curve a)EWT DW 54-500 b) E-53 c¢) E-44 d) GE 1.5sle.
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Table 5. Economical and characteristics parameters related to all components

Rated

Capital Replacement O&M cost

Component Type capacity  cost(§)  cost ($) ($iyr) Life time (yr) Etc.
Ground Reflectance: 20%
Sharp250ND- Temperature effects on power: -0.485%/°C
PVI#] 25p()QCS kW 1400 1400 20 25 Nomli)nal operating cell trﬁ):mperature: 47.5°C
Efficiency ay standard test conditions: 15.30%
Battery [45] LisionBattery ~ 100kWh 20,000 18,000 0, 00’00&%0 Wh) M‘Eﬁﬁ'd‘lris;a:;ﬁ‘figgiggﬁ)%
Efficiency: 95%
Converter [45] 3kW 1,500 1,500 10 15 Rectifier Relative Capacity: 100%
Rectifier Efficienct: 90%
Hydrogen Tank [26] 100kg 130,000 120,000 1,500 25 Relative to tank size: 20%
Electrolyzer [46] Alkaline Electrolyzer 100 kW 100,000 100,000 2,000 15 Efficiency: 70%

a1 kg A
P % gk,

E,

electrolyzer

Slal 205t Aegke the st 2 Aol

)

=H| hH/ nelectrolyzer (30)

A7NVM Hhyp= 572420] 219) DA R 39.4 kWK™, Nosertronyer

£ dalx] a87 70%elth 2 Aol ARESE Halxe] V&

Z3A| A== Table 5014 HofErt, Aallzs= 100 kW -§-52] 3]
= UH~3070 Afolellr] H25= Al

3-5-2. 7K¥71[47]
o|BH 0T 7AE dEe= EEFQ R G IS o]
23t 2 7] A

P

T E 350 bar 71Qtste] A WSl A% 5 2kl T Al
700 bar® 7}9hS &tof FHshs 2o 7Pgeltt. o171 T
744719] o T Lol 293 Kolt), P 71 1 A
I 02 14 bar, 350 bar|Th Py 7MY &4 49 ¢HHo R
350 bar, 700 baro|th. 724~ B]Y Cpic 14.304 kl/kg Kol 74 5
U] A5 12 1.40)30, me= 540 G SEsi) 79 5

T]C’C_‘ 0.75¢]t}.

(€2))

3-5-3. W7h A, v A gl w48

‘@74’ ) gl oAk o) e x0] B AR E AEshs vl d ast
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Table 6. Optimal hydrogen refueling station

O I~
jLANYe)

AR AI~E] RAL A 45

PV . . Electrolyzer =~ HTank Converter NPC LCOE LCOH
Case Techno (kW) Wind Turbine Battery (kWiI (ke) (kW) ) ) ©)
1 PV 6,250 8 2,500 600 2,008 18.3M 1.79 14.7
2 EWT DW 54-500 5 1 1,000 600 942 6.6M 0.647 53
3 E-53 5 2 1,000 700 969 17.9M 1.75 143
4 E-44 8 2 1,500 1,200 1,472 342M 3.35 274
5 G1500 3 2 900 400 880 18.9M 1.85 152
6 PV/EWT DW 54-500 1.59 5 1 1,000 600 942 6.6M 0.647 53
7 PV/E-53 3,506 2 2 1,600 400 1,989 1™ 1.66 13.6
8 PV/E-44 5,484 1 4 2,000 500 2,042 19.3M 1.90 15.5
9 PV/GE1.5SLE 3,432 1 2 1,700 400 1,987 16.6M 1.63 133
0] 4] 9kgkeh. Case 12 W)U : o Fe)S AL, 52 Aol u]a) 45.9%2) Z3} W] by

A7 0 AR A T
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3} A7 AP AFEES Case 29] 1.069 2 2 2jo]= Holx] ¢
O}, &= AR H]E-2 Case 29] 2.5791SI ). Case 42> &9 EJHI E-
44%F AR A TR A0 H A 5L A o]t Case 4= I7F 10.74
GWhe] A3g AAakshd, =0 Ao n1s) 40.3%2] &3} 18]
WS}, Case 200 B3l A7F A8 AYAEFO] 96%F Case 21H.UF
2L o] kst R, &= A B8 5182 U AA S
HolFr grfe] F9 EwS Few o A3 7FsAdo] wrka 1

BN = = = ST =1 2~ = =
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Fig. 7. Wind turbine power output a) EWT DW 54-500, b) E-S3, c¢) E-44, d) GE 1.5sle
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Fig. 8. Hydrogen supply and demand flow of case 2 a) spring, b) summer, c¢) fall, d) winter.

Korean Chem. Eng. Res., Vol. 60, No. 1, February, 2022



A YelA] 715k g 44

=

EWT DW 54-5002 ¢ E| 502 AME-sh= Zlo] T A4
o] 7—]_A E_O:h;].

Fig. 7 49 BRI 1k A}-&-3} Case 2 ~Case491 AFA F5l
upe} 7F F8 BN o) HHE RojErh ATl F&ol vl T
o] E]W1S] A ofx F&oll= T3] X3 ﬁ ok 539 H
Wl g8 J3e T4 P, A F59 AR F5 5 H
Hlo] F&of & 93-S Ut Fig. 7014 EWT DW 54-500, E-53,
GE 1.5sle= 4 &l =gsto] 'WAskA|Rl E-44+= F450] k3]
7 5ol 28k Jalltt. o= E-449] W7 S50l vl3) A
%‘—*1 F5o] =8)7] wjwol HAE ol o] = lsf thE Y

HlEe] vl 7H vl a§24 B3-S HojFEr) B33 44 &
°ﬂ SEEl]E S o vl & H7 FE50F Qlsto] &
o] WS HolFx] B3} GE 1.5 sle?! 4%
28 BlRlEol vl 2 el Hapo] W&
rﬂo.]zﬂ 01,]. X‘]ﬁ .Q_F‘J:o] H]jr_le 1] o]- l:,—tﬂixﬂi

H\ 4}4

(o

S J
r_,

=

ME 2
2 ol

H
e b
)
i

ol
tpr
2
o > O
X Ao
S

>,
o ¥

% -
2
LFL

T
L
?ﬁ

O
-‘,J
ﬂ
1r
om

I
)
priwmifft
30 L2
K o=
oz B
N r
CRELES

7%% J‘q_o]a} ﬁ 01 7}7<L ek sy *OL ;Iel%i—% HAAH
EWT DW 54-5000] t}2 352 3¢
g T8 Ellolzks 21 7Y & %D}.

Fig. 8= #H A3} A3} case2¢ll thdt AlEE A8, 49 49
FFo 2L 7907 %7189t B3} AEof= whdko] wko

&
<1

U
» oo 2
oo 9 o ol o

_VE
z
a
>~
t
<

14.1

LCOH [$/kg]
o0

o

4 f H 2.59
3 4

Ny B
N
2 6
Wind speed [m/s]
o 16 ¢
14 F
12

LCOH [$/kg]
[ee]

6 [[525] [526] [529] [53]

N

Temperature ( C)

& oA A 2E] BAL A5 47

w, 7ol ko] Al Aok 7RSS A F lElR] ] T
I pa WA el SRR TR fEo] AY At AR
A TR Al T & 0330% X 707 welr), efoky vt
A719F AFE3E Case 12 FAE 749 52 Hzo] vl &
ARE AR 2 o= ek HiE|R] S FS fEo] F o R
e, 71l v gl 9] j&EA o] 7] T Alve] e Rt B
e 2] 7} E @3kl AlAE 28 9] xpo) 7t AA] 3 Case29}
Case6s A LIPS o, T2 279 AHg-gk 79 vls] stol=g]
E Aa®lo] 239 74 f-5 Askgo] AR wiElE] T
9] {5 slo| B & AIAEY] Al @F0] E Aol

Fig. 9= 7Fd 829 432 HolF EWT-5000] thale], 3<%
TZAE 7|ZL 2%, HoF BARFl sl 753 4wk vizk
T 24 AE Jebd) HF BAFo] MEkEE(2, 3,4, 5,6
kWh/m*day) 7-¢- W7 = #2418 1 &3le 2T EWT-500S ¢+
+Qh= A9t AAAolehs Al WISk gkt whebA] ok
FLA7|NE AR-sE 73-9-of] tiste] TIZEE A4S AlElste] 753t
Fa Dbl WA= S A

Fig. 9 a)= 7+ 3 ﬂ F45E 2m/solA 6 m/s7HA] 1 m/s HA ©.
Z s A Ao Z 40 753 TS $14.1/kgel A
$2.59/kg .= $11. 51/kg1/} Tnshs 7S HojZ), E49) gafo]
Fal 53t A DTtell IA JEE mAE RS ROl F
%ol 2 m/sQl 7 FE HATIRE ARSShs ARt glokd

i

mlo

LCOH [$/kg]

6 Fls38] [535] [5.32]

4 L
2 L
0
15 20 25 30 35
Project year [year]
d) 30 274
25
—20 f 18.5
on r p—
= C
&~ L -
Sl =
3 L 0.9
=10 |
5 ¢
o b
2 3 4 5 6

Solar irradiation [kWh/m2/day]

Fig. 9. Sensitivity analysis of levelized cost of hydrogen a) wind speed, b) project year, c) temperature, d) solar radiation.
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Nomenclature

: Actual air density (kg/m’)

: Air density at standard temperature and pressure (kg/m>)
: Battery round-trip efficiency

: Efficiency of pressurizer (%)

: Efficiency of converter (%)

: Efficiency of electrolyzer (%)

: Efficiency of rectifier (%)

: Maximum pwer efficiency in a standard test (%)
: Solar transmittance of any cover over the PV array (%)
: Solar absorptance of the PV array (%)

: Temperature coefficient of power (%/°C)

: Power input electrolyzer in current time step

: Total anualized cost of the system ($/yr)

: Boiler marginal cost ($/kWh)

: Hydrogen specific heat (ki/kg K)

: Initial capital cost ($)

: Initial capital cost of wind turbine ($)

: Initial capital cost of PV ($)

: Initial capital cost of battery ($)

: Initial capital cost of converter ($)

: Initial capital cost of hydrogen tank ($)

: Initial capital cost of electrolyzer ($)

: Replacement cost ($)

: Replacement cost of wind turbine ($)

: Replacement cost of PV ($)

: Replacement cost of battery ($)

: Replacement cost of converter ($)

: Replacement cost of hydrogen tank ($)

: Replacement cost of electrolyzer ($)

: Operating maintenance costs ($)

: Operating maintenance costs of wind turbine ($)
: Operating maintenance costs PV ($)

: Operating maintenance costs of battery ()

: Operating maintenance costs of converter ($)

: Operating maintenance costs of hydrogen tank ($)
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: Operating maintenance costs electrolyzer ($)

: Salvage value ($)

: Total electric load (kWh/yr)

: Input/output value of the converter by hour (kWh/hr)
: Expected inflation rate (%)

: PV derating factor (%)

: Solar radiation incident on the PV array (kW/m?)

: Incident radiation under standard test conditions (kW/m?)
: Incident radiation at standard test conditions (kW/m?)
: Total heat load (kWh/yr)

: Higher heating value of hydrogen (kWh/kg)

: Hydrogen production (kg)

: Real discount rate (%)

: Nominal discount rate (%)

: Lower limit conditon

: Power load by hour

: Levelized cost of electricity ($/kWh)

: Levelized cost of hydrogen ($/kg)

: Lifetime of component

: Hydrogen load by hour

: Mass flow rate of hydrogen (kg/s)

: Total project year (yr)

: Number of wind turbine

: Number of PV array

: Number of battery

: Capacity of hydrogen tank (kg)

: Capacity of electrolyzer (kW)

: Project year (yr)

: Pressurizer inlet pressure (bar)

: Pressurizer outlet pressure (bar)

: PV power output (kW)

: Winnd turbine power output (kW)

: Wind turbine power output at standard temperature and

pressure (kW)

: Hydrogen isotropic index

: State of hydrogen (%)

: State of charge (%)

: Hydrogen temperature at the inlet of the pressurizer (K)
: Ambient temperature (°C)

: Nominal operating cell temperature (°C)

: PV cell temperature in current time step (°C)

: PV cell temperature under standard test conditions (°C)
: PV cell temperature at standard test conditions (°C)

: Lower limit condition

: Hydrogen tank initial charging rate (%)

: Wind speed at anemometer height (m/s)

: Unmet power load

: wind speed at the hub height of the wind turbine (m/s)
: Unmet hydrogen load

: Power consumption of pressurizer (kW)

: Rated capacity of the PV array (kW)
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z, : Surface roughness length (m)
Zgem : Anemometer height (m)
Zhib : Hub height of the wind turbine (m)
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