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Abstract: Problem statement: The purpose of this study is to design a renewabérgy hydrogen
based power system to provide electricity to a @a®sidential area in east coast area (Kuala
Terengganu) of MalaysidApproach: The selected case study represents a paeerand of
20 kWh day’. The autonomous system used in this study is ldigseerator, wind and photovoltaic
hybrid system. The power system was redesigned amtitnized as hydrogen-based autonomous
power systems in order to meet the existing ug@iser demand at a minimum cost of energy. Wind
speed and solar radiations data obtained from MaayMeteorological Department have been used in
the simulation process through optimization softwyaHybrid Optimization Model for Electric
Renewables (HOMERResults: Three systems that were considered in this stuely are stand alone
PV-wind-diesel, stand alone PV-wind-hydrogen arid gonnected PV-wind-hydrogen energy system.
The proposed systems then were compared regardintpeir operational characteristics and cost
values. The comparisons prove that grid conneckéavind-hydrogen energy system had the lowest
total net present cost and cost of energy, $53at@ir$0.57/kWh, respectively that makes it the most
cost effective system and followed by PV-wind-dieaad stand alone PV-wind-hydrogen system.
Conclusion/Recommendations. It can be concluded that the hydrogen-based systambecome a
favorable system without aid from the grid systemd &ring advantage in technical and economic
point of view and also suitable to be applied ia toastal residential application as energy caifrier
only the current cost of wind turbine, PV arrays éuydrogen system technology have been reduced to
its minimum rate.

Key words: Cost of energy, HOMER, Hydrogen based power syskamla Terengganu, net present
cost

INTRODUCTION Zoulias and Lymberopoulos (2007) examine the
techno-economic aspects of replacing diesel georsrat

At present, renewable energy based low-emissioR g patteries of the system by hydrogen systemefis w
hybrid energy systems with hydrogen storage are nqig present the sizing optimisation and simulatesuits

cost-competitive against conventional fossil fuabéd of both systems. The results of the analyses also

stand-alone or grid interfaced power systems. H@Nev 0 that the replacement of fossil fuel generseo
the need for cleaner power and improvements in

alternative energy technologies bear good poteftial with hydrogen technologies is technically feasilidat
widespread use of such systems (Khan and Iqba§tiII not economically viable until reductions imet cost
2005). Various energy sources (wind, solar, dieseP!ydrogen technologies are made in the future.
generator) and storage systems (battery, elecanlyz Khan and Igbal (2005) also conducted a pre-
hydrogen tank) were normally considered in such€asibility study of using hybrid energy systemshwi
analysis. In these studies the National RenewablBydrogen as an energy carrier for applications in
Energy Laboratory’s (NREL) optimization tool Newfoundland, Canada was established using HOMER.
“HOMER” was used in identifying probable hybrid A remote house having an energy consumption of 25
configurations and their applicability. kWh day' and 4.73 kW peak power demands was
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aspects. The system simulation performed is toneg
its operational characteristics, such as annualrality
production, annual loads served, excess electranity
capacity shortageThe proposed systems then was
compared concerning on their operational charatiesi
and cost value in order to meet the existing ugasser
demand at a minimum cost of energy.

considered as the stand-alone load. It was fouat] &
wind-diesel-battery hybrid system is the most fléa
solution at present. However, a wind-fuel cell eyst
would be a more attractive choice if the fuel aabt
reduces to 15% of its present market price. Sicguifi
advancement in small wind turbine technology arel fu
cell research is needed before a wind-fuel celtesys
could be termed as commercially feasible.

This kind of research through HOMER model has
also been experienced in Malaysia (Goh and Barsoum,
2006). The aim was to design the aspects of a thybrigper gy demand and resour ces:
power system of photovoltaic panels with the fusll ¢ Ejectrical load: Electrical load is one or more devices
and secondary batteries as backup units that willhat consume electric energy. While, electricitynded
provide electricity for a small and remote locatedjs the rate at which electric energy is requiredthey
community. The accentuation on the hydrogen hybridoag, measured in kilowatts (kW) (Demiroren and
power system is exactly to obtain a reliable auto@os  vilmaz, 2010). The data were measured for the total
system with the optimization of the components sizéyourly hasis daily electrical load requirement of a
and the improvement of the capital cost. The resultiesijgential of a small coastal village in Kuala
conclude that the replacement of the conventionaterengganu. The electrical load components include
system by a PEM fuel cell can keep the systemyjyorescent lamps, ceiling fan, television, refriger
reliability of supply at the same level while deasi®g  ang also washing machine which are the main
the environmental impact of the whole system. components for a small house. The hourly load

The present study is proposed to design a hydrogegpnsumed by the house is presented in Fig. 2.
based power system to provide electricity for astala

residential area in Kuala Terengganu, Malaysia.(Ejg

MATERIALSAND METHODS

Je ; __Solar radiation resources. Hourly solar radiation
The selected case study, which is being operatingiaia for year 2006 was collected from Malaysian

represent a power demand of 20 kWh dand peak Meteorological Department (MMD). Using this data
demand of 3.1 kW. The autonomous system usedsn thine monthly average daily solar radiation shown in
study is diesel generator-PV-wind system that rightjg 3 and long-term average annual solar radiation
throug_h upgraded to a _standalone PV-Wind-hydrogeral_28 kwh m' day®) were calculated for Kuala
and grid connected PV-wind-hydrogen energy system. 1o.0nq0any. From the latitude information and solar
Hence, the rationale of this study is to exam® t ., jiation of the site under investigation, the HORIE
feasibility —of integrating the hydrogen energy software calculated the clearness index (a measfure

technolqgles In_existing autonomous  power SysteMy,q clearmess or cloudiness of the atmosphere)rsiiow
taking into consideration of technical amgtonomic

Fig. 1: Location of the research area
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Fig. 2: Hourly load consumption for a house
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Fig. 6: PV-wind-diesel power system components

The wind data was analyzed using the Weibull
distribution. The results show that the Weibull gha
factor, k is 2.0 and scale factor, ¢ is 3.57 m sethe
autocorrelation factor (randomness in wind spead) i
found to be 0.85. The diurnal pattern strength @win
speed variation over a day) is 0.25 (Fig. 5).
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Fig. 4: Monthly average wind speed PV-wind-diesel power system: The schematic diagram
of Photovoltaic (PV)-wind-diesel power system
14 Seassdate B components are presented in Fig. 6. The energgrmsyst
. BE | Wind speed data consists of diesel generator, PV arrays, wind hebi
V’ "N - ]S{eit'zﬁég"elbuu battery and power converters. The cost, numbenit$ u
N ' 6=3.57 tsec) to be used, capacity, operating hours and other
a | specifications are needed to run the simulatiomgusi
HOMER software. The details of the system
components were obtained from manufacturers of the
G5 ‘ ' equipments and previous studies (Khan and Igbal,
2 - - - 2005; Zoulias and Lymberopoulos, 2007; Goh and
| [ Barsoum, 2006; Demiroren and Yilmaz, 2010; Dalton
0 2 4 6 8 10 12 14 and Lockington, 2009; Bergey Wind Power, 2009;
Value (msec™) Australian Government, 2009). The descriptions of
these components are given below.

Frequency (%)

Fig. 5: Wind speed probability distribution

Wind resources: Hourly wind speed data for year Diesel generator: The cost of a commercially available
2006 also was collected from MMD and from this datadiesel generator may vary from $250-$500 &kwW
the monthly average wind speeds were calculatedDalton and Lockington, 2009). For larger units R&f
which, are shown in Fig. 4. It indicates that timm@al cost is lower and smaller units cost more. The 5 kW
average wind speed at hub height of 50 m in Kualaliesel generator at cost $450 was being used aretile
Terengganu is 3.16 m sécFigure 4 shows that in power demand is less than 5 kW. Replacement and
May to November except June, the wind speeds areperational costs are assumed to be $400 and $67150
lower than the annual average wind speed. The higheespectively. While, the lifetime is 15000 h. Imist
wind speed during the monsoon season explaineé thestudy no diesel generator (0 kW) or a 5 kW unitever
conditions. used for simulation by HOMER.
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Equiptent to consider stacks may contain a number of batteries range fflem
125 units.
Hydr tatiz .
e Power converter: A power electronic converter needs
1 ¢ ’-] to maintain flow of energy between t_he ac f';md dc
= v components. For a 1 kW system the installation and
Electrolyzer replacement costs were taken as $800 and $750,

respectively. Four different sizes of converters305

BWC%‘ e and 7 kW) were considered for the simulation. liffet
2| e of a unit was considered to be 15 years with an
Primary load 1 (e efficiency of 90%.
20 kWh dayL s -

3.1 KW pedls Fuel cell Stand alone PV-wind-hydrogen power system:

Subsequently, the conventional hybrid energy system
. —>» E" has been upgraded to hybrid system of standalore PV

onverter . .
B6CRI5F wind-hydrogen energy system that schematically

designs as in Fig. 7. All the meteorological ddtatt
were used are same as the previous simulation.
Fig. 7: Standalone PV-wind-hydrogen power system  The equipments needed to build the system are PV
components array, wind turbine, battery, fuel cell, electrayz
hydrogen tank and power electronic convertershia t
PV-array: The installation cost of PV arrays may vary hybrid energy system also, the type of wind turkine
from $6.00-$10.00/W. A 1 kW solar energy systempattery were used same as the previous systemhwhic
installation and replacement costs are taken a®®70 are BWC Excel-R and Surrette 6CS25P, respectively.
and $6000, respectively (Dalton and Lockington, 200 But different sizes were selected in order to defin
Various sizes were considered, ranges from 0-6 KW ioptimum combination of equipment dimensions. Stand
this study. The lifetime of the PV arrays are taker20  alone PV-wind hydrogen system components are
years and no tracking system was included in the PMescribed more detail below.
system.

AC DC

PV-array: For this stand alone hybrid system, the PV
Wind turbine: Availability of energy from the wind capital, replacement and O and M costs, as well as
turbine depends greatly on wind variations. Themsfo component lifetime described under 3.2 were uséé. T
wind turbine rating is generally much higher congghr considered sizing range from 0-40 kW.
to the average electrical load. In this analysisrggy
wind power’'s BWC Excel-R model was considered. Itwind turbine: In the optimization process, the costs of
has a rated capacity of 8.1 kW and provides 48 VaBC the wind turbine were the same as the one used in
output. Cost of one unit was considered to be $I®,4 previous energy system. The quantity of wind tuebin
while replacement and maintenance costs were taken considered for this systems were 0, 1, 2, 24, 2GRl
$15,000 and $75 year respectively (Bergey Wind 32 units.
Power, 2007). To allow the simulation program hit a
optimum solution, provision for using several ur(@  Electrolyzer:  Currently  production cost of
12, 24, 26, 28, 30 and 32) were considered fosthédy  electrolyzers is $1500-$3000 KW With improvements
location. The lifetime of the turbine was takenZ2s in polymer technology, control systems and power
years. electronics it is expected that costs would reduceh

in 10 years (Dalton and Lockington, 2009). In this
Batteries: Batteries are considered as a major cost factoanalysis, various sizes of electrolyzers (0-50 kvéfe
in small-scale stand-alone power systems. A baltank  considered. A 1 kW system is associated with $2000
of commercially available units, surrette-6CS25Rdeio  capital, $1500 replacement and $20 maintenance cost
(6 V, 1156 Ah and 9645 kW) (Khan and Igbal, 2005)Lifetime is considered as 25 years with efficie@&po.
was considered in this simulation. The estimatiedirine
is 5 years and the cost of one battery is $1256 wit Power converter: Power electronic converter
replacement cost of $1100 while the O and M cost iglescription is similar as describe above. FarlaV
$0.02 year* were considered for this study. The batterysystem the installation and replacement costsakent
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as $800 and $750, respectively. Three differergssof Such system forms of the similar equipments as
converter (1.5, 3.5 and 5 kW) were taken in theehod standalone PV-wind-hydrogen that mentioned before.
Except, the power transmission or grid systeas w
Fuel cell system: The cost of fuel cell varies greatly attached. The single rate that refers to the fixgro
depending on type of technology, reformer, ausliar price, sellback rate and demand rate was set éocake
equipments and power converters. At present, a fuglt residential consumers. The fix power is 0.1$ kKWh

cell cost varies from $3000-$6000 KW(Dalton and \yhile the sellback rate and demand rate are 0.9k
Lockington, 2009). Here, the capital, replacemerd a , 0.00$ KWH month™, respectively.

) d
operational costs were taken as $3000, $2500 and The grid system works in two conditions. When the
$0.020/h for a 1 kW system, respectively. Fivead#ht  one\yaple energy system produces more power that th

sizes of fuel cells were taken in the simulationg@ss:  5se needs. the excess power is fed back inigrithe

0 (no fuel cell used), 1.5, 3.5 and 5 kKW. Fuel celljoyever, when the does not produce enough power,
lifetime and efficiency were considered to be 40,060 then the power can be drawn from the grid.

and 50%, respectively.

. RESULT AND DISCUSSION
Hydrogen tank: Cost of a tank with 1 kg of hydrogen

capacity was assumed to be $1300. The replacement aPV-wind-diesel system simulation: For hybrid PV-
operational costs were taken as $1200 and $15yearwind-diesel energy system, the equipments needed to
respectively. Seven different sizes (0, 1, 2.57.8, 10  build the system were diesel generator, PV arraydw
and 15 kg) were included, to widen the search sfiace turbine, batteries and power electronic convertéh w
a cost effective configuration and the lifetime vedso  the type and quantity that mentioned before. The
considered as 25 years. HOMER simulation tool was used to optimize the size
of different hardware components in the PV-wind-
Grid connected PV-wind-hydrogen power system:  diesel system, taking into account the technical
Afterward, the grid-connected PV-wind-hydrogen characteristics of system operation and minimizotg|
analysis has been done to review the ability ofhet present cost of the system. The simulationhef t
electricity production from the renewable sourcessystem completed with in 1 min. The optimization
photovoltaic and wind. In this system electricitprh  results of this power system are show in Fig. 9.
the grid was used to supply power to the electeslyz The least Cost Of Energy (COE), $0.74 KWh
device in order to produce hydrogen during theresulted from the 5 kW diesel generator alone witho
deficient in power from PV and wind. The schematiccontribution from renewable sources. If considettes!

design appears in Fig. 8. system, which is included the renewable energies is
fiteenth least COE as $0.90 kWhresulted from the

(4 combination of 5 kW diesel generator, 0.25 kW of PV
Hydrogen tank array, 1 unit of wind turbine, 12 unit of teates and

= 2 kW converter. The diesel used for first system is

4,177 L, while the second system is 2,928 L.

_‘fJ Consequently, the consumption of diesel fuel can be

= reduced about 30.0% with involvement of renewable
resources.

The distribution of annualized cost for each congn
of the hybrid PV-wind-diesel energy system is

_& presented in Table 1.

BWC Excel- R The capital cost, total Net Present Value (NPC)
and COE of the systems are $40,600, $84,348 and
$0.90 kWh' respectively. The most expensive cost
draws from the diesel generator. Although the ehpit

Q—,‘* for the generator is just $450, but the high cdstiesel

el fuel, $24,332 sums it up to $30,427. Wind turbiséni

the second placed with the cost of $25,453, folthive
AC D¢ battery and converter with $22,001 and $4,511,
respectively. The least cost device is PV-arrayt tha

Fig. 8: Grid connected PV-wind hydrogen powercontributes $1,956 to the overall system. The alion

system components of each device can be seen clearly from Fig. 10.
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Table 1: Annualized cost for main components ofRhewind-diesel system

Component Capital ($) Replacement ($) OandM ($) Fuel ($) Salvage ($) Total ($)
PV 1,750 468 0 0 -262 1,956
Wind turbine 19,400 6,259 959 0 -1,165 25,453
Diesel generator 450 739 4,970 24,332 -63 30,427
Batteries 15,000 9,820 0 0 -2,819 22,001
Converter 4,000 0 511 0 0 04,511
System 40,600 17,285 6,440 24,332 -4,310 84,348
ST I Table 2: Operational characteristics of the PV-wilesel hybrid
Double cf - below for simulation results. coc
E R Il ) o et =R - I P e M el system
r BB o= S O E 8 s B g Annual electricity production kWh year Percent
F oEE o5 5 12 20 $ 22,950 3878 $72527 0778 0.02 4111 3408
r BB o= T % S imem Lw arm dbe om e e PV-array 87 1.00
5 52D e TN 20 smem  drm treem oam o0 swm aom Diesel generator 7,566 64.00
v 288 T n o dEEm I e oo om we e Wind turbine 4185 35.00
¥ =28 % T m T i TR e ome om saw ovm Total production 11,838 100.00
F HaE s 5 12075 §3380 37ez $82302 08 002 3968 2773 X
e S8 L, T 2o el m mer o an o m o Annua_ﬂ electrical load served
TASBE 15 T TR R m mommaamm o mm AC primary load served 7,299 100.00
FASSE 2 o P o mm o mmmoor Imoim Total 7,299 100.00
*CD@ 1 5 1z 50 $ 44850 3.342 $87574 0933 035 2851 2176
" SeE s 5 12 75 sanss 3742 see7es 0951 005 ames 2592 Other
@ E nzs 1 5 12 80 $ 46,600 3339 $89262 0957 0.35 2824 2186 L.
FhoEE 1m 1 5 1220 345,850 3401 $89324 0858 038 2633 25% EXxcess electr|c|ty 1,129 90.82
Ao @E 050 1 5 12 80 $48350 3330 $90922 0974 036 2791 2145 y 1
FuS2B S . 0 RO owmm @IEoEmmmoa o@moam Unmet electric load 0.543 0.01
wAEBE w0 T I m mRomRom moan Capacity shortage 1.17 0.02
= ! .- . .| 2 H
FASBE o2 1 1 R omm Bm ommoaman mm s Renewable fraction 0.361
L@ E 050 1 5 12 75 $53350 3380 $96561 1035 036 2791 2145
FAcxEE 150 1 5 12 80 $55350 3308 $97.643 1045 0.39 2678 2075
FAoHEE 10 1 s 1275 $56850 3370 $99331 1071 037 2736 2112 3 . )
FENE B R R B G A R with the diesel generator were evaluated to determi
AomaR 2 5 12 20 358,250 3541 $103510 1109 058 2477 233 P
FhSSE 2= oz oz po: ogmm o= pmamomoam o oam oo the feasibility of the system.
’/LCD@ 050 2 5 12 20 $61.750 3539 $106.931 1.147 059 243 232
TA288 °® . ¢ B8 e imodEm g ool
FLoaeE s 2 5 12 50 468,000 3419 s18708 1178 058 Jom 1Mz The Values related to the electr|C|ty product|od h'ad
FASSBE w2 2 oo R imm oMo ove oo oI d bv th ized in Table 2. Th
: = - _— serve yt e system are summarized in |able Z. e

5)| Completed in 2:53:04.

results of the simulation showed that the PV-wind-
Fig. 9: The simulation results for PV-wind-diesel diesel hybrid system had a total annual electecergy

energy system production of 11,838 kWh year The biggest
contributor is diesel generator comprise of 63%eabtm
50,000 7,566 kWh/year. The renewable energy fraction is
0.361. The contribution of renewable sources which
& 40,000 come from PV-array and wind turbine produce 1% (87
% kWh year") and 35% (4,185 kWh yed, respectively.
2 30,000 Besides that, it can be seen that approximatel299.8
& (1144 kWh year) was neglected. These excess energy
& 20,000 can be manipulated to increase renewable energy
= 10,000 penetration by stored it in the form of compressed
: hydrogen and drive a PEM fuel cell will be discusge
N . the standalone PV-wind hydrogen energy system.

v Diesel generator Surrette S6CS25P Converter The trend of monthly electricity production is
shown in Fig. 11. The wind is highly potential mree
Fig. 10: Cost components of PV-Wind-Diesel System months, January, February and June. Hence, diesel
generator operated frequently in other months. The
dcondition is occurs due to the high nighttime load,

in order to evaluate its operational charactesstic which enables the operation of diesel generatoaume

namely annual electrical energy production, annua][’\’Ind andthP\1 er:je(;gy. stor_edhtn}battenes is not adtu
electrical load served, excess electricity, rendgvab 0 serve the load during night ime.

energy fraction, capacity shortage and unmet load.  gtand alone PV-wind-hydrogen system simulation:
The strategy taken in this simulation is to ensurerhe design of stand-alone power systems with

the power generator provide enough power to meet thhydrogen energy involves different energy compament

demand. The renewable energy sources in collaborati sizes, with regards to the cost of energyarerall

The PV-wind-diesel hybrid system also simulate
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EE 3 EFE3I 5255 3% 4 Fig. 13: Cost for component of standalone PV-wind-

; . . hydrogen system
Fig. 11: Monthly electricity production trend ofeh

system Hence, the system that encompass of 6 kW of PV
array, 2 unit of wind turbine, 1.5 kW of fuel cell?

cane — unit of batteries, 3.5 kW converter as well askAb of

7 ] e et I .

i BB ¢ : R L amm o oim iam electrolyzer that generate fifteenth lowest COE at
T+ 28 : B sEm 0= e m e $1.44/kWh is being concentrated in this study dwe t
5. a[E 3 2 12 35 25 $101.,850 1.988 $127.261 1371 1.00 0ot

$hsE - o: nx = mmomm oimmomon o the potential of hydrogen energy. The difference in
Fr 52 1 v R A COE value of both systems is not too much, so this
5 d am  w 1 w2 su o s Va9 1942 142 W U . . .

$1.28 & i B o onmw amom oo system is also considered feasible.

(=0 ] 2 s 12 35 2s $Ius U0 2033 313085 148 100w u . .

788 I O In this PV-wind-hydrogen energy system, the PV
FaFRE Lo R R o, imk E OIZE R W array capacity was enlarge in relation to the oselun
Pzl 0o Ciu o 2 BB the PV-wind diesel system, from 2.5-6 kW, in orter
Teei . oo wiE L i EuE . fully replace the diesel generator usage. The fgefro
Frosg oo G E D ow iR S DS o tank is excluded from the system, as the storageita
prese o0 % n RS 0 oamm o oimmoae w0 considered within the electrolyzer model and the

wE / > 1R 17 3R as 2% s1130 2188 S1a07RF  1RIE 1N M 23R . . .

7 REEIEE TN BN hydrogen is supplied to the fuel cell directly fratre
%128 < o, nmmoormoqwem am o ow electrolyzer.

- =12 5 2 15 12 50 35 25 $114550 2176 $142367 1532 100 001 238 .

Figss ¢ i non i oL R m IER G 0 The total capital costs and total NPC calculated f
Dltommesnsans this system were $108,100 and $134,093 respectively
) ) ) (Table 3).
Fig. 12: T_he simulation results for standalone PV- wind turbine dominated the cost with $50,905,

wind-hydrogen energy system followed by PV with $46,934. Battery had contrikaite

. ) $22,001 which was the third largest contributortfus
system performance. The HOMER simulation tool wassystem. Subsequently, electrolyzer, converter amedl f
used to optimize the sizes of different hardwarece| cost about $6,913, $3,691 and $3,648, resgEyti
components in the PV-wind-hydrogen system, takingrhe allocation of each device can be seen cleasiy f
into account the technical characteristics of syste g 13,
operation and minimizing total NPC of the system. The values related to the electricity productiod a

The simulation for this system was difficult d@e t |oad served by the system are summarize in Table 4.

the quantity of equipment involved to build thetsys  The results of the simulation showed that the Piewi
and overall simulation takes around 4 h and 45in hygrogen system had a total annual electrical gnerg
be accomplished. The optimization results for th'sproduction of 17,414 kWh yedr The biggest
ana_\lysis shown in Fig. 12. It illystrates that mqst contributor is wind turbine with 9,435 kWh yéhr
optimum results obtained for this system comprisfes (56%) followed by PV-array of 7,979 kWh y&hr

6 kW.Of PV array, 2 unit of wind turbine, 12 unds 46%). Fuel cell not contributes to the electricity
batteries and 3.5 kW converter so as to generate t eneration at all

minimum COE, $1.33 kWH. Although renewable The consumption of electricity about 60%

sources (wind and PV) involved in the power(7,264 kWh year) goes to AC primary load served and

g;gtzrritlon, but no hydrogen was produced at dftig 40% (4,931 kWh yeal) goes to electrolyzer load. The
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Table 3: Annualized cost for main components ofstamd alone PV-wind-hydrogen system

Component Capital ($) Replacement ($) O and M ($) uel B$) Salvage ($) Total ($)
PV 42,000 11,225 0 0 -6,291 46,934
BWC Excel-R 38,800 12,518 1,918 0 -2,330 50,905
Fuel cell 4,500 0 0 0 -852 3,648
Surrette 6CS25P 15,000 9,820 0 0 -2,819 22,001
Converter 2,800 1,095 0 0 -204 3,691
Electrolyzer 5,000 1,565 639 0 -291 6,913
System 108,100 36,223 2,557 0 -12,787 134,093
Table 4: Operational characteristics of the stafmhea PV-wind- 06 Monthly average hydrogen production

hydrogen system : — Electrolyzer
Annual electricity production kWh year Percent a5 _
PV-array 7,979 46.0 o
Wind turbine 9,435 54.0 3 4.7
Fuel cell 0 0.0 é"
Total production 17,414 100.0 £ 03
Consumption P
AC primary load served 7,264 60.0 2 02
Electrolyzer load 4,931 40.0 £
Total 12,194 100.0 01
Other H D H
Excess electricity 3,600 20.7 0.0 D
Unmet electric load 36.5 0.5 S £ g F & T o® 5 8 7 3
Capacity shortage 49.8 0.7 I 2 2 5 4 @ © = A

Monthly average electric production Fig. 15: Monthly hydrogen production of the stand
alone PV-wind-hydrogen system
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Fig. 14: Monthly electricity production trend of eh 45”\ o
stand alone PV-wind-hydrogen system 42 w ’

1

difference of annual electricity production and #wl !

consumption given the value of excess electricity f

this system is 3,600 kWh yea(20.7%) Fig. 16: The simulation results for grid conneci®d-
The trend of monthly electricity production by wind-hydrogen energy system

these sources of energy is summarized in Fig. b8. T

electricity from wind resources is higher in Jayyar Grid  connected  PV-wind-hydrogen — system
February and June. simulation: The simulation for this system took around

The monthly hydrogen production from 2.5 kw 45 min to be accomplished. The optimization resialts

electrolyzer can be seen in Fig. 15. The apparentins this analy_sis shown in Fig. 16. It iIIustratgs thhe
probable to produce hydrogen are January, Febaraty most  optimum results obtained for this system
June. The hydrogen production comes from potentiaf®MPrises of grid system 1000 and 3.5 kW conveser
wind energy in that particular month. The amount of2S t0 generate the minimum COE, $0.157 kivh

yearly hydrogen production is 93.8 kg y@amake the arrayHerlcel’Jr:ir'le ()Sgs\f\ﬁrr?dﬂlitrl)eiggoquslfvsfo% flil\gzll()f PV
average cost of hydrogen is 1125 kg 3.5 kW converter as well as 2.5 kW of electrolytteat

20



Energy Rec. J. 1 (1): 13-22, 2010

Table 5: Annualized cost for main components ofgtié connected PV-wind-hydrogen system

Component Capital ($) Replacement ($) Oand M ($) uel F5) Salvage ($) Total ($)
PV 7,000 1,871 0 0 -1,048 7,822
BWC Excel-R 19,400 6,259 959 0 -1,165 25,453
Fuel cell 4,500 0 0 0 -852 3,648
Grid 0 0 5,670 0 0 5,670
Converter 2,800 1,095 0 0 -204 3,691
Electrolyzer 5,000 1,565 639 0 -291 6,913
System 38,700 10,790 7,268 0 -3,561 53,19

Table 6: Operational characteristics of the gridrexted PV-wind-
hydrogen system

Annual electricity production kWh year Percent
PV-array 373 4.00
Wind turbine 4,718 45.00
Fuel cell 0 0.00
Grid purchases 5,460 52.00
Total production 10,550 100.00
Consumption
DC primary load served 7,300 77.00
Electrolyzer load 144 2.00
Grid sales 2,048 22.00
Total 9,492 100.00
Other
Excess electricity 114 0.11
Unmet electric load 0.00 0.00
Capacity shortage 0.00 0.00
Renewable fraction 48.3
Table 7: NPC and COE for all three systems

COE
System NPC ($) ($/kwh)
PV-wind diesel energy system 84,348 0.90
Stan alone PV-wind-hydrogen energy system 134,098 1

Grid connected PV-wind-hydrogen energy system 53,1057

Cash flow surnmery

30,000
25,000
20,000
15,000

10,000

ITet present cost (B

5,000

o il

PV BWC  Fuelcell Surrette Comwerter Electrolyzer
Excel-R 6CE25P

hydrogen energy. The difference in COE value ohbot
systems is too much, even though this system  als
considered feasible. The battery is excluded from t
system, as the system is connected to the grid.

The total capital costs and total NPC calculated f
this system were $38,700 and $53,197 respectively
(Table 5). Wind turbine dominated the cost with
$25,453, followed by PV- array with $7,822. Thedgri
cost $5,670 which was the third largest contribditor
this system. Subsequently, electrolyzer, conveatet
fuel cell cost about $6,913, $3,691 and $3,648,
respectively. The cost contribution of each deviee
be seen clearly from Fig. 17.

The value related to the electricity productiord an
load served by the system are summarized in Table 6
The results of the simulation showed that the Pxewi
hydrogen system had a total annual electrical gnerg
production of 10,550 kWh year The biggest
contributor is grid system with 5,460 kWh yé&af52%)
and followed by wind turbine with 4,718 kWh/year
(45%) and PV-array of 372 kWh yéh(4%). Fuel cell
not contributes to the electricity generation dt &he
consumption of electricity about 77% (7,300 kWh
year') goes to DC primary load served and 2% (145
kWh year") goes to electrolyzer load.

The electricity sells to grid accountedr f
2,047 kWh year (22%) as well. The difference of
annual electricity production and consumption given
the value of excess electricity for thisteys is
11.3 kWh year* (0.11%).

The trend of monthly electricity production byghi
source of energy is summarized in Fig. 18. The
electricity from wind resources is higher in Jaryar
February and June and the rest mostly come out from
grid.

The monthly hydrogen production from 2.5 kW
electrolyzer can be seen in Fig.. 19. The apparent

Fig. 17: Cost component of grid connected PV-wind-months probable to produce hydrogen are Jgnua

hydrogen system

generate eighth lowest COE at $0.57 KWis being

February and June. The hydrogen production comes
from potential wind energy in that particular marifie
amount of yearly hydrogen production is 2.74 kgryea

concentrated in this study due to the potential oMhilst, the average cost of hydrogen is 1,517%.kg
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26 MiCihly, SRerai FIEchhIc prodcHon suitable system at lower cost to be developed i® th
i — = area. However, the hydrogen energy is feasible by
— Ful cell standalone system rather than grid system.
i Hence, it can be concluded that the hydrogen-based

system can become a favorable system without aid fr
the grid system and bring advantage in technical an
economic point of view and also suitable to be iadph
the coastal residential application as energyeaifronly
the current cost of wind turbine and hydrogen syste
technology have been reduced to its minimum rate.
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