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ABSTARCT

Wind energy is one of the fastest devel oping renewable energy technologies. Thisis due to the vast
resource of wind and also a green technology which does not emit any pollutants to the
environment. Among the common renewable options for supplying electricity to remote locations is
using wind turbines coupled to diesel generators with larger battery banks. Its dependency on
diesel and thus sustainability could be improved by using hydrogen storage and fuel cells. To study
the performance of the system, a typical rural electric load consisting of household €electricity,
small business facility, health post, school and water pump is modeled along with system
components. The wind resource data for two locations Jamnagar and Dhwarka have been used.
Smulation and optimization of the energy system are carried out in homer and numerous
alternative implementabl e system designs have been proposed. The results show that the use of fuel
cells enabled enhanced energy autonomy, higher renewable energy contribution and less CO,
emission with moderate increase in net present cost. Sensitivity study on diesel price, wind speed,
average electric load has also been carried out.
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INTRODUCTION

India is currently looking for another alternativesource to generate electricity after so long
dependent on coal and fuel. Coal and fuel is noewble resources as well as its prices rising in
the global market due to decrement of its quardityl are only available in some countries.
Malaysia has taken steps to exploring the resouofa®newable energy as an alternative for
generating electricity [1]. Among the resourcesasfewable energy (RE), the wind energy was the
fastest growing energy technology in the world aodsidered as one or resource that meet the
needs of modern societies in reducing the deperdenccoal and diesel whilst at the same time
delivering substantial reduction in greenhouseagasssion [3].

Hydrogen derived from renewable sources such ad w&imd solar is clean, self-sufficient and a
permanent energy solution for sustainable developma& kilogram of hydrogen is roughly
equivalent to a gallon of gasoline in energy conféh This makes hydrogen a technology of the
future in reducing reliance on imported fuel andagphouse gas emissions. Particularly in remote
areas with plentiful renewable energy resourcesghid extension is not cost-effective and diesel
cost is high because of transport, hydrogen ensygyems are logical. In rural India where a
majority of the population lives, access to eletlyiis very low. The people in these areas use
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small kerosene lamps that emit eye irritant smaic\eery dim light. Lack of electricity hampered
the development of various infrastructures suclhassc health posts, schools, small business and
telecommunication [4]. Hydropower is the major &ledy source in India with installed capacity
of 668.8MW in 2006 and a planned capacity of 430B\8in 2013. The electrification is 15% in
2009 as reported in by international energy agemcyliterature [5, 6]. This value is well below the
sub-Sahara average of 29% in 2009. Further, itgeeal the numbers mentioned are based on the
population count near the grid and the real actessry much lower. The electrified rural areas
account to 1% while the potentials of renewablergpeesources are; wind 10, 000MW, solar,
average insolation of 5.26kWh?nacross the country and geothermal 700MW. Seveiatl w
hydrogen energy system researches for remote anearpsupply and for hydrogen production
usually combined with PV have been carried ou8]7,The researches all agree on the potentials
and near term competitiveness of wind hydrogen esyst However, the capital costs of
components are the major hurdles in the competiéise of hydrogen based systems. Using an
updated modeling tool Hydrogems, the researchetindind hydrogen energy system with 600KW
wind turbine, 55KW hydrogen generator, 10KW fuell,cBONm*/h electrolyzer and flywheel and
battery storage. The study used 2010 market swwosiydata with electrolyzer cost of 2500$/KW
and fuel cell capital cost of 3125%/KW. It was skmothat the system, although not the cheapest,
would reach much higher renewable fraction of 969 aperated in 100% stand alone mode for
50% of the time [9]. The important advantages ef sgstem are the higher energy autonomy and
more reliable power. In another study, the systemdcsubstitute diesel power plants and may be
better than grid extension If strong wind resoul@esavailable.

It is a fact that, especially in complex terrainp@venergy content may vary significantly from one
region to another. Therefore, wind data taken awany years are utilised to calculate wind
climatology [10-15]. The WIindPRO and Wind Atlas Aysas and Application Program (WAsP)
software were widely used by researchers for aeatllye wind turbine and energy production and
validate as the best software in this researchl fi#6]. WindPRO and WASP are softwares for
predicting wind climates, wind resources and powerductions from wind turbines and wind
farms. The predictions are based on wind data medsu stations in the same region. The software
function includes a complex terrain flow model, @ghness change model and a model for
sheltering obstacles [17]. The main aim of thiglgtis about the wind energy potential at Jamnagar
and Dhwarka. The wind speed and energy analysiscaaducted by using the WindPRO and
WASP softwares. The advanced computational methads been developed to gain the data to use
in estimation of wind energy potential and microgjt An accurate prediction of the wind speed at
a given site is essential for the determinationregional wind energy resources. Because of
aerodynamic reasons, the power output of a winirtaris proportional to the third power of the
wind speed.

MATERIA L AND METHODS

An earlier study shows there is west - east anthsoorth increase of wind speed in the country.
The most recent study, on four major towns in Ind&uj, Jamnagar, Dhwarka and Wapi
identified the resource in Jamnagar and Dhwarkaiag class 2. Since strong wind conditions are
required for effective use with hydrogen technodsgithese two towns are selected for further
study. The wind profiles are shown in Fig. 1 and g.Fi 2.
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Fig.1: Wind speed profile of Dhwarka
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Fig.2: Wind speed profile of Jamnagar

Modeling rural electric load

To make good use of economy of scale in \-hydrogen energy system, larger size of 500 fam
having school, clinic, grinding facility and watpumps is considered. The electrical loads
determined as discussed below.

Household load

The households have one 60W light bulb for the nieinse where most of the gathering te
place and a 5W light bulb for the bedroom. TheafdeED light bulbs isnot considered because
the current high cost [20]. Three hours of elettriat night, 18:00 to 21:00 is assumed suffici
because normally 21:00 is the last time to go thibhdndia. The 5W Led light is assumed to stay
1lhr longer for bedroom csidering time for sleep preparati
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Health post load

The RHC has a vaccine refrigerator which is congmyl$or keeping vaccines for medication ¢
two light bulbs for assumed 2 rooms. used to keep the vaccines in safe storage for @t
temperatures 2°8. Communication VHF 3W radio has been includedtierRHC.

Small businessload

The grinding facility has one 12kW capacity grinded a 1.1kW capacity small grinder for spe
crops.

School load

In quantifying the school load, two microscopes &gl bulbs for night school has been assur
For a family size of 5 per household with 2 adaltel 3 children, the community will have
maximum 1000 children and 1500 adults. /ming a better class size of -40 children, 40
classrooms are required for children assuming 1@€#wary education cover. For adult educati
in night school, a maximum of the 20 classroomsukhbave a light bulb. It is assumed that 4
light bulb is emugh for each class room for 3hr in the ever The total load calculated by hon
Is 267KWh/day and 63KW peak. A daily noise of 20846 &ourly noise of 15% have been use
give a more realistic load distributic
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Fig. 3: Daily load profile of the model village

The Fig.shows the time distribution of the load. Grindingahines consist of the major daily Ic
and light bulbs are the major evening loads. THhegerator is working all day and after 06:00
grinding business starts. The school load addsoupe load o reach a peak of 17KW. At nig
light bulbs and radio add to the load to reachak g 35KW powel
Deferrableload
To increase productivity during the dry seasongemwpumping is essential. Assume 1Cctrical
pumps with a rating of 150W each and a capacityl @it/min. Assuming 100lit/dayfor each
family, a total of 5@00lit/day can be supplied for the households irs. 8Additional 5, 000lit/da
safe drinking water is pumped for the school aredinic. 12KWh/day energy is required for t
households while 1.25 KWh/day is needed for theskhnd clinic adding up to a deferrable I
of 13.25KWh/day. For a storage capacity of thregsdthe total energy required is 36KWh for
household and 35KWh for the school and clinic totaling 40KWh. Theak deferrable load (Z
pumps of rating 0. 15KW) is 1.5K\ In the rainy seasons, June, July and August, angaonary
schools are closed. This reduces the total deferlabd by 0.6KWh/day. During the seasons,
rain is assumed to supplement the water pumpingusg 3 of the pumps will be out
operation at these times, the load decreases KOAh/day. Totally the load in rainy seasons
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9KWh/day. Considering these variations, the yealbad proile is as shown belo
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Fig. 4: Monthly deferrableload of the model village
Capital cost of equipment
The table below shows summary capital costs ofpggent based on several publications betv
2010.
Table 1 Summary of cost function of wind hydrogen subsystems

Item Capital | Replacement | O&M cost Lifetime Unit

cost | cost $/unit

$unit

Wind turbine 110(C 900 25%/KW 20yr KW
Fuel cell 300( 2500 175%/yr|  40,000h KW
Electrolyzer 200( 1500 25%/yr 20yr KW
Hydrogen tank 130( 1200 15%/yr 20yr Kg
Inverter 80C 750 8%/yr 15yr KW
Battery 83:< 555 15%/yr 12yr| 1156Ah

This is the best possible approximation of actasts of the project ilndia. However, because
the import of equipment, lack of local skill and myalocal factors, the installed project cos
expected to be higher. This could be studied in sifgity studies.

RESULTSAND DISCUSSION

Calculation of monthly production of electricity Jamnagar

From the Fig. 5it was observed thamore than 50% of the power is produced from di
generators for most of the months excOctober to [Bcember. In winter season, more than ¢of
the power is produced by the diesel generator. cdmribution of fuel cells is visible in all t
months making them useful in improving availabila power. The table below shows the
report for the system.
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Fig. 1. Monthly average electric production from wind/fuel cell/diesel system in Jamnagar

Calculation of monthly production of electricity Dhwarka
From the Fig. 6t was found thamore than 50% of the power is produced from digeglerator:
most of the year unlike that @hwarkz Uniquely, the generator produces more than 80%he&
power only on September. The contribution of fualscis visible in all the months contributing
better availability of power. The table below showke full report for the syste.
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Fig. 22 Monthly average electric production from wind/fuel cell/diesel system in Dhwarka
Summarizesthe fue cell based systems performancein all locations.

About 43% of the annual demand can be met fromweahk using wind/gen/battery system
shown in table 2.(Row 2) This system can be a gend candidate for impleentation because of
its high renewable proportion. This benefit coulel énriched with integration of the hydroc
storage system.(Row 1) The net present cost inedebg about 8% for the same operating
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over the system in row 1. It can be a good altéreat considerations are given to other related
issues such as future price trend of componentsiapcecedented rise in diesel price. Compared to
the least cost system where the contribution ofitesel generator is 83%, the annual,@@ission

is around 74 ton. It excels both thel00% fossél f(diesel/battery) system, which has £O
emissions of 108ton/yr and the least cost systeftof@yr). For the model society around the
vicinity of Dhwarka, using wind/gen/battery systeshown in row 5, about 42% of the annual
demand can be met from renewable This benefit cbal@nriched with integration of hydrogen
storage system as shown in row 4 with only 5% imeeein NPC for the same operating cost. This
system could also be implemented if there is awvedb use the available wind resource. The least
cost system shown in row 6 produces only 14% rehkanfaaction.

Table 2 summary of ssimulation resultsfor thefour cities

S = =TT =B > O = ST
I = w2 | x| E < =

SRR ARIEIE > SRR
A AN R TERE-NE-
O S| @ | > - o) T @
2122 O = | 2
i o Q ) O
City w o e e

3 2| 30| 10 12 25| 3 days| $451,000 0.353| 0.43
15
Jamnagar| 3 35| 60 12hr $417,000 0.327| 0.44| 8
1 35 15 $353,0000.275| 0.15| -

3| 2| 35| 5@ 12 25|3days| $454,000 0.352| 0.41
22
Dhwarka| 3 35| 60 22hr $434,000 0.340| 0.42| 5
1 35| 15 $356,0000.275| 0.14| -

So far, the wind resource alone has been usedthBugelected locations have also excellent solar
resources [20]. This section deals with utilizatiminsolar energy and its impacts on the energy
system. The wind and solar profile of Jamnagar lbeen taken for illustration. The mean solar
radiation in India is 5.2KWh/f For the purpose of understanding the system pedioce, solar
radiation has been varied from 5-7KwH/emd the wind speed is varied from 3-5m/s. The obst
PV cells is 6000$/KW. The figure below shows thesutss of the simulation.

In location with wind speed above 4m/s the windG€h system is the least cost option. This is
mainly because of the current high capital cog®¥dfcells. The PV/FC/Gen system is preferable in
locations with limited wind resource as could be tase of Dawa. The hybrid Wind/PV/FC /Gen
system becomes the least cost option in locatioits wind speeds between 3.0-3.8m/s. In
conclusion, the use of solar or hybrid solar/windhes to picture in locations with low to moderate
wind conditions.
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Fig. 7. Comparison of solar and wind with hydrogen storage

CONCLUSION

The performance of a wind hydrogen energy systerpowering a model rural village of 5(
families having a small business facility, schdwalth post and water pump has been prese
The wind resource potential ddmnagaand Dhwarka has been usedhe analysis While battery
based systems provide the least cost option, hgdretprage systems enabled much higher er
autonomy at low to moderate cost increase. Theedtbydrogen can sustain the average ele
load for 38days as opposed to to 1 day possible using large number of batte Also, hydrogen
storage help is large scale renewable developmbatenthe size of battery becomes very higt
this case, the hydrogen storage enables cost igdemnd long term storage. Environmely as
well, hydrogen based systems have the least potl@missions compared to equivalent bat
based systems. In conclusion, integration of hyelnogystems enhances the energy autor
highly with low to moderate cost increa: The cost of electrity is found to be 3-40 cents/KWh
for highly renewable hydrogen based systems. Thisniuch higher than hydro power price (|
than 5cents). However, considering the low accessdctricity, its environmental advantages,
contribution to developmerdf sustainable society and better life style, thieure trend of foss
fuels and equipment costs, this cost should natdmsidered as higl Therefore, the use of fu
cells with wind turbines contributes to sustainatdeelopment by improving thenewable energy
use, reducing emissions and reducing diesel depegddf due emphasis is given for renewes
development, the system must be a priority op!
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