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Abstract

This paperexploresseveral possibléybridizedtechniquedo supply electricaknergy at remote locations whetfee
utility grid extension is found uneconomichi.thiswork, dieselgenerator (DG) isombinedwith the variousenewable
energy resourcedRES) and multiple storage facilitiesuch agi) proton exchange membrafeel cell (PEMFC) and
hydrogen energy storage (HES), BEMFC HES, and 8lar PV, and(iii) HES, SolarPV, PEMFC HES, andbattery
storage systemBSS), respectivelyto achievethe best hybrid solution to supply electriqadwer in remotely located
areaefficiently. The Homer Pro software developedtbgnational renewable energy laboratory is used in this paper for
conducting the proposed analysis. The problem is formulataedhaki -objective optimization problem to minimize the
cost and greenhouse gas emissidinree performance indices or objective functions, namely net present cost (NPC),
levelized cost of energy (LCOE) and unmet Idzalve been evaluated fitrese three hybridizations determinghebest
alternative tmvercomeheenergy crunchwhich is existinggespecially imremotely located areah® comparative analysis

of the estimated performance parameters has revealed that the hybridization of 3Glari PV, PEMFC, HES, & BSS
provides smallervaluesof NPC (in US $) LCOE (in US $/kWh) and unmet load. Furthermore, hybridization of DG
with Solar PV, PEMFC, HES, & BSS resultdlirelowest pollutant emission with zero unmet Isadd energy wastage
Thereforejn this studyhybridization of DG, Solar PV, PEMFC, HES, & BSSésommended as theest alternative to
supply electrical power efficiently and economically to remote atedhis standalone workmode of operation of DG

is considered aar ef er ence system an dhen@Jkeadd NOC of thé best auitable REEEL 6 .
obtained as 0.50193 US $/kWh and 35200000 [U8spectivelyAs a result, iesystem's emission is reduced by 94%
compared with the base case (combination 1).

Keywords- Homerpro, Levelizedcost of energyiNet present costSolarPV, PEMFC.

1. Introduction
The energyefficient economy isconsideredone of the most important and major factors to
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determine the country's growthRhe use of renewable energy sog(E&ESs) for power production

is often suggested as the best alternative for the development of -efferigyt economiesnd
overcomeheenergy crunclexistingdue tothe hugedemandor electricalenergy Unfortunately,

its competitivenessoncerningtraditioral energy sources is low due to its poor conversion
efficiency, high installation cost, and performance dependency on environmental conditions.
Thereforejt is not recommended to utilizbe standalone mode of operationistead,tiis often
sugeested to hybridize RESs with reliable alternative energy resourcetdptigeum performance
(Mazzeoet al.,2021)to address the drawbacks mentioned abNesvadays PEMFCis strongly
suggested athe best alternativeo RESs because of its several attributagh efficiency, low
carbon emission, and noiseless operatitowever, the PEMFC possesseveraldisadvantages
such aslower dynamicgSalametet al., 2021 andthe requirement gbureHydrogen as fuglLi

et al., 2018) Therefore, hybridization of PEMFC with the solar photovoltaic (PV) and battery
storage system (BSS) has beéavestigatedn this work to overcomes its slowdynamic along

with other alternative opins Basically,this work ainsto providethe best alternative solution for
designinga hybrid power system (HPS) to supmiectricpowerat remote locationand areas of
rugged terrainsyherethe extensiowf the utility gridis economically expensive

This studypresents energy manageminHPSand the optimization of the HPS componeaiing

the HOMERPTro software Here, he multi-objective typeoptimization problemis considered to
reduce the total system cost and emisstanthermore, hydrogen fuel productilmm PEMFC using
solar PV make# a 100%RESbased systenfour types of combinations have been tested in this
work to obtainthe most optimal solution for HPS. The combinations are as follows

() Combinationl: Dieselgenerator (DG) only
(i) Combination2: DG PEMFGHES
(i)  Combination3: DG-Solar PMPEMFGHESs
(iv) Combinatiod: DG-Solar PMPEMFGHESBSS

Her e o6 Co mbi naona node ofloperation afrD&urther, he benefits obtained by
adding the BSS to the systeame highlightedby comparingthesecombinatiors. The major
contributions of theaper can be highlighted as:

() A novel HPS usingnultiple energy storage systemd8KSS is developed
(i)  The multiobjective problem is proposed and optimized
(i)  The system performance is evaluated with and withtiE6S.
(iv) The dereloped system isustainable with legs cost and emission
(v) Hybridization of RESs redus¢he energy output from DGlencethe proposed work is also
found suitable to overconibe global warming crisis and depletion of conventional fuels.

The remainder of the paper is structured in the following mariimer detailed literature survey is
conducted in section Zhen, h Section3, the methodology is presented, followed by the system
componentgnodelingin Sectiord. The optimization problem formulation is covered in Sechon
and the simulation results are arralgt in Sectiorb, respectively. Finally, theonclusions are given

in Section?.

2. Literature Survey

Several attempts were already made to design eftieieth optimal RE®ased HPS (Kannayeram
et al., 2020Sultan et al., 202Ifalaat et al., 2021)n addition, he possibilities to reduce power

1138| Vol. 6, No. 4, 2021



Das et al.: Optimal Sizing and Control of Solar-PNE MFC Hy br i d Power é | u@&a

fluctuations through the HPS have also been explored (L&ndall et al., 2018However, poper
estimation of the optimal size of HPS and energy management between the resources has been
considered the main challenging tasktle design of HPS. Also, accurate estimation of the
parameters, such as maintenance cost, operating cost, fuel desipemf pollutants, play a vital

role in deciding the best combination of renewable energy resources for optimal and efficient
design of HPS. Therefore, several research works were carried out to determine the optimal size of
HPS through various atrtifial intelligence techniques, such as genetic algorithm (GA), particle
swarm optimization algorithm (PSO), ant colony algorithms (Esfahani & 2@b6;Wang et al.,
2021;Wen 2020 Yuan & Yang 2019. However, accurate determination of the optimal size of
HPS is not found suitable with Alased techniques due to its several limitations. For instance,
large numbers of parameters cannot be considered in Al techniques to design an accurate model
for the HPS because of the slow speed of convergence. HencehAigiges are not suggested in
determining the plantactual optimum size (Jadli et al., 2018).

Further, several research works were also carried out to make sustainable -aglthseliPS
through a proper energy management system (EMS) between the(RE8ati et al., 2020
Kaluthanthrige & Rajapaks2021; Restrepo et al., 20RTThe system described #hang et al.
(2021) uses solar PV & wind power as energy sources and battery storage systems (BSS) as energy
storage systems (ESS). However, in nuighe literature, the HPS under consideration uses only

a single energy storage systdBefilahbib et al., 202Mali et al., 2010Arabul et al., 201} In the
proposed workmultiple energy storage systems (MESS), namely, BSS and hydrogen energy
storaggHES), have also been incorporated to famdlternativeto HPS.In this work, the Hybrid
Optimization Model for Electric Renewables (HOMER Pro) software developed by the national
renewable energy laboratory (NREL) is used for the designing of variougrpplant
configurations, followed by the identification of the most optimized one, to various decision
making parameters, such as operating cost, net present cost (NPC), levelized cost of energy (LCOE)
gases emission and econompenparison. IMkramet al (2020), the HOMER Pro application for
optimizing the RESased HPS is presented. HOMER Pro is used to reduce the LCOE and NPC
(Murugaperumal &Raj, 2019). An oftgrid HPS for remote locations has been developed using
HOMER Ro (Rajbongshet al., 2017). Different RESased HPS for remote locations in Southern
Cameroons aranalyed(Muh & Tabet 2019). The feasibility of rural electrification by conducting

the techneeconomic analysis using HOMER Pro is conducted in the literature (Krét&urhag

2019). Various HPS designs and optimization using HOMER Pro can be seen in the literature (Aziz
et al., 2019; Dalton et al., 2009; Suman et al., 20R1¢. application and economic feasibility of

the ESS irmmicrogridareexplained irDhundhareet al.(2018. The use of pumped hydro storage
system in microgrid sing Homer Pro is discussedShabanket al.(2020. An improved artificial
ecosystenbasedoptimization techrjue is used to conduct economic analysis considering LCOE
and NPC ar@resented irsultanet al.(2021). A cost and reliability analysis of a lecture building
with alow load factor is conducte&halil et al., 202pusing Homer Pralhe design and modeling

of HPS using Homer Pro can be seen fnoorks of literaturg(Kumar et al., 201%. A techne
economic case study of HPS in Bangladesh can be seen from the liteCsaet @l., 201Y.
Another case study and practical implementation of EHRSliscusse@hmadet al., 2018 The

HPS design and implementationtlae east oastzone of India is discussed Raridaet al.(2018.

A computational simulation and design of H&®presented i©ulis Rousiset al.(2018. Based

on the literature survey conduci¢ide objectie of the paper is formulated as:

() Design of suitabléiPSwith zero energy wastage and nearoemissionor powering the
remotely located area
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(i) Explore the feasibility oMESSin HPS.

3. Methodology

As shown in Figure 1, the flow chart depicts the methodcdatppted in this research woFkrst,
the methodology consists #lectinghe site Solar PVavailability, and energy demand estimation
asaprerequisite. The next stage includes systaydeling and inthethird stagetheoptimization

of the designed system has been conducted.

Optimization of system
Prerequisite with HOMER

ase -
- - Energy demand Case 2
i ssion) ) Solar PY-PEMFC-
(Site selection ) estimate i pG-PEMFC-HES )\PC S°l‘“;Evs G NPC | [LCOE
Solar PV availability ( Case 1 ) Casc 4 (Compare LCOE and NPC)
estimate DG onl DG-Solar PV-PEMFC- v

% clect best system with
AL Gowcsl LCOE and NPC

System modelling

Figure 1.Flow chart for the proposed work

3.1 Site Selection

A technical educatiomstitution locatedin Ut t ar Pr ades h, Prayaer aj (2!
consideredereas the candidate site for this study. Ti&jor loads include large motors installed
atthelaboratories, other machinery at various laboratories, lighting loads, air conditioning loads,

and computer loads. The site under consideration is assumed to éeegdwy dieseyenerator

(DG) ses. In the proposal, the DBased generation is Heped by the solar PV and PEMH@ased

HPS to reduce the energgstand emission.

3.2Solar PV Availability

The generation of electricity through SolBV depends on solar irradiandene solar irradiation

data of the location is taken from tHOMER Pro softwaredatabase using the longitude and

|l atitude (25A26. 1NN, 81A50.8NE) of the study I
location is 4.93kW/rh The plot oftheglobal solar irradiation daily profilef thelocation is shown

in Figure 2.
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Figure 2. Monthly solar irradiation
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3.3Energy Demand Estimation

The total energy demand of the study site is estinzsdd opeak and average load. Begalues
are estimated as 188kWh/day total energy demarfor the day), 1317.9 kW (peak demand) and
619.75kW (average demand), respectivlyoad factor of 0.47 is considered in this work. Since
the site under consideration iseghnical educationahstitution, the peak time is 1M to 5 PM.
Figure 3 presdn the monthly average load profile.

A —— . : — —r .
800 800 1000
600 January \\ 600 February \\ 800L.; March _\\\
] 600
400 7 \\ 400 7 \ 400 7 \
200 J R S 200 / {1 200 /
2 AM 10 AM 6PM 12 AM 2AM 10 AM 6PM 12 AM 2 AM 10 AM 6PM 12 AM
1000 L e o ookt T e 1000 e :
200 April P~ 800 May —j 800.., June )
~| 600 \ 600 4 \ 600 // \\
2| 400 4 \ 400 / ] 400 7/
‘: 2(]():_. ..... / L_ 200 f 200 ga—
g 2 AM 10 AM 6PM 12AM 2AM 10 AM 6PM 12AM 2 AM 10 AM 6PM 12 AM
[t I R S ) .
211000 1000/ 1000+
§ 200~ July \ 800 August T \‘ 200 - September "*\\
600 600 600
400 / k=N 400 / \ 400 // \
200 o - , B e — — ] 2007t —— p—
2 AM 10 AM 6PM 12 AM2 AM 10 AM 6 PM 12 AM 2 AM 10 AM 6PM 12 AM
1000 . e 10000 ‘ - R e
200 October 800 November 80;\ December
600 \ 600 \ 00 =
400 / \ 400 [ \ 400 / \
200k / L‘-\ 200 / \ 2(){‘w 1
2 AM 10 AM O0PM 12 AM 2 AM 10 AM 6PM  12AM 2AM 10 AM 6PM 12 A[\ﬂ

Time (Hour)

Figure 3. Monthly average load profile

4. ComponentModelling
Themodelingof the HPS components is significant for size optimizatidreréfore, he complete
components of the HPS amodeledmathematicallyn this section.

4.1 Solar PV
The single diode model of the solar PB¥iown in Figure dis used in thisnodeling Equation (1)
presents theolar PV module voltagéuresh et al., 2020)

Vpy =Vm@l 9©.053910dG () /Ggg) ga(Tt) 6:0%5 ¢ (1)

whereVn is the voltage at maximum power point operati@(t) is the variable solar irradiance,
Gsta IS the standard irradiancklis the panels temperature coefficienind T(t) is the variable
temperatureEquation (2) gives the output current generated by the solar PV module

Iy ) =1 ) 1 &) gxpaV py/N KTHA) 1 )

wherel, is the photourrent,|s is the saturation curreng} is the charge othe electron,Ns is the
number of solar cells connected in serk€ss the Boltzmanis constantandA is the ideal diode
factor. The total energy produced by the solar PV module is given by:
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Epy() =(Npy Vpy Pl 1) (3)

whereNpvis the number of solar PV modujesmdgpis the time step.

NN—=

Rs

%? Ipy A A Rp Vv

Figure 4. Solar PV equivalent circuit

4.2 PEM FuelCell

The fuel cell (FC), one of the promising alternative RES&lectrochemical systems capable of
converting the chemical energy of a hydrogentaining fuel into electrical energ@uresh et al.,

2020) The FC behaves as a current source with var@ltigut voltage, depending on the external
load current. Its overall performance depends on severaldimmié&nsional input parameters, e.g.,
operational electrical current, temperature, and gas transportation charactSistesh et al.,
2020) The FCmodding is challengingas the physics and elecithemistry governing the
phenomena internal to the cell responsible for converting hydrogen input to electrical energy are
not yet fully understoodThe proton exchange membrane (PENMC is the most matureand

widely used FC for power generation applications. The projected HPS consists of a PEMFC
equipped withan electrolyzer chamber and a hydrogen tank. The electrolyzer chamber converts
water toHydrogen and storeis in hydrogen tanks. This storédiydrogen is used as fuel by the
PEMFC.The power output from the PEMFC can be given by the equi@iaesh et al., 2020)

Pec =R ¥irc (4)

whereP; is the input power to the PEMFC chamladdrc is the efficiency of the PEMFC.

4.3Electrolyzer Chamber/ Hydrogen Tank

The electrolyzer chambewnorking on theelectrolysis principleelectrolyze waterwith solar PV
power. Theequation (5) gives the power transferred from the electrolyzer to prétjacegen as
Pete = Pren ¥ ele ©))

wherePrenis the renewable power input to the electrolyzer chamber (Solar PV power in thjs case)
anddgeis the efficiency of the electrolyzer chamtggquation (6) expresses thaergy output from
the hydrogen storage taf®uresh et al., 2020)

EnssD=Epsét 1) gP o) (P//1 kg t (6)

whereds is the efficiency othehydrogen storage tank.
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4.4 Battery Storage SystemBSS

The BSS is used in this wot& supporthe RES The energy production of the B88pendsn
the minimum and maximum values of state of charge (FedLiation (7) states thmwer available
from the BSS(Suresh et al., 2020)

Egss() = Epsét 1) E surplt@ h3 e h3 (7)

where Esupiuisis the surplus energy available from other sourdesis the charging controller
efficiency, and thedqis the charging efficiency of BSShe inequality relation (8) gives the
constraints limiting the charging and discharging the BSS

S0Gyin ¢ SOCX ¢ SO ®

The minimum value of SoC is obtained by the expression in terms of the depth of discharge (DOD):
S0G, =1 - DOC 9)

4.5Power Electronics Converter

Here, abi-directional DC/AC converterzontrolsthe AC and DC bus power flowlrheconverter's
size dependsn the minimum or maximum energy lev€&uresh et al., 20207 he bi-directional
converter's main functiors maintainingthe power flow balance between the power generating
sources and the ESS. Thrergy management system (EMS) controis tlonverter's operation
based on the energy availability in the ESS.

4.6 Energy Management System

The EMS for the HPS depesdn the charge available in BSShérefore, he EMS used i\Das et

al., 2020)is adopted herel he algorithm always checks tBSS statusif its SoC is higher than
the maximum limiti.e.,90%), then thesolar PV's excess powdivertsto the electrolyzer chamber.
Similarly, theBSSis not discharged further fohe SoCs minimum limit (.e., 10%). During this
condition, theBSSstartschargng if excess power is available from the solar PV. Further, if the
SoC of theBSSis ata higher limit and the solar PV is unavailable, the BSS supploet load.
Similarly, if the SoC othe BSSis ata minimum level and solar PV powerirssufficient to meet
the load then PEMFC supports the load during this condition

5. Problem Formulation

Here the optimization problem is formulated to minimize NC, LCOE and pollutant emission
Various constrainissuch aghe SoC ofBSS the maximum and minimum limit othe hydrogen
storage tank, upper and lower bounds of solar PV generation, PEMF8Sfhchave been
considered to optimizéhe HPS sizeln addition, mwer reliabilityis considered a constraint to
develop the optimizatioproblem alsa

5.1 Objective Function
The NPC and emission are considered as the objective function for this work. The NPC of the HPS
can be given in mathematical form(&iresh et al., 2020)
— Cat
Capital recov ery factor

(10)

where Ca is the total cost of annual energy.
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The emissiony can be given by:
Y= Mi”(ycq +t¥o tlHc B W Ntf) (11)

where UHC stands for unburned hydrocarbons and PM stands for particulate mhterapital
recovery factor (CRF) is a function of annual interest riatend project lifetimeNor). The CRF
canbe expressed mathematically as:

i i NprOJ
CRE= 1A ™ (12)
@+i)Neo 2

Further the total annual cost of energZ.f consiss of the capital costef), operation and
maintenance coskdem), replacement costd{). The mathematical expression for the optimization
problem can be given as:

F =min(Cy) (13)

Cat=Xac *XmM *of (14)

where &.,c is the annualized capital cost,cem is the annualized operation and maintenance cost
ande ris the annualized replacement cddie capital costet), can be expressed: as
Xac = & CRF (15)

The annualized operation anéimtenance cost can be given as:
Xaoem = &M i@ wm (16)

where togm is the duration of maintenance @m hour. The annualizedeplacement cost can be
given as:

Xar= & Fr S Neom S S Neomy (17)

where S is the sinking fund factoS is the salvage value of the componéiimis the actual
lifetime of the componerfin yeas). TheFg considered in eqtian (17)as the component lifiene,
may differ from the project lifetime.

T‘eCRF(i, Nool) o
Fr=i CRF(iNg) ' P (18)
) . -
i0  Nproj =0
where Ng, the replacement cost duratja@an be expressed g&uresh et al., 2020)
o N .
Ng = Neorm 3INT 2% (19)

G '‘com

where INT stands foitheinteger valueThe salvage valug of the component can be expressed
as:

S=xg tuem (20)
com

1144|Vol. 6, No. 4, 2021



Das et al.: Optimal Sizing and Control of Solar-PNE MFC Hy br i d Power é | u@&a

Nrem = Ncom '(N proj NIQ (21)
where Nrem is the number of years remaining to end the projEae sinking fund factorSs),

included in the problem formulation to calculate the future value of the annual cashsflow
expressed as:

Srp=—— (22)

(1+i)N 1

where Nis the year inhefuture. For calculating the economic viability of the system, the levelized
cost of energy (LCOE) isalculated as follows

Lcog=Sat (23)
Ea,d

where Eagqis the annualized energy demand.

5.2 Constraints
Theobjective function is optimized based on the following constraints.

5.2.1Power Reliability Constraint
The annual unmet loadl.(me) is considered as the power reliability constraint in this study. The
power reliability constraint is the ratio of totapacity shortagd ¢nortagd t0 the annualized demand.
L
S shortage (24)
Ea,d

5.2.2Battery Storage SystemBSS Energy Constraints
The BSSenergyconstraintsasthe maximum Esss max and minimum Esss mi) capacity aregiven
as:

Egssmin ¢ Egsél) CE gsgax (25)

The minimum and maximum capacity of the BSS is a functicts @oC, as shown in equation
(26) and (27):

Np 4t Vit B

EBSSmaxz%agah 350GCax (26)
Ny 1Vt B

Egssmin :%aéah *S0Ghin (27)

where Npat is the number of batteries in the baWl: is the terminal voltage &SS,andBanis the
BSScapacity in amperelour.

5.2.3Upper and Lower Bound Constraints

This constraintdefines the maximum safe limit of RES penetratibine upper and lower bound
constraing consist of the maximum aride minimum numbes of solar PVpanelsand the PEMFC
arrays. This constraint mathematically cdoe expressed as:

0¢ Npy CNp, ™ (28)
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0¢ Nec ONpc™

(29)

where Npy™ and Nec"® are the maximum number of solar PV modudesl PEMFC module,

respectlvely.

6. Results andDiscussion

HOMER Prosoftware developed by NREL is used to conduct the simulation and economic analysis

of the HPS. The system is designed in various combinations described esritnimationsThe

NPC, LCOE, pollutant emission, power generation, and uremeessoads havéeencalculated
for eachcombination The HOMERPro simulation figure for variousombinationsconsidered is
shown in Figure 5The cost of each component of the system has been adapte@hkramet al.,

2020; Murugapermal & Ajay D Vimal Raj 2019 Oulis Rousiset al., 2018 The Homer load
following algorithm is used in all the combinatgfior obtaining the optimized resukhe technical
and economic details of the various components asstdbulated in Tablé.

Table 1. Techneeconomical details of the HPS components

Figure 5. HOMER Prosimulation model

1146| Vol. 6, No. 4, 2021

Component Maximum Cost
capacity Capital cost Replacement cost Operational and maintenance cost
Diesel generator 1400 kW 1000 US $/kw 1000 US $/kw 5 US $/kW/Year
Converter 4500 kW 250 US $/kW 250 US$/kW 10 US $/kWi/Year
Electrolyzer 2000 kw 1300 US $/kwW 1300 US $/kw 5 US $/kW/Year
Hydrogen Tank 10000 Liter 500 US $/Liter 500 US $/Liter 5 US $/Liter/Year
Solar PV 4500 kW 1000 US $/kw 1000 US $/kw 10 US $/kW/Year
Battery 2500 kw 250 US $/kwW 250 US$/kW 10 US $/kW/Year
PEMFC 2000 kW 1500 US $/kW 1500 US $/kW 5 US $/kW/Year
AC HTank { D HTank [ 9
Gen Secondary School )-‘ ‘-
™ )'_’ ‘ AC DC AC bC
G Secondary School | Electrplyze Secondary School | Electrplyzer
14874.00 kWh/d \ } \ b
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AC DC (atic) =
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6.1 Combination 1: DieselGenerator (DG) only (Base case)

In thiscombination the entire load is assumed to be fed bybi@eset. The load profild)G power
output and theDG's excess electricityet for one yeaareplotted in Figure 6. The zoomed view

of the power generation consumption for day 2®/afy monthis shown in Figure 7. The excess
electricity is wasted in thisombinatiorsince there is no other storage element present. The unmet
load in thiscombinationis zerq however the excess electricity produced causaermoudoss.

The emission of different pollutant gas in th@mbinationis plotted in Figure. 8

e
= Ll O e

1000 2000 3000 4000 5000 6000 7000 8000
Time of the year (Hour)

Figure 6. Power generation and consumption over the:yaanbinationl.

1500—Load Power— DG Power — Excess power

000

0 5 20 24

Power QiW)
wn
o
S

10 5
Time of the day (24 Hour)

Figure 7. Power generation and consumption for one daybinationl.
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309

Particulate Matter 19778 Sulphur Dioxide Nitrogen Oxides

219 35137 33921
14027 o
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Figure 8. Comparison opollutantsemission.combinationd, 2, 3 & 4.
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The percentage pollutangsnission ofcarbondioxide (CQ,), carbon monoxide (COlnburned
hydrocarbons (UHC), particulate matter (PM)fur dioxide (SQ) and nitrogen oxide (NOfpr
all the combination in comparison with combinationafie summarizedin Table 2. Since
combination 1 is considerale reference, the pollutant emission from combinatia1D0%.

Table 2. Percentage pollutaeimissiondor various combinations

Pollutant Combination 1 Combination 2 Combination 3 Combination 4
Carbon dioxide 100 71 67 6
Carbon monoxide 100 71 54 6
Unburned hydrocarbons 100 71 43 6
Particulate matter 100 71 42 6
Sulphur dioxide 100 71 62 6
Nitrogen oxide 100 74 21 6

6.2 Combination 2: DG-PEMFC-HES

In combination2, the PEMFC with HES is addéd combinationl, and the performance has been
analyed The hourly power generation from the sources and consumed by the leamhéyrear
duration is shown in Figure 9. The zoomed view of Fidli® depicted in Figure 10or the day
20 of May monthHere, he exces power generated from the sourisaverted to the electrolyzer
to produceHydrogen. Theamount of iydrogen produag and storeds shown in Figure 11The
significantredudion in pollutant emissionm combination 2comparedo combination 1, as show

in Figure 8, is due to the inclusion of eftndly PEMFC
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Figure 9. Power generation and consumption over the:y@anbination2.
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Figure 10.Power generation and consumption for one daynbination?.
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Figure 11.Hydrogen production over the yeaombination2.

6.3 Combination 3: DG-Solar PV-PEMFC-HES

In combination3, the solar PV is added combination 2The power generation and consumption
plot areshown in Figure 12. The plot dethe power generation consumption curvedane
year duration oanhourly basis. The zoomed view by considering day 20 of Magthis shown

in Figure 13. Itis noticeablefrom Figure 13 that the energy management is satisfied with zero
energy loss orero unmet loasl Also, the addition of solar PV furtheroticeablydecreases the
pollutant emissios) as shown in Figure 8.

Moreover,the excess power generated is storeldyaogen with the help ainelectrolyzer. The
Hydrogen stored over one year Isow/n in Figure 14Here, it is lucidly observable thahe
hydrogen production in this combinatigs significantly declined than combination 2efefore,
solar PV reduces the power generation requirement from the DG and PEMFC, |leddsggto
hydrogenproduction as fuel requirement of PEMFC.
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Figure 12.Power generation and consumption over the:yaanbination3.
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Figure 13.Power generation and consumption for one: daynbination3.
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Figure 14.Hydrogen production over the yeaombination3.

6.4 Combination 4: DG-Solar PV-PEMFC-HES-BSS

In this combination the BSS as an additional ESS is added to the systém.addition of BSS
reduces costly PEMFC and electrolyzftus reducing overall operation and maintenance .costs
The excess power generated in ttimbinations diverted to electrolyzer and B3#th. But more
preference for energy storage is given to the 8%5Sto economic operation. The power generation
and consumption curve for otyear durations shown in Rige 15.

Similarly, in previouscombinatiors, the zoomed view by selecting the day 20 of May month is
plotted in Figure 16. Since the power generation for solar PV is increasedanrttbgationdue

to the availability of multistorage options, the pothnt emission is further reduced, as shown in
Figure 8. The hydrogen production over one year periaghdrourly basis is shown in Figure 17.

In thiscombinationalso the energy managements satisfied with zero energy loss or unmét load.
can be observedom Figure 17 that the hydrogen production is further reduced in comparison with
combination 3 due to theddition ofBSS. Here, the excess power production is shared among the
HSS and BSSeducinghydrogen production.

Figure 15.Power generation and consumption over the:yeanbinatiord.

Figure 16.Power generation and consumption for one daynbinatiord.
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