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Chacrit Lerdwithayaprasit : SOLAR ENERGY MANAGEMENT SYSTEM FOR STAND-
ALONE APPLICATION: ANALYSIS OF POWER MANAGEMENT STRATEGIES
UNDER DIFFERENT SOLAR IRRADIANCE PROFILES. Advisor: Asst. Prof.
AMORNCHAI ARPORNWICHANOP, D.Eng.

Clean power generation from various renewable energy sources has been gaining much
attention due to sustainable and environmental reasons. As renewable energy sources and power
demand vary, a hybrid power system and proper energy management are required. This study is
focused on the development of an energy management system (EMS) in the hybrid renewable energy
system consisting of photovoltaic cell (PV), proton exchange membrane fuel cell (PEMFC), and
proton exchange membrane electrolysis cell (PEMEC). A vanadium redox flow battery (VRFB) as
energy storage for long-term operation is integrated into such a hybrid system. The models of each
subsystem are developed based on conservative equations, electrochemistry theory, and power
balances used to evaluate the efficiency of the developed EMS. During the system operation, the
electric power from PV is supplied to the load, and the excess power is used to charge the battery and
then run PEMEC for hydrogen production. When power shortages occur in the system, PEMFC using
stored hydrogen or battery is operated. Firstly, the performance of the hybrid energy system using
VRFB is investigated and compared with that using a traditional battery (i.e., lead-acid battery). The
simulation results show that under the same energy supply and demand situation, the hybrid power
system with VRFB outperforms, which leads to a more extended battery operating period.
Furthermore, the use of VRFB can decrease the operational time of the fuel cell and electrolysis cell
by 18.35% and 14.97%, respectively. Then, the effect of changes in solar energy according to weather
conditions on the performance of each unit in the hybrid power system is analyzed in terms of the
amount of hydrogen consumed by PEMFC and produced by PEMEC and the amount of dump load
power. In the case of high solar irradiance such as in the summer, the hybrid power system is stable
due to the balance between hydrogen usage and production, and low dump load power is observed. In
the winter and arbitrarily weather, although there is remaining excess power after supplying to the
load, it is not sufficient for hydrogen production; taking electricity from the main grid or importing
hydrogen from other sources is required to make the system stable for the long-term operation. Finally,
the two new energy management strategies of the hybrid power system in which the minimum power
of PEMEC operation is differently managed are presented. A suitable energy management strategy
for each scenario of the irradiance profiles is identified. In the first strategy, the excess power that is
lower than the minimum power for PEMEC operation will distribute to the dump load. This strategy
is suitable for the summer scenario due to much excess energy. In the second strategy, it is determined
that there is enough power from battery discharging to operate PEMEC at the minimum power point.
It is found that this strategy is suitable for the situation with low excess power such as in the winter
and arbitrarily weather.

Field of Study: Chemical Engineering Student's Signature ...........ccocvvervevennne.
Academic Year: 2019 AdVisor's Signature ...........ccoceeeevreenneen.



ACKNOWLEDGEMENTS

First of all, I would like to express the deepest appreciation to my thesis advisor,
Assistant Professor Dr. Amornchai Arpornwichanop, for his continued support and
suggestions throughout my studies. | am most grateful for his teaching, both academic
and living. This thesis would not have been completed without his support and
encouragement.

| gratefully thank the chairman, Dr. Akawat Sirisuk and the other members of
the thesis committee, Assitant Professor Dr. Palang Bumroongsakulsawat, and Assitant
Professor Dr. Pornchai Bumroongsri, for their times and suggestion in improving my
research.

Furthermore, 1 would like to thank the Department of Chemical Engineering,
Chulalongkorn University for supporting the scholarship and my friend for their
friendship and encouragement. Support from Chulalongkorn Academic Advancement
into Its 2nd Century Project, Chulalongkorn University is also acknowledged.

| am grateful to my senior in the Center of Excellence in Process and Energy
Systems Engineering for their invaluable suggestions, especially Mr. Tossaporn
Jirabovornwisut.

Finally, I most gratefully thank my family, especially my mother, Mrs. Prayoon
Tiyao, my father, Mr. Thawatmongkol Lerdwithayaprasit, and my brother and sister, for

their love, encouragement and financial support.

Chacrit Lerdwithayaprasit



TABLE OF CONTENTS

Page

ABSTRACT (THAIY oot eee e s s es e eeseeeseseseeeseees s ss e eesseses s s i
ABSTRACT (ENGLISH) ..ottt iv
ACKNOWLEDGEMENTS ... v
TABLE OF CONTENTS ... vi
LIST OF FIGURES ... .o iX
LIST OF TABLES. ...ttt xiii
NOMENCLATURES ... .. e Xiv
CHAPTER | INTRODUCTION ... .cciiiiiiiiiieieni e 1
1.1 Background and MOtIVALION...........cccceiiriiiieiiie e 1
1.2 RESEArCN ODJECLIVE ...couviiiie ettt 4
1.3 SCOPE OF rESEAICN ... e 4
CHAPTER Il THEORIES ... s 6
2.1 PhotovoltaiC CIl (PV). .ottt 6
2.2 Proton Exchange Membrane Fuel Cell (PEMFC) .........cccccooiiiieveiicieeiece, 7
2.3 Proton Exchange Membrane Electrolysis Cell (PEMEC) ...........cccccoeviveviiienen, 8
2.4 Vanadium Redox Flow Battery (WVRFB) .......ccccoiiiiiieiiece e 9
2.5 Energy management System (EMS) .......ccoooiiiiiiiiiiic e 10
2.5.1 The classification by the topology.........ccccveviiiiieiiiiii e 10

2.5.2 The classification by integration method ............cccccovveiiiiiciic i, 12

2.5.3 The classification by integration elements ............cccoevvevieeveeiie e ceeene, 14

2.6 Energy management control Strategy .........cccovvveevieiiie e 15
CHAPTER Il LITERATURE REVIEWS ..o 19
3.1 ComPONENt MOUEL.......cvieiieiie et 19
3.1.1 Photovoltaic Cell .........cooiiiice e 19

3.1.2 Proton exchange membrane fuel cell ... 20



vii

3.1.3 Proton exchange membrane electrolysis cell ...........c.cccovevieivicinenene, 21
3.1.4 Vanadium redox flow battery..........ccccoveiieiiiii i 22
3.2 The operation of the eqUIPMENT...........ccoiiieiiiiicc e, 23
3.2.1 PhotoVOItaiC OPEration.........c.ccveveiieriiiie e 23
3.2.2 Fuel cell and electrolysis cell operation .............cccccoovevevieieece e 24
3.2.3 Battery Operation ........cccvcveiieiecie st 27
3.3 Energy management StrateQieS ........coveveieeieerieiie e eseeseese e sre e 28
CHAPTER IV COMPONENT MODELING AND MODEL VALIDATION FOR
HYBRID RENEWABLE ENERGY SYSTEM.....cccoiiiiiiieeee e 31
4.1 Mathematical model and model validation for Photovoltaic cell....................... 31
4.1.1 Model aSSUMPLIONS .....ciueiiiivieii et 31
4.1.2 Mathematical Model ...........ccoooiiiieiiii e 31
4.1.3 Model Validation............coiiiiiiiiiieee e 33
4.2 Mathematical model and model validation for Proton Exchange Membrane Fuel
CIL (PEMEC) ..o ssesseres e sse s sstee s es s ee s eeseses e ese s aeseeseeesesesens 36
4.2.1 Model aSSUMPLIONS ....cciviieiiiiiiiiaire et 36
4.2.2 Mathematical Mmodel ... 36
4.2.3 Model Validation..........c.oiviiiiieiiiiiie e 39
4.3 Mathematical model and model validation for Proton Exchange Electrolysis
FUEI CEIl (PEMEC) ..o eeeeeeeeseeese e eeseeeseses e eseesses e eesesese s 40
4.3.1 Model aSSUMPLIONS.........coviiiiiece e 40
4.3.2 Mathematical model ...........ccooviiiiiii 41
4.3.3 Model VaAALION.........c.oiiiiiiiiiiec e 43
4.4 Mathematical model and model validation for Vanadium Redox Flow Battery
(VRFB) oot eeeeeeeeeeee e s s ee et ee s ees e s es e es e es et s e es s es e ees s eee s enens 45
4.4.1 Model @SSUMPLIONS......cciviiiieeiie ittt 45
4.4.2 Mathematical model ..o 45
4.4.3 Model VAIAALION. ..o 47
CHAPTER V THE VANADIUM REDOX FLOW BATTERY USAGE IN THE
SOLAR ENERGY MANAGEMENT SYSTEM......c.coiiiiiiiiiiieee e 50

5.1 Specification of the model of the hybrid renewable energy system.................. 50



viii

5.2 Power management strategy algorithm ...........c.ccccooveiiiiei i, 54
5.3 Using vanadium redox flow batteries instead of lead-acid batteries ................. 61

CHAPTER VI ANALYSIS OF ENERGY MANAGEMENT SYSTEM UNDER
DIFFERENT SOLAR IRRADIANCE PROFILE AND POWER MANAGEMENT

STRATEGIES. ... 67
6.1 UNIt-SIZING UESIN ..evveeiieeieciiete ettt e et e st e sae e nre e e e 67
6.2 Power management Stratgi€S.......ccuevuveieieeieeie e s este s se et nae e 68
6.3 Solar irradiance Profile ..o 74
6.4 SIMUIALION FESUILS ...ttt 75

CHAPTER VII CONCLUSIONS AND RECOMMENDATIONS .........ccoveiiiinine 83
7.1 CONCIUSIONS. ...ttt sttt b bbb 83
7.2 RECOMMENUALIONS. ...ttt 84

REFERENGCES ... ..ottt 85

APPENDIX A MATHEMATICAL CALCULATION ..ot 92
A.1Power over a period Of tIMe ........ccooviiiiiiii e 92
A.2Hydrogen production and CONSUMPLION ...........cccoviiiiieeie i 92

APPENDIX B SIMULATION DATA ...t 94
B.1 Simulation results compare the use between lead-acid battery and vanadium

redoX FIOW DALEEIY .....cvi e 94
B.2 Simulation result in SUMMET SCENAIIO ......c.vvveiuriueririenieiee e 97
B.3 Simulation results in WINer SCENAIO ..........ccceiiriiieieieiese e 99
B.4 Simulation results in arbitrarily varying weather scenario..............c.ccoeeveeunenn 101
B.5 Solar irradiance data..............ccoeeieiieiiiiie e 104

B.5.1 SUMMET SCENAITO ...ouviiiiiiiieiieieeee st 104

B.5.2 WINEEI SCENAITO ..ottt 105

B.5.3 arbitrarily varying weather SCENario ...........cccccevvvviiiivie e 106
B.6 L0ad Profile....c..coeieieieeee e 107



LIST OF FIGURES

Page
Fig. 2.1 The schematic block diagram of a PV cell .........cccoooveiviiiiiiiieeeee 6
Fig. 2.2 The proton exchange membrane fuel cell diagram ............ccccceveiveiieivccennn, 7
Fig. 2.3 The proton exchange membrane electrolysis cell diagram ............cc.ccceoenene 8
Fig. 2.4 Schematic of a vanadium redox flow battery ...........cccocooviviiiincininccenn, 9
Fig. 2.5 The example of an on-grid configuration ............cccccooeviieii i 11
Fig. 2.6 An example of an isolated system configuration................cccccevvvevviievvennene. 11
Fig. 2.7 EXample OF DC DUS......c.oiiiiiiiiiiiiein s 12
Fig. 2.8 EXample OF AC DUS......ccoiiiiiiiriieiie s 13
Fig. 2.9 Example of a hybrid DUS.....cccc.coiiiiii e 14
Fig. 2.10 Main characteristics of ensuring-demand strategy ...........cccccevvvervrviervernenne. 16
Fig. 2.11 Main characteristics of the strategy with technical decision factors ............ 16
Fig. 2.12 Main characteristics of the strategy with economic decision factor............. 17

Fig. 2.13 Main characteristics of the strategy with both technical and economic decision
L1 (0] £ T USRS U PRV OTRPPURRPRS 18

Fig. 3.1 Electrochemical surface area of cathode after start-up and shut-down

(030 (=13, o . SRRSO 25
Fig. 3.2 The fuel cell net power charaCteristiC...........ccoevveieivieiiecece e 26
Fig. 3.3 A comparison of all species of energy 10SSeSs. .......ccceevvevieviiieieeie e 26
Fig. 4.1 The simplified equivalent CIFCUIt ............ccooiiiiiiiie s 31
Fig. 4.2 |-V characteristic obtained from the simulation compared to the
S 0L =T ] USSP 36
Fig. 4.3 The polarization curve of PEMFC at the experimental condition.................. 40
Fig. 4.4 The polarization curve of PEMEC at each experimental condition................ 44

Fig. 4.5 Comparison the open-circuit voltage of the simulation result with experimental

data in different current. (a) L0A (b) 15A (C) 20 A. .oooreieeiececeecec e 49
Fig. 4.6 Comparison the VRFB cell voltage of the simulation result with experimental
0 L OSSR U PR UR PSPPI 49

Fig. 5.1 Block schematic of the power management strategy algorithm for the

FENEWADIESYSIEIM ... e e 55



Fig. 5.2 Solar irradiance of PV array in a SUMMEr SCENArI0 ..........ccceevereerveseernereenns 58
Fig. 5.3 Load current in @ SUMMET SCENAIIO.........ccvervrreerreerieseesreesreereesreesseseeseeeeennes 58
Fig. 5.4 Battery voltage in summer scenario at 85% SOC initial ...........cccccoeevvveernne. 58
Fig. 5.5 Battery SOC in summer scenario at 85% SOC initial............c..ccoecvriienne, 59
Fig. 5.6 Battery current in summer scenario at 85% SOC initial ...........c.ccccoevvenenne. 59
Fig. 5.7 PV power in summer scenario at 85% SOC initial ...........ccccooevvevviieinennee 59
Fig. 5.8 PEMEC power in summer scenario at 85% SOC initial ............cccceevvvenennn. 60
Fig. 5.9 PEMFC power in summer scenario at 85% SOC initial .............c.ccovvvennne. 60

Fig. 5.10 Battery voltage comparison between lead-acid and VRFB in the same
(o700 o L1 {00 P SO UR S PR 62
Fig. 5.11 Battery current comparison between lead-acid and VRFB in the same
(070 1o 11 1o PSSRSO 62

Fig. 5.12 SOC of battery comparison between lead-acid and VRFB in the same

(070 a0 L1 {00 T SRRSO 62
Fig. 5.13 Battery voltage comparison between lead-acid and VRFB.............ccccecvnee. 63
Fig. 5.14 Current-voltage comparison between lead-acid and VRFB............ccccccenee. 63
Fig. 5.15 SOC of battery comparison between lead-acid and VRFB.......................... 64

Fig. 5.16 Power consumed from PEMEC comparison between lead-acid and VRFB 64
Fig. 5.17 Power produced from PEMFC comparison between lead-acid and VRFB .64
Fig. 5.18 Cycles to failure and total energy throughput for lead-acid battery based on

FEFEIENCE FESEAICI ...ttt 66
Fig. 6.1 load demand for one household resident.............ccccoeovviiieii i, 68
Fig. 6.2 System response for three-day simulation with simple strategies.................. 69
Fig. 6.3 Operating behavior of PEMFC with simple strategies.............ccocoevvivniininnnn. 69
Fig. 6.4 The simple energy management Strategi€S.........ccovvveveeiiierieiieesiie e 70
Fig. 6.5 Block diagram for EMSL........ccccoiiiiiiii e 72
Fig. 6.6 Block diagram fOr EMS2..........ccooiiiiiiiie e 73
Fig. 6.7 Solar irradiance profile in a typical Summer SCENArio ............c.ccoevrvrvrvnnnnn. 74
Fig. 6.8 Solar irradiance profile in a typical winter SCenario...........ccceevveviveiivevneenne. 74
Fig. 6.9 Solar irradiance profile in arbitrarily varying weather scenario..................... 74

Fig. 6.10 System response for three-day simulation with EMS1 in summer scenario 75

Fig. 6.11 System response for three-day simulation with EMS2 in summer scenario 76



Xi

Fig. 6.12 State of charge of the battery in the summer scenario.............cccceeevvevvenenne. 76
Fig. 6.13 System response for three-day simulation with EMSL1 in winter scenario...77
Fig. 6.14 System response for three-day simulation with EMS2 in winter scenario...77
Fig. 6.15 State of charge of the battery in the winter SCenario ............c.ccoevvvivvienenn, 78
Fig. 6.16 System response for three-day simulation with EMSL1 in arbitrarily varying
WEAENEE SCENATO. ... .vvvietietieie ettt ettt bbbttt et e bbbttt e s et e 78
Fig. 6.17 System response for three-day simulation with EMS2 in arbitrarily varying
VLo T or=] T T o TSR 79
Fig. 6.18 State of charge of the battery in the arbitrarily varying weather scenario....79
Fig. 6.19 System response for three-day simulation with suggested EMS in the

arbitrarily varying weather SCENAIO ..........coeiiriiiie e 82
Fig. B.1 Battery voltage comparison between lead-acid and VRFB............c.ccccennee. 94
Fig. B.2 Battery current comparison between lead-acid and VRFB..............c.cccocu...... 94
Fig. B.3 Battery SOC comparison between lead-acid and VRFB .............ccccccovvennne 95

Fig. B.4 Power consumed from PEMEC comparison between lead-acid and VRFB .95
Fig. B.5 Power produced from PEMFC comparison between lead-acid and VRFB...95
Fig. B.6 Dump load comparison between lead-acid and VRFB.............c.ccccoevvennne. 96
Fig. B.7 Battery voltage comparison between EMS 1 and EMS 2 in summer
10010 = T J eSS UR OSSR 97
Fig. B.8 Battery SOC comparison between EMS 1 and EMS 2 in summer scenario .97
Fig. B.9 Battery current comparison between EMS 1 and EMS 2 in summer
o0 0T T o PSSP 97

Fig. B.10 Power consumed from PEMEC comparison between EMS 1 and EMS 2 in

SUMIMEE SCENATTO ...vvevveeveestieteeseesteeseeaseesseesseaseesseeseassesseesseaseesseesseaseesseessessenssensenneensens 98
Fig. B.11 Power produced from PEMFC comparison between EMS 1 and EMS 2 in
SUMMET SCENAKTO ...vvveiuvieitieeiteestteete e stte et e st e e be e st e e beessbe e beeassaesseeasbaesbaeenseesseeanbeeannens 98

Fig. B.12 Dump load comparison between EMS 1 and EMS 2 in summer scenario ..98
Fig. B.13 Battery voltage comparison between EMS 1 and EMS 2 in winter
R0l =10 - T J USRS PPN 99
Fig. B.14 Battery SOC comparison between EMS 1 and EMS 2 in winter scenario ..99
Fig. B.15 Battery current comparison between EMS 1 and EMS 2 in winter

Yot =] 0 U TSR 99



xii

Fig. B.16 Power consumed from PEMEC comparison between EMS 1 and EMS 2 in

WINEET SCENAITO ...ttt sttt bbbttt ettt b ettt e e es 100
Fig. B.17 Power produced from PEMFC comparison between EMS 1 and EMS 2 in
WINEET SCENMAITO ...ttt bbb bbbt 100

Fig. B.18 Dump load comparison between EMS 1 and EMS 2 in winter scenario...100
Fig. B.19 Battery voltage comparison between EMS 1 and EMS 2 in arbitrarily varying
WEALNET SCENAIO......eiiiiiiiiiiesieee ettt ente et eeraesreeneeaneenreas 101
Fig. B.20 Battery SOC comparison between EMS 1 and EMS 2 in arbitrarily varying
WEALNEE SCENATO. ... .vveveetierieie ittt sttt sttt st sttt e e e s 101
Fig. B.21 Battery current comparison between EMS 1 and EMS 2 in arbitrarily varying
WEALNET SCENAMO......eiiiiiiiceiistieie sttt e e s s st e e e e s e nreeneeeraenteeneeaneenrens 102
Fig. B.22 Power consumed from PEMEC comparison between EMS 1 and EMS 2 in

arbitrarily varying Weather SCENArio .........c.ccviviiiieeiiiie e 102
Fig. B.23 Power produced from PEMFC comparison between EMS 1 and EMS 2 in
arbitrarily varying Weather SCENAIIO ........ccvveviiiiiiiiiiie s 102

Fig. B.24 Dump load comparison between EMS 1 and EMS 2 in arbitrarily varying

VAT SCENAITO. ...t ee e ettt e e e et e e et e e e e e e e e e et et e e e e e e e e e et e e e e e e e eeeeeeeeeas 103



LIST OF TABLES

Page
Table 4.1 Parameters for a single diodes model at MRC ..........c..cccooveviiieiicincenen, 34
Table 4.2 Model parameters used in the simulation of PV........c..cccooveviiiviiccncen, 34
Table 4.3 Experiment conditions including date, time solar irradiance and
TEIMPEIALUIE. ..ot s ene e 35
Table 4.4 Model parameters used in the simulation of PEMFC...............ccccoveiviienen. 40
Table 4.5 Model parameters used in the simulation of PEMEC................ccccoeeviienen. 44
Table 4.6 The diffusion coefficient of vanadium ion in different membrane.............. 48
Table 4.7 Model parameters used in the simulation of PEMEC...............ccccocevivinnen. 48
Table 5.1 PV module Specification at ST ......ccccccveiieiiiieeie e 51
Table 5.2 PEMFC module SPeCIfiCatioNS ..........cccceovieiieieiiieiiesie e 51
Table 5.3 PEMEC module SPECITICAtIONS .........cviieriiiiiiiiiiiiieeeie e 52
Table 5.4 Lead-acid battery SpecifiCation ............cccoiieririiinieieeec e 52
Table 5.5 Model parameters of lead-acid battery ..............ccccoveviiiciicviecicceecece, 54
Table 5.6 VRFB SPECITICALION. ......ccciiiiiiieiiciie it 61
Table 5.7 The operation point 0f VRFB ........cccooiiiiiiiiiiiieeceee e 61
Table 5.8 Power data for the operation of the comparison energy management system
between using lead-acid and vanadium redox flow battery.............cccccoveviiiiiienenn, 65
Table 6.1 Power data for the operation of the subsystem for three-day simulation.....81

Table B.1 Power data for the operation of the comparison energy management system

between using lead-acid and vanadium redox flow battery...........ccccoooeviniiincnnnnnn 96
Table B.2 Solar irradiance data in SUMMEr SCENAITO ....evvveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeen 104
Table B.3 Solar irradiance data in WInter SCENAIIO .......veveveeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeen 105
Table B.4 Solar irradiance data in arbitrarily varying weather scenario ................... 106

Table B.5 Load Profile........cooiii s 107



Nernst
E o
exec

pro

mem

Jo

Py,
P,

1
Pho

NOMENCLATURES

Cell active area [cm?]

Concentration at the cathode [ mol L™ ]
Concentration of vanadium ions [molL™]
Energy band gap [eV]

Thermodynamic potential [V]

Standard cell potential at equilibrium point [V]

Activation energy for the electrode reaction [ Jmol™]
Activation energy for proton transport [ Jmol™]

Faraday constant [ Asmol™]
Current [A]
Light current [A]

Diode current [A]

Saturation current [A]

Maximum power point current [A]
Short circuit current [A]
Membrane thicknesses [ cm]
Exchange current density [ Acm™]
Current density [ Acm™?]
Diffusion coefficient [dm?s™]
Partial pressure of hydrogen [ atm ]
Partial pressure of oxygen [atm ]
Partial pressure of the vapor [atm ]

Series resistance [Q ]



R Universal gas constant [ Jmol K™ ]

Internal resistance [Q ]

Ny Membrane resistivity [ Qm ]

T Temperature [°C]

T, Ambient temperature [°C ]

T, Cell temperature [°C]

U, Overall heat loss coefficient

Vv Voltage [V]

V, Number of elementary charges

Greek symbols

a Thermal voltage factor

a Charge transfer coefficients

Yé; Electrode symmetry factor

£ Porosity

/] Solar irradiance

J Temperature coefficient of the short-circuit current
n Ideality factor

A Efficiency of the PV cell

Ta Transmittance-absorption product of PV cell
A Function of membrane humidity

o Cell conductivity

Subscripts and superscripts

a Ambient
an Anode

act Activation
ca Cathode

mp Maximum power point

XV



oc Open circuit
sC Short circuit
ohm Ohmic

con Concentration

Abbreviations

PV Photovoltaic cell

PEMFC Proton exchange membrane fuel cell
PEMEC Proton exchange membrane electrolysis cell
VRFB Vanadium redox flow battery

MPPT Maximum power point tracking

XVi



CHAPTER |
INTRODUCTION

1.1 Background and motivation

The smart grid is an intelligent electrical network system for efficient electricity
management to control the production, transmission, and distribution of electrical
power. There are many challenging technologies involving the smart grid system such
as monitoring, analysis, and control [1]. However, the power generation and
distribution are complicated systems, and no single entity has complete control of this
multi-scale system. The smart grid is also beneficial for the integration of various
renewable energy sources. The renewable energy distribution role in the smart grid is
very significant. It needs to be combined with an energy management system in order
to work efficiently, stably, safely and reliably [2].

Currently, renewable energy usage has grown by 17%, which is above the ten-
year average, and the trend is continuously rising [3]. Renewable energy is derived from
natural resources such as solar, wind, and water. However, it is generally unpredictable
and changes with time and seasons, causing an unbalance of the energy supply and
demand. To achieve good energy management, energy storage technology is required.
Energy can be normally stored in many forms according to the energy production
method such as mechanical, electromagnetic, electrochemical, chemical energy, etc.
When considering the operational behavior of energy storage, it can be classified as
short-term and long-term energy storage. Battery and supercapacitor act as the short-
term energy storage device which can increase the system safety under various
constrained conditions, for example, during the start-stop of long-term energy storage
with slow dynamic operations. Also, it can supply energy during the lacking energy
period but the power supply is unstable and changes with the charge stored in the
device[4]. While long-term energy storage will have a slower dynamic but it can
provide more stable power. A diesel generator is widely used as long-term energy
storage, but this generator requires high maintenance costs and creates environmental
pollution. In order to reduce these effects, hydrogen technology is developed to be able

to compete with diesel systems due to high performance, lower maintenance, and no



emissions. Both types of energy storage are used together to compensate for the
disadvantage of each type of equipment and the energy management system should be
systematically designed.

The hybrid renewable energy system is defined as the integration of two or more
renewable energy devices. It can be classified according to the system connection, i.e.,
the stand-alone system [5-7] and grid-connected system [8-11]. The difference between
the two topologies was mentioned by Kaundinya and Ravindranath [12]. For the grid-
connected system, there will be a power plant as backup energy storage. Thus, ensuring
that there is sufficient energy to supply the system. The study of this system will analyze
the quality of electricity and the distribution of energy in the energy market. While the
stand-alone system will not connect to the grid. The problem with this system is the
power supply to meet the load demand. Therefore, unit-sizing should be determined
appropriately. In addition, the energy management system used must have good
reliability and performance. Consequently, the hybrid renewable energy system for
stand-alone applications needs to include a renewable energy system along with a
backup energy storage system.

The photovoltaic array (PV) system is a clean energy source powered by solar
energy. PV systems directly convert solar energy into electricity. It offers the
advantages of long service life with minimal maintenance [13]. In order to enable
photovoltaic cells to operate with the highest efficiency, the maximum power point
tracking (MPPT) technique is needed to sustain the operating point with maximum
performance and power at a particular time [14]. In addition to the renewable energy
source, a hydrogen energy storage system using electrolysis cells is used as a long-term
application. The generated hydrogen can be used to produce electrical energy through
fuel cell technology. Among the various type of electrolysis and fuel cells, the proton
exchange membrane (PEMs) fuel cell and electrolysis cell are wisely choices for
residential applications due to its low operating temperature and rapid startup time [15].

For short-term energy storage systems, lead-acid batteries and lithium-ion
batteries are used in a variety of research relating to renewable energy systems [16-18].
Lead-acid batteries have low energy density and life cycle while lithium-ion batteries
have four times the energy density and have twice the lifetime of lead-acid batteries.

On the other hand, the charging methods of lithium batteries are more complex, suitable



[19]. It is suitable for the use that requires the quality of the battery, for example, for
mobile devices. When considering only the price and capacity, lead-acid batteries are a
good alternative for use with energy management systems.

Vanadium redox flow batteries have been studied and developed for decades. It
is electrochemical energy storage, which contains an electrolyte flowing through the
membrane at the time of operation and returning to the same storage tank. This
operating method makes this type of battery system to have a long service life and high
efficiency [20]. The energy of vanadium batteries is stored in storage tanks, making it
easier to increase the capacity by simply increasing the size of the storage tank.
Vanadium batteries have a low operating cost and tend to have lower production costs
in the future. Weber and his research team studied the lifespan of vanadium redox flow
battery compared with lithium-titanate battery. They concluded that the vanadium
redox flow battery has a longer life and can be recycled. In addition, the vanadium
redox flow battery is a good choice for stationary battery [21]. Uhrig compared lithium
batteries (LiB) with vanadium redox flow batteries for household energy storage. They
found that lithium batteries have better performance in energy saving based on the given
conditions. However, the vanadium redox flow battery can compete with lithium
batteries at high efficiency, and the vanadium redox flow battery has the size flexibility
according to the system [22].

In order to efficiently integrate different energy storage types into a renewable
energy system with safe operation, it is necessary to have an energy management
strategy. The appropriate energy management strategy allows the system to supply
enough power to the load, increases the device lifetime, decreases operating costs, and
increases the system efficiency both technical and economic aspects. The objective of
the power control strategy can be classified into four main topics consists of ensuring
the demand, considering by technical decision factor, considering by economic decision
factor or both decision factor. The different power management strategies were studied
in [23] and decided the best strategy to apply in their work. The impact of seasons on
the amount of energy from renewable energy generators was studied to ensure that the
energy storage in their system can supply the power to the load with the smooth

operation [24, 25]. However, the analysis of seasonal effects includes the use of



different energy management strategies to find a suitable strategy for each season that

has not been studied, especially in Thailand.

In this study, the author proposes the use of vanadium redox flow batteries
(VRFB) and energy management strategies for hybrid renewable energy management
systems that consists of a photovoltaic array (PV), proton exchange membrane fuel cell
(PEMFC) and proton exchange membrane electrolysis cell (PEMEC). The simulation
of the energy management system is simulated and compared to systems using lead-
acid batteries in MATLAB to study the behavior of each device in the system and
analyze battery performance. The different control algorithms based on the operating
condition of PEMEC with the effect of climate changes affecting the amount of
electrical energy produced from a renewable energy source (PV) will be discussed to

find the most suitable strategy for each season.
1.2 Research objective

1.2.1 To apply photovoltaic cell, vanadium redox flow battery, proton exchange
membrane fuel cell and electrolysis cell to the non-grid-connected application.

1.2.2 To study the effect of solar irradiance profile on a energy management
system.

1.2.3. To procure energy management strategies that are appropriate for each

situation.
1.3 Scope of research

1.3.1 The simulation of the hybrid renewable energy system is performed in
MATLAB which consists of PV, PEMFC, PEMEC, and VRFB. The reference
mathematical model on each device is based on this research, including the PV model
[26, 27], PEMFC model [28], PEMEC model [29] and vanadium redox flow battery
model [30] respectively. For the load demand profile based on Provincial Electricity
Authority [31] and solar irradiance profiles are taken from AERONET [32].

1.3.2 Develop and apply two energy management strategies that are managed
differently in the minimum power of PEMEC operation with three solar irradiance



profiles (Summer, Winter and Arbitrarily varying weather scenario) to the hybrid
renewable energy system.

1.3.3 Analyze simulation results to find suitable strategies for each scenario by
using the hydrogen consumption by PEM fuel cell, the production rate of hydrogen in

PEM electrolysis cell and the amount of dump load power for decision parameters.



CHAPTER Il
THEORIES

2.1 Photovoltaic cell (PV)

A photovoltaic cell or solar cell is an electrical device that converts the light to

electricity through the photovoltaic phenomenon. The principle of photovoltaic cells

must have 3 basic properties, consisting of the absorption of light to generate electron-
hole pairs or excitons, the separation of charge carriers of opposite types and the
separate extraction of those carriers to an external circuit. The schematic block diagram
of a PV cell is shown in Fig 2.1 [27].

Sun Light
\ Cover Glass and Electron Flow
\ Transparent Adhesive .

Anti-reflecting Coating

Load

RN, Prze. MMM

P-type Semiconductor

and Back Contact Current Flow

Fig. 2.1 The schematic block diagram of a PV cell [27]

An n-type semiconductor is a silicon sheet that passes through the doping
process with phosphorus. Thus, it is able to behave as an electron transmitter when
receiving solar energy. The p-type semiconductor is a silicon sheet that passes through
the doping process with boron which acts as an electron receptor. The solar energy will
transfer light energy to electron and holes. The electrons will move together to the front
electrode while holes will move to the back electrode, which makes the system to be

fully integrated resulting in electricity generation.


https://en.wikipedia.org/wiki/Charge_carrier

2.2 Proton Exchange Membrane Fuel Cell (PEMFC)

A PEM fuel cell is a hydrogen backup storage system. It can generate electricity
using electrochemical reactions according to redox reactions. The substrate of PEMFC
consists of hydrogen and oxygen. The hydrogen bond will be broken on the surface of
the catalyst at the anode side. The products are protons and electrons based on oxidation
reactions. In a fuel cell that uses Nafion as a membrane, only the positive ion can pass.
Therefore, the proton can only move through to the cathode. The electrons move away
from the electrochemical cell to the cathode through the electrical load. The
electrochemical reactions of PEM fuel cells are shown in the equations below

(Egs. (2.1-2.3)) and the corresponding reaction diagram is shown in Fig. 2.2.

Anode: H, > 2H" +2e" (2.1)
Cathode: %Oz +2H"+2¢” - H,0 (2.2)
Overall: H, +%02 — H,0 + Heat (2.3)
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Fig. 2.2 The proton exchange membrane fuel cell diagram [33]



2.3 Proton Exchange Membrane Electrolysis Cell (PEMEC)

PEM electrolysis cell is the reverse process of PEM fuel cell which is the
separation of hydrogen and oxygen from water using electricity. The major advantage
of the PEM electrolysis cell is its ability flexible to operate at high current densities.
The PEMEC diagram is shown in  Fig. 2.3 and the cell reactions are given in (Egs.
(2.4-2.6)).

Hydrogen Oxyge
b @
v e
& @
Hydrogen Oxygen
Bubbles Aubbles
AH" + HODO,+4H" + 4
Cathade Reaction Anofe Reaction

Fig. 2.3 The proton exchange membrane electrolysis cell diagram [34]

At the anode: 2H,0 > O, +4H" +4e” (2.4)
At the cathode: 2H +2¢” —>H, (2.5)
Overall: 2H,0—>2H, +0, (2.6)

At the anode, the water fed into the cell. The oxidation reaction then occurs
which produces oxygen, protons, and electrons. Identically to the PEMFC, the proton
transfers through the membrane while electrons move away from the cell. Eventually,

the protons and electrons will be combined to produce the hydrogen.



2.4 Vanadium Redox Flow Battery (VRFB)

The vanadium redox flow battery (VRFB) stores energy by using an electrolyte
solution which is a vanadium solution in dilute sulfuric acid. The anode contains a
vanadium solution with oxidation number +2 and +3, while the cathode has vanadium
oxidation number +4 and +5. The electrochemical reactions of the vanadium redox flow

battery are shown in the following equations:

At the positive side:

VO + HZO(,;:;‘«——>——E;VO§ +2H +e 2.7)
At the negative side:
Vo e e (2.8)

discharge

In the charging process, the VO ions in the positive half-cell are converted to
VO, ions. The electrons are removed from the positive terminal of the battery. In the
same way on the negative side, electrons are converting the V**ions into V% . In

contrast, the discharging is the reversed process of charging. The schematic of the
vanadium redox flow battery is shown in Fig 2.4.

Electrode Membrane

Eleoctrolyte
Tank

Tank

Pump

Fig. 2.4 Schematic of a vanadium redox flow battery [35]

In the real operating process, the diffusion of vanadium ions through the
membrane cannot be avoided because the diffusion always occurs when the

concentrations of vanadium ions are different between the positive and negative half-



10

cells. This causes self-discharge reactions in each half-cell which degrades the battery
efficiency and loses its capacity due to an imbalance of vanadium ions in the two half-
cells. In Tang and Bao ’s research, they reported the self-discharge reactions following
as [30]:

At the positive half-cell:

VZ 4+2VO; +2H" —3V0* +H,0 (2.9)
V¥ + VO — 2VO* (2.10)
At the negative half-cell:
VO™ +V* +2H" -5 2V* +H,0 (2.12)
VO; +2V% +4H" —3V* +2H,0 (2.12)

2.5 Energy management system (EMS)

The energy management system is a system that can be monitored and managed
the energy consumption to be extremely useful and deal with unnecessary energy to
increase efficiency and reduce resource usage. This system consists of various devices
that work together, including sensor smart meter and an automatic electrical controller.
In this work, we will focus on the energy management of a renewable energy system.
The renewable energy systems can be classified in many ways such as topology,

integration method and the integrated elements which are described as follows.
2.5.1 The classification by the topology

In this classification, it can be divided into a grid-connected and a stand-alone
application. For the on-grid system, the system is connected to the grid. The renewable
energy sources in the microgrid can supply to the local loads and feed into the power
grid when the power is excess. The power grid will be used as the backup system to
ensure that the system can handle the customer load demand. The example of this

topology is presented in Fig. 2.5.
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Photovoltaic Panels

\ Main Grid
I} o L]

DC BUS
DC/DC | = >
Wind Turbines / 1 T
=
l Energy Store System

Fig. 2.5 The example of an on-grid configuration [36]

There are two main advantages of grid-tied systems. First, the on-grid system
will allow saving the money with renewable energy sources such as solar panels which
have good efficiency rates and lower equipment and installation cost. Secondly, the
electricity from the power grid can act as the virtual battery in the backup system
without the need for maintenance or displacement. Especially, there are no significant
losses from the operating of energy storage such as ohmic loss, activation loss, and
concentration loss, etc.

Another proposed topology is an isolated system. When there is no connection
to the grid, this system can be considered as a complete green power system because
the electrical energy is produced from renewable energy sources and energy storage in
the system. The isolated system is demonstrated in Fig. 2.6.

Photovoltaic Panels

Loads

N\

DC/DC

DC/DC

Wind Turbines

s

-

Energy Store System

Fig. 2.6 An example of an isolated system configuration [36]
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Because it is an off-grid system, there is no power to support when there is a
lack of electricity. System reliability and performance are the main problems of this
topology. The complete stand-alone system can harm the security of the energy system
due to the limited renewable sources available. For these reasons, the sizing of

renewable energy devices in the system is important.
2.5.2 The classification by integration method

This classification distinguishes the system depending on the type of internal
interconnection bus which is a physical link between all the energy devices. It can be
divided into DC, AC and hybrid bus which described below.

DC bus

The DC buses are commonly used in small applications because of the many
technical advantages that support its use. We can focus on reducing losses and
simplicity of use and avoiding technical power quality problems [37]. This network
connection requires a lot of converters because most of the current electrical loads must
be supplied with AC. An example of topology based on the DC bus is presented in Fig.
2.7.

Photovoltaic Panels DC BUS

3
=P | DC/DC ——
DC LOADS

Wind Turbines w—==p | DC/DC | ==
T -AC/DC AC LOADS

0\
[

w—p- | DC/AC —
Energy Store System L

- | DC/DC || ey

A

Fig. 2.7 Example of DC bus [35]
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AC bus

For the AC bus, it is widely used in medium and large applications due to the
higher operating voltages than the voltages of the DC bus. The main disadvantage of
this bus is power quality correction. It needs to find electronic loads that can reduce the
power factor which can damage the generators. Thus, it needs to use the filtering and
compensation for electronic devices that increase the complexity of the system. An
example of topology based on the AC bus is presented in Fig. 2.8.

Photovoltaic Panels ACBUS
?
w—p | DC/AC —ip
DC LOADS
Wind Turbines AC/DC ’ =2 B
5 l =——p | AC/AC —_—
' AC LOADS

= | AC/AC —
Energy Store System §

w—p | DC/AC —

\ 4

Fig. 2.8 Example of AC bus [35]
Hybrid bus

In the hybrid buses, each type of bus will match with the same nature of the
load, thus it can reduce the disadvantages of the previous two bus patterns. In the same
way, they must be a more complex control algorithm which works on the different
network and ensures the balance of power at all times. An example of topology based

on a hybrid bus is presented in Fig. 2.9.
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v

Fig. 2.9 Example of a hybrid bus [35]
2.5.3 The classification by integration elements
The main components in the renewable energy system can be divided into 3

parts which are power generation unit, energy storage unit and energy demand.

Generation unit

The common renewable energy sources such as PV array, wind turbines or
hydro turbines. PV arrays can guarantee power during the light which can be predicted
[38, 39]. Wind turbines are unstable of energy sources because the behavior of the wind
is unpredictable and random, therefore the use of remaining components in the system
IS necessary to ensure the energy balance. However, the wind flows through the day
and becomes more intense at night. Hence, it is important to choose the appropriate
location and environment for the operation [40, 41]. According to the above mention,
the use of wind turbines as the only energy source is a minority. In most cases, the
hybridization of PV arrays and wind turbines is considered an acceptable solution [42,
43].

Energy storage system unit

For medium- and long-term energy storage, the hydrogen storage system is used
to supply the demand when the power of short-term energy storage is not enough. The
main elements of this type are fuel cell and electrolysis cell. Other non-renewable
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storage systems are also used as the last choice. The diesel generators are commonly
used which releases environmental pollution [9, 44, 45].

Battery and supercapacitors are often used in short-term energy storage by
helping to stabilize the voltage in the system during transients’ phase on the generation
or load changes. They are conceived as the main component of the system, which
determines the operation of the other component in the systems [46-48].

Energy demand

The energy demand will depend on the application in each location. The isolated
telecommunication stations, residential uses or office uses are examples of different

applications, which have different peak usage periods.
2.6 Energy management control strategy

A good energy management system should have a good control system, a
control algorithm to manage the energy. It is necessary for ensuring a safe operating
system and facing all limiting conditions. When considering many types of research
relating to the power management strategy, it can be summarized into four main topics.

The strategy which ensures the consumer demand

The major objective of this type is to satisfy the power demand, this control
algorithm base on power balance, state of charge (SOC) of battery and amount of
hydrogen depending on the renewable energy elements which use in the system. A

summary scheme of the main characteristic of this strategy is presented in Fig. 2.10.
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Fig. 2.10 Main characteristics of ensuring-demand strategy [36]

The strategy which considers technical decision factor

These strategies take into account technical criteria to reduce the degradation of
the energy device and increase the system's lifetime. The main advantages of this
strategy are medium complexity design and control system, and the system
performance or other optimization objectives will be considered as the results. A

summary scheme of the main characteristic of this strategy is presented in Fig. 2.11.

[
Optimization ) it Design 5 Main Features i Strengths and
Objetive Constrains Weakness

Algorithm

Power balance based on
Power balance complexity
FC & ELEC
Operation Increase
Lifetime
O&M Cost no
optimized
medium-time
Increase
Flow Chart performance
& J

BAT SOC

based on SOC

FC/ELEC

Technical

Optimization

BAT short-time

H, Stock

FC/ELEC/BAT

degradation
Algorithm

& _

('
A

. j
Fig. 2.11 Main characteristics of the strategy with technical decision factors [36]
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The strategy which considers economic decision factor

In addition to the basic principle, this strategy considers an economic analysis
of the systems such as operating and maintenance costs and sizing of the application.
These decision factors help to determine an optimal solution but it does not determine
a favorable operation for energy devices because there are no technical criteria to avoid
the problems relating to the different operating conditions. A summary scheme of the

main characteristic of this strategy is presented in Fig. 2.12.
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Fig. 2.12 Main characteristics of the strategy with economic decision factor [36].

The strategy which considers both technical and economic decision factor

In the last topic, the technical and economic criteria are integrated to increase
equipment lifetime and reduce the operating and maintenance cost. This strategy has an
optimal solution, a technical and economic decision factor. The advantage of this
strategy covers every aspect and closes to the real application. In order to obtain this
realism, the complexity of the optimization algorithm increases too. A summary scheme
of the main characteristic of this strategy is presented in Fig. 2.13.
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CHAPTER Il
LITERATURE REVIEWS

3.1 Component model
3.1.1 Photovoltaic cell

The mathematical model based on the equivalent circuit is widely used to
simulate photovoltaic cells because it is available for simulation in many types of
electrical software. The basic structure of photovoltaic cells is made up of two
semiconductor plates with different doping acting as p-n junction diode. It can be
divided into two types, consisting of a single diode model and two diode models. The
characteristics of simple p-n junction diode were governed by Shockley diode equation
[49]. Kumari and Babu [50] reported the simulation of photovoltaic cells using the ideal
single diode model. It can be described with three parameters, namely the light current,
saturation current, and ideality factor but this model is only used to explain the basic
concept of photovoltaic cell modeling. The model that takes into account the loss from
the resistance between semiconductor and electrodes surfaces or series resistance have
been proposed in a variety of researches. This resistance is determined by the value of
the reciprocal of the derivative of the circuit model at open-circuit voltage condition in
Walker’s research [51], while Weidong et al. [52] and Ulapane et al. [53] derived by
rearranging the equation and using the voltage and current value at maximum power.
Bellini et al. [54] proposed the photovoltaic model derived from Weidong et al. [52]
which did not require a numerical method to calculate the output. In a situation of
temperature variation, the accuracy of the series resistance model decreases due to the
temperature coefficient is calculated. The accuracy of the model is improved by
integrating shunt resistance resulting in reduced temperature sensitivity. The five
parameters model which combining both types of resistors is the most popular. Hadji
et al. [55] proposed the estimation of shunt resistance by the reciprocal of the slope at
short circuit current and De blas et al. [56] recalculates the shunt resistance every time
from the difference between the two resistors at the previous value. Lineykin et al [57].
using Kirchoff’s laws and Lambert-W function to explain the relationship between the

output current and voltage. The assumption of single diode models neglected the effect
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of recombination in the depletion layer between two different semiconductors which
causes current loss. The two-diode model is a more precise solution. Two new
parameters in the equation are saturation current and ideal factor for the second diode.
This photovoltaic model is still an attractive option due to its high accuracy in low
radiation conditions. However, the model used in the aforementioned research will
predict the output current and voltage by using the reference value at standard condition
(1000 W/m?, 298 K) but Zhang et al. [58] proposed a solution to the problem in the
absence of references data at standard conditions. They referring to the reference values

from the measured conditions, which it actually works.
3.1.2 Proton exchange membrane fuel cell

The types of models fall into three categories consist of analytical, semi-
empirical, and theoretical. Analytical models are estimates and limited to predicting
voltage losses for simple designs. Mass, Momentum, and energy conservation are
described in mathematics. The examples of analytical modeling are reported by
Standaert et al. [59, 60]. The isothermal and non-isothermal models were developed by
using the first-order boundary value problems (1%-BVP) to estimate the current density.
This method makes a quick calculation for a simple system. The semi-empirical model
combines theoretical and algebraic equation with empirically to determine the
relationships. The empirical model is performed when the physical phenomena are
complex to the calculation or still do not understand all that. Springer et al. [] developed
a semi-empirical model for a partially hydrated membrane that is related to membrane
conductivity, electrode porosity and water content in Nafion membrane. Amphlett et al.
[61] developed the activation overpotential and ohmic overpotential estimation to
predict the characteristic of the cell. These parameters were correlated with
temperature, partial pressure and current density. The semi-empirical model of
concentration overpotential was developed by Maggio et al. [62]. However, the semi-
empirical models have limitations according to the narrow operating condition range.
It only correlates output with input, so it cannot be used to predict the performance of
a new innovative design. Mechanistic modeling or theoretical modeling the dynamic
and cell voltage equation are derived from physics and electrical chemistry the control

of the phenomenon within cells. Gurau et al. [63] developed a two-dimensional to
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determine concentration of each species and the effect of gas diffuser porosity on fuel
cell performance. The three domains that are considered consist of gas diffusers, gas
flow channels, catalyst layers, and membrane. The gas diffusers and gas flow were
combined into one domain by writing the governing equations for each region in a

similar form. The result was able to accommodate both regions into one domain.
3.1.3 Proton exchange membrane electrolysis cell

The cell voltage modeling of the electrolysis cell of each author has a similar
starting point. It is caused by the sum of the four-term voltage. The first term is the
open-circuit voltage. It can be explained in two forms according to the Nernst equation
and Gibb’s Free Energy. These methods are theoretically identical. However, different
methods exist in the literature review in determining the temperature dependent value
of open-circuit voltage. The using the Nernst equation-based models have a difference
in finding reversible cell potential term. Awasthi et al. [64] and Biaku et al. [29] use
this potential value from the proportion between the product of the change in entropy
and the temperature and Faraday constant which is multiplied by two because there are
two moles of electrons. Dale et al. [65] define the temperature dependent term as
enthalpic voltage causing different forms of the equation which correspond to Garcia-
Valverde et al. [66]. Marangio et al. [67] use the application of Gibb’s Free Energy-
based model and applied the non-standard temperature and pressure term. It is evaluated
at both sides of the electrolysis cell, so the specific temperature dependent term of both
species is calculated. The advantage of this method is its reliance on acceptable
empirical data for enthalpy and entropy as opposed to using only the fitting parameter.
However, this method is complicated to calculate because there is the use of large
thermodynamic lookup tables. The using the Nernst equation-based model is more
computational efficiency and the temperature dependent model was developed to
reduce the errors that can replace the Gibb’s Free Energy approach.

The second term is the activation overpotential term. The Butler-Volmer
expression is widely used to predict this value. The important parameters in this
equation are the charge transfer coefficient and the exchange current density. In most
cases, the charge transfer coefficient of both sides is set to be equal to 0.5 according to

assumption. The effect of the temperature dependence of the charge transfer coefficient
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was reported by Biaku et al [29]. They indicated the charge transfer coefficient and
another parameter at varying temperatures. A good estimation is important in predicting
the precise of the characteristics of electrolysis cells. The exchange current density is
determined by many physical parameters based on the catalyst which are difficult to
quantify. This is an important problem as the polarization curves are heavily sensitive
to the exchange current density. There are values of exchange current density which are
different in each research [68]. Due to the variable exchange current density is a wide
range, most researchers select values that are fit to the experimental data. Garcia-
Valverde et al. [66] apply an Arrhenius expression to the temperature dependence of
the exchange current density model which increases the effective range of a model.
The ohmic overpotential is mainly caused by membrane resistance. The proton
conductivity through the membrane is the main parameter for determining the
resistance. Many approaches exist to modeling, most of these models have been
developed for the fuel cell modeling which consists of conductivity term that takes into
account the water content and temperature dependent term. The value of the water
content is disputed because of the possibility of Schroeder’s paradox which reported in
Bass et al. [69] and Onishi et al. [70]. Choi et al. [71] developed a membrane
conductivity model based on Grotthuss diffusion which relied only on the physical
parameter of the membrane. The water content is a major issue on fuel cells but in the
electrolysis cell, it can be neglected because the membrane can be considered fully
hydrated [66]. For concentration overpotential, this term can be described by Fick’s law
but it occurs when the current density high enough to hinder the reaction by the number
of molecules that react too much. It can be avoided by operating below the limit of

current density [65].
3.1.4 Vanadium redox flow battery

The mathematical model of vanadium redox flow battery can be divided into 2
types which are a multi-dimensional model and a zero-dimensional model. You et al.
[72] developed a two-dimensional stationary model based on universal conservation
law. The effect of current density, electrode porosity, and mass transfer coefficient was
studied through the single cell. They reported that a decreasing porosity will lead to a

rapid decline in the concentration of the precursor with a higher average value of the
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transfer current density and overpotential. Al-Fetlawi et al. [73] studied the non-
isothermal with a two-dimensional model and combined it with a kinetic model. The
variation electrolyte flow rate and heat loss to the environment is simulated at different
conditions to observe the charge/discharge characteristics. The rise of temperature
decreases the deviation of cell voltage from the equilibrium value. Ma et al. [74]
developed a three-dimensional model for negative half-cell with isothermal. The
simulation result is shown that the distribution of electrolyte velocity in the electrode
has significant on the concentration, overpotential and transfer current density.

The complexity of the multi-dimensional model leads to reduced computational
efficiency and increased time spent. To study factors other than those mentioned above,
for example, capacity, life cycle, etc., zero-dimensional models were developed which
in which each model has different parameters depending on the assumption of the
authors. Tang et al. [30] proposed the dynamic model that is considered the effect of
ion diffusion and side reaction which causes the self-discharge phenomenon and
capacity loss. Three different types of membranes are used to study the effects of
imbalances and reduced capacity of the battery. The efficiency of the capacity depends
on the diffusion property of the membrane which a high rate of diffusion will increase
the capacity performance after 200 cycles. Bhattacharjee and Saha [75] proposed the
self-discharge voltage model by a controlled current source and a shunt resistance. This
resistance is a variable parameter which varies with the concentration of each species.
The proposed model is applied for investigating the system performance with a
dynamic optimal flow rate. They show the proper flow rate for each SOC range which

helps maximize overall efficiency.
3.2 The operation of the equipment

To increase the system performance, designing suitable control methods and
reduce degradation during the normal operation, it is necessary to consider the proper

operating condition of the subsystem.

3.2.1 Photovoltaic operation
In solar power sources, the maximum power point tracking (MPPT) is allowed
to improve performance and production at a particular time. Husain et al. [76] reviewed
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the methods for maximum power based on different parameters. Faisal et al. [77] using
fractional short circuit current method to determine the maximum power from the linear
relationship between the maximum current and the open-circuit current. The maximum
current can be determined from the fixed percentage of short circuit current which is a
constant of proportionality and is called the current factor. Another major technique is
voltage-based maximum power point. This technique is used in Ahmed’s research [78].
It is based on a similar idea to the fractional short circuit current method. Measuring
the open-circuit voltage of the solar panel will help to find the operation point at a
constant of proportionality of open-circuit voltage. The Perturb-and-Observe (P&O) is
the most commonly used in this research area. The working voltage is perturbed by a
power converter which will change the value of power to find a maximum point. The
range of voltage perturbation is very important. The large range gives fast-tracking but
it makes a large fluctuation nearly the peak. On the other hand, a small range will make
slow tracking but make a few noises in the control scheme. Ahmed and Salam [79]
improve the efficiency of this algorithm by reducing the steady-state oscillation and
develop the algorithm to eliminate the wrong tracking direction. The proposed
algorithm can increase the tracking performance by 2%. When considering the accuracy
and speed of prediction, the first two techniques have a low accuracy due to the use of
a single constant parameter for estimation in all situations and the speed is at a medium
level. While the P&O algorithm has higher accuracy and speed depending on the rang
of voltage interference. If taking the operation cost into consideration, the
computational or lookup table method is most suitable. It is formulated based on the
experimental data or predefined equation to find the maximum power point. Scarpa et
al. [80] applied this method and compare with fractional open circuit voltage method.
The simulation results were shown the higher tracking efficiency and suitable for low-
cost PV system. However, it is not true maximum power point but the tacking is near

to the exact maximum power.
3.2.2 Fuel cell and electrolysis cell operation

The degradation in the start-stop cycles of the equipment is an important issue
for both systems. Lin et. al. [81] are studied the effect of start-up and shut-down cycle

on the performance of proton exchange membrane fuel cells (PEMFC). The reverse
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current between cathode and anode causes a potential voltage and the oxidation of
carbon in the plates, decreasing active surface area, which results in increasing of ohmic
loss as shown in Fig.3.1. The decreasing of the electrochemical area leads to the

increase charge transfer coefficient of the oxygen reduction reaction.
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Fig. 3.1 Electrochemical surface area of cathode after start-up and shut-down cycles
[81]

Haruni et al. [82] studied the operation of a standalone hybrid renewable power
system. Fuel cells are defined to perform in the ohmic region, which has linear behavior
in the polarization curve. The operation range is consistent with Bizon et al. [83]. The
maximum efficient point (MEP) has been chosen as an operation point as Fig.3.2, which

is in the ohmic region.
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Fig. 3.2 The fuel cell net power characteristic [83].

For electrolysis cells, the low power operation can cause pressures drop between
the anode and cathode resulting in a low purity product due to the crossover flow from
one electrode to another [84]. While the operating at high power, hydrogen and oxygen
gas bubbles evolve at the anode and cathode respectively, thus the bubble resistance
increases and reduce the system performance. Zeng and Zhang [85] illustrated all

species of energy losses as Fig. 3.3.
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Fig. 3.3A comparison of all species of energy losses [85].
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The operating range should be between the two-point mentioned earlier. For use
in the energy management system, Ulleberg [86] reported the different operation of the
electrolysis cell by comparing the constant and variable power modes. The simulation
results were shown the benefit of variable power mode rather than the fixed mode. The
operation in variable power mode is less operation time and frequency of switch on/off

time than fixed power mode.
3.2.3 Battery operation

For lead-acid battery, the battery degradation on the use of high discharge
depths. In Rodolfo et. Al. research [87], they compare the different lead-acid battery
lifetime prediction models and study some parameters that affect the battery lifetime.
The state of charge that disable supplying energy to the load and the state of charge to
reconnect to the load is determined at different conditions to predict the service life of
the device. The simulation results show that the determination of the minimum state of
charge increase, the battery lifetime also increase too. These results are consistent with
Crossland et. al. research [88]. The maximum capacity has fallen to 80% of nominal
capacity is an optimum condition. The charging process is another important process as
well. The fast charging method requires high voltages and high current. It causes
inefficient charging processes, which may cause overcharging if not controlled.
However, a slow charging process is a safer and more efficient charge but takes a long
time. In addition, other factor needs to be considered, for example, the charge
imbalance, etc [89].

For the vanadium redox flow battery, Jirabovornwisut [90] studied the effect of
the operating condition on battery performance. In the study of the effect of current
density on battery voltage, the charging and discharging take less time at high current
but the SOC range at the upper and lower limit is also narrow. Likewise, the total
overpotential increases when the current is increased and the ohmic overpotential has
the highest change. The optimal condition for battery capacity and power design is 120
mA/cm. The effect of vanadium concentration at different initial concentrations was
investigated according to the concentration range 1.4-2.0 M. The simulation results
were shown the higher initial concentration has a long charging and discharging time

due to the increased battery capacity. The SOC upper- and lower-limitation were
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expanded. For the long-term operation, the high vanadium concentrations still had

greater capacities than lower concentrations throughout 200 cycles.
3.3 Energy management strategies

Ahmed [78] has proposed a grid-connected energy management system to
ensure demand with the goal of focusing on the algorithm design to control the power
converter to connect various components in the system and determine the appropriate
operating point for each device. The main sources of energy are wind and solar. If the
production of energy exceeds the demand, it will sell energy to the grid. If there is a
shortage of energy, the fuel cell will provide energy to the system. If not enough,
electricity will be used from the grid. Xiafeng et al. [91] studied isolated micro-grid
systems which are low-voltage power systems that combine the power generation,
electrical loads and energy storage systems to work together as on system. The main
objective is the study of different control algorithms for power converter to ensure an
optimum operating point. The energy that is not being used will be discarded by
dumping load. The electrolysis cells are used to absorb excess energy and Haruni et al.
[82] reported the renewable energy system consisting of wind turbines, fuel cells,
electrolysis cells, and batteries. The energy management strategies are based on wind
and load demand forecasts. Determining the maximum amount of acceptable load,
including equipment priority and operation of each subsystem depends on the different
operating points of the battery state of charge (SOC) and the system response depends
on the accuracy of the wind forecasting.

From the above researches, the short-term energy storages are responsible for
absorbing energy during the interaction of each device in the system and stabilizing the
power balance between a maximum and minimum state of charge and reducing the
occurrence of excess energy (dump load). Short-term energy storage applications can
limit the use of hydrogen energy storage, which helps the components in the system to
have a lower rate of degradation. Fuel cells and electrolysis cells are used in cases where
there is a power deficit or too much excess energy respectively. In some studies, there
is no indication of the state of charge of battery or ultracapacitor as a system design
parameter. The conditions for enabling and disabling the hydrogen energy storage

system are only determined by power balance. This causes frequent shutdowns of the
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system which will reduce the lifetime of the device. It can be seen that the limitations
that will determine the operating point of each device to support different purposes,
such as increasing lifetime or system optimization, are not considered.

In order to increase the system lifetime, the different systems being used to
reduce the deterioration caused by the start-stop cycles of fuel cells and electrolysis
cells have been studied. Zhou et al. [92] proposed the solutions for the degradation of
fuel cells and electrolysis cells in a system that uses solar resources as the primary
electricity source and batteries will be used as a last resort. The implement a strategy
based on hysteresis band operation for battery SOC is developed. This strategy will
determine the start-stop cycles of hydrogen energy storage. Fuel cells will operate in a
constant mode to avoid the power transient operation. The electrolysis cell in variable
power mode is more efficient. This strategy outlines possible solutions to extend
equipment lifetime, reduce operating cost and avoid faults related to incorrect
operations of the system. Like Tesfahunegn et al. [93], the state of charge is a parameter
that determines the start-stop conditions of electrolysis cells and fuel cells but this
research focuses on reducing the size of batteries to avoid the deterioration caused by
overcharging. Bulk charging and bulk discharging are determined as a special operation
mode of the battery. The fuel cells and electrolysis cells are being used at full power so
the batteries are in safe operation. The genetic algorithm is applied in Carapellucci and
Giordano [94]. It can solve problems in terms of size, cost and lifetime of each
component. Diesel power generators are used in Ziogou et al. [95] and Giannakoudis
[96] in the case of severe energy shortages to ensure a power balance in the system.

There are a variety of researches that focus on weather and load demand
forecasting to consider the need for hydrogen energy storage systems in the next
iteration steps, which will improve system performance. Brka et al. [97] proposed the
using of artificial neural networks (ANN) for load demand and weather forecasting in
an interval of fewer than two minutes. With the results of forecasting and current state
of charge of the system, which will determine the operation to allow the battery to
charge and discharge or the operating of fuel cells with reference energy of each device.
This strategy will be able to determine the efficiency of fuel cells and avoid unnecessary
start-stop cycles, which help reduce degradation. In Miland and Ulleberg [98].The

amount of hydrogen stored is determined as a key decision variable for the system,
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including the generation and load forecasting, which will consider three different
strategies. The first strategy has a minimum power of electrolysis cells along with the
discharge of the battery if it was necessary. The second strategy will specify the
operating point of the fuel cell in the most efficient range, which will specify the
minimum and maximum energy which can support form fuel cells. The third strategy
will focus on reducing the number of operating cycles in the equipment, which will
cause the reducing of overall start-stop cycles.

When considering the economic aspect, the complexity of optimization
problems will be raised due to the limitations of economics that have an effect on the
choice of operating strategies. The parameters related to the lifetime and expense for
deterioration of the device will be calculated in multi-objective optimization [99].
Garcia-Trivino et al. [100] applied particle swarm optimization to different three
strategies to demonstrate the correct operation. The algorithm response has different
values depending on the goals, which include cost reduction, increase system
performance and lifetime of the devices, respectively. The priority of the operation of

each device depends on the results of each strategy for each use.



CHAPTER IV
COMPONENT MODELING AND MODEL VALIDATION FOR
HYBRID RENEWABLE ENERGY SYSTEM

4.1 Mathematical model and model validation for Photovoltaic cell
4.1.1 Model assumptions

The mathematical model of PV which used in this research is based on a single
diode equivalent circuit consisting of the diode, shunt resistance, and series resistance
[26]. Since the shunt resistance is large enough, it can be neglected. The simplified

equivalent circuit can be explained by the four-parameter model that shown in Fig 4.1.

Fig. 4.1 The simplified equivalent circuit.

4.1.2 Mathematical model

From Fig. 4.1, The relationship between the output voltage (V ) and load current
(1) can be expressed as Eq. (4.1)

I:IL—ID:IL—IO{exp(VHRSj—l} (4.1)

a

The four parameters consisting of light current (1 ), saturation current (),
series resistance (R,) and thermal voltage factor (« ). In Eq. (4.1), it is only the last
step to define the I-V characteristic. Actually, the above four parameters are functions
of solar irradiance and temperature with the following calculation procedures as EgQs.
(4.2-4.11)

| = @i[ e + s (To =T )] (4.2)

ref
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The light current (I ) can be determined based on the light current (1 _ ) and

solar irradiance (@

ref

) at the reference point with the temperature coefficient of the

short-circuit current ( 4, ¢ ). Similarly, the saturation current (1,) can be expressed in

terms of the value that the reference condition in Eq. (4.3)

3
T, . +273 )7 —qe
Ly =1y, | = —— nexp Coap 1 1 (4.3
T+ 273 nkN, | T.+273 T, +273

c,re

where qis the number of elementary charge, e, is energy band gap of the

p
materials (1.12 eV for crystalline silicon and 1.75 eV for Amorphous silicon), 7 is the
quality factor for the diode (n=2 for crystalline and less than 2 for amorphous material),

k is Boltzmann constant and N, is the number of cells in series of the PV module. The

saturation current at the reference point can be calculated as Eq. (4.4)

V
IO,ref = IL,ref exp(_ il J (44)

aref

The thermal voltage timing completion factor is a function of temperature and

it can be determined from the value at the reference point (., ) as Eq. (4.5). This value

can be calculated in two ways:

T, +273
aref
T . +273

c,ref

(4.5)

In the case that there is a manufacturer datasheet, this factor at reference

condition can be determined by maximum power point voltage (V

mp,ref

), maximum
power point current (I, ) and short circuit current (1 . ) as Eqg. (4.6).

2V -V
a _ mp, ref oc,ref (46)

ref | |
sc,ref + In 1_ mp, ref
Isc,ref - Imp,ref Isc,ref

In the other case, the raw materials used for PV are known. The equation was

expressed as Eq. (4.7)
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N, 77K+ (T, o +273)
ref — q

(4.7)

The last parameter is a Series resistance (R,). This resistance value is usually

provided by a manufacturer. If not provided, it can be estimated as Eq. (4.8)

|
mp, ref
o In (1_ +Voc,ref _Vmp,ref

sc,ref

R =

. | (4.8)

mp, ref

The operating temperature can be estimated from a simple lumped thermal

model [101]. In this work, the relationship of PV cell temperature (T ) ambient

temperature (T,) and solar irradiance (@) can be expressed as Eq. 3.8
T =T, +[@(ra/UL)][1—(nc /ra)] (4.9)

WhereU  is the overall heat loss coefficient, 7, is the efficiency of the PV cell

and zais the transmittance-absorption product of PV cell (0.9). The ratio between z«

and U, depends on nominal operating cell temperature (NOCT) conditions [102].

4.1.3 Model validation

From Zhang et al. [58], They studied I-V characteristics using single-diode
combined with an explicit analytical model. Normally, the determination of the current
value of the solar cell requires the reference data at standard reference condition (SRC)
at solar irradiance 1000 Wmand 298 K. However, the reference conditions obtained
from the measurement (measured reference condition: MRC) at solar irradiance of 398
Wm2and 296 K are used in this research. The research model will be examined with
the real test using solar panel LNPV-125* 125-F/C monocrystalline silicon, by data at
MRC as table 4.1.



Table 4.1 Parameters for a single diodes model at MRC (398 Wm
Parameters Symbols  Value
Short-circuit current I 155 A
Open-circuit voltage Ve 40.15V
Light current I 1.5504 A
Diode saturation current I 2.42x107 A
quality factor n 1.395

In order to apply this information to the simplified single-d

34

~and 296 K)

iode solar cell model

used in this thesis, it needs to calculate backward by using the Egs. (4.2-4.8) to get the

parameters at standard reference condition (SRC). All parameters used are shown in

Table 4.2.

Table 4.2 Model parameters used in the simulation of PV

Parameters Symbols Value
Short-circuit current, (A) I ref 3.99
Open-circuit voltage, (V) Ve ref 42.84
Light current, (A) e 3.98
Diode saturation current, (A) Lo rer 2.4478x10°"
Ideality factor n 1.395
Series resistance, (£2) R, 0.56
Thermal voltage factor, (V) o 2.58
The energy bandgap of the materials, (eV) €qap 1.17
number of elementary charges, (C) q 1.602x107"
Boltzmann constant, (JK™) k 1.38065x10 %

Temperature coefficient of the short-circuit current 4, o

Number of cells in series N,

0.06 %

72
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To calculate the load current according to Eq. (4.1), the Newton Raphson

method is used to find the answer rearranged the PV model as Egs. (4.10-4.13).

f(x):l—IL—I{exp(UHRSJ—l} (4.10)
(94
f'(x):—l—loi[exp U+'R5j—1} (4.12)
(04 o
{lL—|—|0_exp(U+'R$]—1ﬂ
[04
f(x)=1- - (4.12)
. exp(UHRSJ—l}
al| a

The test of the model is divided into 6 cases as shown in Table 4.3. The

simulation results compared with the real operation are shown in Fig. 4.2. From the

simulation results, it shows the consistency of the model with the behavior of

photovoltaic cells as well.

Table 4.3 Experiment conditions including date, time solar irradiance and temperature

Date Time @ (Wm?) T(K)
C1 April 10 1:15 p.m. 790 316
C2 May 30 1:45 p.m. 1135 345
C3 April 11 8:40 a.m. 389 296
C4 May 25 3:30 p.m. 82 302
C5 March 20 11:20 a.m. 737 298
C6 March 20 2:10 p.m. 635 322
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Fig. 4.2 1-V characteristic obtained from the simulation compared to the experiment.
4.2 Mathematical model and model validation for Proton Exchange Membrane
Fuel Cell (PEMFC)

4.2.1 Model assumptions

The behavior of PEMFC depends on the range of operating factors, such as
pressure, membrane water content, and temperature, resulting in high nonlinearity. To

simplify the model, the assumptions based on previous similar research [33] are shown

below.
1. The model is described by the one-dimensional and lumped model.
2. The reactants are saturated vapor.
3. All gases behave as ideal gases.
4. The membrane is fully saturated with water
5. Pure hydrogen is fed into the anode side and the air is fed into cathode side with

21% oxygen.

6. The system is isothermal and the temperature is uniform throughout the stack.

4.2.2 Mathematical model

In general, the characteristic of PEMFC can be explained by the polarization
curve, which shows the relationship between the output voltage and current density.
The output voltage of the PEM fuel cell can be explained by the summation of 4 terms

of the voltage, i.e., electric potential according to the thermodynamic theory (E,., . ).
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overpotential from chemical reactions (V,

ct

), overpotential from electrical resistance (

V,.») and overpotential from concentration (V_,, ). The equation can be expressed as

Eq. (4.13) [28].

VPEMFC =E _Vact _Vohm _Vcon (413)

Nernst

The thermodynamic potential (E,..) is the open circuit condition at

thermodynamic balance. It can be calculated by the Nernst equation as Eq. (4.14) [28].

o RT , . \05
ENernst:E +E|n|:p Hz(poz) jl (414)

where E°is the standard overpotential, p', is the partial pressure of hydrogen,
p'o, is the partial pressure of oxygen, R is the universal gas constant, F is the Faraday

constant, T is the fuel cell temperature. The deviation from the standard condition can

be determined in a temperature dependent expression for E°as given in Eq. (4.15)

E =1.229—8.5><10‘3(T—298.15)+%In[p'H2(p'oz)m] (4.15)

Nernst

The activation overpotential (V. ) is caused by a low chemical reaction rate

ct

which may occur at any stage in the reaction such that the anode reaction as Eq (4.16)
AcA +e (4.16)

While the open circuit has no current flowing through the cell, the reaction rate
according to Eq. (4.16) from the left to right side and from the right to left side is equal
due to the equilibrium condition. When electricity flows out of the cell, the reaction rate
from left to right is more than one and the electric potential is reduced to constant. The

empirical model [61] is widely used in this term.

V., = —[51 +ET+&T[In(cy, ) [+&T [In(1 )ﬂ (4.17)

where c’, is the oxygen concentration at the cathode, | is the cell current and
&.&,,&;, &, are the parameter coefficients. The more generalized steady-state model is

given in [61] can be adopted as
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& =-0.948
&, =0.00286+0.0002In(A)+4.3x10°In(c",, )

£, =7.6%x107
£, =-1.93x10"
where Ais the cell active area and ¢, is the hydrogen concentration at the anode.

The concentration of oxygen and hydrogen at the electrode can be determined

by Henry’s law as

C'o, = P'o,x1.97x107 exp(%BJ (4.18)
' ) 7 —77
C'y, = P'y,x9.174x10 exp(Tj (4.19)

In fuel cells that use acid or base solutions as electrolytes, the internal resistance
is low because this electrolyte has good electric conductivity. In the case of the proton

exchange membrane as the electrolyte of the fuel cell will make the overpotential from

electrical resistance (¥, ) is high value because the proton exchange membrane uses

fewer ions than acid or base solution. The ohmic voltage term is given by Egs. (4.20-
4.22).

Vo = =R (4.20)
where R_is the internal resistance is expressed as [61].
r Imem
R =20 (4.21)
T 2
181.6/1+0.03j+0.062| —— (j)2-5
303
"o (4.22)

M
[4-0.634-3 j]exp{4.18(T _T303ﬂ
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where j is the current density, r, is the membrane resistivity, |, is the

m

membrane thickness, A is the effective cell area and A is a function of membrane
humidity (10—23).
The overpotential from concentration 1 is caused by the fuel or oxidizing

agent being used too much, and the effect of the reaction that occurs at the electrode
can cause the reduction of concentration or pressure of the substrate according to the
Nernst equation. This problem often occurs with fuel cells using air as an oxidizing

agent. The mathematical model can be expressed as Eq. (4.23)

Rl 0
V _ZFIn[ _ J (4.23)

where j__is the maximum current density (1000-1500 mAcm™?).

The reactant flow rates at the anode and cathode base on the ideal gas law and
molar conservation while the dynamic model of the partial pressure of hydrogen is

simplified by assuming that pure feed flowing into the channel as follows

dp,, RT(. JA
. V_(mHz,in —Ka ( Py, — palm)_Ej (4.24)

an

4.2.3 Model validation

From Mueller et al. [103], they studied a quasi-three-dimensional dynamic model
of PEMFC compared with the experiment and design in the operating area of 25 cm?.
The membrane used in the fuel cell is Nafion 112. At the anode, the reactant is high
purity hydrogen and the cathode is dry air which is humidified by the transmission of
external bubble humidifier in each gas line. The flow rates of hydrogen and air are
controlled and measured by two mass flow controllers. The humidity temperature of
the substrate is controlled by the humidity modifier. In this experiment, the specified
fuel cell temperature is 70 °C and the pressure is 1.1 bar. The model parameters used
for PEMFC simulation are given in Table 4.3, and the result compared with the
experimental data is shown in Fig. 4.4. The simulation result shows good consistency

with experimental data.



Table 4.4 Model parameters used in the simulation of PEMFC

Parameters Symbols Value
Reference potential, (V) E° 1.229
The partial pressure of hydrogen, (atm) Py, 1.086
The partial pressure of oxygen, (atm) P, 1.086
Universal gas constant, (Jmol™K™) R 8.314
Faraday constant, (Cmol™) F 96485
Fuel cell temperature, (K) T 343
Cell active area, (cm?) A 25
Membrane water content A 14
Membrane thickness (Nafion 117), (cm) e 0.0178
1.2 T I
~simulation
& 1 A experimental -
.‘.;.. 08 A & = B
Z ry
S 06F :
04 | L | | | 1 |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

2
Current density(A/cm )

Fig. 4.3 The polarization curve of PEMFC at the experimental condition

0.8

4.3 Mathematical model and model validation for Proton Exchange Electrolysis

Fuel Cell (PEMEC)

4.3.1 Model assumptions

40

In this work, the electrochemical model is based on the following assumptions

[29]:

1. All gases are ideal gases.

2. The pressure at the anode side is at atmospheric pressure.

3. The diffusion of hydrogen and oxygen through the membrane is not considered.
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4. The solubility of hydrogen and oxygen in water is negligible.

5. The PEM electrolysis cell system is isothermal and uniform throughout the
stack.

6. The liquid water exerts its saturated vapor pressure at both the cathode and
anode at the prevailing conditions.

7. The CTC of the hydrogen electrode is the same as the symmetry factor (0.5).

8. The symmetry factor at the oxygen electrode is 0.5.

9. The membrane is completely saturated with water; therefore, the conductivity

is only depending on temperature and water management in PEMEC.

4.3.2 Mathematical model

The behavior of PEMEC can be explained by the polarization curve like

PEMFC. Due to the above assumption, the total operating voltage of PEM electrolysis

cell can be described in the summation of Nernst potential ( E, ). activation

overpotential (V, ), ohmic overpotential (V,,, ) [104] as:
Voevee = Enemst TVact T Vonmic (4.33)

The value of the Nernst potential is related to the concentration of the products

and reactants as

P, Po°
Epurg = E° + RL gl riaies (4.34)
V.F Pro

where E° is the cell potential at equilibrium point regardless of the effect of
pressure which can be expressed as [65]:

E° =1.5241-1.2261x10°T +1.1858x10°T In(T ) +5.6692x10'T?  (4.35)

In this work, the partial pressure of hydrogen and oxygen is calculated from the
total pressure at the cathode and anode as:

610 t
NP 17.2694 4.36
Plro =707 p(t 12383 j (4.36)



42

pIO2 = p'an_ p'HZO (437)
p'H2 = plca_ p'HZO (438)
Where p',, , is the partial pressure of the vapor, p', is the partial pressure of

oxygen, p',, is the partial pressure of hydrogen and T is cell temperature in celsius

degree.

When current flows through the electrolysis cell, charge-transference and mass-
transport phenomena at the electrodes must be considered. Assuming no transport
limitations, the Butler-Volmer expression [101] relates the current density to the

at each electrode as:
poE, - (-pNE
=J e R —e Rt (4.39)

The p value is defined as the electrode symmetry factor, which represents the

activation overpotential V.

act

physical ratio of additional energy towards the reduction ( £ ) and the oxidation

(1- ). It can form the expression of the overpotential voltage at the anode and cathode

as follows:
Vact :Vact,an +Vact,ca = Ain In( - J J-’_ A\:a In( - J ] (440)
0,an JO,ca
RT
= 4.41
Aan,ca 20{ F ( )

an,ca

where «,, and o, are charge transfer coefficients and j,,, J,. are exchange

current density at the anode and cathode respectively. The value of exchange current
density can be modeled using an Arrhenius form as described by Eq. (4.42). A value
for exchange current density at the reference point obtained by the polarization curve

fitting from experimental data.

| (442

where E, . is the activation energy for the electrode reaction.

The ohmic overpotential is caused by the resistance of the membrane while the
hydrogen ion moves through it. The mathematical model is shown as Eq. (4.43).
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ey (4.43)
o)

V

ohm

where 1_, is the membrane thickness and o is cell conductivity. The water

content of the membrane is a major problem for PEMFC. However, in the case of
PEMEC, the membrane can be assumed to be fully moist. The electrical conductivity
depends on the temperature and can be modeled by using the reference temperature
with the Arrhenius model as in the Eq. (4.44).

O =00 € 7%[%7iﬂ (4.44)

where E s temperature-independent parameters showing the activation

energy for proton transport in selective membranes.
4.3.3 Model validation

Garcia-Valverde et al. [66] had proposed a simple model for PEMEC at
atmospheric pressure or low pressure which helps to accurately reproduce the behavior
of electrochemistry, temperature and the amount of hydrogen production for
engineering use. The effect of temperature is used to calculate in the range of 20-80

°C . The model parameters used for PEMEC simulation are given in Table 4.5.
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Table 4.5 Model parameters used in the simulation of PEMEC

Parameters

Symbols  Value

The partial pressure of hydrogen, (atm)
The partial pressure of oxygen, (atm)

Universal gas constant, (Jmol"K™)

Faraday constant, (Cmol™)

Membrane thickness (Nafion 115), (cm)

Reference temperature, (° C)

Reference exchange current density, ( A cm™)
Reference membrane conductivity, (Scm™)
The activation energy of the water oxidation, (Jmol™)

The activation energy of proton transport, (Jmol™)

Py, 1 atm
P, 1 atm

R 8.314

F 96485
L 0.0127
Tt 55

Jo ce 10°

00 ref 0.05
E,. 53990.065
Epe 18912.42

The simulation result is compared with the experimental data at the temperature

of 30, 40 70 and 80 °C are shown in Fig. 4.5. The simulation result shows good

consistency with experimental data.

Cell voltage [V]

2:5

T=70

— T=80

0 0:2 0.4 0.6

2
Current density [A/cm |

Fig. 4.4 The polarization curve of PEMEC at each experimental condition
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4.4 Mathematical model and model validation for Vanadium Redox Flow
Battery (VRFB)

4.4.1 Model assumptions

In this work, the electrochemical models and the dynamic model with diffusion
terms of all vanadium ions can be described based on these assumptions to simplified
the model [30].

The room temperature is constant.

The electrolyte flow rate is not taken into account

The physical properties of electrode, electrolytes properties are constant
The volume of electrolytes in each half cell is constant

The electrolytes are perfectly mixed

I A

The side reactions caused by the diffusion of vanadium ions across the
membrane are instantaneous

7. The charge transfer coefficient (CTC) of the anode and cathode is equal to 0.5.
8. The upper and lower cell voltage limits are 1.7 V and 1.1 V respectively for the
end of the charge and discharge process.

4.4.2 Mathematical model
As with general electrochemical energy storage, the output voltage of the cell

explained by the sum of the 4 voltage terms open-circuit voltage (E,... ), activation

Nernst

overpotential ( V,, ), and resistance overpotential ( V,, ). For concentration

hm

overpotential (V,,.;), it will not be calculated due to the above assumption that the

onc,i
electrolyte flow rate is not taken into account.

The open-circuit voltage could be described by the Nernst equation according
to Eq. (4.45) by calculating the difference between the positive and negative voltage.

C 2+C 4+
=V, -V, =E° +ﬂln VoV (4.45)
nF C,: G

V3+

E

Nernst
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The activation overpotential can be represented by the Butler-Volmer
expression as Eq. (4.39). The activation loss of each half-cell can be expressed as Eq.
(4.46).

Vs, = n{;} (4.46)
ToanF Joi

where ¢ is the charge transfer coefficient of each side which is equal to 0.5 as
specified in the above assumptions. n is the number of electron transfer which is equal
to 1 according to Eq. (2.7) in chapter 2. Therefore, it can be simplified to form the
following equation.

2RT [ |
V. =——In|— 4.47
act,i E [ jo'i j ( )

The resistance overpotential or ohmic loss consists of resistance from the
membrane, electrode and electrolyte as shown in Egs. (4.48-4.51) [105].

et L o
O-e O-mem Gelec
()
o =73 ‘" (4.49)
O = WA > 22Df¢, (4.50)
elec RT - i i i
D" =£¥°D, (4.51)

The electrolyte resistance model is complicated in the calculation and has very
little effect on ohmic overpotential, so it can be neglected. Therefore, the term
resistance over potential is calculated only from the membrane and electrode resistance.

In order to find the concentration of each vanadium ion at any time, molar mass
balance dynamic equation associated with the diffusion term according to the chemical

reactions shown in chapter 2 is shown as Egs.(4.52-4.55).

dC 2+ j
v, _ A 2&3—2k5&s—k4&s (4.52)
dt zF d d d
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dc .. i

v, v _y A 335+3k5&5+2k4&s (4.53)
dt zF d d d
dC4+ j

v, vt _y A 4&3+3k2&3+2k3%s (4.54)
dt zF d d d
dC5+ j

v, _y A 5&8—2k2&8—k3&8 (4.55)
dt zF d d d

where ¢, isthe concentration of V% jons (molL™")
C. isthe concentration of VV** ions (molL™)
C,. isthe concentration of V* ions (molL™)

c, Isthe concentration of V* ions (molL™)

K, is the diffusion coefficient for V> across the membrane (dm?s™)
K, is the diffusion coefficient for V** across the membrane (dm?s™)
K, is the diffusion coefficient for V** across the membrane (dm?s™)
Ks is the diffusion coefficient for V** across the membrane (dm?s™)
V, is the volume of half-cell solution (L)

A is electrode surface area (cm?)

z is the number of electrons transferred in the reaction

d is the membrane thickness (dm)

S is the membrane area (dm?)

4.4.3 Model validation

Ngamsai and Arpornwichanop [106] analyzed and measured the electrolyte
imbalance level in the vanadium battery. During the electrolyte preparation process,
vanadium pentoxide powder is dissolved in the sulfuric acid solution. The concentration
of the prepared vanadium solution is 1.6 mol L™ which fits with a half-cell battery of
10x10x3 cm in a system that uses an electrolyte with a volume of positive 260 ml.
and negative 250 ml. The process of charging and discharging is done in constant
current mode (CC) with 3 current adjustments, 10A, 15A, and 20A. The membrane

used in the research is Selemion APS-4. Due to lack of diffusion coefficient data, the
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selemion AMV is also chosen, which is the same type of membrane. The data of the
diffusion coefficient are shown in Table 4.5 [30]. In the simulation, there are variables
used to adjust the coefficient so that the simulation result is consistent with the
experimental results with an approximate value of 3.5-3.9 times of Selemion AMV.
The model parameters used for VRFB simulation are given in Table 4.6. The simulation
results of the open-circuit voltage are shown in Fig. 4.6 and the VRFB cell voltage are

shown in Fig. 4.7.
Table 4.6 The diffusion coefficient of vanadium ion in different membrane

Membrane  k, (dms™) k, (dms™) k, (dms™) k. (dms™)
Selemion CMV ~ 3.17x107  30.716x107  2x10~ 1.25x107
Selemion AMV ~ 353x10°® 2.18x10°  10.91x10°  257x10°

Nafion 115 6.9x107 254x107  537x107  4.64x107

Table 4.7 Model parameters used in the simulation of PEMEC

Parameters Symbols Value
Membrane thickness, (pm) e 30
Membrane area, (m?) A 0.081
Thickness of electrode, (m) I, 0.003
The volume of half-cell solution, (L) V, 0.25
Electrode conductivity, (Sm™) o, 363

Standard cell potential, (V) E° 14
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Fig. 4.6 Comparison the VRFB cell voltage of the simulation result with experimental
data.



CHAPTER V
THE VANADIUM REDOX FLOW BATTERY USAGE IN THE
SOLAR ENERGY MANAGEMENT SYSTEM

Batteries are an important part of energy management systems that have high
investment benefits at present which are characterized by modularization and rapid
response. The battery system is associated with flexible installation and short
construction time. Therefore, it has been successfully applied to energy storage
systems. For solar power sources, suitable batteries are nickel-metal hydride (NiMH),
lead-acid and lithium-ion battery. In deciding which type of battery depends on the
primary needs of use. For example, lead-acid or NiMH batteries should be selected
when considering the price and capacity. While lithium-ion batteries have the benefit
of high energy density and small size.

This chapter presents the usage of vanadium batteries in comparison to the
traditional batteries commonly used in this research area which are lead-acid batteries.
The power control algorithm, system size, solar irradiance profile, and load demand

profile are based on Dash and Bajpai research [24].
5.1 Specification of the model of the hybrid renewable energy system

In Dash and Bajpai’s research [24], they studied alternative energy systems
combined with photovoltaic cells (PV), proton exchange membrane fuel cell (PEMFC),
proton exchange membrane electrolysis cell (PEMEC) and lead-acid battery. The goal
of their research is to establish an energy management system and integrating the output
power from the electrical devices described above with a provision for the hydrogen
production process from PEMEC and hydrogen tank. The parameters used for modeling

of the renewable energy system components are shown in Table 5.1-5.4.



Table 5.1 PV module specification at STC (1000 Wm™, 25°C)

Parameters Value
Nominal power, (W) 165
Voltage at MPP, (V) 35
Current at MPP, (A) 4.7
Open-circuit voltage, (V) 40.15
Short-circuit current, (A) 1.55
No. of solar cells in series in a module 72
Short-circuit current cell temperature coefficient 0.007%
Number of modules in each string 3
Number of strings in parallel 10
Maximum voltage at STC, (V) 105
Maximum current at STC, (A) 47

Table 5.2 PEMFC module specifications

Parameters Value
Rated capacity, (W) 500
Number of cells 48
Operating pressures, (atm) 1.5
Number of modules in series 5
Rated power, (KW) 2.5
Maximum voltage, (V) 108

Maximum current, (A) 21.3

51
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Table 5.3 PEMEC module specifications

Parameters Value
Number of cells 10
Operating pressures, (atm) 1
Rated power, (kW) 2.75
Maximum voltage, (V) 24
Maximum current, (A) 110

Table 5.4 Lead-acid battery specification

Parameters Value
Ampere hour rating, (Ah) 400
Nominal voltage, (V) 48
Fully charged voltage (No load), (V) 55.2
Charging rate C/10

In Table 5.1, the PV array of 4.95 kW consists of 10 strings in parallel and 3
modules in each string (30 modules of 165 W each). For PEMFC stack (Table 5.2),
there are a total of 5 modules and each module has a capacity of 500 W delivers a
maximum of 464 W at 21.38 A and 21.69 V. In Table 5.3, the rated power of the
PEMEC is 2.75 kW at 110 A and 24 V. The battery bank has a 400Ah rated, nominal
voltage of 48V and has a maximum current of 40A, which means can charge 400 Ah
batteries at constant current at 40A in 10 hours (C/10) (Table 5.4).

Since the model using in the reference research is based on electrical theory than
chemistry, some parameters are neglected, such as the active area in the cell and water
content. Therefore, in this thesis, additional parameters need to be calculated in the
model. From Table 5.2, it is found that the voltage in each cell is 0.4519 V at the
maximum voltage of PEMFC. Considering the polarization curve, the current density
is 0.7756 A cm™. Thus, the active area should be 27.57 cm?. In the case of PEMEC, the
calculation provides that the active area is approximately 57.53 cm?.

The mathematical models of PV, PEMFC, and PEMEC have already been

described in chapter 4, but the data for the parameters using in the lead-acid battery
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model is not sufficient. Consequently, the lead-acid battery model is based on the
research of Blaifi et al. [107]. It consists of a model of the voltage of charging and
discharging the battery and the state of charge (SOC) at that time, as shown in Egs.
(5.1-5.3) respectively.

Ibat(t)‘ P P
Vi (1) =1, | Vigge — Kpoge (1= SOC (1)) |-, e 4 s .p o
d ( ) I: bod bod ( ( ))] Q 1+ |bat (t) Podc SOC(t)PAdC 5d

(1= @i AT (1)) (5.1)

i +P

Tl (0 (1-soc(t))™ J

boc

V. (£) =1, [V — Ky SOC (1) |1, |'batQ(t)|[ Re

(1-a, AT (1)) (5.2)

t

J loat (t)'dt

ASOC (t) = [”Q—]xloo (5.3)

where V.. and V,

boc

are charging and discharging voltage respectively, K, .

and K, are the voltage coefficient that changes according to SOC and P,PR,,R,, P,

boc

P, are the value of the loss associated with the internal resistance which depends on the

operating point, ¢, is the temperature coefficient. For the battery’s module referenced

from TECHNO SUN 2V-OPzS-TCH2765 (Techno Sun, Valencia, Spain), each cell has
a nominal voltage equal to 2V. In order to have the same size of battery used in this
research, a series of 24 cells are connected. The parameters using for the model are

shown in Table 5.5.
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Table 5.5 Model parameters of lead-acid battery

Parameters Discharge Parameters Charge

Vooder (V) 2.147 V.., (V) 1.98
Kioger (V) 0.284 Kioor (V) 0.149
P, (VAN) 4.083 P., (VAh) 5.923
Pdc -6.634 P 0.024
P, (VD) 0.27 P, (Vh) 0.048
P 1.5 P 1.2

P, (Vh) 0.02Vh P, (Vh) 0.036
Qe r (°CT) 0.007 a,.,(°C™H) 0.025

5.2 Power management strategy algorithm

The power management strategy is adopted from Dash and Bajpai’s algorithms

[24], which will be simplified to reduce the complexity of calculations as follows:

1. The converter is not calculated in the system.
2. No battery charging in constant voltage (CV) mode but will stop charging at
SOC equal to 99.5 %
3. The precursor flow of PEMFC and PEMEC are instantaneously reached to the
set point.
4. The mathematical model of each component will be used according to the
model mentioned in this thesis.
The simplified power management strategy used in the thesis is shown in Fig.
5.1. In the power management algorithm, the electrical energy produced by PV will
P

load

always be distributed to the load first P, . =P, in the first step measures. After

excess v

that, the operations can be divided into sub-modes as follows:
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Measurement variable:
va' lpvvpvat mppt, lfc' ]ec' Ihata SOCvrfb

Pexcess1 = va — Pioaq

Turn on
PEMFC

Turnon | |
PEMEC

PEXCESS

>0

| Discharge battery | Charge battery

| PexcessZ = |Pexcessll - Pdischarge

| Pexcessz = |Pexcessll - Pdischarge

No

Pexcessz

>0

Yes

Turn on PEMEC and charge the Turn on
battery until SOCg,, > 80% PEMEC

Return measurementdata:
va' lvapvat mppt, Ig, lec, Ipar, SOCpar

Fig. 5.1 Block schematic of the power management strategy algorithm for the
renewable system

Mode 1: P, <0 and SOC>FC_

excess

In the case that the electrical power produced from the PV is less than the
required load power, the SOC of the battery will be checked. If there is more than the
minimum SOC, it will discharge from the battery to load according to the power deficit
(P

xcess = Pear_ac )- DUE 10 the requirement that the battery can supply a maximum current
of 40A, the PEMFC will turn on when the required power is greater than the supplied

power of the battery (P, = Pay g + Prc)-

XCesS

Mode 2: P, <0and SOC < FC_,

excess

After the battery continuously discharges the electricity, the SOC decreases

until it is below the minimum SOC of 40% ( FC,, ). The battery will stop working and

enable PEMFC. The PEMFC usually operates at a maximum power point (MPP) to

reduce the loss of electrical energy. If PEMFC can supply more power than the deficit
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power required by the load (P, > P, ), the remaining excess power will be used to

excess

charge the battery (P = P, + Poat o )- PEMFC will be used to charge the battery and

will charge the battery continuously until the SOC exceeds the minimum battery
activation (FC =0.8).

Mode 3: P, >0 and SOC <99.5%

excess

In the case of excess energy remaining from supplying to the load, it will be

used to charge the battery with SOC less than 99.5% to reduce the wear of the battery
(P

s = Pear_¢)- Same as the discharging of the battery, the battery will able to charge
at the maximum current equal to 40A. If there is more power than the power which the

battery can accept, PEMEC will be enabled (P, = P +Psy )

XCESS

Mode 4: P.__ >0 and SOC > 0.995

excess

If the battery has been charged until the SOC is approximately 95%, it will stop
the charging process and use the remaining excess energy for the hydrogen production
using PEMEC for use with fuel cells (P, = Px.).

In the situation that the battery is discharging and there is still a deficit of power,
the PEMFC will be used according to the desired power. The power and voltage of the
fuel cell are a function of current density, thus the Newton Raphson method can be used

to solve the equation to find the operation point by the following equations.

L f(i,) -

Jn+1 Jn f,(Jn) ( ' )
f(jﬂ):PFC_(AX jn ><Vcell(jn)XnFc) (55)

f’( Jn) = _((Axvcell (jn)XnFc)+( jn x AX r]Fc ><(Vc;II (Jn )))) (56)

i T RT 1 i . .
O e e R LA
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2
181.61 _|1+0.03 j+0.062(Tj (i)
303

A[2-0.634-3 jn]exp{4.18(T _T303ﬂ

[181.6|mem £0.03+[0.062(3%3)2}(2.&”1'5)H{A[l—0.634—3jn]exp{4.18(-r _TSOSJD

(A[ﬂ -0.634-3j, ]exp[4.18[T "TSOBJDZ

I:aint ( jn ) = (58)

Rin(Js) =

2
18161 |1+0.03 j+O.062(Tj (3,)%° —3Aexp(4.18T_303j
303 T

[A[ﬂ ~0.634-3j ]exp[4.18[T _TSOSJDZ

In the case of PEMEC, the equation can be forming the following equations.

(5.9)

f () = PEC_(AX Jee XV (jEc)XnEc) (5.10)
f,( jEc) = _((Axvcell (.iEc)>< nfc)+(jEc x Ax nEc ><(Vc:ell (jEc )))) (511)
Vc’eu(jEc)=—[nXELj + Ifﬁmj (5.12)

The hybrid renewable system is simulated in the summer scenario. The
simulation is considered for 48 h. FC_and FC_ are considered as 40% and 80%
respectively and the initial SOC of battery is 85%. The simulation results will provide

the profile of solar irradiance, load, battery current, battery voltage, battery SOC, PV

power, PEMFC power, and PEMEC power as shown in the following figures.
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Fig. 5.2 Solar irradiance of PV array in a summer scenario
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Fig. 5.4 Battery voltage in summer scenario at 85% SOC initial
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Fig. 5.8 PEMEC power in summer scenario at 85% SOC initial

PEMFC power:

50

3000 ; . . :
—Sim.
= ——Ref.[24]
5 2000 1
2
=
[-W
4
= 1000 [ 1
=
[-®
0 L L 1 4
0 5 10 15 20 25 30 35 40 45

Time [Hour]

Fig. 5.9 PEMFC power in summer scenario at 85% SOC initial
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The simulation results show that although the power management strategy is

simplified, it still tends to be in the same direction as reference research and can still

manage the system overview. The most inaccurate part is the battery voltage since there

is no charge in CV mode but the energy usage during that period is low, almost equal

to zero, therefore it does not affect the system much. Since the converter is not

simulated, therefore, the energy loss from this equipment is not calculated, resulting in

more energy usage in the electrical power produced from PEMFC and the use of energy

to produce hydrogen by PEMEC than that of the reference research.
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5.3 Using vanadium redox flow batteries instead of lead-acid batteries

In order to test whether VRFB can be used instead of lead-acid batteries and
which are better. VRFB models are simulated in the same system. The parameters used

in the simulation are shown in Table 5.6.

Table 5.6 VRFB specification
Parameters Value
Ampere hour rating, (Ah) 400
Number of cells 35
Charging rate C/10
The volume of half-cell solution, (L) 9.32

The ion imbalance in the VRFB model will be ignored in this part because the
lead-acid model is not mentioned in terms of deterioration. This battery is charged and
discharged until the battery voltage reaches the upper and lower limits of 1.7 and 1.1
V, respectively. For this reason, the maximum SOC will be fix equal to 87.5% when
compared with the operation of the lead-acid battery, causing the operation points are

changed as shown in Table 5.7.

Table 5.7 The operation point of VRFB

Parameters Lead-acid VRFB
Initial SOC 85 % 72.55%
Maximum SOC 99.95% 87.5%

Minimum SOC 40% 27.55%
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The simulation results show the behavior of each component in the system as
follows:
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Fig. 5.10 Battery voltage comparison between lead-acid and VRFB in the same
condition
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Fig. 5.11 Battery current comparison between lead-acid and VRFB in the same
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Fig. 5.12 SOC of battery comparison between lead-acid and VRFB in the same
condition
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Due to the same condition, both types of batteries have similar behavior, which
shows that vanadium redox flow batteries can be used instead of lead-acid batteries.
But in reality, vanadium batteries can do more than that. VRFB can be used around
90% or more, while lead-acid batteries have a depth of discharge (DoD) around 50-
60%. This means that in lead-acid batteries can use only 50-60% of its capacity.
Therefore, if compared to the true performance of the vanadium battery, the battery will
be able to use longer. The simulation results of energy management systems using
VRFB at 80% DoD show the following system behavior.

Battery operation:
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Fig. 5.13 Battery voltage comparison between lead-acid and VRFB
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Fig. 5.14 Current-voltage comparison between lead-acid and VRFB
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Table 5.8 Power data for the operation of the comparison energy management system
between using lead-acid and vanadium redox flow battery

Lead-acid
system VRFB system

Battery
Total charge time (hrs.) 15.61 16.14
'(I'kotv\z;l:])battery charge power 17 64 2964
Total discharge time (hrs.) 20.98 22.91
'(I'kci/t\:;l:])battery discharge power Goe 21,04
Percentage of operating time 76.22% 81.35%
PEMEC
Total power (kWh) 23.99 18.83
H, production (m?) 3.58 2.91
PEMFC
Total power (kWh) 17.22 13.76
H2 consumption (m®) 2.86 2.21
Dump load
Total power (kWh) 1.31 0.75

At the same operating condition, the application of vanadium redox flow battery
is almost no difference with the use of lead-acid batteries because we define the exact
limits of the equipment. This is a limitation in the operation of lead-acid batteries but
the vanadium battery has a wider operating range. This is one of the advantages of
vanadium batteries that demonstrate better performance under the same battery
specification.

The simulation results at a different operating range of battery show better
VRFB performance results in longer service life than lead-acid batteries as a result, the
use of PEMEC and PEMFC decreased significantly. The fuel cell usage decreased by

18.35% and electrolysis cell usage decreased by 14.97%. Dump load is the excess
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energy produced by PV that exceeds the device limits. From table 5.8 show that systems
using vanadium batteries can manage energy in the system more efficiently than using
lead-acid batteries.

The number of cycles in the use of lead-acid batteries depends on the depth of
discharge (DoD). Considering the battery capacity used in the system, the number of

cycles to failure and the amount of lifetime energy throughput are shown in Fig 5.18.

Total lifetime
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cycle to failure
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Fig. 5. 18Cycles to failure and total energy throughput for lead-acid battery based on
reference research

In Dash and Bajpai’s research [24], the limit of the lead-acid battery operation
is 60% DoD, therefore there are around 900 cycles, while vanadium batteries can
operate at 90% DoD and have cycle durability more than 12,000 cycles, which shows

that technically, vanadium batteries clearly have better performance.



CHAPTER VI
ANALYSIS OF ENERGY MANAGEMENT SYSTEM UNDER
DIFFERENT SOLAR IRRADIANCE PROFILE AND POWER
MANAGEMENT STRATEGIES

The effective manage energy management systems is a challenging issue and
the solution is developed all the time. The power input from renewable energy
generation and the control algorithm used in energy management is the main factors
affecting system stability. The first factor arises from the uncertainty of the amount of
natural energy that is changing according to the season. As a result, the amount of
energy is uneven. The design of the energy distribution system should be consistent
with the amount of energy produced. This is the second factor in planning the system
for optimal performance. In addition, to the factors mentioned above, the topology used
also affects the design of the system. In this study, the isolated topology will be used.
Therefore, determining the size of the equipment in the system is another problem that
should be considered.

In this chapter, the hybrid power system including PV, PEMFC, PEMEC, and
VRFB is used to determine the size of each component to be consistent. This study
proposes two types of energy management strategies that are simulated under three
different scenarios of solar irradiance. The simulation results will be analyzed for the

operating system behavior and the efficiency of the equipment will be discussed.

6.1 Unit-sizing design

The unit-sizing of the hybrid renewable power system method proposed in
Wang and Nehir’s research [108]. The purpose of unit-sizing is to properly size the
components to guarantee reliable power distribution. Hence, an economic perspective
is not considered in this work. This hybrid power system is designed for one household
resident in Nakhon Pathom province, Thailand, according to sources of solar irradiance
data. In determining the size of the components, it is based on the load demand profile

shown in Fig 6.1.
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Fig. 6.1 load demand for one household resident

The peak power of load demand is approximately 2.5 kW. The following sizing
procedure is used to determine the size of the PV arrays, which will design the power
of the PV in twice the peak load. PEMFC must be designed to be able to support during
peak loads in the even that electricity cannot be generated from PV arrays, so 2.5 kW
of PEMFC is used. Then, the size of PEMEC can be calculated from the difference
between available excess power and load demand. It is about 4 kW. The last unit is
vanadium redox flow batteries. it must have sufficient power in the case of deficit power
where the average power is less than 2 kW. The design for a battery capable of
supplying 2kW of power is sufficient to meet the load requirements. The other
information about each unit other than PEMEC can be shown in the previous chapter
as Table 5.1,5.2 and 5.4. For PEMEC, data specification will be changed form Table
5.3 slightly, by increasing the number of cells to 15 cells.

6.2 Power management strategies

The basic objective of an energy management strategy is to be able to supply
the energy according to the energy balance requirements. The algorithm used is simple
as shown in Fig. 6.4. In the first step, the user will measure the power produced by PV
and electrical load power. The availability of excess power will always charge the
battery first if the state of charge (SOC) is between the minimum and maximum values.
If there is more power than the battery can charge, it will be dump load to avoid

overcharging. In the case of SOC >SOC the algorithm checks that the excess

max !

power is between the minimum and maximum power, the system will supply excess
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power to enable PEMEC. If P, <P, ., the available power is used to charge the

battery or take to dump load. If P, > P, .. the electrolysis cells will operate at its

Poscess
maximum power. In the case of an energy shortage, the battery will discharge to the
system. If the required power is more than the battery can supply, it will activate the
PEMFC to compensate for the lack of power. If the state of charge (SOC) is lower than
the minimum value, the power from the fuel cells will be supplied to meet the demand.

The example of simulation results shown in Fig 6.2. It shows that the algorithm
can supply electrical power according to power balance. However, when considering
the behavior of PEMFC, it can be seen that there is an irregular operation and the

performance is not fully effective as shown in Fig 6.3.
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Fig. 6.2 System response for three-day simulation with simple strategies
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Fig. 6.3 Operating behavior of PEMFC with simple strategies
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PEMFC operations at low power are difficult to control due to the nonlinear

behavior of the fuel cell and the excess power that is not being used remains (dump



71

load). Therefore, leads to the development of energy management strategies to make
the system more efficient and with less dump load.

To reduce the mentioned problems can be done by adding an algorithm related
to fuel cell operations and eliminating dump load. The first energy management strategy
proposed is shown in Fig. 6.5. PEMFC will operate with constant power at the
<0 and SOC > SOC

maximum power point (MPPT). If P, the algorithm will

XCESS min ?
predict the maximum power discharge form battery. If there is more power required
than maximum discharge power and maximum rated power from PEMFC, the fuel cell
will be enabled and the battery will supply the power to compensate for the missing
part. If less, then the remaining power from PEMFC will be used to charge the battery.

If SOC < SOC . , then the fuel cell provides the power to meet the load demand and

will be charged the battery if there is excess power. The fuel cell will be operated until
the SOC is greater than the specified value (70%).

The minimum power for PEMEC is determined at approximately 25% of the
maximum capacity, so there is a chance that the excess power remaining is below the
minimum. This will cause this energy part which is not used (dump load). The battery
will provide the power that is required to reach the electrolysis cell to operate at the

lowest available power, P

iec_min - 1€ S€CONd energy management strategy is developed
to increase the power consumption of electrolysis cells by discharge the battery in the
case of excess power less than the minimum power of the electrolysis cell. The control

scheme is shown in Fig. 6.6.
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6.3 Solar irradiance profile

The solar irradiance profile in Thailand is used in this study, which has different
solar irradiance forms in each season. In the summer, the maximum solar radiation is
around 1000 Wm . In the winter, the maximum solar radiation is around 800 Wm .
In the rainy season, there will be fluctuation in the pattern of solar irradiance. The solar

profile in each scenario used in the simulations is shown in Figs. 6.7-6.9.
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Fig. 6.7 Solar irradiance profile in a typical summer scenario
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Fig. 6.8 Solar irradiance profile in a typical winter scenario
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6.4 Simulation results

The hybrid power system is simulated under two different energy management
strategies and three scenarios. The simulation is considered for 72 hours to study the
behavior of each unit and analyze the overall efficiency of the system which shows the
following results.

Summer scenario:

The form of PV power has a similar form of power, which will increase
gradually until midday to the highest value and will decrease to zero in the early hours.
When calculating the deductions for load demand, it will be found that excess power is
highest on the second day of operation at 5300 W and there is a maximum deficit power
at 2400 W. From the simulation using the first proposed energy management strategy,
the battery SOC is set at 72.5% or 80% of the maximum state of charge (90.6%). VRFB
discharge in 0" -7.2th hours because PV arrays are unable to generate electricity during
the night. When the sun is rising, the PV system can be produced electric power to meet
the load demand. Until the power is more than the demand, then the battery is charged
to store excess power. PEMEC will be used to produce hydrogen, which will be turned
on when there is excess power remaining from battery charging or the battery SOC
reach to the highest point at 7.2'"-14.8" hours and 14.8" — 17.3" hour respectively. On
the second day, there was more demand for electricity than the battery could afford.
PEMFC is enabled by operating at the maximum power point at 24th — 31.3th hours. In
the simulation of other times of the day, there is a behavior to the one mentioned above

is shown in Fig. 6.10.
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Fig. 6.10 System response for three-day simulation with EMS1 in summer scenario
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When compared to the results of the second strategy simulation, the amount of
excess energy that is not used (dump load) is reduced. The algorithm manages by
supplying extra energy from the battery discharging providing enough power to reach
the minimum power to enable PEMEC. The simulation result is shown in Fig. 6.11.
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Fig. 6.11 System response for three-day simulation with EMS2 in summer scenario

Fig. 6.12 shows the state of charge in each strategy. It is found that the battery
can store energy at full capacity every simulation day. The first strategy has a longer
period of a state of charge at a maximum point than the second strategy, on the other
hand, the second strategy has a longer battery operation time than the first. However,
the simulation results show that the energy management strategy can handle the system
with stability.
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Fig. 6.12 State of charge of the battery in the summer scenario

Winters scenario:

Due to the reduction of solar irradiance, the power produced from PV also
decreased. When considering the amount of excess power, it was found that the
maximum power was 3300 W on the first day of the simulation and the use of fuel cells
and battery in the winter scenario are longer than that in the summer scenario. In the

first energy management strategy, there is a large amount of excess power which is not
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being used because the power is too small to enable PEMEC. The simulation results of
the first strategy are shown in Fig. 6.13.
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Fig. 6. 13System response for three-day simulation with EMS1 in winter scenario

In the second strategy, the dump load is completely eliminated by reducing the
power for battery charging to provide sufficient power to enable PEMEC at the

minimum point. The simulation results of the second strategy are shown in Fig. 6.14.
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Fig. 6.14 System response for three-day simulation with EMS2 in winter scenario

The state of charge in winter is similar to summer but cannot reach a peak in the
first two days, there is a maximum state of charge of more than 80%. However, on the
third day of simulation, the battery was able to store energy at full capacity because the
battery is discharged until the state of charge decrease to the minimum point at around
the 501 hour, then the algorithm activates PEMFC to supply power to the system and

charge battery until the right point to disable PEMFC (60% SOC). The SOC result is
shown in Fig. 6.15.
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Avrbitrarily varying weather scenario:

In this scenario, the solar irradiance profile is highly inversion. This profile
incorporates all possible formats of irradiance such as sudden changes, gradual rise, and
fall, which illustrates the actual situation of solar radiation. The amount of excess
energy varies with the electrical power from PV, causing some periods to have excess
power, some periods lacking power. The vanadium redox flow batteries change the
operating mode more often. In the 24"-30" hours, PEMFC stacks are frequently
switched on/off, which can damage the long-term operation of fuel cells. In the first
strategy, the behavior of each unit is shown in Fig. 6.16. The amount of dump load is
low spread over many periods. In most cases, it is caused by insufficient energy to

enable and frequent operations on/off of PEMEC.
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Fig. 6.16 System response for three-day simulation with EMSL1 in arbitrarily varying
weather scenario

In the second strategy, the algorithm can reduce the frequent on/off of PEMEC
operation and the amount of dump load. The remaining dump load is caused by
fluctuation in weather conditions causing the solar irradiance to be unusually high,
which makes the capacity of PEMEC not enough to support. The simulation results of

the second strategy can be shown in Fig. 6.17.
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Fig. 6. 17System response for three-day simulation with EMS2 in arbitrarily varying
weather scenario

In the operation of VRFB, the system manages at lower reliability than the
previous two situations, there is a maximum state of charge of lower than 80% in the
first two days. It will require more power for hydrogen production technology.
However, the power supply to the load is still continuous by a combination of PV,
PEMFC, and VRFB. The SOC result is shown in Fig. 6.18.
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Fig. 6.18 State of charge of the battery in the arbitrarily varying weather scenario

Table 6.1 shows the analysis results of each subsystem in all energy
management systems studied. When comparing the two strategies, it is found that the
algorithm used in the second strategy allows every subsystem to have more operating
time in every scenario which has advantages and disadvantages depending on each
situation. In the summer scenario, VRFB usage is 87.36% in the first strategy and
93.13% in the second strategy. The operation increases by 7% while the hydrogen
produced from PEMEC can increase slightly compared to the total amount of hydrogen
produced. The amount of hydrogen used in PEMFC is less than hydrogen produced
from PEM. Therefore, there is no need to take advantage of the dump load. In the winter
scenario, VRFB is used almost all the time and a small increase in EMS2 but it can

cause PEMEC to operate at its minimum point. The amount of hydrogen produced by
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PEMEC increase 2.7 times in the second strategy and the dump load is completely
eliminated. PEMFC energy consumption increases from 25.17 kWh to 27.88 kwh.
From the amount of hydrogen deficit from PEMEC and PEMFC shows that the EMS 2
helps the system to be more stable and able to perform for longer. In arbitrarily varying
weather scenarios, there is more excess energy in the winter but the energy changes
suddenly. The amount of energy does not correspond to the behavior of all of each
subsystem as described above. The results of the amount of hydrogen produced is a
deficit when compared to the hydrogen consumed. PEMFC and PEMEC are frequently
switched on and off. EMS2 can help solve PEMEC problems, but the problem still
remains with PEMFC.

Two different energy management strategies for a hybrid renewable power
system consisting of power generation from PV, hydrogen production technologies and
vanadium redox flow batteries as an alternative to energy storage have been developed.
EMS 1 resulted in less operation time than EMS 2. However, EMS 2 is considered an
advantage in terms of the increase in hydrogen production. Moreover, the algorithm
would guarantee the smooth operation with less frequent start-ups and shut-downs of
PEMEC operation. EMS 1 would be sufficient for management in a situation of high
excess energy as summer scenario which available for long-term operation. In contrast,
in the situation where there is not enough excess power such as winter scenario, EMS
2 is a good choice to handle with high frequent start-ups and shut-downs problem. For
the arbitrarily varying weather situation, both types of energy management strategies
are not sufficient to deal with problems. It requires additional operating conditions, such
as the minimum power setting to disable PEMFC once it has started or increased the
battery capacity to support more operations.
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Table 6.1 Power data for the operation of the subsystem for three-day simulation

] Arbitrarily
Summer Winter ]
varying weather
EMS1 EMS2 EMS1 EMS2 EMS1 EMS2
Battery
Total charge time
29.43 31.23 33.47 35.05 35.45 36.37
(hrs.)
Total battery charge
44.99 45.13 45.75 42.89 40.44 39.32
power (kWh)
Total discharge time
33.47 35.82 36.02 35.37 33.77 33.78
(hrs.)
Total battery
discharge power 37.50 37.43 38.45 36.71 33.93 36.71
(kWh)
Percentage of
o 87.36% 93.13% 96.50% 97.80% 96.13%  97.43
operating time
PEMEC
Total power (kWh) 40.85 45.56 9.81 25.10 14.76 21.45
H, production (m?®) 6.40 6.78 1.53 4.04 2.21 3.23
Percentage of
o 25.86% 34.84% 6.1% 21.20% 7.5% 14.1%
operating time
PEMFC
Total power (kWh) 21.21 23.07 25.17 27.88 28.48 29.68
H> consumption
3.38 3.70 4.05 4.50 4.61 4.81
(m°)
Percentage of
o 12.71% 13.82% 15.07% 16.69% 17.04% 17.75%
operating time
Dump load
Total power (kWh) 3.82 0.04 6.38 0 2.65 0.01
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From suggestions to solve the toggle start-ups and shut-down problems, the
algorithm that is used to solve this problem was developed. When PEMEC was enabled,
the order of equipment selection has changed by requiring the PEMEC to be decided
before the vanadium redox flow battery. Like the operation of PEMFC, once it was
turned on, the fuel cell will be used until there was power left in the system. The

simulation result of each subsystem was shown in Fig. 6.19.
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Fig. 6.19 System response for three-day simulation with suggested EMS in the
arbitrarily varying weather scenario

From Fig. 6.19, it showed the smooth operation of PEMFC and PEMEC.
However, the operation of the vanadium battery was volatile due to the operation of
other devices. The capacity of the battery needs to be increased slightly to support more

than normal use.



CHAPTER VII
CONCLUSIONS AND RECOMMENDATIONS

7.1 Conclusions

Vanadium redox flow batteries have been proposed for use in renewable energy
management systems together with photovoltaic cell (PV), proton exchange membrane
fuel cell (PEMFC) and proton exchange membrane electrolysis cell (PEMEC). The
simulation was performed by comparing it with a conventional power system using
lead-acid batteries in the same situation. The mathematical model of each subsystem is
verified and validated with reference data before being used for energy management
systems and get consistent results. The simulation of energy management systems with
different types of batteries yields satisfactory results. Vanadium redox flow batteries
have better performance and operating range, resulting in increased battery usage which
reduces the use of other devices.

In a non-grid connected energy management system, there are three factors,
consisting of the size of each unit in the system, the amount of incoming energy from
renewable energy sources and the algorithm used in the energy management strategy.
In unit-sizing design, we have used the method as Wang and Nehir’s research [108].
The 5 kW PV arrays are set to support a peak load of 2.5 kW. Vanadium batteries,
PEMFC and PEMEC is set to 400 Ah, 2.5 kW, and 4 kW respectively so that the system
can operate without interruption. The input energy is produced from PV arrays based
on solar irradiance which changes with the seasons. We divide the simulation into three
situations according to the intensity of the radiation and climate in Thailand. In the first
situation is the summer with the highest solar irradiance at 1000 W/m?. In the second
situation is the winter with the highest solar irradiance around 800-900 W/m?2. In the
final situation is rainy which the irradiance profile is unstable and there is a sudden
change. The energy management strategies proposed in the research are two different
forms based on the operating requirement of PEMEC. In the second EMS, it is
determined that there is enough power to operate at the minimum point of PEMEC by
supplying from the battery discharging. The simulations of two strategies and three

situations were analyzed for stability and possibility to find suitable strategies.
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The simulation results are satisfactory, with appropriate strategies in the
summer and winter scenarios. The different strategies result in changing operation
times, which the second strategy will increase each subsystem’s operation. In the
summer, there is a lot of excess energy to make the system stable, so there is no need
to use a second strategy while in the winter there is low excess energy causing a lot of
dump load in each period that is not enough to enable PEMEC. The use of the second
strategy helps to produce more hydrogen and eliminate excess energy that is not being
consumed and helps the operation smoothly. For the rainy season, the proposed energy
management strategies can be managed but not as good as it should due to frequent
switching on and off problem in PEMFC and PEMEC. The second strategy can be
solved in the PEMEC operation but in PEMFC, the additional conditions must be
established in order to improve system stability.

7.2 Recommendations

7.2.1 In order to make the system more efficient in terms of energy and lifespan of the
equipment, the optimization problems needs to be developed to find operating
conditions that can lead to optimal energy use for each device and increase the
equipment life time.

7.2.2 The converter and flow delay should be calculated in the system so that the energy
can be tracked accurately.

7.2.3. The simulation of long-term operations should be further studied to show the
deterioration of each equipment, including economic aspect to select the most suitable

device for operate in hybrid power system.
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APPENDIX A
MATHEMATICAL CALCULATION

A.1  Power over a period of time

The calculations in this section begin with the sum of the total energy
throughout the simulation period. For example, the sum of the power used to charge the
vanadium redox flow battery of EMS 1 in the summer scenario is 2,699,922.712 watt.
The power consumed will be averaged over all simulated time (4320 minutes).

Average power = % = 624.9821&

min
In fact, the measured power is in watts per hour, so it is assumed that the average
energy calculated is the power consumed per hour.
Average power =624.9821W
The total energy consumed can be calculated from the product of the average
power of the total simulation time (72 hours).

Total energy consumed = a8 > 72 = 44,9987 kWh

1000
A.2  Hydrogen production and consumption

The amount of hydrogen used in the PEMFC or the amount of hydrogen
produced from PEMEC is given by Faraday’s law, which can be expressed as Eq. A.1
and Eq. A.2 respectively.

Nl
mol — _C PEMFC A.1l
Hy_pemrc VeF ( )
mol —7 Noleemee. (A.2)
Hy pevec F VeF

where mol,,  and mol (mols™) are total molar flowrate throughout

Hy_pevec

the simulation period. n_ is a number of cells in the stack. 7 is the Faraday’s efficiency

which means the ratio between the actual and theoretical amount of hydrogen produced.

It is usually around 80-100%. In this work, it is set the value to 80%.
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From Eqg. A.1and A.2, it can be able to calculate the moles of the hydrogen used
throughout the simulation period. For example, the total mole consumption from
PEMEC of EMS 1 in summer scenario equal to 285.91 moles. The amount of moles
production or consumption is measured in terms of volume for use in the design of

storage tanks, which can be calculated by ideal gas laws Eqg. (A.3).

nRT
V= A.3
5 (A3)
~285.91x8.314x273.15 m xéa
101300 /ﬁ

=6.41m° /D



APPENDIX B
SIMULATION DATA

B.1  Simulation results compare the use between lead-acid battery and

vanadium redox flow battery

The simulation results compare the behavior of each subsystem of the energy
management system using lead-acid and vanadium redox flow batteries at the same
condition are shown in Fig. B.1-B.6 and Power data for the operation of the comparison
energy management system between using lead-acid and vanadium redox flow battery

is shown in Table. B.1 respectively
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Fig. B.5 Power produced from PEMFC comparison between lead-acid and VRFB



96

800 T T T T
—==Lead-acid

~VRFB

N

(=3

(=)
T

Dump load [W]
S
S
T
1

=

200 &

Time [Hour]

Fig. B.6 Dump load comparison between lead-acid and VRFB

Table B.1 Power data for the operation of the comparison energy management system
between using lead-acid and vanadium redox flow battery

Lead-acid
VRFB system

system
Battery
Total charge time (hrs.) 15.61 15.93
Total battery charge power

17.64 18.65
(kWh)
Total discharge time (hrs.) 20.98 20.91
Total battery discharge power

18.29 17.70
(kWh)
Percentage of operating time 76.22% 76.74%
PEMEC
Total power (kWh) 23.99 22.96
H, production (m?®) 3.58 34
PEMFC
Total power (kWh) 17.22 17.76
H, consumption (m?3) 2.86 2.93
Dump load

Total power (kWh) 1.31 1.24




B.2  Simulation result in summer scenario
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The simulation results compare the behavior of each subsystem of the energy

management system with EMS 1 and EMS 2 in the summer scenario are shown in Fig.

B.7-B.12.
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Fig. B.10 Power consumed from PEMEC comparison between EMS 1 and EMS 2 in
summer scenario
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summer scenario
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B.3 Simulation results in winter scenario

The simulation results compare the behavior of each subsystem of the energy
management system with EMS 1 and EMS 2 in the winter scenario are shown in Fig.
B.13-B.18.
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B.4  Simulation results in arbitrarily varying weather scenario

The simulation results compare the behavior of each subsystem of the energy
management system with EMS 1 and EMS 2 in the summer scenario are shown in Fig.
B.19-B.24.
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Fig. B.20 Battery SOC comparison between EMS 1 and EMS 2 in arbitrarily varying
weather scenario
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varying weather scenario
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B.5 Solar irradiance data

B.5.1 Summer scenario

Table B.2 Solar irradiance data in summer scenario
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Irradiance Irradiance Irradiance
Time (Hr.) Time (Hr.) Time (Hr.)
(Wm?) (Wm?) (Wm?)

1 0 25 0 49 0

2 0 26 0 50 0

3 0 27 0 51 0

4 0 28 0 52 0

5 0 29 0 53 0

6 7.88 30 15.76 54 28.65
7 93.84 31 189.11 55 229.94
8 371.78 32 388.25 56 446.28
9 585.96 33 585.96 57 661.89
10 746.42 34 800.14 58 834.53
11 854.58 39 990.69 59 983.52
12 929.80 36 1105.30 60 1021.49
13 919.05 37 1038.68 61 996.42
14 792.98 38 917.62 62 851.00
15 609.60 39 690.54 63 671.92
16 310.17 40 464.90 64 469.20
17 151.86 41 235.67 65 138.97
18 12.18 42 5.73 66 13.61
19 0 43 0 67 0
20 0 44 0 68 0
21 0 45 0 69 0
22 0 46 0 70 0
23 0 47 0 71 0
24 0 48 0 72 0




B.5.2 Winter scenario

Table B.3 Solar irradiance data in winter scenario
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Irradiance Irradiance Irradiance
Time (Hr.) Time (Hr.) Time (Hr.)
(Wm?) (Wm?) (Wm™)

1 0 25 0 49 0

2 0 26 0 50 0

3 0 27 0 51 0

4 0 28 0 52 0

5 0 29 0 53 0

6 0 30 0 54 0

7 58.74 31 53.72 55 47.99
8 251.43 32 231.38 56 209.17
9 446.99 33 416.190 57 391.83
10 614.61 34 560.89 58 577.36
11 742.84 35 694.13 59 702.01
12 751.43 36 72851 60 724.93
13 717.05 37 616.76 61 706.30
14 624.64 38 568.77 62 580.95
15 456.30 39 406.88 63 459.88
16 261.46 40 225.64 64 189.83
17 75.93 41 63.75 65 53.01
18 0 42 0 66 0
19 0 43 0 67 0
20 0 44 0 68 0
21 0 45 0 69 0
22 0 46 0 70 0
23 0 47 0 71 0
24 0 48 0 72 0




B.5.3 arbitrarily varying weather scenario

Table B.4 Solar irradiance data in arbitrarily varying weather scenario
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Irradiance Irradiance Irradiance
Time (Hr.) Time (Hr.) Time (Hr.)
(Wm?) (Wm?) (Wm?)

1 0 25 0 49 0

2 0 26 0 50 0

3 0 27 0 51 0

4 0 28 0 52 0

5 0 29 0 53 0

6 8.60 30 14.33 54 10.75
7 81.66 31 133.95 55 83.09
8 112.46 32 465.62 56 297.99
9 207.74 33 647.56 57 570.20
10 500 34 859.60 58 684.10
11 707.74 35 358.88 59 1090.97
12 515.76 36 858.88 60 167.62
13 1053.72 37 326.65 61 442.69
14 319.48 38 276.50 62 340.26
15 350.29 39 172.64 63 251.43
16 152.58 40 470.63 64 347.42
17 165.47 41 126.79 65 204.87
18 45.13 42 23.64 66 33.67
19 0 43 0 67 0
20 0 44 0 68 0
21 0 45 0 69 0
22 0 46 0 70 0
23 0 47 0 71 0
24 0 48 0 72 0




B.6 Load profile
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Table B.5 Load profile
Time (Hr.) Power Time (Hr.) Power Time (Hr.) Power
(W) (W) (W)
1 1336.51 25 2231.46 49 1574.95
2 1245.62 26 2155.37 50 1871.68
3 1168.99 27 1871.68 51 1603.21
4 1087.47 28 1818.42 52 1507.56
5 1257.84 29 1705.38 53 1644.52
6 907.31 30 1345.61 54 1508.65
7 652.15 31 1006.49 55 1213.01
8 608.95 32 564.11 56 1171.70
9 396.59 33 471.72 57 473.90
10 368.87 34 415.21 58 653.24
11 399.04 35 508.68 59 402.16
12 429.20 36 427.16 60 747.80
13 422.09 37 397.81 61 694.54
14 482.59 38 365.21 62 660.31
15 530.42 39 373.90 63 542.92
16 615.56 40 771.72 64 1023.88
17 411.94 41 569.55 65 999.43
18 619.55 42 735.85 66 950.52
19 651.07 43 648.89 67 578.79
20 962.29 44 1252.14 68 795.63
21 1109.39 45 1053.23 69 833.13
22 1545.97 46 1720.60 70 1568.43
23 1254.67 47 1324.96 71 1690.72
24 1499.59 48 1415.178 72 1941.79
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