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1. INTRODUCTION

Green Technology is a technology which supports the environment in a healthy way. It replaces fossil
fuels with clean and green renewable energy used in many applications which lowers harm to the environment.
It involves recycling polluted water and generating power through solar panels, ocean, wind and many other
resources. It maintains the environment clean and clear by reusing the waste products into a useful product.
Awareness of a healthy environment has now become a social aim. Large numbers of investments are
undergoing to support the development of clean and green energy.

Renewable energy generates power from natural resources and diversifies the fuel which split the
atmosphere with poisonous gases. It is considered a better way to protect the environment, increasing energy
production and reducing air pollution. Renewable energy resources are never-ending, available free of cost in
a large extent from nature. This energy has vast applications in all fields. The photovoltaic (PV), is a
semiconductor material which converts sunlight into electrical energy. Single PV cell produces approximately
1 or 2 watt of energy is constructed of different materials. PV cells are connected in a manner to form a module
or panel. Modules are connected to form an array which is connected to the grid to form PV system. The PV
system is designed and developed to meet requirement at small and large scale. The module produces DC
current which is converted to AC current which passes to load. System advisor model (SAM) Software is
identified for the modeling the performance and economics of the renewable energy systems [1].
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2. STORAGE TECHNOLOGY

To connect solar energy, battery technology is better option. The time of maximum generation of solar
energy do not match with the time of maximum energy consumption. To meet this problem, the storage system
supply electricity to load during low or no sunlight hours. Storage system help maintain constant supply of
energy at the output in spite of variations due to amount of sunlight falling changes in a day, different weather
conditions, rain, cloud, dust, snow and shadows [2].

Lithium-ion batteries are generally used to capture energy that store energy in and release when it is
required. Storage system improves the efficiency and resilience of the system, it also increases the power
quality to meet the load requirement with energy generation. When there is high solar generation but load is
low, excess energy is stored in a battery for use at other time i.e., after sunset or rainy day when production is
low demand is high [3]. Generally, the storage of energy system along with solar plants use the technology of
electrochemical storage or batteries connected along with photovoltaic systems. When the electric energy is
applied at input it produces chemical reaction and energy is stored and in reverse direction when the battery is
discharged then the chemical reaction is also get reversed, resulting in voltage development across both
connecting ends which results the flow of current. The commonly used batteries are Lithium-ion battery, other
types include lead-acid, sodium and nickel-based batteries.

3. MODEL

It is noticed that in current time as we are moving ahead with the technology, efficiency is improving
day by day with decreasing costs to make it affordable among the society. Similarly, in the field of photovoltaic,
the generated energy and most important to store that energy is an important factor in terms of costs which is
decreasing. To connect this system as a whole has increased many applications [4], [5] . In some areas the high
PV production is attained due to which the grid connection system is a matter of concern. This gives rise to
design a PV system combined with energy storage which can become in-dependent of grid supply energy and
not only meet their load requirement but also can export energy to grid to gain credit.

Many types of storage energy system are designed depending on the PV production and requirement
[6]. When electricity produced from PV is low, no energy is exported to grid. In high PV production areas with
minimum compensation for extra energy, behind the meter system is introduced. This store energy as a backup
with decreased charge services [7]. Several configurations are designed for PV with storage which are broadly
classified as DC connected battery system as shown in Figure 1 and AC connected battery system as shown in
Figure 2.
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Figure 1. Solar PVplus DC-Connected battery Figure 2. Solar PV plus AC-Connected battery
storage system storage system

In alternating current battery, the energy is stored in battery network via the system designed to
manage the batteries connected with its inverter or charger of its own separately. The power produced by the
photovoltaic inverter or by grid is used to charge the battery and when this power is supplied to electric loads for
its operation or function then the battery starts to be discharge. Whereas, the direct current connected battery are
connected at the output of the inverter which is bidirectional and in common sharing mode, thereby charging the
battery by a stable direct current power. The alternating current power supply from grid also charges the battery
through the inverter, which is common and bidirectional. Several types of algorithms are applied to enhance
energy flow for PV systems using DC connected batteries. It is suggested that DC-Coupling storage system is
beneficial at large scale because of decreased component cost and reduction in power clipping [7]-[9].
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4. POWER FLOW IN THE SYSTEM
4.1. Power flow- battery discharging

The DC power stored in battery at one end of the battery management system (BMS) prior to inverter
is an important factor for the efficient function. The BMS controls that voltage of the battery and the power of
solar photovoltaic that is applied at the input of the inverter are mapped with each other [10], [11].
The power discharge resulted from the output battery balancing system as in (1).

Power battery dc = Power battery pre bms dc = I]| BMS (€D)]
Now the power in battery and the solar photovoltaic system both are added to produce as in [12] (2).
Power dc = Powerpv dc + Power battery dc 2

n = Denote as the efficiency of management system to control the battery operation. It performs two functions:

— When the charge voltage is too high then it controls it to lower down to match with the voltage of the battery
storage system

— It protects the battery to get deep discharge and balance it to remain constant till solar Photovoltaic voltage

The output percentage of the power of shared inverter is calculated by added power applied at the input of the

inverter.

The modeling of inverter is designed by considering several factors such as the total AC power, the
efficiency of the inverter calculated and also the losses which occurs due to the inverter AC power capacity
limitation and many other system losses. The output solar photovoltaic power split into:

— Alternating current power produced by solar photovoltaic array

Power pv = Power pv dc * llinverter (©))
— The alternating current power discharged from battery

Power battery = Power battery dc * Ilinverter 4

The other AC components are considered as the amount of power required by the solar photovoltaic
and the battery to meet the load. At discharging of the battery phase, this model is designed so that solar
photovoltaic will supply power to load first, any excess power is then supplied to grid. Power is supplied by
battery to any load if not served by solar photovoltaic [13].

Power battery to load = min (Power battery, Power load — Power pv to load) (5)
Excess power generated is passed to grid

Power battery to grid = Power battery — Power battery to load (6)
If load require more power than generated by solar photovoltaic, then it is taken by grid

Power grid to load = Power load — Power pv to load — Power battery to load @)

4.2. Power flow- battery charging
While battery is charging the actual storage power is calculated as in (8).

Power battery dc = Power battery pre bms/[|BMS (8)

To find out the calculated previous charging power at the battery, some extra power is applied by the
BMS having single point efficiency. To calculate charging is somewhat complex, as while charging some part
of the solar photovoltaic energy is used for charging and the other part is required to handle the load function.
In the PV connected with DC storage battery system, the battery charges from the PV without AC conversion
and excess PV passes through inverter [14].

Power pv inverter dc = Power pvdc — Power pv to battery 9

When there is low solar photovoltaic power generation to charge the battery, then the extra power required is
supplied through the grid as in (10).
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Power Grid to battery dc = Abs (Power battery dc) — Power PV to battery (10)
Net direct current power passing through inverter is calculated by considering single way power flow as in (11).
Power dc = Power pv inverter — Power Grid to battery dc (11)

The calculate direct current power is passed through the inverter model, produces alternating current power
with the inverter efficiency as in (12).

Power pv = Power pv inverter dc * Ilinverter (12)

Alternating current power components are calculated again by disintegrating the total alternating current
power as in (13).

Power grid to battery = Power grid to battery dc/llinverter (13)

Now, further the calculations are same as while discharging case, only having a special case that power flow
from battery towards load and from battery to grid are considered as zero.

5. COMPARATIVE STUDY

The solar PV connected system is directly connected to electrical load without any storage system is
shown in Figure 3. There is variation in photovoltaic energy produced and power consumption from early to
late hours throughout the day. Photovoltaic energy produce exceeds the limitation capacity of the inverter at
noon hours throughout the day. Therefore, the power is clipped due to the limitation of the inverter especially
at noon hours. The power consumption of the loads is higher in the early day time and remains constant
somewhat at noon time and again the consumption increases at evening time.
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Figure 3. Solar photovoltaic power produced is connected with electric load

Photovoltaic with a combination of direct coupled battery is shown in Figure 4. In such configuration
the photovoltaic array fulfills the maximum requirement of the energy consumption for smooth operation
during noon hours, as the energy production is maximum in these hours the remaining extra energy is used to
charge the battery. This photovoltaic system coupled with direct current energy storage can completely store
the generated power during the whole day.
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Figure 4. Solar photovoltaic power produced is supplied to load via DC coupled battery storage system
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The photovoltaic with a combination of alternating current coupled battery is shown in Figure 5. In
which the storage is somewhat same like direct current coupled battery, but during operation the power need
to be inverted separately due to separate inverter configuration before entering the battery, hence extra
photovoltaic power generated is not captured or the power is somewhat lost.
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Figure 5. Solar photovoltaic power produced is supplied to Load via AC coupled battery storage system

6. SELECTING A MODEL

A performance model of a detailed PV model for a residential owner was selected on SAM software.
Location for Lucknow, India with latitude of 26.85 and Longitude of 80.95 was selected and the corresponding
weather file of this location was downloaded. Module Multi-c-Si database with module database along with an
inverter plus DC Connected battery storage, Lithium lon- nickel manganese cobalt oxide (NMC/Graphite) was
selected. Figures 6 and 7 shows the selection of model and selection of inverter on Sam software.
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Figure 7. Selecting an inverter
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7.  SIMULATION RESULTS

In Figure 8, energy production data is shown at monthly basis. This shows that the maximum energy
is produced in the months of March, April and May, the least energy produced is in the months of January and
December. In Figure 9, the energy production data at yearly basis is shown for a span of about 25 years. The
simulated result shows that energy production in KWh gradually decreases with respect to year.
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Figure 8. Monthly energy production Figure 9. Annual energy production

8. RESULT SUMMARY

After simulation, the result summary indicates, as shown in Table 1, that the annual energy production
is 7136 kWh, with a capacity factor of 17.4% and an energy yield of 1526 kWh/kKW. The battery charging in a
PV-plus-battery-connected system is 100% efficient, with no clipping. The economic benefits of the PV system
with DC battery storage compared to the PV system without battery storage are presented in the results. The
findings reveal that the electricity bill without the system amounts to Indian Rupees (INR) 74821.66, while the
bill with the system is INR 30444.12, resulting in a net savings of Rs 44377.54. The capacity factor represents
the amount of energy produced relative to the estimated maximum energy output. The energy yield is the
calculated output energy obtained from a solar panel after accounting for factors such as shade, dust, and heat.

Table 1. The result summay

Metric Value
Annual Energy 7163 kWh
Capacity Factor 17.4%
Energy Yield 1,526 kWh/kW
Performance Ratio 0.77
Battery Charge Energy from System  100.0%
Electricity Bill without system Rs 74821.66/-
Electricity Bill with system Rs 30444.12/-
Net Savings with system Rs 44377.54/-

9. CONCLUSION

The different configuration of the PV plus battery storage system is analyzed as storage system has
become an essential part in most solar PV applications. As without any storage system, power is clipped in
some cases. The modeling representation can feature the different configurations such as AC or DC coupled
battery system. It can be seen that of all three photovoltaic connected system, DC coupled battery storage
system gives the best results as in AC coupled battery storage system, extra inverter is required and some of
PV power generated is lost, which is taken care of in DC coupled storage system. A residential model was
studied on SAM software was studied showing that battery storage system gives better result.

ACKNOWLEDGMENT
The author would like to acknowledge Integral University for providing acknowledgement no.
IU/R&D/2022-MCN0001592.

Intelektual J Energy Harvesting Storage, Vol. 2, No. 1, pp. 1-8



Intelektual J Energy Harvesting Storage ISSN: 2963-6272 a 7

REFERENCES

[1]
[2]
[3]

[4]

[5]
[6]
[71
(8]

[9]

[10]

[11]
[12]
[13]

[14]

P. Gilman, “SAM Photovoltaic Model Technical Reference,” Solar Energy, vol. 63, no. May, pp. 323-333, 2015, [Online].
Auvailable: https://www.nrel.gov/docs/fy150sti/64102.pdf

Y. Riffonneau, S. Bacha, F. Barruel, and S. Ploix, “Optimal power flow management for grid connected PV systems with batteries,”
IEEE Transactions on Sustainable Energy, vol. 2, no. 3, pp. 309-320, 2011, doi: 10.1109/TSTE.2011.2114901.

Wood Mackenzie, “Solar-plus-storage system architectures: Design, pricing and economics in the US,” no. January, 2019, [Online].
Available: https://www.woodmac.com/reports/power-markets-solar-plus-storage-system-architectures-design-pricing-and-
economics-in-the-us-97436

M. Asim, A. Sarwar, M. Shahabuddin, and M. S. Manzar, “Development of solar photovoltaic model for wide range of operating
conditions,” International Journal of Power Electronics and Drive Systems, vol. 12, no. 4, pp. 2483-2491, 2021, doi:
10.11591/ijpeds.v12.i4.pp2483-2491.

Ran Fu, Donald Chung, Travis Lowder, David Feldman, Kristen Ardani, and Robert Margolis, “U.S. Solar Photovoltaic System
Cost Benchmark: Q1 2016,” National Renewable Energy Laboratory, 2016.

Y. Yang, S. Bremner, C. Menictas, and M. Kay, “Battery energy storage system size determination in renewable energy systems:
A review,” Renewable and Sustainable Energy Reviews, vol. 91, pp. 109-125, 2018, doi: 10.1016/j.rser.2018.03.047.

A. Nottrott, J. Kleissl, and B. Washom, “Energy dispatch schedule optimization and cost benefit analysis for grid-connected,
photovoltaic-battery storage systems-,” Renewable Energy, vol. 55, pp. 230-240, 2013, doi: 10.1016/j.renene.2012.12.036.

Y. Zhang, A. Lundblad, P. E. Campana, F. Benavente, and J. Yan, “Battery sizing and rule-based operation of grid-connected
photovoltaic-battery system: A case study in Sweden,” Energy Conversion and Management, vol. 133, pp. 249-263, 2017, doi:
10.1016/j.enconman.2016.11.060.

M. Asim, M. Tarig, M. A. Mallick, and 1. Ashraf, “An improved constant voltage based MPPT technique for PMDC motor,”
International Journal of Power Electronics and Drive Systems, vol. 7, no. 4, pp. 1330-1336, 2016, doi:
10.11591/ijpeds.v7i4.pp1330-1336.

M. Tariq, F. L. Bakhsh, S. A. Khan, and M. Asim, “Solar Based Space Cooling System in Building - A Case Study of Maulana Azad
Library , AMU Solar Based Space Cooling System in Building - A Case Study of Maulana Azad Library , AMU,” Int. J. of Recent
Trends in Engineering and Technology, vol. 4, no. 4, pp. 167-169, 2010.

P. L. Denholm, R. M. Margolis, and J. D. Eichman, “Evaluating the Technical and Economic Performance of PV Plus Storage
Power Plants,” National Renewable Energy Laboratory, no. August, 2017, doi: 10.2172/1376049.

I. Akhtar, W. U. H. Paul, S. Kirmani, and M. Asim, “Cost Analysis of 18 kW Solar Photovoltaic System for Smart Cities Growth
in India,” Lecture Notes in Electrical Engineering, vol. 723 LNEE, pp. 661-667, 2021, doi: 10.1007/978-981-33-4080-0_63.

S. Sinha, P. Agarwal, N. K. Gupta, M. Asim, and A. Riyaz, “Performance of solar cell under changing atmospheric condition,”
Lecture Notes in Electrical Engineering, vol. 664, pp. 225-234, 2020, doi: 10.1007/978-981-15-5089-8_21.

N. A. Diorio, J. M. Freeman, and N. Blair, “DC-connected Solar Plus Storage Modeling and Analysis for Behind-The-Meter
Systems in the System Advisor Model,” 2018 IEEE 7th World Conference on Photovoltaic Energy Conversion, WCPEC 2018 - A
Joint Conference of 45th IEEE PVSC, 28th PVSEC and 34th EU PVSEC, pp. 3777-3782, 2018, doi: 10.1109/PVSC.2018.8547329.

BIOGRAPHIES OF AUTHORS

Khan Huma Aftab (& ] B8 € s a research scholar at Integral University, Lucknow (India)

since 1999. She did her Diploma in Electronics Engineering from Aligarh Muslim University,

Aligarh in the year 1992 with second position in order of merit. A.M.I.E. in Electronics and

Communication Engineering from Institution of Engineers (India) in the year 2011, M. Tech. in

- Electronics Circuits and Systems from Integral University, Lucknow in the year 2014. She has
= designed, developed and conducted many Laboratories at B. Tech. and M. Tech. level including
v\ Solar Hardware Lab, Simulation Lab and Simulink lab.

~\

>

5.0

7

Mohammed Asim Bl 2 is currently working as a Assistant Professor at Integral
University, Lucknow since 2013. He has got more than 10 years of teaching experience. He has
completed his B. Tech and M. Tech from Aligarh Muslim University in the year 2007 and 2009
respectively. Later on, he has done his PHD from Integral University Lucknow in the year 2017.
His research area includes Power Electronics and Renewable Energy. He has got several patents
and number of research paper. He has completed a project titled “An efficient Solar PV based
hybrid multi output converter for standalone application” sponsored by National Project
Implementation Unit, Govt of India. He has received best paper award in International
Conference SIGMA, ICRP and ICICPS. He can be contacted at email: asimamu@gmail.com.

DC connected solar plus storage systems: An overview (Khan Huma Aftab)


https://orcid.org/0009-0006-7148-3160
https://orcid.org/0000-0002-6039-094X

8 a ISSN: 2963-6272

Mohd Yusuf Yasin Bl 2 currently working as a Assistant Professor at Integral
University, Lucknow since 2006. He has more than 28 years of teaching and research experience.
He did his B. Tech. (Electrical Engineering), M. Tech. (Electronic Circuits and System Design)
from AMU Aligarh in the year 1988, 1996 and PHD (Power Reduction in circuit Building Blocks
in Deep Submicron) from Integral University Lucknow in the year 2014. His research area
includes Devices, Circuits and Systems, Signal Processing and Renewable Energy. He has
published a number of research papers in Electronics Engineering and related fields and patents
in his favor, has guided a number of Ph.D. and has also completed a 2 -year project titled
“Performance analysis of 1MWGgrid connected Solar Photovoltaic system using image analysis”,
sponsored by The Institution of Engineers (India). He can be contacted at email:
mmyasin@rediffmail.com.

Mohammad Saood Manzar ' E:d B8 € is a lecturer in Environmental Engineering Department
of Imam Abdurrahman bin Faisal, Dammam, Kingdom of Saudi Arabia since 2014. Previously,
he served as an Assistant Professor for about 3-years in SRM University, Ghaziabad (India). He
has over 19 research publications, and more than 5 presentations and invited talks in conferences
and seminars. He has hands on a number of areas and instruments like HPLC (High-performance
liquid chromatography), and AAS (Atomic absorption spectroscopy). | am actively involved in
different wastewater treatment projects of Environmental Engineering department such as
synthesis, characterization of different kinds of waste, polyamine resin composites, modified
bentonite, modified graphene, and layered double hydroxides composites and their application
in waste water treatment. He can be contacted at email: msmanzar@iau.edu.sa.

Intelektual J Energy Harvesting Storage, Vol. 2, No. 1, pp. 1-8


https://orcid.org/0000-0002-9409-9026

