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Abstract: - Renewable energy sources (RES), such as solar and wind power, received extensive interest since the outputs promise to reduce
carbon content with the open allowance of renewable energy utilization. However, one of the most crucial setbacks of RES is that it makes
dependant grid stability and energy management impossible. To address these challenges, the Indian government has announced several
policies to strengthen renewable energy and help spur growth in the sector. The promising solution that will be brought forward is to
provide peer-to-peer, or P2P, energy trading opportunities between small-scale producers and consumers themselves. This will help
democratize the energy sector, reduce transmission and distribution losses, and help in increasing renewable energy as part of the energy
mix. This research paper discusses possible prospects of P2P energy trading in India by exploring several advanced intelligent techniques
including optimization of energy pricing, market dynamics analysis, and regulation framework evaluation. Through this, the research will
investigate some of the key directions so as to contribute to the development of a more sustainable and efficient energy system.
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I.  INTRODUCTION

Indian energy landscape is changing at a galloping pace, and it remains the world's third-largest energy consumer,
wanting spirals of energy demand to increase ever more. Although fossil fuels, including coal, form its long energy
mix, the government has been drastically moving to diversify its energy resources and reduce dependence on
carbon-intensive fuels. Renewable energy has grown quite quickly and rapidly to become the biggest leader in
India's energy transition, dominated mostly by solar and wind power. It has taken off due to governmental
supportive policies and ambitious targets toward growth, including challenges toward achieving a stable grid as
well as proper energy management.

In this regard, P2P energy trading becomes the answer to those hurdles and unlocks full potential of renewable
energy. It has truly empowered direct energy exchange between producers and consumers, democratized the
energy sector, reduced T&D losses, and optimized the energy price. This paper takes the concept of P2P trading
in India to its potential and touches upon advanced intelligent techniques to optimize pricing and analyze market
dynamics, coupled with getting into the regulatory framework. In this sense, understanding these aspects together
brings it all together to contribute to a more sustainable energy future for this country.

Il. INDIAN ENERGY MARKET

It is revolutionizing the energy sector in India. For a very long time, fossil fuels had stayed atop the energy mix
with coal, whereas the country today is rapidly propelling forward toward clean energy supply with renewables,
nuclear, and natural gas. Rising progressive government policies toward the use of solar and wind power, nuclear,
and natural gas are on the rise. The National Solar Mission and the National Wind Energy Mission have been
significant drivers in accelerating the growth of these renewable energy sectors. The expansion of renewable
energy capacities in India has seen huge improvements, with solar and wind power on the forefront of making up
major parts of the total energy mix.

Table 1: Electricity Market Structure: Challenges and Advantages

Market Challenges Advantages
Structure
Completely Peer | Investment and maintenance cost is high with | No obligation. Autonomous.
to Peer Market fully ICT structure. Easily available energy as per preference
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To maintain the reliability and quality power

supply for 24*7
Community To fulfill the requirement as per need of | Sharing of energy, Active participation of
based P2P | community members without any biasing members.
Market
Hybrid P2P | To maintain the coordination between members, | ICT infrastructure, compatible with system,
Market energy manager and other nodes. better than above two.

Renewable energy is becoming the best addition to nuclear power and natural gas in the scale of India's energy
landscape. Increasing the share of nuclear power in the mix while promoting natural gas as a cleaner source of
energy in preference to coal - these are the twin objectives of the government.

The said improvements notwithstanding, there are still significant challenges facing India's energy sector. These
include infrastructure, financial, grid integration, and regulatory issues with regards to the sector. Overcoming
these is crucial to ensuring that there is a reliable and sustainable supply of energy for the country. Figure 1
represents the average load profile of a town over year on daily basis.

Yearly Load Profile

— January February March April May June
— July August September October Novemeber December
200 -
180 A
160 4 ]
140 - c§=<_,_...--/_.___..---—--—----..._ ~——

S 100 - i ——

E 30 4 ______,...-__,_-—"'-__'__.-____-——--._______ *\——___.
0 9 ""—'-—..._..—-—-—‘ﬁ |
40 - P —
20 ........

o -

12:00 2:00 AM 4:00 AM 6:00 AM 8:00 AM 10:00 12:00 2:00 PM 4:00 PM 6:00 PM 8:00 PM 10:00
AM AM PM PM

Time of the day
Figure 1: The load profile of the town on daily basis

Advanced technologies and smart techniques are in development in order to overcome such challenges so as to
optimize energy consumption. P2P trading is potentially the best method for this purpose. It involves direct energy
exchange between the energy producer and consumer over a grid, maximizing the efficiency of energy use,
reducing losses in transmission and distribution lines, and helping consumers manage better their consumption.
This paper contributes to the research in P2P energy trading as it covers advanced intelligent methods for pricing
optimization. The challenge resulting from P2P energy trading - the lack of proper pricing-improves overall
efficiency and sustainability in India's energy sectors as a result of this study.

I11. FOUR-AREA MICROGRID WITH PRICING MECHANISM FEATURE

The growth of microgrids will increase the demand for sustainable and reliable sources of energy. To put it simply,
amicrogrid is essentially a localized electrical grid, which can power itself or be synchronized with the main grid.
Including RES, particularly solar and wind, in such systems reduces carbon emissions and improves security in
energy supply. An interconnection of several microgrids with a central controller can be one of the interesting
designs capable of forming a multi-area microgrid system. Such a configuration provides increased reliability,
good power quality, and resource utilization efficiency.

Consider, for instance, a four-zone microgrid system (Figure 2). In each zone diversified mix of renewable sources,
energy storage systems, and conventional generators are there. The system can operate in offline and online modes.
In online mode, the main grid is connected to the micro grid. There is a two-way power flow and sharing of
resources. In offline mode, the microgrid can operate independently, providing uninterrupted power supply to
local loads even during grid outages.
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Figure 2: Four area control for 75 bus system

Hence, some advanced control strategies are required to be developed for smooth operation in both modes of
microgrid. Those strategies will point out prime areas that include voltage stability, frequency regulation, and power
quality. The techniques that are likely to be selected for optimization of the performance of the microgrid system are
MPC, Al, and ML. For instance, it will help predict the future generations and demands in the system to provide
proper controlling actions towards stabilization of the system. Al and ML algorithms can draw patterns from
historical data to optimize strategies of energy management. In addition, advanced communication technology
enables information to flow smoothly between regions and the central control area.

P2P energy trading pricing mechanisms may be divided into two parts: namely, energy pricing and network service
pricing.

A pricing mechanism is a guideline for how the value of commaodities or services traded should be determined.
Energy pricing determines the price meant to meet market objectives; network service pricing determines the cost
related to using network infrastructure and ancillary services in the background to enable trading. Such transactions
in P2P energy trading can be verified on the basis of energy production and consumption and may have regulation
through several factors that can change the strategy in a trading scenario. Depending on the approach taken in pricing
energy, say for a Pool-based market, trading strategy may be functionally related only to energy production and
consumption. For bilateral contracts, trading strategy can actually depend on the counterparty. Figure 3 illustrates
how strategy might be employed in determining a classification for pricing mechanisms; methodology on how such
pricing mechanism could be implemented is also presented.

-~ OB .. Prircing Mechanom ,
@ Fruire 4

Ex-Ante mimatiny Pricing

SDR~-Based Src-nEatae
Fourrula Pricing Pricns Pricing

_ Ennureserns
inergy Pricing

s, CAEIB O . T EerEsy
érlcwg Disrmmat=l
SDR-Based Fourroaere
ourula Pricing Eastla Pacting
rRev UL mg':

. : Contact-Based
4 * Founula Priciez
NegRitrs

Discmninative
Fourula Pzcing
fFastala Pricing

Disminati= ’.‘
Pricing ‘ - I ‘Ssp )
Pricing ] o a Sl S Ao = S Al S
Zx-rants | , 2 (8 % ; SENPE - ' | |oss Posh

WEN pEren 3 Sl ( ; & & » Pricing

- [ 5 =D 2 '
! , ; ,)’gggé-mg 1 Postianl
Danting T - B Service
=ower Antnz Pnrcllnga p i . % e TN O | 4 Pricing

EXrTIeI e
Continuas {®) 0
Power Flow b R
EX-POST - f= Py =

17 - . Postatul Network
lEﬁﬁ w Poatrzt Continurt Power F Serica
@ o o W o Pricing Power Flow Pricing Pricing

Figure 3: Pricing Mechanism of Microgrid
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Such emerging technologies embedded within the four-area microgrid system can therefore further enable it to be
better resilient and responsive to fluctuating energy demands and grid conditions, thus contributing to achieving a

more sustainable and reliable energy future.

IV. MODELLING AND SIMULATION

Suppose N MGs and one power plant are assumed to exist in Local Area. Within each MG, renewable sources and

ESSs with active loads.

Solar PV
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Figure 4: Block diagramFHybrid Microgrid connected with a controller
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The microgrids are mainly dependent on to them through the renewable energy generation and battery bank (or
storage system). Local energy demands; however, since the energy source is intermittent. They must exchange energy
with each other from renewable energy, other or power plant to balance generation and demand at that particular

time. as depicted in Figure 4.

The authors design the multi-level optimization statement to enhance the proposed microgrid by focusing on four

objectives, each assigned a specific weight. [14]

Objective = wy *TFC +w,-TOC + w3 TDG + (1 — w; — w, —w3) - TGE (¢))
here
IC;
TFS = [Nl- <T + 0Mi>]
i={pv,wt,bg} :
[Cpqy . 12:1 Y1 CPyq (t,m)
Thae 12 - ESpqe
Ni " GEl
TES = —]
. T;
i={pv,wt,bg}
+ GEbat . 12;1-1 Zrlrg=1 CPbat (t: m)
Tpat 12+ ESpae
TDG = [P, (¢, m)] + DChyge — Z DL (tm) = Chyge (e
i={pv,wt,bg} All type
A Modelling of Solar PV System
The output power of the solar PV module can be calculated through following equation (2)
va = Npv - va ' Amop Gy @
Table 2: I.F. of the solar modules [15]
Amorphous | Amorphous
Amorphous | Silicon- Silicon-
Monocrystalline | Polycrystalline |  Silicon- Hydrogen Hydrogen Cadmium | Gallium
Property Silicon Silicon Hydrogen Tandem Triple Telluride | Arsenide
Efficiency (%) 15-20 13-16 6-8 10-12 13-15 10-12 18-25
Ideality Factor 1.2 1.3 1.8 3.3 5 15 13
Cost High Medium Low Low Low Medium High
Negative
Temperature Negative (- Negative (- | Negative (- | Negative (- Negative (- - Negative (-
Coefficient 0.45%/°C) 0.45%/°C) 0.2%/°C) | 0.2%/°C) 0.2%/°C) 0.2%/°C) |0.45%/°C)
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Lifetime
(Years) 25-30 20-25 10-15 10-15 10-15 15-20 25-30
Light Weight No No Yes Yes Yes Yes No
Flexible No No Yes Yes Yes No No
Indoor
Application No No Yes Yes Yes No No

Parameters of equation (2) are constant for global irradiance and efficiency of solar PV modules except the solar
PV [13]. For electricity generation, efficiency of the Solar PV is settled by the ambient temperature on that
particular hour. On the basis of location and the projection about the geographical point, global irradiation varies
about the solar PV plant. Efficiency factor of solar module is determined due to an ideality factor about that
particular material also.

B. Modelling of the wind power system

Wind is a form of solar energy. The power generated by wind turbine systems relies on several factors, including
the area swept by the rotor, the angle of the rotor, the speed and direction of the wind, and the density of the air.
This relationship can be expressed through a specific equation

a'VS_ﬁ'Prat , Ve <V < Veae
Pwt = Prat ’ Vci <V < Vrat (3)
0 , else

Here

g _frat
Vrsat - Vc:i

5= Ve
Vrsat - Vc%

The total power available for transmission and distribution from wind turbine generators accounts for both the
efficiency of the turbines and the necessary converters used in the process.

Pwp @®) = Nwg * ng " Amow " Pt (4)
Here 7,4 is the combined efficiency of wind turbine generators and required converters [16].

C. Modelling of Biogas Power Plant

Biogas is a valuable renewable energy source that offers several benefits over solar photovoltaic (PV) and wind
energy systems. One of its key advantages is that a biogas power plant can generate electricity on demand,
independent of weather conditions. The energy produced from biogas is transformed into mechanical energy using
a gas turbine. The amount of electricity generated by a biogas power plant primarily depends on the total solid
waste available for processing. [17],

Pyio = Mbio " TSpio " Abio ©)
D. Modelling of battery

The ongoing expansion of renewable energy systems increasingly relies on battery bank units, as the output from
solar panels and wind turbines is influenced by weather conditions. In a microgrid, these energy storage units can
perform several important functions, such as managing power quality, regulating voltage and frequency,
smoothing out fluctuations in renewable energy output, providing backup power during emergencies, and
optimizing costs. Common types of storage units include flywheels, batteries, and ultra-capacitors, with
electrochemical batteries being the most widely used in power systems. These batteries are charged when there is
excess energy available or during off-peak times and are utilized during periods of high demand or power
shortages. However, accurately determining the state of charge for a battery bank can be quite challenging. The
capacity of a battery storage units at any given moment is determined by [18],
During charging
Cpar(t) = Cpae(t —1) - (1 = 8) — PEpc *Npar  (6)
During Discharging

Cpat(t) = Cpat(t —1) - (1 = 8) + PDpc *Mpar  (7)

E. Availability of AC Power

The cost of electricity will go down when we stop wasting energy on unnecessary loads. This means that the
amount of power generated should match the total power used by all devices, except for what's stored in reservoirs.
While we can't control the energy produced by solar and wind sources, we can optimize the output from biogas
power plants and batteries to minimize energy loss.
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Pr = (Pow(®) + Pue(t) + Coar (©)) *Miny + Poio (8)
Figure 5 represents the Microgrid power management system. The central controller should try to balance the
power with its demand. All the controllers work automatically but depend on specific algorithms and predefined
rules to operate. This paper outlines several scenarios that the algorithm handles; it covers scenarios of power
plants based on biogas and the storage unit. For one, it determines whether additional power should be bought
from the grid.

| Microgrid Controller |

Battery remains Yes
disconnected and Biogas -
plant doesn’t start
Yes

Biogas plant
doesn’t start

fulfill the

Does biogas

plant
Purchase supply from economical
the Grid
for the

+ demand?

Yes

Biogas Plant starts

Does biogas
plant fulfill
the
demand?

A 4

Figure 5: Algorithm to management of power flow in proposed system

V. RESULTS AND DISCUSSIONS

The proposed hybrid microgrid system with RES, ESS, and conventional mix generators was rigorously simulated
against different load profiles and possible grid conditions. In effect, the simulations were essentially aimed at
appraising the power quality, reliability, and economic viability the system promises in this regard. This hybrid
microgrid exhibited good power quality performance since, for example, voltages and frequencies remained within
acceptable limits, even for scenarios of high load demand or grid disturbances. The contribution of RES-solar and
wind power-to the enhancement process of the power quality of this microgrid is of great importance. The use of
the ESS buffer system further enhanced the potential of this hybrid microgrid to reduce voltage fluctuations and
frequency deviations even further. With regard to the grid or unexpected events-related outages, the hybrid
microgrid system's reliability and sensitivity were analyzed. It could maintain the provision of critical loads for a
significant time, and diversification of energy sources and redundancy in the ESS system helped maintain system
reliability. After applying the multi-level optimization problem method to the projected microgrid, the author
simulates the microgrid system and optimizes the desired all four objectives. The system is ascertained to operate
at the lowest cost with emission of the minimum carbon emission. As shown in Figure 6, each point on the Pareto
front represents the exclusive and ideal solution to the problem. The Pareto front method is stronger compared to
the other methods. The authors' calculations are based on various assumptions levied from their literature review.
Table 3: Optimization function weight management

S.No. Weight wy Weight w, Weight wy
1. 0.25 0.40 0.15
2. 0.30 0.35 0.25
3. 0.35 0.30 0.20
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4. 0.40 0.25 0.10
5. 0.45 0.20 0.20
6. 0.50 0.15 0.15
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Active Power (kW)

Figure 6: Variation of weights of objective function
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Figure 7 (a): Active and Reactive Power variation when diesel generator is disconnected at t=3 sec
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Figure 7 (b): Active and Reactive Power variation when fault occurs in microgrid

The economic feasibility of the hybrid microgrid is always calculated based on a cost-benefit analysis. The result
shows that hybrid microgrid significantly offers benefits in terms of low operating costs as well as independence
in energy thus allowing for sales of excess power to the grid. Apart from covering the initial capital investment
long-term savings may be covered by government policies offering incentives.

VI. CoONCLUSION

Results on similar systems in existing literature are further compared with a performance evaluation of the
proposed hybrid microgrid. Further, it has been noted that the proposed system outweighs many of the existing
systems regarding power quality, reliability, and economic viability. Advanced control strategies, optimum system
sizing along with multiple energy sources, all have been truly effective for its performance. Exploratory areas
include: Advanced control algorithms to enhance the operational efficiency of hybrid microgrids; the potential
influence of emerging technologies: e.g., energy storage devices with significantly increased energy density and
power density; more sophisticated economic models for better estimations of the persistent benefits of these
systems.

REFERENCES

[1] Mona Zedan, Morsy Nour, Gaber Shabib, Loai Nasrat, Al-Attar Ali, Review of peer-to-peer energy trading: Advances
and challenges, e-Prime - Advances in Electrical Engineering, Electronics and Energy, Volume 10, 2024, 100778, ISSN
2772-6711.

[2] Shu Godwill Ndeh, Divine Khan Ngwashi, Lawrence K. Letting, Chu Donatus Iweh, Emmanuel Tanyi,

[3] Power sharing enhancement through a decentralized droop-based control strategy in an islanded microgrid, e-Prime -
Advances in Electrical Engineering, Electronics and Energy, Volume 7, 2024, 100433, ISSN 2772-6711.

[4] Izhar Ahmad Saifi, Mohammad Amir, Ahteshamul Haque, Atif Igbal, Investigation of condition monitoring system for
grid connected photovoltaic (GCPV) system with power electronics converters using machine learning techniques, e-
Prime - Advances in Electrical Engineering, Electronics and Energy, Volume 9, 2024, 100722, ISSN 2772-6711.

[5] Veerapandiyan Veerasamy, Zhijian Hu, Haifeng Qiu, Shadab Murshid, Hoay Beng Gooi, Hung Dinh Nguyen,
Blockchain-enabled peer-to-peer energy trading and resilient control of microgrids, Applied Energy, Volume 353, Part
A, 2024, 122107, ISSN 0306-2619.

[6] Zia Ullah, Hasan Saeed Qazi, Ahmad Alferidi, Mohammed Alsolami, Badr Lami, Hany M. Hasanien,

[71 Optimal energy trading in cooperative microgrids considering hybrid renewable energy systems, Alexandria Engineering
Journal, Volume 86, 2024, Pages 23-33, ISSN 1110-0168.

[8] S. Grabi¢, M. Veki¢, M. Rapaic, 1. Isakov and V. Porobi¢, "Peer-to-Peer-Based Power Flow Control in Microgrids With
Limited Voltage Harmonic Distortion," in IEEE Access, vol. 11, pp. 130627-130643, 2023.

[91 Gandhi, K., & Gupta, S. K. (2021). Operational strategies and electricity market structure of microgrid: A critical review.
Renewable Energy Focus, 39, 163—171. https://doi.org/10.1016/j.ref.2021.09.001

8116



[10]

J. Electrical Systems 20-3 (2024): 8109 - 8117

Sousa, T., Soares, T., Pinson, P., Moret, F., Baroche, T., & Sorin, E. (2019). Peer-to-peer and community-based markets:
A comprehensive review. In Renewable and Sustainable Energy Reviews (Vol. 104, pp. 367-378). Elsevier Ltd.
https://doi.org/10.1016/j.rser.2019.01.036

Nejabatkhah, F., & Li, Y. W. (2015). Overview of Power Management Strategies of Hybrid AC/DC Microgrid. In IEEE
Transactions on Power Electronics (Vol. 30, Issue 12, pp. 7072—7089). Institute of Electrical and Electronics Engineers
Inc. https://doi.org/10.1109/TPEL.2014.2384999

Sun, H., Edziah, B. K., Sun, C., & Kporsu, A. K. (2019). Institutional quality, green innovation and energy efficiency.
Energy Policy, 135. https://doi.org/10.1016/j.enpol.2019.111002

Mortezaei, A., Simoes, M. G., Savaghebi, M., Guerrero, J. M., & Al-Durra, A. (2018). Cooperative Control of Multi-
Master-Slave Islanded Microgrid with Power Quality Enhancement Based on Conservative Power Theory. IEEE
Transactions on Smart Grid, 9(4), 2964-2975. https://doi.org/10.1109/TSG.2016.2623673

Thakur, G., Sharma, K. K., & Kaur, I. (2017). Power Management in Hybrid Microgrid System. Indian Journal of Science
and Technology, 10(16), 1-5. https://doi.org/10.17485/ijst/2017/v10i16/114313

Caldognetto, T., & Tenti, P. (2014). Microgrids operation based on master-slave cooperative control. IEEE Journal of
Emerging and Selected Topics in Power Electronics, 2(4), 1081-1088. https://doi.org/10.1109/JESTPE.2014.2345052
Sinha, S., & Bajpai, P. (2020). Power management of hybrid energy storage system in a standalone DC microgrid. Journal
of Energy Storage, 30. https://doi.org/10.1016/j.est.2020.101523

Nureddin, A. A. M., Rahebi, J., & Ab-Belkhair, A. (2020). Power Management Controller for Microgrid Integration of
Hybrid PV/Fuel Cell System Based on Artificial Deep Neural Network. International Journal of Photoenergy, 2020.
https://doi.org/10.1155/2020/8896412

Wilson, C., Hargreaves, T., & Hauxwell-Baldwin, R. (2017). Benefits and risks of smart home technologies. Energy
Policy, 103, 72—-83. https://doi.org/10.1016/j.enpol.2016.12.047

Instituto Tecnoldgico de Buenos Aires, Institute of Electrical and Electronics Engineers, & IEEE Industrial Electronics
Society. (n.d.). Proceedings, 2020 IEEE International Conference on Industrial Technology : Buenos Aires Institute of
Technology (ITBA), Buenos Aires, Argentina, 26-28 February, 2020.

Yallamilli, R. S., & Mishra, M. K. (n.d.). Power Management of Grid Connected Hybrid Microgrid with Dual Voltage
Source Inverter.

IEEE Staff. (2017). 2017 International Conference on Modern Power Systems (MPS). IEEE.

Zia, M. F., Elbouchikhi, E., & Benbouzid, M. (2018). Microgrids energy management systems: A critical review on
methods, solutions, and prospects. In Applied Energy (Vol. 222, pp. 1033-1055). Elsevier Ltd.
https://doi.org/10.1016/j.apenergy.2018.04.103

Mengelkamp, E., Gérttner, J., Rock, K., Kessler, S., Orsini, L., & Weinhardt, C. (2018). Designing microgrid energy
markets: A case study: The Brooklyn Microgrid. Applied Energy, 210, 870-880.
https://doi.org/10.1016/j.apenergy.2017.06.054

Lago, J., de Ridder, F., & de Schutter, B. (2018). Forecasting spot electricity prices: Deep learning approaches and
empirical comparison of traditional algorithms. Applied Energy, 221, 386-405.
https://doi.org/10.1016/j.apenergy.2018.02.069

Zhang, C., Wu, J., Zhou, Y., Cheng, M., & Long, C. (2018). Peer-to-Peer energy trading in a Microgrid. Applied Energy,
220, 1-12. https://doi.org/10.1016/j.apenergy.2018.03.010

Ehsan, A., & Yang, Q. (2018). Optimal integration and planning of renewable distributed generation in the power
distribution networks: A review of analytical techniques. In Applied Energy (Vol. 210, pp. 44-59). Elsevier Ltd.
https://doi.org/10.1016/j.apenergy.2017.10.106

Katiraei, F., & Iravani, M. R. (2006). Power management strategies for a microgrid with multiple distributed generation
units. IEEE Transactions on Power Systems, 21(4), 1821-1831. https://doi.org/10.1109/TPWRS.2006.879260

8117



