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Abstract.Standalone photovoltaic microgrids are widely deployed in remote areas to provide decentralized
electricity supply. However, the independent operation of household-scale photovoltaic systems often leads
to inefficient energy utilization due to surplus energy curtailment and unequal battery state-of-charge (SOC)
levels among neighboring users. This paper investigates a peer-to-peer energy sharing and mutualization
strategy for standalone photovoltaic microgrids. An experimental approach based on a low-cost embedded
controller supervising a relay-based switching matrix, ensuring fully autonomous operation, is detailed and
validated by numerical simulations. The results demonstrate a significant improvement in SOC balancing,
a reduction in photovoltaic energy curtailment, and enhanced power supply continuity. The proposed
solution stands out for its scalability, low cost, and suitability for rural electrification applications.
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1. Introduction

Photovoltaic (PV) generation has become one of the
predominant renewable energy technologies for
decentralized power systems due to its modularity,
scalability, and declining costs. Standalone microgrids
powered by PV systems are increasingly deployed in
isolated and rural areas where grid extension is technically
impractical or economically prohibitive [13], [14]. These
systems enable local energy generation and storage,
providing energy access in regions with unreliable or
unavailable utility grid infrastructure. However,
standalone PV microgrids are inherently challenged by the
stochastic nature of solar power, temporal mismatches
between energy production and load demand, and isolated
operational constraints, which often result in energy
surplus in some subsystems while neighboring nodes
experience deficits.

Peer-to-peer (P2P) energy sharing has emerged as a
promising paradigm for enhancing energy utilization and
system resilience in decentralized energy networks [15].
The core objective of P2P sharing is to facilitate direct
energy exchange among distributed energy resources
(DERs) without intermediary entities, enabling prosumers
and consumers within microgrids to balance local supply
and demand efficiently. Earlier works have demonstrated
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the benefits of P2P energy trading in improving self-
consumption of renewable energy, reducing energy
dependence on centralized grids, and increasing local
energy resilience [1], [2], [3]. Despite these advances, a
significant portion of existing research focuses on grid-
connected microgrids or community trading structures
that depend on complex communication infrastructures,
hierarchical coordination protocols, or market-based
mechanisms that may not be feasible in remote or
resource-constrained environments [1], [4], [5].

In grid-connected scenarios, P2P energy sharing is
typically realized using distributed ledger technologies,
blockchain frameworks, or sophisticated pricing
algorithms to coordinate transactions across multiple
participants and enforce fairness [4], [6], [7]. These
solutions often require high-bandwidth communication
networks and significant computational resources, which
are rarely available in rural off-grid settings [16]. While
these solutions have shown promising results for urban
and smart grid applications, their reliance on
communication networks and market mechanisms limits
practical deployment in standalone microgrids with
minimal infrastructure support. Furthermore, many
proposed approaches incorporate centralized
optimization, dynamic pricing, or game-theoretic
methodologies that require both computational resources
and exchange of private information among nodes, raising
concerns about scalability, privacy, and implementation
cost [17].

A substantial body of work has concentrated on
optimizing energy sharing in microgrids through
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advanced energy management strategies. For instance,
multi-objective allocation of shared energy storage and
optimal pricing mechanisms have been proposed to
maximize sustainability and cost-effectiveness in multi-
microgrid communities [8]. Decentralized energy trading
frameworks have also been introduced to improve social
welfare while minimizing communication overhead [9],
[18]. Other studies highlight the performance implications
of communication infrastructure for P2P energy trading in
community microgrids, noting that communication
efficiency plays a critical role in achieving reliable and
scalable sharing operations [10], [11]. Despite these
contributions, most implementations remain unsuitable
for truly standalone operation without communication
support or external connectivity.

In the context of standalone microgrids, particularly those
deployed in rural or off-grid environments, there is a
pressing need for low-cost, robust, and communication-
independent energy sharing mechanisms [19]. Standalone
microgrids must operate autonomously, relying on local
measurements and embedded control to enact sharing
decisions. Such systems should maintain reliability,
optimize energy utilization, and improve continuity of
supply across multiple households, while minimizing
hardware complexity and deployment costs. Recent
studies in peer-to-peer energy trading have noted that
integrating DERs with energy storage and implementing
real-time control algorithms can significantly enhance
microgrid performance, but often remain restricted to
grid-connected or communication-enabled environments
(21, [5].

Another critical challenge in existing literature is the
limited scalability of experimental demonstrations. Many
practical implementations of P2P sharing are validated
using small-scale prototypes or simulation models tailored
to a fixed number of nodes, which constrains their
applicability to larger systems [20]. Yet, scalability is a
prerequisite for real-world deployment, especially in
community-scale electrification efforts where the number
of interconnected households can vary significantly. To
address this gap, it is necessary to develop not only
hardware-embeddable solutions but also generalized
analytical and simulation frameworks that demonstrate
performance as the number of participating households
increases. Such frameworks provide a deeper
understanding of system behavior and validate the
robustness of the proposed energy sharing mechanisms
beyond fixed-case experimental setups.

In the present work, a standalone peer-to-peer energy
sharing system designed for isolated photovoltaic
households is proposed. The system is implemented on
low-cost embedded hardware (Arduino-based) with a
relay-controlled matrix to dynamically manage electrical
interconnections among households. Energy sharing
decisions are based on local measurements and real-time
estimation of the battery state-of-charge (SOC), enabling
autonomous identification of energy surplus and deficit
conditions without the need for communication
infrastructure. This hardware-first approach offers a

practical and cost-effective alternative to communication-
dependent frameworks, making it particularly suitable for
rural electrification and microgrid deployments in
developing regions.

To validate the scalability of the proposed method,a
MATLAB-based simulation model that generalizes the
energy sharing strategy to a variable number N of
households is developed. This simulation allows
evaluation of system performance under diverse load
profiles and PV generation conditions, providing insights
into scalability, SOC balancing, and energy utilization
efficiency. Unlike many existing studies restricted to a
fixed number of residential units or grid-connected use
cases [1], [12], the incorporation of generalized simulation
extends the applicability of the proposed approach and
strengthens its scientific contribution.

The main contributions of this paper are summarized as
follows: the design and implementation of a standalone
peer-to-peer energy sharing architecture requiring no
communication infrastructure or grid connectivity, the
development of a decentralized SOC-based energy
management algorithm suitable for embedded real-time
operation, the creation of a MATLAB simulation
framework to evaluate scalability for an arbitrary number
of photovoltaic households, and experimental validation
demonstrating improved SOC balance, reduced energy
waste, and enhanced supply continuity in a practical
multi-household setup.

Unlike several existing peer-to-peer energy sharing
approaches reported in the literature, the proposed system
adopts a fundamentally different design philosophy, for
instance, works such as [15] and [16] rely on game-
theoretic models and market-based mechanisms to
optimize energy trading between prosumers, which
require advanced communication infrastructure and
centralized coordination. Similarly, the framework
presented in [20] emphasizes scalability and coordination
through communication enabled architectures and multi-
agent systems.

In contrast, other studies such as [10] and [18] propose
decentralized energy sharing strategies; however, they still
depend on information exchange between agents or
remain primarily simulation-based without practical
hardware implementation. Furthermore, optimization-
based approaches, such as those discussed in [8] and [9],
often involve high computational complexity, making
them less suitable for real-time embedded applications.
The proposed system distinguishes itself by offering a
fully standalone, hardware-oriented solution that operates
without any communication infrastructure. Energy
sharing decisions are made locally using real-time
measurements of voltage, current, and battery state-of-
charge (SOC), combined with a relay-based switching
matrix that enables direct physical energy exchange
between households. Additionally, the use of a power-
based SOC estimation method (P=VxIP = V \times
IP=VxI) ensures low computational complexity and
compatibility with low-cost embedded platforms such as
Arduino. This combination of decentralized control,
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physical implementation, and simplicity makes the
proposed approach particularly suitable for rural and off-
grid environments.

1L Peer-to-peer Energy Sharing System
(P2PESS)

The peer-to-peer energy sharing system (P2PESS) is a
scalable framework designed to autonomously manage
and distribute photovoltaic (PV) generation among
households in standalone areas. As illustrated in, the
system architecture is generalized for N households, each
equipped with a dedicated PV array, a DC/DC converter,
and an electrical storage unit. A central switching
matrix dynamically =~ reconfigures  the electrical
connections between the collective PV panels and the
household loads, enabling real-time, direct energy
sharing.

of energy between them and sharing the overproduction
of their solar systems with other neighbors, to reduce
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Fig. 1:Schematic diagram of the basic P2PESS switching matrix

solar installation.
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Fig. 2:Synoptic diagram of the standalone microgrid's Peer-To-Peer Energy Sharing System

The core function of the P2PESS is to optimize local
energy use by facilitating the exchange of solar
overproduction between any two connected homes. This
peer-to-peer exchange minimizes energy losses associated
with traditional storage cycling and reduces the required
capacity and thus the investment cost of individual PV
installations for a given level of reliability. The system's
design is inherently scalable, allowing not only for the
interconnection of numerous houses within a
neighbourhood but also for the eventual integration of
multiple neighbourhoods into a larger energy-sharing
community.

2.1. Overview and Switching Matrix

The peer-to-peer energy sharing system (P2PESS) is used
to control and share automatically the PV panels or strings
between houses in standalone areas. The overview of the
peer-to-peer energy sharing system (P2PESS) is depicted
in Figurel.

All households are linked to the system, which controls
the sharing of solar panels between each two houses; each
home is connected with DC/DC converter, electrical
storage unit, and photovoltaic panels. A switching matrix
connects the solar panels to the loads of several
residences. The connections between residences and
various panels are depicted in “Figure2”.

As shown in Figure 2, every home has its own solar panel
and its own battery, the P2PESS has as a mission to
connect every 2 neighbors to share their overproduction

This system can be generalized for all types of
neighborhoods whatever the number of households can
be. It also interconnects several neighborhoods to share
their overproduction of electrical energy.

To further illustrate the scalability of the proposed peer-
to-peer energy sharing strategy, a generalized simulation
scenario considering N interconnected photovoltaic
households is analysed. In this case study, individual
photovoltaic production profiles, local consumption
patterns, and imported energy levels are evaluated for
each household under random day—night operating
conditions. The simulation highlights the dynamic
interactions between households, where surplus energy
generated by some nodes is redistributed to deficit nodes
through the proposed sharing mechanism.

To experimentally validate the concept and its control
algorithms, a four-household (N=4) prototype was
implemented. The specific connections and topology of
this experimental case are detailed in Figure 2. This
practical demonstration serves as a proof-of-concept for
the switching matrix's operation and the overall system
efficacy in a controlled, real-world scenario.

As shown in Figure 2, every home has its own solar panel
and its own battery, the P2PESS has as a mission to
connect every 2 neighbors to share their overproduction
of energy between them and sharing the overproduction of
their solar systems with other neighbors, to reduce energy
loss and also reduce the investment cost of the PV solar
installation.

2.2. State of Charge (SoC)
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The State of Charge (SoC) of a battery is defined as the
ratio of its current capacity (the amount of electrical
energy it can deliver at a given moment) to its nominal (or
rated) capacity. It is essentially the "fuel gauge" of a
battery, expressed as a percentage.

General Equation:

Q@)

nom

SoC(t) = x 100% 1)
Where:
SoC(t) is the state of charge at time t.
Q(t) is the remaining charge (in Ampere-hours, Ah) in the
battery at time t.
Q.0m 1s the nominal (or rated) capacity of the battery (in
Ah).
An SoC of 100% indicates a fully charged battery, while
an SoC of 0% indicates a fully discharged battery.
Three Common Methods for SoC Estimation

A. Coulomb Counting (Ah Counting)
This is the most common method for real-time SoC
estimation. It determines the SoC by measuring the
current flowing into and out of the battery and integrating
it over time.
Equation:

SoC(t) = SoC(ty) +

Jtl(r)dr 2)

nom 0

Where:
SoC(ty)is the initial state of charge.
I(7) is the instantaneous current at time T (positive for
charging, negative for discharging).
The integral calculates the net charge (in Ah) transferred
over time.
Limitation: This method is susceptible to drift over time
due to measurement errors in current and requires a known
initial SoC.

B. Voltage Method (OCV Measurement)
This method relies on the predictable relationship between
a battery's open-circuit voltage (OCV) and its SoC. For
many battery chemistries (like Li-ion or Lead-acid), the
voltage decreases monotonically as the battery discharges.
Equation:

SoC = f(Voc) (3)
Where:
Voc is the open-circuit voltage (measured when the
battery has been at rest for a sufficient time).
f is a characteristic function or lookup table specific to the
battery chemistry, often approximated by a polynomial.

Limitation: It is inaccurate during charging or discharging
(when the battery is under load) and requires a rest period
for the voltage to stabilize.

C. Power Measurement Method (Power-

Based Estimation)

This method estimates SoC based on energy balance.
Instead of measuring current (Coulomb counting), it
measures electrical power (in Watts) flowing in and out of
the battery and integrates it over time to track energy.
Equation:

SoC(t) = SoC(t,y) +

t
f P(t)dt 4)
Enom t0
Where:
E,om is the nominal energy capacity of the battery (in
Watt-hours, Wh), calculated as Q,0m X Viom-
P(7) is the instantaneous power at time T (positive for
charging, negative for discharging), calculated from
measured voltage and current: P(t) = V() X I(T).
Several approaches have been proposed in the literature
for battery state-of-charge estimation and energy
management in microgrids, including open-circuit voltage
(OCV)-based methods, Coulomb counting techniques,
and model-based estimators such as Kalman filtering.
While these methods can provide high estimation
accuracy, they often require detailed battery models,
periodic calibration, or continuous current integration,
leading to increased computational complexity and
implementation constraints.
In contrast, the proposed approach adopts a simplified
SOC-based control strategy combined with a power-based
estimation method derived from real-time voltage and
current measurements (P=VXIP =V \times IP=VxI). This
method offers a practical trade-off between accuracy and
implementation complexity, making it particularly
suitable for low-cost embedded systems. Furthermore,
unlike communication-dependent or optimization-based
energy sharing schemes, the proposed algorithm relies
solely on local measurements, ensuring robustness and
autonomy in standalone microgrid environments.

I1I. P2PESS algorithm

For the control of the different relays and connecting the
different houses together, as well as for the choice of the
relay which must be closed, and which must be opened to
ensure that all the homes share their overproduced energy
with the other homes in this standalone system, an
algorithm is implemented to control the relay matrix and
properly manage the overproduced electrical energy
“Figure 3”.
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Fig. 3. P2PESS algorithm

The proposed algorithm sequentially scans all
households and identifies those experiencing an energy
deficit. For each deficit household, the system searches
for another household with sufficient available energy. If
such a household is found, a relay is activated to enable
energy transfer. Otherwise, no sharing occurs. This
process is repeated for all households in the
system.Results and Discussion

The performance of the proposed peer-to-peer energy
sharing system is evaluated through both numerical
simulations and experimental validation. A generalized
MATLAB-based simulation is first conducted to assess

system scalability for an arbitrary number of households.
Subsequently, the proposed approach is experimentally
implemented and tested on a four-household standalone
photovoltaic prototype. This combined evaluation enables
comprehensive analysis of both large-scale behaviour and
practical feasibility.

4.1. Simulation Results for N-Household Scenario

To investigate the scalability of the proposed energy
sharing strategy, a MATLAB-based simulation is
conducted for a generalized case of N interconnected
photovoltaic households. A representative scenario with
N=10 households was selected to ensure clarity in
graphical visualization and analysis. For larger systems,
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individual curve representation becomes less practical,
and performance evaluation is better achieved using
aggregated metrics such as average state-of-charge,

uniformly from [0.6,0.9], a peak amplitude pi drawn
uniformly from [0.7,1.3], and a time shift 6i selected as a
random integer between 10 and 20 that determines when

PV Production . A4
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Fig. 4:PV Production

variance, and key performance indicators. This approach
allows effective assessment of system scalability without
compromising result interpretability. In this study, a
representative scenario with N=10 households are
considered to illustrate system behaviour under realistic
photovoltaic generation and load demand profiles. The
simulation evaluates photovoltaic production, load
consumption, battery SOC evolution, and imported
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Fig. 5:Load Demand

energy for each household over a complete operating
cycle.

Figure 4 presents the simulated photovoltaic power
production where we have 10 households, every
household has its own production differs from other
households’ energy production, the production begins
after sunrise. The maximum production of every
household depends on the number of photovoltaic panels
installed for each household which depends on the
estimated consumption.

In Figure 5, the hourly electricity consumption
of n households over T hours is simulated. For each
household i, an individual daily profile is generated by
randomly assigning three parameters: a baseline bi

H;

our

diversity in energy usage, certain households (about one-
third) receive a constant increase of 0.8 across their entire
profile, marking them as more energy-intensive.

Figure 6 presents the imported energy for the ten-
household scenario. The results demonstrate effective
redistribution of surplus energy among households,
leading to improved SOC balancing and reduced energy
deficits across the network. These findings confirm that
the proposed decentralized control strategy maintains
stable operation and efficient energy sharing as the
number of participating households increases.
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household is equipped with a photovoltaic panel rated at
40 W, delivering a nominal voltage of 12 V under standard
test conditions. Energy storage is provided by a 12 V lead-
acid battery with a capacity of 150 Ah, ensuring sufficient
energy buffering for standalone operation.

Voltage and current measurements are obtained using
embedded sensors interfaced with the Arduino controller,
enabling real-time estimation of power and state-of-
charge. The energy sharing mechanism is implemented

" 'LOAD

solar charge
controler

[ switch load

Fig. 7.a: Experimental prototype of P2PESS

through a relay-based switching matrix composed of
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electromechanical relays rated at 5 V control voltage and
capable of handling currents up to 10 A.
A DC power distribution architecture is adopted to
3.2. Experimental Results for Four-Household minimize conversion losses, and no centralized inverter is
Prototype required in the current prototype. The overall system is
3.2.1.  System Architecture designed to operate at low voltage levels, ensuring safety,
The experimental prototype consists of four simp.licijcy, and compatibility with rural off-grid
interconnected standalone photovoltaic households. Each applications.
3.2.2.  Experimental Results

Following the scalability analysis, due to practical
laboratory constraints, the experimental validation of the
proposed system was limited to a four-household
prototype, the proposed peer-to-peer energy sharing
system is experimentally validated using a standalone
prototype consisting of four interconnected photovoltaic
households. Each household is equipped with a

photovoltaic panel (installed on the roof in direct contact
with the sun), a battery storage unit, a solar charge
controlled for managing the power flowing from solar
panels into a battery bank, a modifiable load Figure 7.a,
and a local controller interfaced with the relay-based
switching matrix. Every household is equipped with 2

Fig. 7.b: the P2PESS system

electromagnet to mechanically open or close one or more
sets of contacts using a small electrical current), the first
one is activated to send the surplus production to the
neighbour in need, and the second one is activated to
receive energy when this household is underproduction.
Every installation has sensors for measuring power
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production and power consumption “current sensor (Hall
effect, current transformer, or shunt) combined with a
voltage sensor (resistive divider or module like the
ZMPT101B)” to control action on relays to enable or
disable current flow Figure 7.b. The experimental setup
operates under real operating conditions and uses the
same SOC-based control logic developed in the
simulation framework.

Experimental results, including battery SOC evolution
behaviour among the four households, are presented in
Figure 8. The results confirm the practical feasibility of
the proposed system and demonstrate effective energy
sharing between households experiencing surplus and
deficit conditions. The observed behaviour closely aligns
with the simulation outcomes, validating the consistency
of the proposed control strategy across both simulated and
real-world implementations.

As it can be seen in the Figure 7.a, there are four
installations of photovoltaic system. Each home has its
own consumption as shown in this table “Table 1”.

home Consumption (w)
Home 1 ow

Home 2 18w

Home 3 27w

Home 4 36w

Table 1:Consumption of every home

The P2PESS aims at enabling the sharing of surplus
energy from households with excess photovoltaic
production to neighbouring households experiencing
energy deficits. To achieve this, a minimum power
threshold is defined to determine when a household is
eligible to receive energy from its neighbours, as
illustrated in Figure 8. In the proposed system, energy

time a battery arrives to the mentioned threshold, the
system shares the overproduction of one of these
neighbors with this battery.

During the 24 hours, the P2PESS allows a sharing of the
overproduced energy, in a way to maintain a certain
energy balance, and to guarantee a reduction in
photovoltaic investment.

To quantitatively assess the performance of the proposed
P2PESS, three key performance indicators (KPIs) are
considered: Solar Utilization Rate (SUR), Fairness Index
(FI), and Loss of Power Supply Probability (LPSP). These
metrics are evaluated for both the proposed system and a
baseline scenario without energy sharing.

The results presented in Table 2 clearly demonstrate that
the proposed system significantly improves energy
utilization, enhances SOC balancing among households,
and reduces power supply interruptions.

Metric Baseline Proposed | Improvement
No P2PESS
Sharing)
SUR 0.64 0.87 +35%
Fairness 0.68 0.92 +35%
Index
LPSP 0.18 0.06 -66%

Table 2: Performance Comparison Between Baseline
and Proposed System

The obtained improvements are consistent with the
system configuration, where limited photovoltaic
generation and significant storage capacity lead to
frequent energy imbalances that are effectively mitigated
by the proposed peer-to-peer sharing mechanism.

SOC evolution of 4 households
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Fig. 8: four Power variation Diagram

sharing is activated when the net power of a household
becomes negative, indicating that local consumption
exceeds photovoltaic generation. Accordingly, a power
threshold of P=0 is adopted, ensuring that energy
exchange is initiated only when a household is operating
in a deficit state. As it can be noticed in the diagram, each

L W '\'V\-/V\V\" -—batterie 1

betterie 2

batterie 3

betterie 4
O < N O MO d O NI N
eng N dnd N n
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IV. Conclusion

This paper proposes a novel system for sharing
photovoltaic energy in standalone micro-grids utilizing
photovoltaic panels. The system 1is designed to
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automatically share overproduction of electrical energy
based on the state of charge (SOC) of each home.

The sharing system is connected to each home in the
micro-grid, following the developed topology of a
switching matrix outlined in this study. It effectively
manages energy consumption in each home, and share the
overproduction of energy of houses with the home in
need. This architectural design helps to reduce total
energy loss. Additionally, a consumer energy sharing
algorithm was devised, which aims at minimizing

consumers' electrical losses and enhancing energy sharing
efficiency.

The finding of this approach indicates that the method
enhances energy efficiency and promotes a cooperative,
community-based  energy-sharing framework. By
leveraging local renewable resources, it decreases
reliance on conventional energy grids, thereby boosting
energy security. This system aids Morocco's shift toward
decentralized, sustainable, and environmentally friendly
energy solutions, leading to a more resilient and self-
sufficient power infrastructure for households.
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