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Abstract

Renewable energy sources (RESs) play a key role in the global energy transition by reducing
carbon emissions, enhancing energy security, and supporting sustainable development.
This study presents a fairness-oriented energy management strategy for residential com-
munities integrated with hydrogen-based technologies. The proposed system comprises
photovoltaics (PV), a wind turbine (WT), an energy storage system (ESS), an electrolyzer
(EL), a hydrogen tank, and bidirectional grid interaction. For the first time, four fairness
indices are introduced to ensure the equitable utilization of renewable generation, stored
hydrogen, and ESS among households. The problem was formulated as a mixed-integer
linear programming (MILP) model to minimize operating costs. A case study conducted
for a residential area in Lüleburgaz, Kırklareli assessed system performance in terms of
cost, grid consumption, and carbon emissions. The results demonstrate that the proposed
framework reduced grid consumption by 32.25% and carbon emissions by 31.82%. More-
over, increasing renewable capacity by 2.5 times reduced costs by 81,253.16 TL and yielded
a profit of 70,107.39 TL, while a similar expansion of ESS capacity enabled 100% green
energy accessibility for all households.

Keywords: battery energy storage system; fair energy usage; renewable energy sources

1. Introduction
1.1. Motivation

Energy systems are undergoing one of the most profound transformations of the
twenty-first century [1]. The depletion of fossil fuel reserves, the growing energy demand,
the pressures caused by climate change, and international sustainability targets necessitate
a fundamental shift in the approaches to energy production, storage, and consumption [2].
The rapid expansion of renewable energy sources (RESs), advancements in energy storage
systems (ESSs), and the emergence of alternative energy carriers have accelerated the
transition from centralized generation to more flexible and locally oriented hybrid energy
systems [3].

This transformation not only strengthens energy supply security but also brings to
the forefront a new model of energy sharing, referred to as energy communities [4]. This
concept holds significant potential, particularly in local structures such as residential areas
where energy production and consumption take place in the same location. This approach
aims to localize energy flows, enhance resource efficiency, reduce carbon emissions, and
increase energy independence [5]. Moreover, the active involvement of users in the energy
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system not only enhances economic benefits but also strengthens community awareness
and a culture of solidarity.

Ensuring the effective, efficient, and sustainable operation of this new energy ecosys-
tem is only possible through well-designed energy management models [6]. These models
serve as strategic tools that optimize the flows between production, storage, conversion,
consumption, and grid interactions, enabling the most efficient use of resources while
balancing technical, economic, environmental, and social objectives [7]. In this way, the
intermittent nature of renewable generation can be better managed, storage capacity can
be used efficiently, grid load can be balanced, energy costs can be minimized, emissions
can be reduced, and in the case of surplus production, additional income can be generated
through sales to the grid [8].

Hybrid systems, in which different energy carriers such as electricity and hydrogen
are managed together, require multidimensional and complex decision-making processes,
further increasing the need for advanced energy management models [9]. In this context,
hybrid electricity-hydrogen systems offer a strategic solution [10]. Electricity generated
from solar panels and wind turbines (WTs) can primarily be used to meet local electricity
demand. When generation exceeds demand, it can be handled in different ways: stored in
battery systems for short-term use, converted into hydrogen through electrolyzers (ELs) for
long-term storage, or sold to the electricity grid depending on real-time market conditions
and price advantages [11]. Hydrogen, with its high energy density and zero carbon
emissions, can be directly utilized in residential areas for everyday energy needs such
as heating through hydrogen boilers, cooking with hydrogen stoves, and transportation
via fuel cell electric vehicles (FCEVs). This versatile use makes hybrid systems critical for
balancing energy supply and demand, relieving grid load, enhancing energy security, and
creating additional income potential [12].

However, minimizing the total cost of the system alone may not be sufficient in
hybrid systems. At the scale of residential areas, it is also important to emphasize the fair
distribution of electricity and hydrogen produced from renewable sources among users [13].
The intermittent nature of renewable generation may lead to differences in users’ access
levels to these resources; some users may benefit disproportionately during advantageous
periods, while others may benefit less [14]. This situation can lead to dissatisfaction within
the community, loss of trust, and a decrease in willingness to participate in collective energy
infrastructure in the long run. Therefore, energy management models should not only
focus on efficiency but also be designed to ensure energy justice [15].

The current literature mostly addresses energy justice within the context of electricity;
significant gaps remain regarding the fair distribution of hydrogen in hybrid systems,
the equitable use of ESSs, and the holistic sharing of total green energy production [16].
Moreover, there have been no studies investigating the impact of applying energy justice
at different levels on system performance. However, the application of different justice
indices and fairness levels may lead to significant variations in technical efficiency, economic
profitability, grid interaction strategies, and social satisfaction.

This study developed a novel energy management model that considers different
justice indices (i.e., fair use of only the ESS, fair use of only renewable electricity, fair use
of only hydrogen energy, and fair use of total green energy) and varying levels of justice
implementation within hybrid energy ecosystems designed for residential areas. The model
provides a multidimensional decision-making mechanism that simultaneously optimizes
local consumption, storage, hydrogen conversion, and grid sales options.
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1.2. Literature Review

While energy management systems aim to ensure the efficient use of resources and
promote sustainability, increasing attention is being paid to their fairness and inclusive-
ness from a societal perspective. Issues such as equitable access to energy, participation
in decision-making processes, and the just distribution of resources have positioned the
concept of justice as a central concern in energy management models. Erdinç [17] pro-
posed a real-time energy management method for residential communities integrating
photovoltaic (PV) and ESSs that minimizes cost and improves fairness under PV uncer-
tainty via rolling-horizon mixed-integer linear programming (MILP). Lee and Kwon [18]
proposed a threshold-based ESS sharing strategy for residential communities that used a
two-stage stochastic program to tune charge/discharge thresholds from historical demand
and solar data. Simulations using a Texas community dataset showed equitable access
and efficient operation under price volatility and renewable intermittency, with adapt-
ability across diverse settings. Paudel et al. [19] proposed a cooperative joint-operation
framework for electric vehicle fast-charging hubs and stand-alone battery storage systems,
formulated as a bi-objective model reformulated into a second-order cone Nash bargaining
problem for fairness. Using ERCOT market data, they showed that cooperation yielded
fairly shared added benefits. Dynge and Cali [20] examined fairness in local electricity
markets by defining distributive energy justice and evaluating common fairness indicators
using simulations with real Norwegian household consumption data. They found that
widely used indicators need refinement and proposed adjustments to improve accuracy
and relevance, highlighting that better-aligned metrics can support fairer market designs
and reduce participant bias. Tairo et al. [21] proposed a multi-objective microgrid energy
management model that targeted cost and energy non-supplied (ENS) while enforcing
fairness in electric vehicle charging via an index based on state of charge, capacity, and
charging-time availability. Hardware-in-the-Loop testing within an IoT framework using
CAMPUSGRID data showed reduced ENS, 18% cost savings, and more equitable EV energy
allocation. Soares et al. [22] reviewed 80 studies to map how fairness was defined and
operationalized in Local Energy Systems (LESs) under user-centric decentralization. They
classified the literature by LES applications, fairness/justice interpretations (e.g., equal-
ity, meritocracy), and post-method indicators, and concluded that a unified LES fairness
framework is still lacking while outlining key gaps and future research directions. Santos
et al. [23] analyzed four Portuguese energy-community scenarios to compare sharing and
metering mechanisms in terms of self-consumption, self-sufficiency, and participant equity,
clarifying fairness–efficiency–sustainability trade-offs.

Energy management systems in residential areas and communities focus on optimizing
the energy consumption patterns of individual users and collectives. These systems aim
to develop sustainable and participatory energy solutions by integrating dynamics such
as local energy generation, sharing, and demand management. Çiçek [24] proposed a
multi-objective MILP operating model for a grid-interactive green building with RESs, fuel
cells (FCs), hydrogen-based systems, flexible loads, and electric and hydrogen vehicles.
A Nottingham (UK) case study showed full autonomy under grid disconnection, about
a 29% cost reduction via RESs and FC, and highlighted the importance of HEVs and FC
during outages and the WT for lowering electricity costs. Deng et al. [25] proposed a
multi-stage framework to improve smart residential community resilience during planned
outages by coordinating household load shifting and electric vehicle (EV) storage as Virtual
Flexible Energy Resources. It generates detailed appliance and EV schedules from pre-
announced outage windows, and simulations showed scalable, computationally efficient
reductions in outage disruptions. Hussain et al. [26] proposed a decentralized demand
response scheme combining time-of-use pricing, incentive-based bidding, and peer-to-peer
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trading to maximize net present value (NPV). Game-theoretic Nash-equilibrium scheduling
and a color-based bilateral trading rule improved privacy and efficiency, delivering NPV
gains up to 42.4% for prosumers and 34.79% for the community. Dos Santos et al. [27]
proposed a community energy management system (CEMS) for shared and individual PV
and battery storage under Brazil’s Time-of-Use tariffs. A two-level community and home
controller applied price-based demand response with multi-objective hybrid optimization
to reduce cost and discomfort, achieving efficient battery scheduling and up to 20% daily
savings in simulations. Taşçıkaraoğlu et al. [28] proposed an optimization framework
that coordinates fixed and mobile electric vehicle charging stations supported by CES to
satisfy distributed charging demand while accounting for user preferences. Simulations
reported 90% emission reduction, elimination of queue times, and improved cost-efficiency
and scalability relative to existing methods. Ghasemnejad et al. [29] proposed a robust
optimization model for Citizen Energy Communities to manage net-load ramping from
variable Distributed Energy Resources while considering flexibility limits, thermal comfort
via the Predicted Mean Vote index, and upstream price uncertainty. Results showed that
integrating CES cuts operating costs by 34.6% and reduces curtailment by 602.98 kW.

Energy management systems are not limited to residential areas; they are also im-
plemented in non-residential contexts such as industrial facilities, commercial buildings,
and infrastructure. These models aim to enhance energy efficiency and sustainability by
considering different consumption needs and operational conditions.

Abomazid et al. [30] proposed an optimal PV-based hydrogen production schedul-
ing model with ESSs that used a Z-score of historical electricity prices to enable seasonal
hydrogen storage. Four case studies indicated reliable and cost-effective operation across
intra-seasonal and seasonal storage, with performance driven by electrolyzer capacity
factor, hydrogen storage size, and PV share. Khavari et al. [31] proposed a bi-level optimiza-
tion model for underground hydrogen storage (UHS) that integrates daily scheduling with
yearly planning to manage seasonal energy fluctuations. Using South Australia data, they
showed that linking short-term flexibility with long-term planning improved UHS perfor-
mance. Wade et al. [32] proposed a bi-level optimization model for a Power-to-Hydrogen-
to-Power system with wind and solar, an EL, hydrogen storage, and a hydrogen gas turbine.
In an Australian case study, renewables supplied base demand and hydrogen assets pro-
vided flexibility and sales revenue, but subsidies were needed for profitability. Dai [33]
proposed an optimal energy management strategy for a multi-energy multi-microgrid net-
work to minimize operating cost and carbon emissions under regulatory constraints. Using
a fuzzy-enhanced Mountain Gazelle Optimizer with Pareto optimality, the approach sup-
ports decentralized control and reduces wind curtailment, delivering up to 37.5% emission
reductions and 12.3% cost savings in simulations. Ahmed et al. [34] evaluated an intelligent
energy management system for an Islamabad hybrid microgrid with PVs, WTs, ESSs, and
hydrogen FCs, identifying Transient Search (TS) as the best-performing optimizer. Their
25-year analysis showed that the PV-wind-battery configuration was the most cost-effective,
reducing costs by up to 13.2% versus fully integrated systems. Tang et al. [35] proposed
a three-layer multi-time scale scheduling strategy for a coupled hydrogen-electricity port
energy system to improve renewable integration under uncertain demand. A Ningbo
Zhoushan Port case study reported 25.42% cost reduction and 14.78% CO2 reduction ver-
sus no energy management, with sensitivity results highlighting hydrogen price and soft
open points rated power effects. Çiçek [36] proposed an MILP-based operating model for
an autonomously powered hydrogen-based country house supporting fishing activities,
targeting cost minimization and outage resilience. Using real data from Edirne, Türkiye,
results showed that renewable integration, particularly wind, reduced both energy cost
and emissions and supported rural energy independence.

https://doi.org/10.3390/su18041864

https://doi.org/10.3390/su18041864


Sustainability 2026, 18, 1864 5 of 26

1.3. Contributions

This study proposes an MILP based strategy for the economic operation of a residential
community composed of individual households. The main contributions of the proposed
energy management strategy are summarized as follows:

• A fairness-oriented energy management model is introduced to minimize the operating
cost of a residential area with coupled electricity and hydrogen energy demands.

• To support equitable energy utilization within the community, four fairness index
types are defined, namely fair use of the ESS only, fair use of renewable electricity only,
fair use of hydrogen energy only, and fair use of total green energy. This diversity
enables a multidimensional assessment of fairness in hybrid energy systems.

• Hydrogen energy is integrated to supply household heating via hydrogen boilers,
cooking via hydrogen stoves, and transportation via fuel cell electric vehicles (FCEVs),
while other electrical loads are met through RESs, the ESS, and the electricity grid.

The proposed energy management strategy was validated through case studies using
real data from Lüleburgaz, Kırklareli, Türkiye. The results indicate that the framework is
applicable not only in Türkiye, but also in regions with different geographical, climatic, and
socio-economic characteristics. Therefore, this study can serve as a reference for researchers
and practitioners interested in designing and operating similar hybrid energy systems.

1.4. Paper Organization

The rest of the paper is structured as follows. Section 2 presents the mathematical
formulation of the proposed fairness-oriented green energy management model. Section 3
discusses the test studies conducted to evaluate the model’s performance and provides a
detailed analysis of the results. Finally, Section 4 concludes the paper by summarizing the
key findings and outlining future research directions.

2. Methodology
Figure 1 presents the general layout of a residential area managed by a fairness-

oriented green energy system. The system integrates multiple households, each of which
consumes electricity and hydrogen-based energy. Power is generated on-site by RESs
including PV panels and WTs. A centralized EL converts electrical energy into hydrogen,
which is then stored in a hydrogen tank and supplied to households for usage in hydrogen-
based equipment such as FCEVs or appliances. The system also includes an energy
storage unit that balances surplus and deficit energy across time. All components are
managed by a central controller that determines the energy flow paths between the sources,
storage units, and consumers. The controller ensures that the energy demands of all
households are met in a cost-effective and fair manner, respecting minimum and maximum
thresholds of green energy and hydrogen usage per house. The system is connected to
the electricity grid, allowing power purchases and sales depending on economic and
operational considerations.

The mathematical formulation of the proposed fairness-oriented green energy manage-
ment strategy for residential areas powered by hydrogen technologies is explained in this
section. The developed model aims to ensure equitable hydrogen usage among households
while optimizing the operation of RESs, the EL, hydrogen tanks, and hydrogen-based
equipment. The mathematical model is structured as an MILP problem.

In the proposed model, capital expenditures are not considered, and the study focused
solely on operational optimization.
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Figure 1. General overview of a residential area operated with a fairness-oriented green energy
management model.

The mathematical formulation comprises 36 equations, each of which contributes to
the representation of the system constraints and fairness mechanisms. Equation (1) defines
the objective of the study. It aims to minimize the total operational cost of the residential
area by considering the electricity purchased from the power grid and subtracting any
revenue obtained from selling electricity back to the grid throughout the planning horizon.

Minimization

(
total operation cost = ∑

t

((
Pbuy_grid

t − Psell_grid
t

)
· λ

price
t · ∆T

))
(1)

Equation (2) ensures the hydrogen balance within the hydrogen tank. It states that at
each time step, the net hydrogen content change in the tank equals the hydrogen produced
by the EL using renewable and grid electricity, minus the hydrogen consumed by residential
demands. Equation (3) enforces the hydrogen tank capacity limits, ensuring that the stored
hydrogen quantity remains within the defined minimum and maximum limits. Equation (4)
sets the terminal constraint on the hydrogen storage level at the final time period.

Atank
t · s − Atank

t−1 · s − AEL_RES
t · s − AEL_Grid

t · s + ∑
h

ARH_RES
t,h · s + ∑

h
ARH_Grid

t,h · s = 0,

i f t > 1
(2)

Atank
min ≤ Atank

t ≤ Atank
max , ∀t (3)

Atank
t ≥ Atank

f inal , i f t = last time period (4)

Equation (5) ensures that the total amount of hydrogen delivered to households and
labeled as produced from RESs does not exceed the total hydrogen actually generated
by the EL using renewable electricity. This constraint is essential for maintaining the
integrity of green hydrogen accounting. Equation (6) defines the hydrogen demand of each
household as the sum of hydrogen supplied from both renewable-based and grid-based
sources, enabling traceability of the hydrogen origin. Equation (7) further breaks down the
total household hydrogen demand into two main consumption categories: hydrogen used
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by domestic hydrogen appliances and hydrogen consumed by FCEVs. These formulations
collectively support the accurate tracking of hydrogen flow.

∑
t

∑
h

ARH_RES
t,h = ∑

t
AEL_RES

t , ∀t (5)

AHouse_H2_Demand
t,h = ARH_RES

t,h + ARH_Grid
t,h , ∀t (6)

AHouse_H2_Demand
t,h = AHydrogen_appliances

t,h + AFCEV
t,h , ∀t (7)

Equation (8) sets the operational limits for the EL power input, ensuring it remains
within technical minimum and maximum capacities. Equation (9) establishes the relation-
ship between the hydrogen production of the EL and the input electrical power. It calculates
the amount of hydrogen generated based on the EL’s efficiency, the lower heating value
of hydrogen, and the duration of each time step, thereby converting electrical energy into
the corresponding amount of hydrogen. Equation (10) quantifies the amount of hydrogen
produced in the EL using electricity exclusively sourced from RESs. This includes the
power supplied by the PV system, WT, and ESS that has previously stored renewable
energy. Equation (11) calculates the amount of hydrogen produced using the electricity
purchased from the grid and supplied to the EL. The grid-supplied power is first multiplied
by the efficiency of the EL to determine the effective energy input. This energy is then
divided by the lower heating value of hydrogen to convert it into the equivalent mass of
hydrogen produced. Finally, the result is scaled by the time interval to reflect the total
hydrogen production during that period.

PEL
min ≤ PEL

t ≤ PEL
max, ∀t (8)

AEL_RES
t + AEL_Grid

t =
ηEL · PEL

t,s

LHVH2
· ∆T, ∀t (9)

AEL_RES
t =

ηEL ·
(

PPV_to_EL
t + PWT_to_EL

t + PESS_to_EL(PV)
t + PESS_to_EL(WT)

t

)
LHVH2

· ∆T, ∀t (10)

AEL_Grid
t =

ηEL ·
(

Pgrid_to_EL
t

)
LHVH2

· ∆T, ∀t (11)

Equation (12) models the total power input to the EL as the sum of power sourced
from the power grid, PV system, WT, and ESS.

PEL
t,s = Pgrid_to_EL

t + PPV_to_EL
t + PWT_to_EL

t + PESS_to_EL(PV)
t + PESS_to_EL(WT)

t

+PESS_to_EL(Grid)
t , ∀t

(12)

Equations (13) and (14) define the power exchange direction with the grid using a
binary variable. When the binary variable is 1, power can only be purchased from the
power grid; when it is 0, power can only be sold. These constraints ensure that electricity
cannot be bought and sold simultaneously at any time step.

Pbuy_grid
t ≤ ugrid

t · BPN, ∀t (13)

Psell_grid
t ≤

(
1 − ugrid

t

)
· BPN, ∀t (14)

Equation (15) defines the total electrical power purchased from the power grid at
each time step. It is calculated as the sum of the power delivered from the grid to the
residential houses, EL, and ESS. Equation (16) expresses the total power sold to the grid,
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which includes the surplus electricity generated by the PV system, WT, and the energy
discharged from the ESS.

Pbuy_grid
t = ∑

h
Pgrid_to_house

t,h + Pgrid__to_EL
t + Pgrid_to_ESS

t , ∀t (15)

Psell_grid
t = PPV_to_grid

t + PWT_to_grid
t + PESS_to_grid

t , ∀t (16)

Equation (17) determines the power balance for the system. The power demand of the
residential houses and the EL, as well as the charging power of the ESS, can be supplied by
the power grid, WT, PV system, and discharging power from the ESS. Additionally, the
sale of excess energy to the power grid is also considered.

PRH
t + Psell_grid

t + PEL
t + Pch_ESS

t = Pbuy_grid
t + PWT

t + PPV
t + Pdisch_ESS

t , ∀t (17)

Equation (18) defines the total power demand of the residential area at each time
step, which is calculated as the sum of the electricity consumption of all individual houses.
Equation (19) details the composition of the house power demand by identifying its var-
ious sources, including direct supply from the WT and PV system, as well as electricity
discharged from the ESS that was originally charged by PV, WT, or the grid. Additionally,
it includes the electricity directly purchased from the grid. This formulation enables a clear
allocation of the energy source responsible for meeting each house’s demand.

PRH
t = ∑

h
Phouse

t,h , ∀t (18)

PWT_to_house
t,h + PPV_to_house

t,h + Pdisch_to_House(PV)
t,h + Pdisch_to_House(WT)

t,h

+Pdisch_to_House(Grid)
t,h + Pgrid_to_house

t,h = Phouse
t,h , ∀t, h

(19)

Equation (20) describes the power balance for the PV system. The total electricity gen-
erated is allocated among four destinations: energy sold to the power grid, electricity used
to charge the ESS, power supplied directly to residential houses, and electricity consumed
by the EL. Similarly, Equation (20) defines the distribution of the electricity generated by
the WT across the same four pathways. These formulations ensure the accurate tracking of
renewable energy flows and enable source-specific attribution throughout the system.

PPV
t = PPV_to_grid

t + PPV_to_ESS
t + ∑

h
PPV_to_house

t,h + PPV_to_EL
t , ∀t (20)

PWT
t = PWT_to_grid

t + PWT_to_ESS
t + ∑

h
PWT_to_house

t,h + PWT_to_EL
t , ∀t (21)

Equation (22) updates the state of charge of the ESS at each time step. It accounts for
the energy charged from the PV system, WT, and power grid, and subtracts the energy
discharged to the residential houses, power grid, and EL. This dynamic energy balance
ensures the accurate tracking of energy inflows and outflows, preserving consistency in
the operation of the ESS over time. Equation (23) defines the total charging power directed
to the ESS. It aggregates power contributions from the power grid, PV system, and WT.
Equation (24) represents the total discharging power from the ESS. It includes the energy
supplied to houses (originating from previously stored grid, PV, or WT), the power exported
to the grid, and the electricity used to operate the EL. Equation (25) limits the charging
power of the ESS, allowing it only when the corresponding binary variable indicates a

https://doi.org/10.3390/su18041864

https://doi.org/10.3390/su18041864


Sustainability 2026, 18, 1864 9 of 26

charging state. Equation (26) restricts the discharging power to periods when the system is
not in charging mode.

EESS
t = EESS

t−1 + PPV_to_ESS
t + Pch_ESS

t · ∆T · ηch
bat − Pdisch_ESS

t · ∆T/ηdisch
bat , t > 1 (22)

Pch_ESS
t = Pgrid_to_ESS

t + PPV_to_ESS
t + PWT_to_ESS

t , ∀t (23)

Pdisch_ESS
t = PESS_to_grid

t + ∑
h

Pdisch_to_house(PV)
t,h + ∑

h
Pdisch_to_house(WT)

t,h

+∑
h

Pdisch_to_house(Grid)
t,h + PESS_to_EL(PV)

t + PESS_to_EL(WT)
t

+PESS_to_EL(Grid)
t , ∀t

(24)

Pch_ESS
t ≤ uESS

t · Pch_cap, ∀t (25)

Pdisch_ESS
t ≤

(
1 − uESS

t

)
· Pdisch_cap, ∀t (26)

Equation (27) defines a fundamental energy balance condition to ensure that the total
renewable electricity discharged from the ESS to residential houses does not exceed the
cumulative amount of green energy previously stored from PV and WT. Equation (28)
ensures that the total renewable electricity discharged from the ESS to residential houses
and the EL does not exceed the amount previously stored from PV and WT.

∑
t

∑
h

Pdisch_to_house(PV)
t,h + ∑

t
∑
h

Pdisch_to_house(WT)
t,h ≤ ∑

t

(
PPV_to_ESS

t + PWT_to_ESS
t

)
,

∀t
(27)

∑
t

(
PPV_to_ESS

t + PWT_to_ESS
t

)
≤ ∑

t
∑
h

(
Pdisch_to_house(PV)

t,h + Pdisch_to_house(WT)
t,h

)
+∑

t

(
PESS_to_EL(PV)

t + PESS_to_EL(WT)
t

)
, ∀t

(28)

Fairness index structures have been addressed in the literature under various con-
cepts [22]. The fairness index structure used in this model falls under the supply-and-
demand ratio (SDR) concept and has been adopted in many studies. As an example from
the literature, Erdinç [17] presented an energy management model focusing on the fair
utilization of an energy storage system and PV-based electricity generation within a com-
munity. In that model, the fair utilization of the energy storage system was defined as the
percentage of ESS supply ratio (%ESR), while the fair utilization of electricity generated by
PV was defined as the percentage of photovoltaic supply ratio (%PSR).

Equations (29)–(32) quantify the shares of renewable and green energy used to meet
the combined electricity and hydrogen demands of each house. Specifically, Equation (29)
defines the Renewable Electricity Supply Ratio (RESR) as the percentage of a house’s total
electricity demand that is met directly by the PV system, WT, and by energy discharged
from the ESS that was originally generated from RESs. Equation (30) defines the Energy
Storage System Supply Ratio (ESSSR) for each house. This index quantifies the share of the
house’s electricity demand that is met using energy discharged from the ESS. Specifically, it
includes energy originally generated by the PV system, WT, or purchased from the power
grid, which was previously stored and later discharged to meet the electricity needs of
house h. Equation (31) introduces the Hydrogen Energy Supply Ratio (HESR), representing
the proportion of a house’s hydrogen demand met by hydrogen produced from RESs.
Finally, Equation (32) defines the Total Green Energy Supply Ratio (TGESR) for each
house. It calculates the percentage of the total energy demand covering both electricity and
hydrogen that is met by green energy sources. These include the direct electricity supply
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from the PV system and WT, the renewable electricity discharged from the ESS, and the
renewable-based hydrogen consumption converted into its energy equivalent.

In the proposed model, hydrogen energy is produced and consumed only within the
region, and no hydrogen pipeline infrastructure is considered. Therefore, the “green” status
of hydrogen can be clearly tracked. The electricity input of the EL can be supplied from
the electricity grid, RESs, or the ESS. Green hydrogen production is associated solely with
the consumption of RES-based electricity. Since RESs can charge the ESS, supplying the EL
with electricity generated by RESs and stored in the ESS is also considered green hydrogen
production. To enable this distinction, the relevant inputs and outputs are detailed in the
mathematical model by defining them with multiple variables.

%RESR

=
∑t

(
PWT_to_house

t,h +PPV_to_house
t,h +Pdisch_to_house(PV)

t,h +Pdisch_to_house(WT)
t,h

)
·∆T

∑t

(
Phouse

t,h ·∆T
)

·100, ∀h

(29)

%ESSSR

=
∑t

(
Pdisch_to_house(PV)

t,h +Pdisch_to_house(Wind)
t,h +Pdisch_to_house(Grid)

t,h

)
·∆T

∑t

(
Phouse

t,h ·∆T
) · 100,

∀h

(30)

%HESR =
∑t ARH_RES

t,h

∑t AHouse_H2_Demand
t,h

· 100, ∀h (31)

%TGESR

=
∑t

(
PWT_to_house

t,h +PPV_to_house
t,h +Pdisch_to_house(PV)

t,h +Pdisch_to_house(WT)
t,h

)
·∆T+∑t ARH_RES

t,h ·α

∑t

(
Phouse

t,h ·∆T
)
+∑t AHouse_H2_Demand

t,h ·α
· 100,

∀h

(32)

Equations (33)–(36) define the fairness constraints applied to green energy distribution
among houses. Each constraint sets allowable bounds for a specific energy ratio: RESR,
ESSSR, HESR, and TGESR. These inequalities ensure that each house receives a fair and
balanced portion of green energy within the defined minimum thresholds, promoting
equity in energy access.

Nmin ≤ %RER ≤ Nmax (33)

Nmin ≤ %ESSR ≤ Nmax (34)

Nmin ≤ %HER ≤ Nmax (35)

Nmin ≤ %TGER ≤ Nmax (36)

3. Tests and Results
The proposed energy model was tested using GAMS v.24.1.3 software and solved by

the commercially available CPLEX v.12 [37] solver. The model includes 35 variables and a
total of 44 equations, including constraints. The problem can be solved in 5.39 s even for
the longest case.

3.1. Input Data

The proposed model was tested using assumed data based on a residential area
located in Lüleburgaz, a district in the Kırklareli province of Türkiye. The area consists
of 20 houses, including 3 single-occupant houses, 5 houses with two residents, 8 houses
with three residents, and 4 houses with four residents. The relevant data were created
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using a Microsoft Excel workbook available online [38]. One-week sample consumption
data for each house type are presented in Figure 2. In Figure 2, House 3 represents a
single-occupant house, House 5 a two-person house, House 13 a three-person house, and
House 17 a four-person house. The total electrical power demand of the residential area is
presented in Figure 3.

Figure 2. Total energy consumption data of the sample houses selected from each type.

Figure 3. Total energy consumption data of the residential area.

Figure 4 illustrates the hydrogen demands of FCEVs used by residents within the
residential area. The variability in hydrogen consumption reflects differences in household
vehicle ownership and usage frequency. Figure 5 presents the hydrogen demand of the
houses for domestic heating and cooking purposes, specifically covering the usage of
boilers and cooking hobs. The demand values were based on standard thermal energy
requirements for space heating, water heating, and daily cooking activities. The corre-
sponding data were obtained by converting the electrical load derived from Reference [38]
into hydrogen demand.

A one-week operation period between 1 February and 7 February was considered
for the residential area. The residential area is powered by an integrated RES consisting
of a PV system and a WT unit, which together serve as the primary sources of electricity
for meeting the local energy demand. The power generation data for both renewable
sources were generated using the dataset provided in reference [39]. The power output
of the 200 kW PV system for the specified period is illustrated in Figure 6, while the
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corresponding wind power generation is presented in Figure 7. In addition, the residential
area is enabled to perform energy trading with the power grid via the Türkiye day-ahead
electricity market [40]. Accordingly, the day-ahead market prices corresponding to the
selected period (1–7 February 2025) were employed in the analysis, as depicted in Figure 8.

Figure 4. Hydrogen demand by FCEVs used by the residents in the housing area.

Figure 5. Hydrogen demand of houses for domestic boilers and cooking hobs.

Figure 6. Power output data of the 200 kW PV system.
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Figure 7. Power output data of the 200 kW WT.

Figure 8. Data of the day-ahead electricity market prices.

The hydrogen tank has a maximum storage capacity of 50 kg and a minimum allowable
level of 30 kg. The final hydrogen level at the end of the operation was also set to 50 kg.
The EL has a rated power of 300 kW, and it operates with an efficiency of 75%. The ESS has
both charging and discharging power capacities of 100 kW. The minimum allowable state
of charge for the ESS was set to 10% of its total capacity. The ESS was assumed to be fully
charged, with 100 kWh of energy, at both the initial and final time periods. The time step
used in the test studies was 1 h.

The data related to the conducted test studies are presented in Table 1. A total of
20 cases were considered in the study. Since the technical specifications of PV, WT, and ESS
structures used in the residential area were predetermined, the PV capacity, WT capacity,
and ESS capacity values were kept constant from Case 1 to Case 16.

The use of different minimum fairness ratio values enabled the analysis to capture not
only the technical but also the social dimension of energy sharing within the residential
area. Defining a distinct lower bound for each scenario revealed that fairness is not a
uniform concept, but rather one that can be flexibly applied under varying conditions. As a
result, the model produced more realistic outcomes in terms of both system efficiency and
user satisfaction. This diversity also strengthens the adaptability of the proposed approach
to different policy and operational contexts. From Case 1 to Case 16, every four cases were
constructed under a specific minimum fairness ratio, with varying fairness index types
applied to create comprehensive case studies. In this way, the study aimed to analyze the
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performance of each fairness index type under different minimum fairness ratio values, as
well as the effect of each minimum fairness ratio across different fairness index types.

Table 1. Data on test studies conducted.

Case Fairness
Index Type

Minimum
Fairness Ratio PV Capacity WT Capacity ESS Capacity

Case 1 RESR 0% 200 kW 200 kW 200 kW
Case 2 ESSSR 0% 200 kW 200 kW 200 kW
Case 3 HESR 0% 200 kW 200 kW 200 kW
Case 4 TGESR 0% 200 kW 200 kW 200 kW
Case 5 RESR 50% 200 kW 200 kW 200 kW
Case 6 ESSSR 50% 200 kW 200 kW 200 kW
Case 7 HESR 50% 200 kW 200 kW 200 kW
Case 8 TGESR 50% 200 kW 200 kW 200 kW
Case 9 RESR 65% 200 kW 200 kW 200 kW

Case 10 ESSSR 65% 200 kW 200 kW 200 kW
Case 11 HESR 65% 200 kW 200 kW 200 kW
Case 12 TGESR 65% 200 kW 200 kW 200 kW
Case 13 RESR 80% 200 kW 200 kW 200 kW
Case 14 ESSSR 80% 200 kW 200 kW 200 kW
Case 15 HESR 80% 200 kW 200 kW 200 kW
Case 16 TGESR 80% 200 kW 200 kW 200 kW
Case 17 TGESR 80% 500 kW 500 kW 200 kW
Case 18 TGESR 80% 200 kW 200 kW 500 kW
Case 19 TGESR 95% 400 kW 400 kW 500 kW
Case 20 TGESR 100% 500 kW 500 kW 500 kW

The fair distribution of total green energy usage is considered the most significant type
of fairness, since this approach simultaneously promotes environmental sustainability and
social satisfaction within the residential area. It ensures the reduction in carbon emissions
while guaranteeing equal access to green energy among users. Moreover, this approach
offers a vision more consistent with long-term energy policies and sustainability-oriented
strategies. In this context, TGESR was adopted as the fairness index type from Case 16 to
Case 20. In Cases 16 and 17, the same fairness index type, minimum fairness ratio, and ESS
capacity values were maintained, while different renewable energy capacities were defined
to examine the impact of renewable energy capacity. In Cases 16 and 18, the same fairness
index type, minimum fairness ratio, and renewable energy capacities were applied, but
different ESS capacity values were used to assess the impact of ESS. Finally, in Cases 19
and 20, high minimum fairness ratio values, PV capacity, WT capacity, and ESS capacity
were applied under the TGESR fairness index type to evaluate their combined effects.

3.2. Test Results

The test results of the case studies presented in Table 1 are summarized in Table 2.
Although different fairness index types were defined in Case 1, Case 2, Case 3, and Case 4,
the minimum fairness ratio was 0%. Therefore, the outcomes in terms of cost, grid power
consumption, and carbon emissions were identical. The first conclusion that can be drawn
is that when fairness constraints are set to zero, the system operates solely through eco-
nomic optimization. The fact that the fairness type does not produce any difference here
demonstrates that when constraints are not activated, this parameter does not affect system
behavior. The carbon emission values for each case study were obtained from [41] based
on the electrical energy consumed from the power grid. Carbon emission values were cal-
culated based on the electrical energy consumed from the power grid; therefore, electricity
exported to the grid was not considered as an emission credit.
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Table 2. Data on test results of case studies.

Case
Cost

[Turkish
Lira]

Grid Power
Consumption

[kW]

Carbon
Emission

[Metric Ton]
Case

Cost
[Turkish

Lira]

Grid Power
Consumption

[kW]

Carbon
Emission

[Metric Ton]

Case 1 7688.10 16,714.79 6.6 Case 11 8511.72 13,752.18 5.4
Case 2 7688.10 16,714.79 6.6 Case 12 8334.26 13,903.3 5.5
Case 3 7688.10 16,714.79 6.6 Case 13 7688.10 16,714.79 6.6
Case 4 7688.10 16,714.79 6.6 Case 14 7841.78 16,516.39 6.5
Case 5 7688.10 16,714.79 6.6 Case 15 11,333.13 11,431.86 4.5
Case 6 7693.42 16,702.74 6.6 Case 16 11,145.77 11,323.74 4.5
Case 7 7704.34 15,874.9 6.2 Case 17 −70,107.39 5811.55 2.3
Case 8 7688.10 16,542.85 6.5 Case 18 8971.55 12,018.24 4.7
Case 9 7688.10 16,714.79 6.6 Case 19 −44,641.51 4514.17 1.8
Case 10 7718.79 16,675.36 6.6 Case 20 −69,569.72 2562.64 1.0

When the minimum fairness ratio increased to 50%, certain differences began to appear.
Under the RESR index type, although the minimum fairness ratio in Case 1 was 0%, the
achieved result, as shown in Figure 8, was 66%. Similarly, in Case 5, the minimum fairness
ratio was set at 50%, while the achieved result was 69%. Since the minimum fairness ratios
in Case 1 and Case 5 were very close, no differences in cost, grid power consumption, or
carbon emissions were observed. However, other cases revealed notable variations. For
example, when comparing Case 2 and Case 6, cost increased by 5.32 Turkish Liras in Case
6, while grid power consumption decreased by 12.05 kW. In the comparison of Case 3 and
Case 7, cost increased by 16.24 Turkish Liras in Case 7, while grid power consumption
decreased sharply by 839.89 kW, which reduced the carbon emissions to 6.2 metric tons. A
comparison of Case 4 and Case 8 showed that while cost remained unchanged, grid power
consumption decreased by 171.94 kW in Case 8. One of the most significant findings from
the transition of the minimum fairness ratio from 0% to 50% was observed between Case 3
and Case 7: a relatively small increase in cost led to a substantial decrease in grid power
consumption. Since both cases shared the HESR fairness index type, it is evident that the
fair allocation of hydrogen energy considerably reduces grid dependency.

When the minimum fairness ratio increased from 50% to 65%, similar patterns emerged.
For example, in Cases 5 and 9, both under the RESR index type, the achieved mean supply
ratios were 69% and 66%, respectively, as illustrated in Figure 8. This slight difference
resulted in no observable change in cost, grid power consumption, or carbon emissions.
Comparing Case 6 and Case 10 showed that cost increased by 25.37 Turkish Liras in Case
10, while grid power consumption decreased by 27.78 kW. Between Case 7 and Case 11, a
significant cost increase of 807.38 Turkish Liras, corresponding to 9.54%, was recorded in
Case 11, but this was accompanied by a substantial reduction of 2122.72 kW in grid power
consumption, lowering carbon emissions to 5.4 metric tons. This 13.37% decrease in grid
dependency once again highlights the flexibility of the HESR index type and its impact
on reducing reliance on the power grid. Comparing Case 8 and Case 12 revealed that
while cost increased by 646.16 Turkish Liras in Case 12, grid power consumption decreased
significantly by 2639.55 kW, representing a 15.96% reduction. In terms of grid dependency,
the most notable improvement during the transition from 50% to 65% minimum fairness
ratio was achieved under the TGESR fairness index type.

When the minimum fairness ratio increased from 65% to 80%, Cases 9 and 13, both
under the RESR index type, showed identical values for cost, grid power consumption,
and carbon emissions. Comparing Case 10 and Case 14 indicates that cost increased by
122.99 Turkish Liras in Case 14, while grid power consumption decreased by 158.97 kW.
Between Case 11 and Case 15, cost rose by 2821.41 Turkish Liras, while grid power con-
sumption decreased by 2320.32 kW, reducing carbon emissions from 5.4 to 4.5 metric tons.
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Likewise, when comparing Case 12 and Case 16, cost increased by 2811.52 Turkish Liras,
while grid power consumption decreased by 2579.56 kW.

By grouping all cases between Case 1 and Case 16 in successive sets of four, the
influence of fairness index types on the system can be more clearly explained. In Cases 1–4,
identical values for cost, grid power consumption, and carbon emissions were obtained.
In Cases 5–8, the lowest cost was observed in Cases 5 and 8, while the lowest grid power
consumption and carbon emissions were achieved in Case 7 with a significant margin
compared to the others. In Cases 9–12, the lowest cost occurred in Case 9, while the lowest
grid power consumption and carbon emissions were recorded in Case 11. For Cases 13–16,
the lowest cost was found in Case 13, while the lowest grid power consumption and carbon
emissions were observed in Case 16. In summary, when the minimum fairness ratio was
50%, the lowest cost was achieved under the RESR and TGESR fairness index types, while
the lowest grid power consumption and carbon emissions occurred under HESR. At a
65% minimum fairness ratio, the lowest cost was observed under RESR, and the lowest
grid power consumption and carbon emissions again under HESR. Finally, with an 80%
minimum fairness ratio, the lowest cost was obtained under RESR, while the lowest grid
power consumption and carbon emissions were recorded under TGESR.

In Case 17, renewable energy capacity was increased to 2.5 times that of Case
16, resulting in a cost reduction of 81,253.16 Turkish Liras, thereby generating a profit
of 70,107.39 Turkish Liras. At the same time, grid power consumption decreased by
5512.19 kW, reflecting a 48.68% reduction, which lowered carbon emissions from 4.5 to
2.3 metric tons. In Case 18, ESS capacity was increased to 2.5 times that of Case 16, leading
to a cost reduction of 2174.22 Turkish Liras, representing a 19.51% decrease. However, grid
power consumption increased by 694.5 kW, indicating a 6.13% rise, which raised carbon
emissions from 4.5 to 4.7 metric tons. Although there was a slight regression in terms of
grid dependency, significant progress was observed regarding cost reduction.

Cases 19 and 20, both under the TGESR fairness index type, included higher mini-
mum fairness ratio values compared to the other cases. The results for both were highly
favorable. In Case 20, although the minimum fairness ratio was 5% higher than in
Case 19, the renewable energy capacity was 25% greater, which led to a cost increase of
24,928.21 Turkish Liras, corresponding to 55.84%. Nevertheless, grid power consumption
decreased by 1978.53 kW, reflecting a 43.83% reduction, which reduced carbon emissions
from 1.8 to 1.0 metric tons. This outcome demonstrates that the positive effect of increased
renewable energy capacity outweighed the higher minimum fairness ratio.

Each case included a specific minimum fairness ratio value, and the corresponding
mean supply ratio results are presented in Figure 9. Although the minimum fairness ratio
was defined as 0% for Case 1, Case 2, Case 3, and Case 4, the actual mean supply ratios
achieved were 66%, 41%, 45%, and 47%, respectively. Among the cases with minimum
fairness ratios of 0%, 50%, and 65%, those under the RESR fairness index type reached
higher mean supply ratio values compared to the cases defined by other fairness index
types. This indicates that electricity generated from RESs in the residential area can be
allocated more equitably under RESR than under the other fairness index types. As the
minimum fairness ratio increases, this difference diminishes. Once the minimum fairness
ratio reaches 80% or higher, the actual mean supply ratios align exactly with the defined
minimum values.

The power balance for Case 4 is presented in Figure 10. Of the total electricity supplied
to the residential area, 44.43% was generated by WT and 10.32% by PV, while 45.24% was
purchased from the power grid. A total of 7.26% of the supplied electricity was stored in
the ESS. All generation units contributed to the electricity charged into the ESS, and all
consumption units utilized the electricity discharged from the ESS. Regarding electricity
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consumption, 70.4% of the electricity supplied to the residential area was consumed by the
EL, 2.75% by households, 26.45% was sold back to the grid, and 0.4% was lost due to ESS
efficiency losses. In Case 4, although RESs played a significant role in supplying electricity
to the residential area, the share of electricity purchased from the grid was also considerable.
As a result, this case represents one of the scenarios with the highest carbon emissions.

Figure 9. Mean supply ratio values for all cases.

Figure 10. Energy balance for Case 4 using a Sankey diagram [kWh].

The power balance for Case 20 is presented in Figure 11. Of the total electricity
supplied to the residential area, 77.23% was generated by WT and 17.94% by PV, while
only 4.82% was purchased from the power grid. A total of 9.47% of the supplied electricity
was stored in the ESS. All generation units contributed to the electricity charged into the
ESS, and all consumption units utilized the electricity discharged from the ESS. Regarding
electricity consumption, 49.38% of the electricity supplied to the residential area was
consumed by the EL, 1.9% by households, 48% was sold back to the grid, and 0.7% was
lost due to ESS efficiency losses.
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Figure 11. Energy balance for Case 20 using a Sankey diagram [kWh].

In Case 20, grid dependency was drastically reduced, while electricity generation from
RESs increased substantially. As a result, this case achieved the lowest carbon emissions
among all scenarios. Furthermore, due to the large amount of electricity sold back to the
grid, Case 20 represents the second most profitable scenario overall.

The power balance of House 12, a household with three residents within Case 20, is
presented in Figure 12. Of the electricity consumed in House 12, 52.23% was supplied
by the ESS, 38.6% by WT, and 9.17% by PV. Of the total electricity stored in the ESS, 55%
originated from WT and 45% from PV. Grid dependency was completely eliminated, and
the household relied exclusively on green energy consumption.

Figure 12. Energy balance for House 12 in Case 20 using a Sankey diagram [kWh].

The power balance for Case 18 is presented in Figure 13. Of the electricity supplied
to the residential area, 50.9% was generated by WT and 11.83% by PV, while 37.27% was
purchased from the power grid. A total of 20.32% of the supplied electricity was stored
in the ESS. All generation units contributed to the electricity charged into the ESS, and all
consumption units utilized the electricity discharged from the ESS. Regarding electricity
consumption, 80.65% of the electricity supplied to the residential area was consumed by
the EL and 3.15% by households, while 14.5% was sold back to the grid and 1.7% was lost
due to ESS efficiency losses.
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Figure 13. Energy balance for Case 18 using a Sankey diagram [kWh].

The power balance for Case 18 is presented in Figure 14. Compared to Figure 13,
Figure 14 provides a clearer representation of which sources generate or consume energy
during specific time periods. The results of the graph reveal that, despite the high fluctua-
tions in RESs, the energy demand was continuously met through the interaction between
the ESS and the grid. During periods of surplus generation, the ESS was charged, electricity
was sold to the grid, and hydrogen was produced via the EL, thereby ensuring the efficient
utilization of RES. In addition, the ESS guaranteed users’ access to green energy. During
periods of insufficient generation, the discharge of the ESS and electricity purchased from
the grid maintained supply security. These findings demonstrate that the proposed en-
ergy management model enhances operational flexibility while ensuring both economic
efficiency and sustainability.

Figure 14. Power balance for Case 18 using a stacked bar chart.
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4. Conclusions
In this study, a fairness-oriented energy management strategy was proposed for

a residential area that incorporated RESs, an ESS, a hydrogen tank, and an EL while
simultaneously meeting both the electricity and hydrogen energy demands. This approach
goes beyond the sole objective of technical efficiency and introduces a more inclusive and
sustainable framework for energy sharing by taking social dimensions into account. In this
community, which interacts bidirectionally with the grid, residents use hydrogen boilers
for heating, hydrogen hobs for cooking, and FCEVs for transportation. The operation
was designed to minimize costs while ensuring fair utilization of the ESS, hydrogen tank,
RESs, and total green energy under different minimum fairness ratios. The problem was
formulated using the MILP method.

This study presented, for the first time in the literature, an energy management model
that considered fair utilization in a community jointly involving hydrogen and electrical
energy. By incorporating fairness indices based on the SDR concept, four fairness index
types, ESSSR, HESR, TGESR, and RESR, were systematically investigated under different
minimum fairness ratio levels. To position the proposed approach within the literature, the
aims, scope, and key findings of the most closely related studies are presented below.

Zhou et al. [42] proposed a multi-agent simulation framework and a unified set of
evaluation indices to compare different mechanisms for peer-to-peer (P2P) energy sharing
among residential prosumers. The evaluation considered economic metrics together with
technical metrics. In the Great Britain context, SDR, mid-market rate (MMR), and bill
sharing (BS) mechanisms were examined, and SDR was reported to outperform the others
in overall performance. Erdinç [17] proposed a rolling-horizon MILP for a 20-house
community with shared PV and battery storage to minimize operating costs while enforcing
fair PV and storage usage. Under fairness on the percentage of PV supply ratio (%PSR),
the household %PSR range narrowed from 13.32–89.82% to 42.82–51.38%, with only a
0.38% cost increase. For storage-based or combined fairness, the cost increase was reported
to be on the order of about 5%. Ghanavati et al. [43] proposed an energy management
strategy for local energy communities to enable fair and cost-effective electricity sharing
among smart homes. They defined fairness by providing clean-energy access in line
with participants’ demand shares when renewable supply was scarce and by distributing
surplus-related benefits proportionally to contribution when excess existed. Their case
study results indicated that the approach reduced the daily total energy cost by about 23%
compared with the baseline. Lee and Kwon [18] proposed a data-driven, threshold-based
control strategy for operating a shared residential battery energy storage system to ensure
both fair access and fair benefit. They enforced fairness by preventing households from
discharging more energy than they had contributed and by requiring that battery usage
generated a nonnegative net benefit at the household level. Their results showed that the
strategy eliminated fair-access violations by 100% and reduced fair-benefit violations by
about 76%. However, it increased the total cost by about 2.3% and decreased the total
benefit by about 4.9%. Tairo et al. [21] proposed a real-time energy management system for
a three-phase unbalanced alternating-current microgrid that accounted for PV generation
and demand uncertainties. They aimed to jointly reduce grid-related operating costs and
the energy not supplied to EVs, and they enforced fair EV charging through a fairness
index based on state of charge, battery capacity, and available charging time. Their Pareto
compromise solution reported about 18% savings in operating cost. Boccard and Goetz [44]
studied PV energy communities and proposed a fair-but-unequal gain-sharing rule that
accounted for ownership entitlements and realized consumption and production. They
reported that sufficiently large PV reduced median energy costs by up to 65%, while P2P
trading provided about 2.5% additional savings under similar demand profiles and up
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to 11% under high heterogeneity. Zhao et al. [45] designed a PV-based community P2P
sharing scheme that jointly improved cost, grid power fluctuations, and revenue fairness.
Compared with P2P-only operation, they reported a 16.8% lower total cost, 76% lower
power fluctuation, and 62.6% lower inequality.

In this study, a total of 20 case studies were conducted to provide a comprehensive and
explanatory assessment of different fairness index types and ratios, combined with varying
PV, WT, and ESS capacities. This extensive set of case studies systematically examined how
different levels of fairness and capacity variations are reflected in community operation,
thereby addressing an important research gap in the literature. The results demonstrated
significant improvements in terms of cost, grid power consumption, and carbon emissions
while ensuring that each household in the community was guaranteed fair access to green
energy under the respective fairness index type. Another finding indicated that while the
operating cost was 11,145.77 TL, increasing the capacity of RESs by 1.5 times resulted in
a profit of 70,107.39 TL. In this case, grid power consumption decreased by 48.68%, and
carbon emissions were reduced by 2.2 metric tons. These outcomes strongly demonstrate
that investments in renewable energy can simultaneously deliver both economic and
environmental benefits. In this context, the increase in RES capacity substantially reduced
both cost and carbon emissions.

The lowest levels of grid power consumption were generally observed under the
HESR index type. Since a large share of the community’s energy demand is derived from
hydrogen, fair utilization of the hydrogen tank reduced grid dependency and provided
environmentally favorable outcomes. Therefore, the hydrogen-oriented fairness approach
can be considered as a particularly effective strategy for reducing reliance on the grid. As
the minimum fairness ratio increased, operating costs generally rose, while grid power
consumption declined. When the ESS capacity was increased by 1.5 times, the cost de-
creased by 19.51%, whereas grid power consumption increased by 6.13%. In the scenario
where total green energy fairness was ensured and the minimum fairness ratio was set at
100%, enlarging the RES and ESS capacities by 1.5 times yielded a profit of 69,569.72 TL,
with only 2562.64 kW of electricity purchased from the grid and 1.0 metric ton of carbon
emissions. This finding represents the most environmentally friendly and economically
satisfactory outcome of the study, highlighting the strong alignment of the fairness-based
approach with long-term energy policies. Notably, this scenario achieved the lowest grid
power consumption and carbon emission levels among all case studies.

Based on the conducted case studies, the proposed framework ensured fair access to
green energy under each fairness index type while delivering noticeable improvements
in operating cost, grid electricity consumption, and carbon emissions. As the minimum
fairness ratio increased, operating costs generally rose, whereas grid power consumption
declined, indicating a clear trade-off between fairness and cost versus grid dependency and
emissions. This balance was strongly shaped by capacity choices, since renewable capacity
expansion could deliver economic and environmental benefits simultaneously, whereas
increasing the ESS capacity alone reduced cost but increased grid purchases and emissions.

This study reveals that fairness-oriented strategies in hybrid energy communities
are critically important not only for technical and economic performance, but also for
social satisfaction and environmental sustainability. Particularly, the TGESR approach has
demonstrated compatibility with long-term energy policies, thereby validating the strategic
role of fairness in the sustainable energy transition. Future research is encouraged to
examine the impacts of different climatic zones and consumption patterns, and to explore
fairness strategies in multi-community scenarios. In addition, stochastic MILP, robust
optimization, and scenario-based analysis approaches can be incorporated to explicitly
model uncertainties. The proposed framework can be scaled up to larger communities and
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evaluated over longer operating horizons. Moreover, seasonal scenarios can be developed
to assess how varying conditions across the year affect model performance.
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Abbreviations
The following abbreviations are used in this manuscript:

EL Electrolyzer
ESS Energy storage system
ESSSR Energy storage system supply ratio
FCEV Fuel cell electric vehicle
HESR Hydrogen energy supply ratio
PV Photovoltaic
RESR Renewable energy supply ratio
RES Renewable energy source
WT Wind turbine
TGESR Total green energy supply ratio
Sets and Indices
h Set of residential houses
t Set of time periods
Parameters
AFCEV

t,h Hydrogen consumption of the FCEV of house h at time t [kg]

AHydrogen_appliances
t,h

Hydrogen consumption of household hydrogen-powered appliances
in house h at time t [kg]

Atank
f inal Hydrogen level in the tank at the end of the time horizon [kg]

Atank
max Maximum allowable capacity of the hydrogen tank [kg]

Atank
min Minimum allowable capacity of the hydrogen tank [kg]

LHVH2 Lower heating value of hydrogen [MJ/kg]
Pch_cap The maximum allowable charging power [kW]
Pdisch_cap The maximum allowable discharging power [kW]
PEL

max Maximum allowable power input to the EL [kW]
PEL

min Minimum allowable power input to the EL [kW]
Phouse

t,h Electricity consumption of house h at time t [kW]
PWT

t Power output from the WT at time t [kW]
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PRH
t Total power demand of the residential area at time t [kW]

PPV
t Power output from PV system at time t [kW]

BPN Sufficiently positive big number

Nmax
Maximum allowed ratio of hydrogen, RES, or total green energy
supplied to each house

Nmin
Minimum allowed ratio of hydrogen, RES, or total green energy
supplied to each house

s Step size of the EL [Integer]

λ
price
t Electricity market price at time t (currency/kWh)

ηch
bat Charging efficiency of the ESS [%]

ηdisch
bat Discharging efficiency of the ESS [%]

ηEL Efficiency of the EL [%]
α Hydrogen-to-electric energy conversion coefficient
∆T Time interval [hour]
Variables

AEL_Grid
t

Amount of hydrogen produced by using power
purchased from the power grid in the EL at time t [kg]

AEL_RES
t

Amount of hydrogen produced by using power generated from the RESs
in the EL at time t [kg]

ARH_Grid
t,h

Amount of hydrogen produced using power purchased from the power
grid and supplied to house h at time t [kg]

ARH_RES
t,h

Amount of hydrogen produced using power generated
from the RESs and supplied to house h at time t [kg]

Atank
t Hydrogen level in the hydrogen tank at time t [kg]

EESS
t ESS energy level at time t [kWh]

PEL
t Power used by the EL at time t [kW]

Pch_ESS
t Charging power of the ESS at time t [kW]

Pdisch_ESS
t Discharging power of the ESS at time t [kW]

Pdisch_to_house(Grid)
t,h

Power supplied from the ESS (charged by the power grid) to the house h
at time t [kW]

Pdisch_to_house(PV)
t,h

Power supplied from the ESS (charged by the PV system) to the house h
at time t [kW]

Pdisch_to_house(WT)
t,h Power supplied from the ESS (charged by the WT) to the house h at time t [kW]

Pbuy_grid
t Power purchased from the power grid at time t [kW]

Pgrid_to_EL
t Power supplied from the power grid to the EL at time t [kW]

Pgrid_to_ESS
t Power supplied from the power grid to the ESS at time t [kW]

Pgrid_to_house
t,h Power supplied from the power grid to the house h at time t [kW]

Psell_grid
t Power sold to the power grid at time t [kW]

PESS_to_EL(Grid)
t Power supplied from the ESS (charged by the grid) to the EL at time t [kW]

PESS_to_EL(PV)
t Power supplied from the ESS (charged by the PV system) to the EL at time t [kW]

PESS_to_EL(WT)
t Power supplied from the ESS (charged by the WT) to the EL at time t [kW]

PESS_to_grid
t Power supplied from the ESS to the power grid at time t [kW]

PPV_to_EL
t Power supplied from the PV to the EL at time t [kW]

PPV_to_ESS
t Power supplied from the PV to the ESS at time t [kW]

PPV_to_grid
t Power sold to the power grid from the PV system at time t [kW]

PPV_to_house
t,h Power supplied from the PV to the house h at time t [kW]

PWT_to_EL
t Power supplied from the WT to the EL at time t [kW]

PWT_to_ESS
t Power supplied from the WT to the ESS at time t [kW]

PWT_to_house
t,h Power supplied from the WT to the house h at time t [kW]

PWT_to_grid
t Power sold to the power grid from the WT at time t [kW]

uESS
t

Binary variable indicating the operational mode of the ESS at time t.
A value of 1 indicates that the system can be charged, while a value of 0
indicates that it can be discharged.
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ugrid
t

Binary variable indicating power grid usage at time t. If the value is 1,
electricity can be purchased from the grid; if it is 0, electricity
can be sold to the grid.

%ESSSR Energy storage system supply ratio [%]
%HESR Hydrogen energy supply ratio [%]
%RESR Renewable energy supply ratio [%]
%TGESR Total green energy supply ratio [%]
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