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ARTICLE INFO ABSTRACT
Keywords: Renewable energy hubs have the potential to significantly improve the technical performance of
Allocation and sizing, microgrids while reducing environmental pollutants. This is achieved through efficient energy
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management within the hubs and determining their optimal capacities and placements in the energy
network. This article focuses on the planning and operation of renewable energy hubs integrated
with storage systems in microgrids. The objective is to minimize the overall costs related to building
resources and storage facilities within these hubs. Key constraints addressed include power flow
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equations, operational limitations, and the planning-operational model of the hubs. The innovation
of this approach lies in combining a comprehensive planning-operation model for renewable energy
hubs with the implementation of a bio-waste unit model. The numerical results underscore the
effectiveness of this strategy, demonstrating improvements in microgrid performance through
efficient hub planning and operation. Specifically, the optimal planning process achieved the lowest
construction costs for the hubs, while the optimal operation led to substantial reductions in energy
losses and voltage drops within the microgrid by approximately 33.8% and 51.3%, respectively, in
comparison with traditional power flow analysis. In this condition for the used case study, the

e.akbari@ustmb.ac.ir (E. Akbari) planning cost of EHs is M$46.43.

1. Introduction

Extensive research has been carried out on the planning and operational management of energy hubs (EHs), reflecting their
growing importance in integrated energy systems and modern microgrids. Energy hubs serve as key infrastructures capable of
coordinating multiple energy carriers, like electricity, heating, and cooling, while improving overall system flexibility and efficiency.
In this context, numerous studies have investigated different modeling approaches to enhance the performance, reliability, and
economic viability of EHs. Reference [1] presents a stochastic two-stage optimization model developed to deal with the operational
scheduling of EHs under uncertainty. In this framework, electricity and heat storage devices are incorporated to increase operational
flexibility. The model explicitly considers uncertainties associated with electrical, heating, and cooling load demands, besides the
variability of power generation from wind systems (WSs). Furthermore, demand response (DR) and integrated demand response
(IDR) programs are integrated into the operational strategy, allowing the system to adjust consumption patterns in response to supply
variations and market conditions. This integration enables a more adaptive and resilient operational structure for the EH. In reference
[2], a sustainable long-term planning methodology is proposed for the design of EHs with high penetration of renewable energy
sources (RESs). The proposed hubs are capable of simultaneously supplying electrical, heating, and cooling loads while incorporating
dedicated storage units for electricity, thermal energy, and cooling energy. To improve planning accuracy, the study considers
uncertainties related to load demands and photovoltaic (PV) generation output. The planning problem is formulated as a dynamic
optimization model covering a 15-year horizon, allowing decision-makers to evaluate long-term investment strategies and
operational performance under evolving system conditions.
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Reference [3] investigates the role of stochastic optimization in facilitating the participation of EH-based systems in energy
markets. In this work, demand response programs (DRPs) are incorporated into the optimization framework to provide additional
operational flexibility. The results demonstrate that the implementation of DRPs can significantly reduce the operational costs of
microgrids (MGs). Moreover, these programs contribute to shifting energy consumption from peak-demand periods to off-peak
intervals, thereby smoothing the load curve and improving overall system efficiency and stability. A stochastic scheduling approach
to multi-EH systems was proposed [4], where the coordinated operation of EHs and distribution networks is addressed. The proposed
approach integrates renewable energy sources, uncertain operational parameters, DRPs, and environmental emission considerations
into a unified optimization framework. By simultaneously considering these factors, the model enhances the operation of the
integrated energy system while promoting more sustainable and environmentally conscious operation. Finally, reference [5] focuses
on hydrogen-based micro-EHs, highlighting the growing role of hydrogen technologies in future energy infrastructures. The study
emphasizes the integration of hydrogen storage systems alongside IDR mechanisms to improve operational flexibility and energy
management. By incorporating hydrogen as an energy carrier and storage medium, the proposed framework supports cleaner energy
utilization and provides additional pathways for balancing supply and demand within micro-scale energy systems.

In reference [6], the EH system consists of a WS, PV, and electric vehicles (EVs) that engage in energy exchange within energy
and reserve markets. This system incorporates energy, thermal, and gas DRP. However, effectively managing the balance between
energy demand and generation remains challenging due to the unpredictable nature of these units. Reference [7] introduces a double-
step stochastic model that addresses EH operations in the context of day-ahead and real-time electricity markets. This model adeptly
handles uncertainties related to demand fluctuations, RES outputs, and real-time electricity price variations. To minimize the risk of
elevated operational costs under unfavorable conditions, the model integrates a value-at-risk (VaR) metric as a risk management
tool. A hybrid linear programming-reinforcement learning approach for the optimal supervision of EHs is explored in [8]. Meanwhile,
reference [9] focuses on managing energy flow within flexible EHs connected to the main grid. The proposed scheme integrates
electricity and heating networks, combining RES, storage systems, and a centralized hub acting as a coordinator. The study decreases
the operational costs of these interconnected grids by adopting an ideal power flow model and tailored formulations for flexible EHs.
The problem formulation takes into account uncertainties in demand levels, electricity and heat costs, and renewable electricity
availability. An unscented transformation method is employed to simplify the problem, enabling faster computation of optimal
solutions. Reference [10] delves into energy management for electricity and heating networks, emphasizing the role of renewable
EHs in enhancing network flexibility through dynamic pricing services. These EHs include RES, BUs, ESS, and responsive demand
mechanisms. BUs provide combined electricity and heat generation. The primary objective is to narrow the gap between network
energy costs and the revenue generated from the hub's flexibility. The analysis incorporates optimal power flow constraints, including
equality and inequality conditions, as well as restrictions on network flexibility. Furthermore, it considers the operational models of
energy generation units, storage systems, and responsive demand within EHs, alongside flexibility modeling for the hub itself. A
novel energy hub management strategy is introduced in [11], which combines unified plug-in EV-based demand response with
energy storage systems through a hybrid methodology. Meanwhile, [12] presents a two-layer optimization framework for managing
energy between two energy hubs. These hubs are operated as a virtual energy hub (VEH) to supply heat, water, and power demands,
while also participating in the thermal market and accommodating additional loads within the upstream distribution system's hosting
capacity. In [13], a new approach is proposed to tackle complex challenges linked to energy hubs, with a particular focus on
addressing issues related to energy transmission and generation within gas and power grids.

Previous research highlights notable gaps in the planning and operation of EHs. Most studies, as reflected in references [3-13],
focus on investigating the integration of EHs within various energy networks. These studies primarily explore the selection of
appropriate locations and dimensions for EHs. Subsequently, they analyze how the strategic management of energy resources impacts
the operational performance of these networks. It is worth noting that the optimal placement and sizing of EHs significantly enhance
network operation conditions. However, this subject was explored in few studies, such as [1-2]. Several studies, including [1-8],
extensively incorporate renewable energy sources (RESs) like wind and solar. Additionally, bio-waste (BUs) were shown to generate
gas from environmental waste, which is then converted into electrical energy, offering a promising solution for reducing
environmental pollution. The incorporation of combined heat and power (CHP) within BU can further enable simultaneous
production of electricity and heat. Consequently, integrating EHs into energy networks could accelerate the transition to RESs.
Despite this potential, only a few researchers, as indicated in [9-10], have addressed this topic comprehensively.

This paper proposes a strategy to address existing research gaps by integrating renewable EHs into MGs utilizing storage solutions.
Electric energy production within EHs is realized by integrating various systems, including WS, PV, and BU. Additionally, BU
contributes to thermal energy production. EHs are equipped with EES and thermal energy storage (TES) functionalities. This method
minimizes the cost of constructing resources and storage elements that constitute an EH. The constraints associated with this task
include the planning and operational framework for renewable generation units and storage systems within the EH structure, along
with the optimal power flow model of the MG. Upon analyzing prior research and the proposed solution, several innovations are
highlighted: 1) Identifying the most optimal locations for deploying EHs within electrical network, 2) Determining the ideal sizing
(capacity) for RESs and both electrical and thermal storage solutions within EHs, 3) Designing a renewable hub model capable of
managing both active and thermal power simultaneously, and 4) Introducing a CHP based BU model for the simultaneous generation
of electricity and heat within EHs.

This paper introduces a comprehensive strategy aimed at bridging the existing research gaps in the planning and operation of
renewable-based EHs integrated into MGs. The proposed framework emphasizes the combined use of renewable generation, storage
technologies, and bio-waste-based cogeneration to achieve a more efficient and sustainable energy ecosystem.
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Within the proposed structure, electric energy generation inside each EH is realized through the integration of multiple renewable
subsystems, including WSs, PV units, and a BU. In addition to electricity production, the BU plays a dual role by also contributing
to thermal energy generation, thereby enhancing the energy conversion efficiency and supporting CHP operation.

Each EH is further equipped with two key storage components: EES and TES. The inclusion of these elements provides the
flexibility required to manage temporal variations in renewable generation and energy demand, ensuring more stable and reliable
microgrid performance.

This strategy minimizes the cost associated with constructing and installing the necessary RESs and storage facilities that
constitute the EH. To achieve this, the optimization process incorporates both planning and operational constraints, encompassing
the technical limits of renewable generation units, the dynamic behavior of storage systems, and the optimal power flow (OPF)
model governing the MG’s operation. This integrated approach ensures that economic efficiency is achieved without compromising
system reliability or network stability.

A detailed comparison with previous research highlights several key innovations introduced by this study:

1. Optimal siting of energy hubs — developing an effective methodology for identifying the most appropriate installation

locations of EHs within the microgrid to minimize network losses and improve voltage stability.

2. Optimal sizing of components — determining the ideal capacities of RESs and both electric and thermal energy storage units
to balance cost and performance.

3. Dual-domain energy management — designing a renewable hub model capable of jointly managing electrical and thermal
power flows, to boost coordination and efficiency of the energy conversion processes.

4. Bio-waste-based CHP modeling - introducing an innovative CHP model derived from a bio-waste unit (BU) to enable the
simultaneous production of electricity and thermal energy within each EH, supporting cleaner and more sustainable system
operation.

Through this integrated planning—operation approach, the paper provides a robust framework for the deployment of storage-
based renewable EHs, contributing to the advancement of sustainable microgrid development and offering a realistic pathway toward
optimized energy system design.

In Section 2, the planning and operation of EHs will be outlined. Section 3 will then present the details of the problem data.
Section 4 discusses the numerical results obtained from various research scenarios, and finally, the conclusions are addressed in
Section 5.

2. Formulation

Scheme of this paper is based on Figure 1.

A) Objective function: Equation (1) presents the objective function of minimizing the cost of constructing RESs and storage
facilities within the EHs [14]. This objective reflects the planning-oriented nature of the model, in which optimal decisions regarding
the installation and capacity of system components are determined to achieve an economically efficient EH structure.

More specifically, the first three terms in this function represent the investment costs of installing BU, WS, and PV systems. Each
of these terms is calculated by multiplying the quantity of installed units and the investment cost of a single unit [14]. This
formulation allows the optimization model to find the most appropriate combination and quantity of renewable generation resources
within the EHs.

Minimizing of installing cost of RESs and
storage systems in EH

J Subject to
A \4
AC optimal power flow model for Planning and operation model of
electrical microgrid EH
Including
» Wind system

A 4

Solar system

Bio-waste system

Electrical energy storage

A 4

Thermal energy storage

Figure 1. Planning of EH in the electrical MG.
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The fourth and fifth terms of the objective function correspond to the installation costs of EES and TES, respectively. In these
terms, the total cost is obtained by multiplying the storage capacity by the unit cost of storage with a capacity of 1 MWh. By
incorporating these components into the objective function, the model simultaneously optimizes both renewable generation
resources and storage capacities in the EHs, ensuring that the overall system configuration achieves the minimum possible investment
cost while satisfying the operational and network constraints of the MG.

COStZZCBnBe—i_C\Nn\Ne—i_CVnVe—i_CEEEe—i_CTETe (1)

B) Planning and operational constraints of the EH: The subsequent Equations (2)-(20) outline the performance and planning
model for RES and storage systems. Equations (2) and (3) address the active and heat power flow within the hub. Active power of
the EH, from the MG's perspective, is achieved by summing the power generation of BU, WS, PV, and EES, while deducting the
power consumed by passive loads and EES. In the thermal domain of the EH, BU and TES in discharge mode supply the required
heat power for loads, while TES in charge mode absorbs energy. The planning-operational model for BUs is presented through
Equations (4)-(6) [14]. Equation (4) provides the active power output calculation for BU farms, which involves factors such as the
number of BUs, their efficiency, the methane content in production gas, low heating value (LHV), and output gas derived from eco-
friendly waste. It is assumed that BUs utilize CHP technology, allowing simultaneous heat and electricity generation. Equation (5)
involves the heat power generated by BUs as a component of their active power. Equation (6) defines the maximum number of BUs
allowable in the EH system. The operational constraints for WS are defined in Equations (7)-(8) [15]. Equation (7) calculates the
total active power of WSs within the EH system. This study identifies four operating zones based on wind output power and wind
speed interactions: (1) below cut-in speed, where WS produces no active power; (2) between cut-in and nominal speeds, where
power output increases linearly with wind speed; (3) between nominal and cut-out speeds, where power output is constant at nominal
levels to avoid mechanical damage; and (4) above cut-out speed, where WS halts operations to prevent damage. Equation (8)
addresses the maximum number of WS units that can be installed in the EH. The planning-operation model for PV systems is detailed
in Equations (9)-(10) [15]. Equation (9) calculates PV active power output based on system count, efficiency, surface area, and
received radiation. Equation (10) limits the number of PV installations permissible in the EH. The EES model is described through
Equations (11)-(14) [16]. Equations (11)-(12) address charging and discharging rate limitations of EES. Equation (13) prevents
simultaneous charging and discharging states. Equation (14) specifies how total energy stored in EES is computed by adding initial
energy to the charging power while subtracting discharging power. Planning constraints for EES are defined in Equation (15), limiting
its installed capacity within the EH. The TES operation-planning model is outlined in Equations (16)-(20). This model closely
resembles that of EES but substitutes active power with heat power considerations.
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C) Model of electrical MG: The optimal power flow constraints within an MG are represented in Equations (21) through (27) [17-
18]. These equations describe the electrical network behavior and ensure that power flow within the MG operates in a technically
feasible and secure manner. The AC power flow model for the MG is defined by Equations (21)-(24), which establish the balance
between active and reactive power at the electrical buses of the network. These equations also determine the active and reactive
power flows through the electrical distribution lines, ensuring that generation, demand, and network losses are properly balanced
at each bus [17-18]. By modeling both active and reactive power interactions, this formulation provides an accurate representation
of the electrical behavior of the MG. Equations (25)-(27) further represent the operational limitations of the MG. In particular,
Equation (25) considers the allowable limits of voltage magnitude at each bus in order to maintain system stability and acceptable
power quality levels. Equation (26) addresses the limits on the magnitude of apparent power transmitted through the distribution
lines, preventing thermal overloading of the network conductors. Finally, Equation (27) specifies the permissible boundaries for the
apparent power flowing through the distribution substation, ensuring that the substation operates within its rated capacity and
maintains reliable interaction between the MG and the upstream grid [17,18].

Pesnn +Ze:JEnYePEHeYh +Z levniPecorn = Penn vn, h 1)
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3. Problem Data

The method was assessed on a 9-bus MG depicted in Figure 2. The MG operates with a base power of 1 MVA and a base voltage
of 1 kV, as reported in [9]. In this system, Bus 1 is considered the reference bus, where the voltage magnitude is fixed at 1 p.u. and
the voltage angle is set to zero radians. The technical characteristics of the distribution lines, substations, active loads, and reactive
peak loads are provided in [9] and are used as the basis for modeling the electrical network. The allowable range for voltage
magnitudes in the system is considered between 0.9 and 1.1 p.u., ensuring acceptable operating conditions for the MG. The hourly
electrical load values are determined by multiplying the maximum load by the corresponding hourly load factor, while the daily
load factor profile used in this study is obtained from [19]. This approach enables the model to represent realistic daily variations
in electricity demand. Data related to RESs, as well as specifications of electricity and thermal storage systems, are taken from [14-
15]. These references also provide the daily profiles for wind speed rates, solar radiation rates, and BU gas rates [14-15,19]. The
hourly values for wind speed, solar radiation, and BU gas are calculated by multiplying their respective maximum values by the
corresponding hourly rate, allowing the model to capture the temporal variability of renewable resources. In this section, EHs are
assigned to buses 2-9, enabling distributed integration of renewable resources and storage units across the MG. It is assumed that
the load of each hub represents 50% of the total hub load. Additionally, each EH is designed to supply a thermal load with a peak
value of 0.2 MW. The daily heat load profile is obtained from [14-15,19], while the combined thermal demand of all EHs is limited
to a maximum of 0.8 MW, ensuring that the thermal energy supply remains within the operational capacity of the system.
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Figure 2. Test MG [9].
4. Results

The approach was implemented according to the problem formulation of Sections 2 and 3 using the GAMS optimization platform.
The developed mathematical model, including the objective function and all planning and operational constraints, was coded and
executed within this environment. Subsequently, the BONMIN solver was adopted to find the solution of the optimization problem
[20]. BONMIN is particularly suitable for handling mixed-integer nonlinear programming problems, which arise due to the presence
of nonlinear power flow equations and integer decision variables related to the installation of system components.

After solving the model, the obtained numerical results were analyzed under several different scenarios to assess the performance
of the proposed scheme. The main findings and outcomes obtained from these scenarios can be summarized as follows.

A) Planning Status of EHs in Electricity and Heating Grids

The optimal placement of the selected EHs within the MG is illustrated in Figure 3. According to the obtained planning results,
three hubs that are solely responsible for electricity generation are installed at buses 2, 5, and 9. These hubs operate as distributed
electrical generation units and contribute to meeting the electrical demand of the network without providing thermal energy. In
addition, four hybrid hubs that are capable of producing both electrical and thermal energy simultaneously are deployed at buses 4,
6, 7, and 8. The hybrid configuration enables these hubs to support the MG not only through electricity generation but also by
supplying the thermal energy required by the system.

As discussed in Section 3, the total thermal power demand of the system is 0.8 MW. Since each EH with thermal capability can
provide up to 0.2 MW of heat power, a minimum of four such hubs is necessary to fully satisfy the overall heat requirement.
Consequently, the installation of four hybrid EHs ensures that the aggregated thermal production capacity reaches the required 0.8
MW level. This arrangement enables the system to reliably meet the thermal load while maintaining a distributed structure for heat
supply, which improves flexibility and reduces dependence on a single thermal source.

From the spatial distribution of the hubs, it can be observed that EH6 and EH7 are located at buses that are electrically farther
from the reference bus (bus 1). This placement is deliberate and follows common principles in distribution network planning. In
most MG power flow analyses, buses that are located at larger electrical distances from the reference bus are more susceptible to
voltage drops due to line impedances and load concentration. Installing generation units at these remote buses introduces local
power support, which reduces the amount of power that must be transmitted from the upstream network. As a result, the voltage
magnitude at these buses can be improved and the overall voltage profile of the MG becomes more uniform. This local generation
support also contributes to enhancing voltage stability and mitigating the risk of excessive voltage deviations during system
operation.

The remaining hubs are installed at buses where the connecting distribution lines have relatively higher transmission capacities.
Selecting such locations ensures that the electrical power injected by the hubs can be effectively transferred through the network
without overloading the lines or violating their thermal limits. This consideration is particularly important when multiple distributed
generation units operate simultaneously, as improper placement could lead to congestion in certain branches of the MG. By
positioning the hubs in areas with adequate line capacity, the network is able to absorb the generated power more efficiently, thereby
maintaining secure operation conditions.
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Overall, the obtained placement strategy reflects a balanced approach that simultaneously considers thermal demand satisfaction,
electrical network constraints, and voltage support requirements. Through the coordinated installation of purely electrical hubs and
hybrid hubs across different buses of the MG, the system benefits from improved operational flexibility, enhanced voltage regulation,
and more efficient utilization of the distribution infrastructure. This strategic configuration ultimately contributes to strengthening
the overall operational performance and reliability of the MG.

Figure 3 illustrates the size of RES installations and electricity and heat storage components within selected EHs, specifically hubs
EH1 through EH7. BU and TES are absent in hubs 1, 3, and 7, as these hubs primarily serve to provide electrical energy. This is
because BU and TES are important factors in thermal energy management. These hubs rely on WS and PVs as renewable sources, in
addition to EES. In hubs EH1, EH3, and EH7, the number of WSs exceeds that of PVs because, based on findings [14-15], a WS with
the same capacity as a PV can generate more energy. Additionally, the installation cost of a 1 MW WS is lower than that of a PV of
equal size. Among these three hubs, hub EH1 features the highest number of renewable installations since it is connected to bus 2
(as noted in Figure 3), where the distribution line capacity is substantial. Conversely, hub EH7, connected to bus 9, has fewer
renewable resources due to the comparatively lower distribution line capacity associated with bus 9. The size of EES in a hub
correlates directly with the number of installed RES. If the number of renewables in a hub is high, the EES capacity is significant;
otherwise, it remains smaller. Essentially, EES capacities are designed so that their charging rates align closely with the peak power
output of the renewables, enabling them to store an amount of energy equivalent to the maximum output of the renewable systems.
BU and WS are installed in hubs EH2, EH4, EH5, and EH6. As BUs also contribute to thermal energy provision, their numbers in
these hubs surpass those of WSs. Hubs EH2 and EH4 have more renewable resources compared to hubs EH5 and EH6 due to the
higher distribution line capacities connected to hubs EH2 and EH4. Meanwhile, the TES size remains consistent across hubs EH2,
EH4, EH5, and EH6.

Table 1 presents a detailed breakdown of the installation costs for renewable and storage components at each hub, along with
the total installation cost, as defined by the cost function in Equation (1). The data clearly shows that the installation costs of BUs
significantly surpass those of WSs, while WSs have higher construction costs compared to PVs. This is explained by Figure 3, which
indicates that the number of installed BUs is highest, while PV installations are the lowest. Additionally, BU units are priced higher
than WS and PV units on a per-unit basis.

350
300
250
200

150
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100

- Il |
0 [ - -
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Figure 3. Size of, a) sources, and b) storages in the optimal location of EHs.
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Figure 3 further reveals that the installed capacity for EES is approximately 27 MW, whereas TES capacity stands at about 8
MW. Based on references [14-15], the unit cost of EES is greater than that of TES, meaning EES incurs higher installation costs
among storage systems. Ultimately, the total installation cost for the proposed scheme amounts to approximately M$46.43.

B) Analysis of the operational status of the electric and heating networks reveals the performance indicators presented in
Table 2. These indicators include energy loss (EL), maximum voltage drop (MVD), and maximum overvoltage (MOV), which are
evaluated for two different conditions: load flow analysis (Case I) and the proposed design (Case II). In Case I, a conventional load
flow study is performed for the MG without the installation of EHs. In contrast, Case II considers the complete optimization
framework represented by model (1)-(27), where EH planning and operational constraints are incorporated into the system. The
comparison between these two cases allows the effectiveness of the proposed scheme to be clearly evaluated. According to the results,
Case I exhibits the highest values of energy loss and voltage drop within the network. However, when the proposed design is applied
in Case II, both EL and MVD are significantly reduced, while only a small amount of overvoltage is introduced, equal to 0.011 p.u.
Under this improved configuration, the energy loss in the electrical network decreases by approximately 33.8%
((3.673—2.432)/3.673). In addition, the maximum voltage drop is reduced by about 51.3% compared with the results obtained
from the basic power flow analysis. Furthermore, the overvoltage observed in Case II remains well within the acceptable operational
limit of 0.1 p.u. (1.1 —1). This confirms that the proposed planning and operational strategy not only improves the efficiency of the
MG by reducing network losses and voltage drops, but also maintains the voltage profile within safe and reliable operating
boundaries.

5. Conclusion

The research focused on identifying the most suitable locations and capacities for renewable EHs that are integrated with both
electrical and thermal energy storage systems within an MG. The primary aim was to reduce the overall expenditure related to the
installation of renewable generation units as well as the associated storage infrastructures in these energy hubs. In this context, the
minimization of the total investment and deployment cost was defined as the main objective function of the optimization problem.
To properly represent the interactions between the distribution network and the energy hubs, the objective function was developed
in conjunction with the optimal power flow equations of the MG. In addition, the planning and operational characteristics of the
EHs were incorporated into the formulation. By combining these elements, a comprehensive modeling framework was established
that simultaneously captures the operational behavior of the MG and the strategic planning aspects of the EHs, enabling coordinated
decision-making for both network operation and hub deployment. The numerical results demonstrated that the optimal strategy
involved installing EHs at buses located farther from the reference bus in order to reduce the risk of significant voltage drops in the
network. At the same time, some EHs were connected to buses closer to the reference bus, where a higher number of power
transmission lines are available. This configuration helps reduce energy losses in the MG by taking advantage of stronger network
connectivity at those buses. Therefore, the placement of EHs was performed in a balanced manner to improve both voltage profile
and energy efficiency in the system. Among the renewable sources considered in the study, the BU had the highest installation rate
because it is the only unit responsible for providing thermal energy within the network. In contrast, the number of WS units installed
was higher than that of PV units. This difference is mainly due to the lower unit cost of WS compared with PV, which makes WS
more economically attractive in the optimization process. The sizing of storage systems was also closely related to the number of
renewable generation units installed in the EHs. In fact, an increase in the number of renewable power sources led to a proportional
increase in the required storage capacity. Consequently, the capacities of EES and TES expanded as the renewable generation capacity
increased, ensuring proper energy balancing and operational flexibility in the hubs. The proposed planning and energy management
approach for EHs significantly improved the operational performance of the MG. In comparison with conventional load flow studies,
the proposed design reduced energy losses by approximately 33.8% and decreased maximum voltage drops by about 51.3%. These
results confirm the effectiveness of integrating renewable EH planning with MG operational constraints. The scheme enables the
selection of the most suitable locations for integrating EHs into electrical networks. Second, it optimizes the sizing and capacity of
RES as well as electrical and thermal storage systems within EHs. Third, it develops a renewable EH model capable of efficiently
managing both active and thermal power simultaneously. Fourth, it implements a CHP to BU model that allows the simultaneous
production of electricity and heat within EHs. In the proposed design, renewable resources and load demand inherently involve
uncertainties. Therefore, stochastic, probabilistic, or robust modeling approaches should be considered in order to accurately
represent these uncertainties. In the present paper, deterministic models were used for renewable generation and load demand.
However, incorporating uncertainty modeling is considered as an important direction for future work in the proposed design.

Table 1. Installing cost (10° $) of sources and storages in the selected EHs.

Energy hub Location WS PV BU EES TES Total cost (103 $)
EH1 Bus 2 4500 2000 0 360 0 6860
EH2 Bus 4 1200 0 8100 270 100 9670
EH3 Bus 5 3000 2000 0 270 0 5270
EH4 Bus 6 600 0 7500 180 100 8380
EH5 Bus 7 300 0 6000 180 100 6580
EH6 Bus 8 300 0 5400 180 100 5980
EH7 Bus 9 1500 2000 0 180 0 3680
Total cost ($) 11400 6000 27000 1630 400 46430
Table 2. Value of operation indices of network.
Variable EL (MW) MVD (p.u.) MOV (p.u.)
Case I 3.673 0.111 0
Case IT 2.432 0.054 0.011
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Heat power of TES in discharge mode (MW)

Installed number of BUs in EH

Installed number of photovoltaics (PV) in EH

Installed number of wind systems (WS) in EH

Active power of BU (MW)

Active power of EES in charging mode (MW)

Active power of EES in discharge mode (MW)

Active power of EH from the microgrid’s viewpoint (MW)
Active power flow in the electric distribution line (MW)

Active power flow in the electrical distribution substation (MW)
Active power of PVs (MW)

Active power of WS (MW)

Reactive power flow in the electric distribution line (MVAr)
Reactive power flow in the electrical distribution substation (MVAr)
Voltage magnitude (p.u.)

Voltage angle (rad)

Area of PV (m?)

Susceptance of electric distribution line (p.u.)

The cost of installing a BU in EH ($)

Installation cost of EES with a capacity of 1 MWh ($/MWh)
Installation cost of TES with a capacity of 1 MWh ($/MWh)
The cost of installing a PV in EH ($)

The cost of installing a WS in EH ($)
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Maximum installable size of TES in EH (MWh)
Gas emission from environmental waste (m?®)
Conductivity of electrical distribution line (p.u.)
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Incidence matrix of distribution lines and buses
Incidence matrix of EH and bus
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Cut-in wind speed (m/s)

Cut-out wind speed (m/s)

Minimum voltage magnitude (p.u.)

Nominal wind speed (m/s)

Maximum voltage magnitude (p.u.)

The ratio between the least and highest energy storage of EES
The ratio between the least and highest energy storage of TES
The ratio between the initial energy and the highest energy storage of EES
The ratio between the initial energy and the highest energy storage of TES
The efficiency of the electrical sector of BU

EES efficiency in charging mode

EES efficiency in discharge mode

Efficiency of the thermal sector of BU

TES efficiency in charging mode

TES efficiency in discharge mode

PV efficiency

Percentage of methane in BU gas

Charging period in EES

Discharge period in EES

Charge period in TES

Discharge period in TES
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