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A B S T R A C T

The virtual energy storage system (VESS) is one of the emerging novel concepts among current energy storage
systems (ESSs) due to the high effectiveness and reliability. In fact, VESS could store surplus energy and
inject the energy during the shortages, at high power with larger capacities, compared to the conventional
ESSs in smart grids. This study investigates the optimal operation of a multi-carrier VESS, including batteries,
thermal energy storage (TES) systems, power to hydrogen (P2H) and hydrogen to power (H2P) technologies
in hydrogen storage systems (HSS), and electric vehicles (EVs) in dynamic ESS. Further, demand response
program (DRP) for electrical and thermal loads has been considered as a tool of VESS due to the similar
behavior of physical ESS. In the market, three participants have considered such as electrical, thermal and
hydrogen markets. In addition, the price uncertainties were calculated by means of scenarios as in stochastic
programming, while the optimization process and the operational constraints were considered to calculate the
operational costs in different ESSs. However, congestion in the power systems is often occurred due to the
extreme load increments. Hence, this study proposes a bi-level formulation system, where independent system
operators (ISO) manage the congestion in the upper level, while VESS operators deal with the financial goals
in the lower level. Moreover, four case studies have considered to observe the effectiveness of each storage
system and the simulation was modeled in the IEEE 33-bus system with CPLEX in GAMS.
1. Introduction

Over the past decades, innovative power system technologies have
been integrated significantly with smart grids to overcome the burden
of environmental impacts and carbon emissions. Thus, the future power
systems would be more efficient and sustainable with renewable energy
sources (RESs), such as photovoltaic systems and wind turbines. How-
ever, the intermittent nature of RESs leads to unbalance in the power
supply and demand with insecure and instable system. Although fossil
fuel generators are comparatively more stable than RESs generators,
carbon emission and noise pollution make them less attractive [1].
Hence, more attention was obtained by energy storage systems (ESSSs)
due to compensation of the uncertainty associated with the RES and
storing/releasing the energy according to the system requirements. In
the presence of the uncertain power supply, ESS could guarantee a
stable power system while enhancing the system efficiency [2]. ESS
could facilitate the following possibilities in terms of generator’s and
consumer’s point of view:

∗ Corresponding author at: Northumbria University, Electrical Power and Control Systems Research Group, Ellison Place NE1 8ST, Newcastle upon Tyne, UK.
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• Transferring generation capacity from peak hours to off peak
hours to benefit the generation units

• Compensating generation uncertainty to facilitate the application
of RES.

• Encouraging the customers to shift peak hour consumption to
off-peak times while altering the consumer habits.

Various forms of ESSs are available at the current market such as
electrochemical (e.g. batteries), mechanical (e.g. flywheels), electrical
(e.g. super capacitors) and thermal systems (e.g. hot water storage) [1].
Although, in recent years many technologies have been introduced
to reduce the cost of ESSs, they are still one of the most expensive
units in energy systems. Thus, these systems could be critical to en-
courage the private sector to invest. The progress in technology and
tendency to reduce emissions, have attracted the smart grid developers
to apply novel technologies for ESS beside conventional battery ESSs
(BESSs), e.g. power-to-X (P2X) and X2P technologies. In this regard,
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hydrogen-based power technologies, such as power-to-hydrogen (P2H)
and hydrogen-to-power (H2P), are one of promising methods for zero
emission networks. Fuel cells can be used for H2P purposes where hy-
drogen and oxygen reactions produce electricity, heat, and water [2]. In
fact, the electrolyzer is used to decompose the exhausting water of the
fuel cell into hydrogen and oxygen and then store in storage tanks [3].
The produced hydrogen could be utilized to produce electricity or can
be sold to hydrogen market specially for hydrogen vehicles (which have
clean output with the low-carbon policies) [4]. In particular, the energy
of 1 kg of hydrogen fuel equals to energy of 2.8 kg of oil or 2.1 kg of
natural gas, which shows that hydrogen has the highest energy density
per unit of mass between other energy carriers. Consequently, hydrogen
is renewable and environmental-friendly [5].

In modern energy systems, combined heat and power (CHP) units
are another power generation methods because of their effective contri-
bution to electrical and thermal energy supply, and the waste produced
of this system is used to fulfill heating loads. Applying fuel cells as
CHPs, can be encountered as a highly efficient combination of energy
technologies in recent years [6,7]. On the other hand, thermal storage
systems (TES) are usually used beside the CHPs to compensate their
insufficiency, which is due to interdependency between the electrical
and thermal energies of CHPs.

Electrical vehicles (EVs) are one of the alternatives for conventional
transportation systems. In fact, EVs not only participate in low-carbon
policies, but also include several batteries, which could utilize as non-
stationary ESS to store electrical energy and perform the vehicle-to-grid
(V2G) actions. Accordingly, EVs can contribute to the environment-
friendly, reliable and flexible performance of the energy systems [4,
8].

A virtual energy storage system (VESS) aggregates various control-
lable elements of energy systems, to store the surplus power or inject
the shortage amount according to the system requirements [9]. In other
words, a VESS is operated as a single high capacity and high power
ESS, which is appropriate for smart grids. Further, the VESS could
be considered as a shared energy storage that provides ESS services
to small scale users. Thus, by introducing VESS, small and various
capacity ESSs, can get access to the wholesale market. The unit price
of the system could reduce by installing VESS, where the installation
cost of ESS is comparatively high. Moreover, utilization of VESSs can
gain many advantages such as integrating the RES in the distribution
networks, reducing network expansion, decreasing generation margins
and the required spinning reserve capacity along with providing an-
cillary services to the network [10]. Customers participating in the
VESS, VESS could rent the ESS capacity they require and decide the
charging and discharging status as an individual ESS. Furthermore, the
VESS operator performs a centralized action for its elements in order
to provide the customer demand/supply level [11]. Demand response
programs (DRPs) could also play as VESS due to smart managing of
energy consumption. This can be inferred by using more energy as in
charging mode and reducing the demand level during the discharging
period. Hence, DRPs in VESSs could be a cost effective option compared
to the physical ESSs. Fig. 1 demonstrates a typical VESS structure with
various types of ESSs and responsive loads.

Electrical power system industry is restructuring due to the partic-
ipation of private sector investors instead of government investors to
answer the growing demand of electricity around the world [12]. How-
ever, this increment in both demand and supply sides can lead to con-
gestion in the network. Congestion refers to violating the thermal ca-
pacities of the lines, which hinders power delivery to the loads [13]. In-
dependent system operator (ISO) could perform a congestion manage-
ment by technical or non-technical methods, to control the congestion
when delivering power. Technical methods include physical changes
in the structure of the network, while non-technical approaches are
performed using algorithmic methods such as market-based operations.

Decision making under certainty is difficult to define due to the
2

unknown future parameters. One of the sources of uncertainty that
could affect the financial aspects of a decision making process, is the
price of trading commodities, which is the amount of traded energy in
energy systems. Therefore, stochastic programming can be utilized for
formulating and solving problems with uncertain parameters as random
variables with known probability functions. An accurate list of market
prices could be achieved by increasing the number of scenarios, and the
calculation complexity could reduced by introducing scenario reduction
methods such as fast-forward selection method. [14,15].

1.1. Research gap and contributions

1.1.1. Literature survey
A VESS is a combination of energy storage systems that are placed

in different locations but managed by the VESS operator. Few studies
have been dedicated to this field of research. Authors in [16], have
proposed a two-stage optimization formulation for VESS operation. In
the first stage, the aggregator of the ESSs determines the pricing of
the storage and then in the second stage, each user of ESSs decides
about the storage scheduling, while the batteries are considered as
the only technology used in the VESS. A framework for real-time
energy management is proposed in [17] based on the alternating
direction method of multipliers (ADMM) as a distributed algorithm. Jin
et al. [18], have suggested a building based VESS model by utilizing
the heat storage of the building and considering a dynamic economic
dispatch model for daily operating cost reduction. Authors in [19],
have proposed an innovative and cost-effective VESS to charge and
discharge according to the regulation signals. In this paper, the VESS
is operated to provide frequency response with zero carbon policies
instead of using the spinning reserve capacity of fossil-fuel generators.
Wang et al. [20] have proposed a hierarchical dispatch strategy for
VESSs, i.e., residential houses with air conditioners, which is introduced
for voltage regulation in low-voltage networks with high penetration
of solar systems. In [21], an operation strategy of a dynamic VESS
for smart energy communities has been proposed. In the proposed
method, the usage-limited constraint is considered to restrict the us-
age of various parts of VESS in the operation period. Moreover, a
VESS-based energy management is proposed in [22] to enhance the
availability of power supply. The VESS is composed of the high thermal
inertia demands besides the batteries. Authors in [23], have presented
optimal day-ahead scheduling for integrated energy system considering
demand response, and VESS to maximize the overall benefits of units
by game theory methodology. A risk-based VESS service strategy for
prosumers is demonstrated in [11] to study the economic benefits and
risks of increasing the capacity of the VESSs. Authors in [9] have
investigated the role of VESS as a solution to convert to low carbon
cities. Zhu et al. [24] have presented usage of EVs and heat storage
of buildings, as a joint VESS system including electric and thermal
energy storage systems. Furthermore, the research [25] has focused on
power management and real-time control for VESS. A distributed multi-
objective power management scheme is proposed to present competing
objective functions where a Nash Bargaining Solution is used to find an
optimal, unique and fair solution. A VESS-based structure is proposed
in [26] for enhancing the scalability and flexibility of the system. The
VESS is composed of batteries, and flexible loads. To obtain voltage
regulation, a dynamic pricing strategy according to system voltage
condition is proposed in this study. Niromandfam et al. [27] have
proposed the utilization of demand response resources as a VESS to
decrease/increase the consumption of some demands according to some
incentives. This variations in demand level provide the same behavior
as discharging/charging of a conventional ESS.

1.1.2. Contributions and paper structure
Numerous operational problems have been occured due to high

penetration of RESs into energy systems, which can be handled by using
of ESSs. In fact, VESSs could contain different types of ESSs and other

flexible resources like flexible loads. However, an energy management
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Fig. 1. A typical VESS structure with various types of ESSs and responsive loads.
system is required for optimal scheduling of ESSs to maximize the
benefits of VESSs, considering operational constraints, costs of devices
and uncertainties of energy prices. DRPs could be performed as a ESSs,
and the overall VESS function could be investigated by considering
the effect of responsive loads as a low investment tool. Further, multi
carrier energy systems were introduced to enhance the system effi-
ciency, where the electrical and thermal load is fulfilled by VESSs. H2P
and P2H technologies have immensely contributed to the clean energy
concept. Moreover, in modern power grids, EVs play a key role in line
with low carbon policies and can be used as non-stationary ESSs in
V2G/G2V modes. However, power system are facing technical issues
due to their rapid expansion. Accordingly, it is vital to consider mainly
the technical problems compared to financial goals. The following items
show a summary of the research gaps that exist in the studied papers
in the literature review section:

• Focusing more on the financial aspects rather than technical
issues of the system for operation of VESSs.

• Failure to consider co-optimization of VESS operator and system
operator to consider technical issues of the network.

• Lack of sources with the concentration in various energy sources
especially hydrogen, as one of the promising clean sources of
energy.

• Failure to focus on the mathematical modeling and linearization
of the optimization in the operation of VESS operation to obtain
global optimum.

According to the previous subsection and existing research gap, it
is deduced that a few studies have been carried out on the concept
3

of VESS. Considering the items as the research gap in the previous
subsection, Table 1 illustrates the findings of this study in comparison
with other works in the literature. Further, the congestion management
with the financial desires of multi-carrier VESS owners has not been
addressed before. In this study, the optimal operation of a VESS, includ-
ing batteries, TES systems, P2H and H2P technologies with hydrogen
storage systems (HSS), EVs and DRPs, is investigated. Participation of
electrical, thermal and hydrogen markets were also considered. The
uncertainties of energy prices would be modeled by means of scenarios
as in stochastic programming, while the operational costs of different
ESSs would be contemplated in the optimization process along with
operational constraints. To handle the congestion issues, a bi-level
formulation for the problem is proposed with ISO at the upper level
trying to operate the network for congestion management and VESS
operator in the lower level pursuing its financial goals. To sum up, the
main contributions could be highlighted as follows:

• Proposing an optimal scheduling method for a multi-carrier VESS
considering the degradation cost for participation in electrical,
thermal and hydrogen markets.

• Proposing a co-optimization of ISO and VESS as bi-level modeling
for scheduling as ISO in the upper level and VESS owner in
the lower level to obtain congestion management for ISO and
financial goals for VESS.

• Proposing different case studies in a network containing a VESS
with various multi-carrier ESSs, e.g. batteries, TES, P2H and H2P
in an HSS, EVs and finally, DRPs as a tool for VESS.

• Using linearized modeling for the problem to achieve global
optimum.

• Using scenarios to evaluate the uncertainties of energy market

prices.
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Table 1
Comparison of the proposed method with different studies.

Reference Storage type DRP Congestion
management

Uncertainty Financial/technical
aspect

Problem model

Battery EV HES TES

[11] ✓ – – – – – – Financial CVaR-MILP
[16] ✓ – – – – – – Financial Two Stage
[17] ✓ – – ✓ – – ✓ Financial Distributed ADMM
[18] ✓ – – ✓ – – – Financial MINLP
[20] – – – ✓ ✓ – – Technical Hierarchical
[22] ✓ – ✓ ✓ – – Financial Heuristic
[23] – – ✓ ✓ – – Financial Cooperative game theory
[27] ✓ ✓ – – ✓ – ✓ Financial Quadratic Programming
This study ✓ ✓ ✓ ✓ ✓ ✓ ✓ Financial/Technical Bilevel-MILP
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The paper is sectioned as follows: Section 2 demonstrates system
odeling and problem formulation for the optimal scheduling process.

urther, the simulation results and the effectiveness of the proposed
ethod are discussed in Section 4, and finally summarized this study

n conclusion.

. System modeling and problem formulation

In this section, a bi-level formulation and system modeling for the
ongestion management in presence of VESS in distribution networks
ill be introduced. The VESS consists of various energy storage types

ncluding batteries, thermal energy storage systems, hydrogen storage
ystems, electrical vehicles and responsive loads. In the upper level of
he bi-level formulation, the ISO tries to reduce the system congestion,
hereas the financial benefits are calculated by VESS in the lower level.

.1. Battery

The batteries are one of the most popular energy storage devices
n power systems, and this section discusses the modeling of battery
ystem. The constraints for charging and discharging power of the
attery are shown in Eqs. (1)–(2), while the constraints for the state of
harge (𝑆𝑜𝐶) of the battery are expressed in terms of Eqs. (3)–(6) and
he released power constraint is represented using Eq. (7). The battery
perational cost is expressed by Eq. (8) where the costs of using battery
s considered [28].

≤ 𝑃 𝑏
𝑐ℎ,𝑡,𝜔 ≤

𝑃 𝑏
𝑚𝑎𝑥

𝜂𝑏𝑐ℎ
∀𝑡, 𝜔 (1)

0 ≤ 𝑃 𝑏
𝑑𝑐ℎ,𝑡,𝜔 ≤ 𝑃 𝑏

𝑚𝑎𝑥 ⋅ 𝜂
𝑏
𝑑𝑐ℎ ∀𝑡, 𝜔 (2)

𝑆𝑜𝐶𝑏
𝑡,𝜔 = 𝑆𝑜𝐶𝑏

𝑡−1,𝜔 − 1
𝐸𝑏
𝑚𝑎𝑥

( 1
𝜂𝑏𝑑𝑐ℎ

⋅ 𝑃 𝑏
𝑑𝑐ℎ,𝑡,𝜔 − 𝜂𝑏𝑐ℎ ⋅ 𝑃

𝑏𝑎𝑡
𝑐ℎ,𝑡,𝜔) ∀𝑡, 𝜔 (3)

≤ 𝑆𝑜𝐶𝑏
𝑡,𝜔 ≤ 1 ∀𝑡, 𝜔 (4)

𝑜𝐶𝑏
𝑡0
= 𝑆𝑜𝐶𝑏

𝑖𝑛𝑖𝑡 (5)

𝑜𝐶𝑏
𝑡𝑓𝑖𝑛

= 𝑆𝑜𝐶𝑏
𝑓𝑖𝑛 (6)

𝑏
𝑡,𝜔 = 𝑃 𝑏

𝑐ℎ,𝑡,𝜔 − 𝑃 𝑏
𝑑𝑐ℎ,𝑡,𝜔 ∀𝑡, 𝜔 (7)

𝑜𝑠𝑡𝑏𝑡,𝜔 = 𝑏 ⋅
[

𝑃 𝑏
𝑐ℎ,𝑡,𝜔 + 𝑃 𝑏

𝑑𝑐ℎ,𝑡,𝜔

]

∀𝑡, 𝜔 (8)

here 𝑃 𝑏
𝑐ℎ,𝑡,𝜔, 𝑃 𝑏

𝑑𝑐ℎ,𝑡,𝜔, 𝑃 𝑏
𝑡,𝜔 and 𝑆𝑜𝐶𝑏

𝑡,𝜔 stand for charging, discharging,
et power and state of charge of the battery 𝑏 at time 𝑡 and scenario 𝜔.
urther, 𝜂𝑏𝑐ℎ and 𝜂𝑏𝑑𝑐ℎ show the efficiency of charging and discharging
f the battery. 𝑃 𝑏

𝑚𝑎𝑥, 𝑆𝑜𝐶𝑏
𝑖𝑛𝑖𝑡 and 𝑆𝑜𝐶𝑏

𝑓𝑖𝑛 stand for maximum power
apacity, initial and final energy levels of the battery, respectively.
4

oreover,  is the cost coefficients of battery degradation cost. u
.2. Electrical Vehicle (EV) parking lot

In this section, modeling for the EVs as mobile energy storage will
e discussed. The Vehicle to Grid (V2G) option is defined to enable the
V owner to trade energy with the utility. VESS can aggregate EVs for
articipating in the day-ahead scheduling to gain benefit for the EVs as
ell as other entities. EVs should be charged/discharged according to

he initial 𝑆𝑜𝐶, arrival time and departure time, and also power and
nergy capacities of the EVs. The maximum charge and discharge rates
f EVs are expressed in terms of Eqs. (9)–(10). The 𝑆𝑜𝐶 of the EV is

calculated via Eqs. (11)–(14) [7]. Furthermore a cost for operation of
the EV is considered, which is paid to the EV owner as a penalty for
decreasing its lifespan and it is calculated via Eq. (16).

0 ≤ 𝑃𝐸𝑉
𝑐ℎ,𝑡,𝜔 ≤

𝑃𝐸𝑉
𝑚𝑎𝑥

𝜂𝐸𝑉
𝑐ℎ

∀𝑡, 𝜔 (9)

0 ≤ 𝑃𝐸𝑉
𝑑𝑐ℎ,𝑡,𝜔 ≤ 𝑃𝐸𝑉

𝑚𝑎𝑥 ⋅ 𝜂
𝐸𝑉
𝑑𝑐ℎ ∀𝑡, 𝜔 (10)

𝑜𝐶𝐸𝑉
𝑡,𝜔 = 𝑆𝑜𝐶𝐸𝑉

𝑡−1,𝜔 − 1
𝐸𝐸𝑉
𝑚𝑎𝑥

(⋅ 1
𝜂𝐸𝑉
𝑑𝑐ℎ

⋅ 𝑃𝐸𝑉
𝑑𝑐ℎ,𝑡,𝜔 − ⋅𝜂𝐸𝑉

𝑐ℎ ⋅ 𝑃 𝑏𝑎𝑡
𝑐ℎ,𝑡,𝜔) ∀𝑡, 𝜔 (11)

≤ 𝑆𝑜𝐶𝐸𝑉
𝑡,𝜔 ≤ 1 ∀𝑡, 𝜔 (12)

𝑜𝐶𝐸𝑉
𝑎𝑟𝑟𝑖𝑣𝑎𝑙 = 𝑆𝑜𝐶𝐸𝑉

𝑖𝑛𝑖𝑡 (13)

𝑜𝐶𝐸𝑉
𝑑𝑒𝑝𝑎𝑟𝑡𝑢𝑟𝑒 = 𝑆𝑜𝐶𝐸𝑉

𝑓𝑖𝑛 (14)

𝐸𝑉
𝑡,𝜔 = 𝑃𝐸𝑉

𝑐ℎ,𝑡,𝜔 − 𝑃𝐸𝑉
𝑑𝑐ℎ,𝑡,𝜔 ∀𝑡, 𝜔 (15)

𝑜𝑠𝑡𝐸𝑉
𝑡,𝜔 = 𝐸𝑉 ⋅

[

𝑃𝐸𝑉
𝑐ℎ,𝑡,𝜔 + 𝑃𝐸𝑉

𝑑𝑐ℎ,𝑡,𝜔

]

−𝜆𝑒 ⋅[𝑆𝑜𝐶𝐸𝑉
𝑓𝑖𝑛 −𝑆𝑜𝐶𝐸𝑉

𝑖𝑛𝑖𝑡 ] ⋅𝑃
𝐸𝑉
𝑚𝑎𝑥 ∀𝑡, 𝜔 (16)

here 𝑃𝐸𝑉
𝑐ℎ,𝑡 , 𝑃

𝐸𝑉
𝑑𝑐ℎ,𝑡, 𝑃

𝐸𝑉
𝑡 and 𝑆𝑜𝐶𝐸𝑉

𝑡 and represent charging, discharg-
ng, net power, and state of charge of the 𝐸𝑉 at time 𝑡, respectively.
𝐸𝑉
𝑐ℎ and 𝜂𝐸𝑉

𝑑𝑐ℎ indicate efficiencies of 𝐸𝑉 charging and discharging.
𝐸𝑉
𝑚𝑎𝑥, 𝑆𝑜𝐶𝐸𝑉

𝑖𝑛𝑖𝑡 and 𝑆𝑜𝐶𝐸𝑉
𝑓𝑖𝑛 are respective parameters for maximum

ower capacity, initial and final energy levels of the 𝐸𝑉 and,  is the
ost of using the battery off the EVs.

.3. Thermal energy storage system

One of the main components of the VESS is the thermal energy
torage (TES) system. Eqs. (17) and (18) stand for the charging and
ischarging thermal power capacity of the TES, whereas the changes in
nergy level of the TES is calculated via Eqs. (19)–(22). In (23) the net
mount of thermal power of the system is shown and the positive value
ndicates the charging mode while the negative value represents the
ischarging mode. Further, it contains a power to heat (P2HT) unit that
enerates thermal power by electrical energy, and the relations of P2HT
nit is shown via Eqs. (24) and Eq. (25). The cost of TES operation, is a
unction of its usage, which is expressed via Eq. (26). 𝐻 𝑡𝑒𝑠

𝑐ℎ,𝑡,𝜔, 𝐻 𝑡𝑒𝑠
𝑑𝑐ℎ,𝑡,𝜔,

nd 𝐻 𝑡𝑒𝑠
𝑡,𝜔 represent charging, discharging, and net thermal power of

he 𝑡𝑒𝑠 at time 𝑡 and scenario 𝜔, respectively. Also, 𝐻𝑝2ℎ𝑡
𝑡,𝜔 and 𝑃 𝑝2ℎ𝑡

𝑡,𝜔
re generated thermal and consumed electrical power of the P2HT

𝑡𝑒𝑠 𝑡𝑒𝑠 𝑡𝑒𝑠 𝑝2ℎ𝑡
nit. 𝜂𝑙𝑜𝑠𝑠, 𝜂𝑐ℎ , 𝜂𝑑𝑐ℎ and 𝜂 indicate thermal efficiency of the TES
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tank, efficiency of charging/discharging of thermal power in TES and
efficiency of power to heat unit. 𝐻 𝑡𝑒𝑠

𝑚𝑎𝑥, 𝐸𝑡𝑒𝑠
𝑚𝑎𝑥 and 𝐸𝑡𝑒𝑠

𝑚𝑖𝑛 show maximum
thermal power, maximum and minimum energy of the TES. Initial and
final energy levels in the TES is shown by 𝐸𝑡𝑒𝑠

𝑖𝑛𝑡 and 𝐸𝑡𝑒𝑠
𝑓 𝑖𝑛 and  is the

cost of using TES.

0 ≤ 𝐻 𝑡𝑒𝑠
𝑐ℎ,𝑡,𝜔 ≤

𝐻 𝑡𝑒𝑠
𝑚𝑎𝑥

𝜂𝑡𝑒𝑠𝑐ℎ
∀𝑡, 𝜔 (17)

0 ≤ 𝐻 𝑡𝑒𝑠
𝑑𝑐ℎ,𝑡,𝜔 ≤ 𝐻 𝑡𝑒𝑠

𝑚𝑎𝑥 ⋅ 𝜂
𝑡𝑒𝑠
𝑑𝑐ℎ ∀𝑡, 𝜔 (18)

𝐸𝑡𝑒𝑠
𝑡,𝜔 = 𝐸𝑡𝑒𝑠

𝑡−1,𝜔 ⋅ (1 − 𝜂𝑡𝑒𝑠𝑙𝑜𝑠𝑠) + (𝐻 𝑡𝑒𝑠
𝑐ℎ,𝑡,𝜔 ⋅ 𝜂𝑡𝑒𝑠𝑐ℎ −

𝐻 𝑡𝑒𝑠
𝑑𝑐ℎ,𝑡,𝜔

𝜂𝑡𝑒𝑠𝑑𝑐ℎ
) ∀𝑡, 𝜔 (19)

𝐸𝑡𝑒𝑠
𝑚𝑖𝑛 ≤ 𝐸𝑡𝑒𝑠

𝑡,𝜔 ≤ 𝐸𝑡𝑒𝑠
𝑚𝑎𝑥 ∀𝑡, 𝜔 (20)

𝑡𝑒𝑠
𝑡0

= 𝐸𝑡𝑒𝑠
𝑖𝑛𝑡 (21)

𝑡𝑒𝑠
𝑡𝑓

= 𝐸𝑡𝑒𝑠
𝑓 𝑖𝑛 (22)

𝑡𝑒𝑠
𝑡,𝜔 = 𝐻 𝑡𝑒𝑠

𝑐ℎ,𝑡,𝜔 −𝐻 𝑡𝑒𝑠
𝑑𝑐ℎ,𝑡,𝜔 ∀𝑡, 𝜔 (23)

𝑝2ℎ𝑡
𝑡,𝜔 = 𝑃 𝑝2ℎ𝑡

𝑡,𝜔 ⋅ 𝜂𝑝2ℎ𝑡 ∀𝑡, 𝜔 (24)

≤ 𝐻𝑝2ℎ𝑡
𝑡,𝜔 ≤ 𝐻𝑝2ℎ𝑡

𝑚𝑎𝑥 ∀𝑡, 𝜔 (25)

𝑜𝑠𝑡𝑡𝑒𝑠𝑡,𝜔 = 𝑡𝑒𝑠 ⋅ [𝐻 𝑡𝑒𝑠
𝑐ℎ,𝑡,𝜔 +𝐻 𝑡𝑒𝑠

𝑑𝑐ℎ,𝑡,𝜔] ∀𝑡, 𝜔 (26)

.4. Hydrogen Storage System (HSS)

In this section, modeling of P2H and H2P in presence of HSS is
resented. The electrolyzer converts the power to the hydrogen (H2)
y decomposing water. In addition, fuel cell consumes hydrogen to
roduce electrical and thermal power. The HSS is a buffer system
etween the electrolyzer and fuel cell. Eqs. (27) and (28) stand for
he charging and discharging hydrogen amount of the HSS, while the
hanges in hydrogen level of the HSS is defined using Eqs. (29)–
32). Further, in Eq. (33) charging and discharging H2 are combined
o define a value for amount of H2 transaction of the HSS. Negative
alues indicate discharge of H2 and positive values stand for charging
f H2. Eq. (34) shows the total hydrogen consumption of fuel cell
ccording to its electrical power output. The maximum electrical power
eneration of the fuel cell is given by Eq. (35), while Eq. (36) shows
he emitted thermal energy of the fuel cell. In electrolyzer, according
o the received electrical power, produced H2 and maximum generation
apacity can be calculated using Eqs. (37) and (38) respectively. The
ost of HSS operation, is a function of its usage, which is expressed via
q. (39).

≤ H2
ℎ𝑠𝑠
𝑐ℎ,𝑡,𝜔 ≤

H2
ℎ𝑠𝑠
𝑚𝑎𝑥

𝜂ℎ𝑠𝑠𝑐ℎ

∀𝑡, 𝜔 (27)

0 ≤ H2
ℎ𝑠𝑠
𝑑𝑐ℎ,𝑡,𝜔 ≤ H2

ℎ𝑠𝑠
𝑚𝑎𝑥 ⋅ 𝜂

ℎ𝑠𝑠
𝑑𝑐ℎ ∀𝑡, 𝜔 (28)

𝑜𝐶ℎ𝑠𝑠
𝑡,𝜔 = 𝑆𝑜𝐶ℎ𝑠𝑠

𝑡−1,𝜔 + (H2
ℎ𝑠𝑠
𝑐ℎ,𝑡,𝜔 ⋅ 𝜂ℎ𝑠𝑠𝑐ℎ −

H2
ℎ𝑠𝑠
𝑑𝑐ℎ,𝑡,𝜔

𝜂ℎ𝑠𝑠𝑑𝑐ℎ

) ∀𝑡, 𝜔 (29)

𝑆𝑜𝐶ℎ𝑠𝑠
𝑚𝑖𝑛 ≤ 𝑆𝑜𝐶ℎ𝑠𝑠

𝑡,𝜔 ≤ 𝑆𝑜𝐶ℎ𝑠𝑠
𝑚𝑎𝑥 ∀𝑡, 𝜔 (30)

𝑜𝐶ℎ𝑠𝑠
𝑡0

= 𝑆𝑜𝐶ℎ𝑠𝑠
𝑖𝑛𝑡 (31)

𝑜𝐶ℎ𝑠𝑠
𝑡𝑓

= 𝑆𝑜𝐶ℎ𝑠𝑠
𝑓𝑖𝑛 (32)

2
ℎ𝑠𝑠
𝑡,𝜔 = H2

ℎ𝑠𝑠
𝑐ℎ,𝑡,𝜔 − H2

ℎ𝑠𝑠
𝑑𝑐ℎ,𝑡,𝜔 ∀𝑡, 𝜔 (33)

2
𝑓𝑐
𝑡,𝜔 =

𝑃 𝑓𝑐
𝑡,𝜔

𝜂𝑓𝑐
⋅ 𝜂H2 ∀𝑡, 𝜔 (34)

0 ≤ 𝑃 𝑓𝑐 ≤ 𝑃 𝑓𝑐 ∀𝑡, 𝜔 (35)
5

𝑡,𝜔 𝑚𝑎𝑥 c
𝐻𝑓𝑐
𝑡,𝜔 = H2

𝑓𝑐
𝑡,𝜔

1 − 𝜂𝑓𝑐

𝜂H2
∀𝑡, 𝜔 (36)

2
𝑒𝑙
𝑡,𝜔 =

𝑃 𝑒𝑙
𝑡,𝜔

𝜂H2
⋅ 𝜂𝑒𝑙 ∀𝑡, 𝜔 (37)

0 ≤ 𝑃 𝑒𝑙
𝑡,𝜔 ≤ 𝑃 𝑒𝑙

𝑚𝑎𝑥 ∀𝑡, 𝜔 (38)

𝐶𝑜𝑠𝑡ℎ𝑠𝑠𝑡,𝜔 = ℎ𝑠𝑠 ⋅ [H2
ℎ𝑠𝑠
𝑐ℎ,𝑡,𝜔 + H2

ℎ𝑠𝑠
𝑑𝑐ℎ,𝑡,𝜔] ∀𝑡, 𝜔 (39)

here, H2
ℎ𝑠𝑠
𝑐ℎ,𝑡,𝜔, H2

ℎ𝑠𝑠
𝑑𝑐ℎ,𝑡,𝜔, H2

ℎ𝑠𝑠
𝑡,𝜔 and 𝑆𝑜𝐶ℎ𝑠𝑠

𝑡,𝜔 represent charging, discharg-
ing and net H2 power and state of charge for the hydrogen tank at
time 𝑡 and scenario 𝜔, respectively. 𝑆𝑜𝐶𝐻𝑆𝑆

𝑚𝑎𝑥 , 𝑆𝑜𝐶𝐻𝑆𝑆
𝑚𝑖𝑛 , 𝑆𝑜𝐶𝐸𝑉

𝑖𝑛𝑖𝑡 and
𝑆𝑜𝐶𝐸𝑉

𝑓𝑖𝑛 are respective parameters for maximum, minimum, initial and
final energy levels of the 𝐻𝑆𝑆. 𝜂ℎ𝑠𝑠𝑐ℎ , 𝜂𝐻𝑆𝑆

𝑑𝑐ℎ , 𝜂𝑓𝑐 , 𝜂𝑒𝑙 and 𝜂H2 indicate
fficiencies of charging and discharging of 𝐻𝑆𝑆, efficiencies of fuel
ell and electrolyzer and conversion coefficient of hydrogen to power,
ccordingly. Moreover, 𝐻𝑓𝑐

𝑡,𝜔, 𝑃 𝑓𝑐
𝑡,𝜔 and 𝑃 𝑒𝑙

𝑡,𝜔 stand for produced thermal
nd electrical power of the fuel cell and electrical power consumption
f the electrolyzer. Furthermore, H2

𝑓𝑐
𝑡,𝜔 and H2

𝑒𝑙
𝑡,𝜔 indicate generated

nd consumed hydrogen by fuel cell and electrolyzer, respectively.
imilarly, maximum H2 capacity of the HSS, maximum allowable power
f the fuel cell and electrolyzer are shown by H2

ℎ𝑠𝑠
𝑚 𝑎𝑥, 𝑃 𝑓𝑐

𝑚 𝑎𝑥 and 𝑃 𝑒𝑙
𝑚 𝑎𝑥.

inally, , is the cost coefficients of using hydrogen tank.

.5. Demand response

Aggregated demand response can be utilized as a VESS tool due to
he similar charging/discharging behavior with ESS and intelligently
anaging the demand level. In fact, the VESS system could be im-
lemented by existing network assets such as domestic refrigerators
nd freezers, and industrial heating loads. In this section, modeling
or both electrical and thermal demands as flexible loads is presented.
urther, the constraints related to the electrical responsive demand
s expressed via Eqs. (40)–(43), while similar relations for thermal
emands are shown in Eqs. (44)–(47). Revenue for executing demand
esponse programs is shown via Eq. (48), which is obtained by the VESS
perator.
𝐿,𝑑𝑟𝑝
𝑡,𝜔 = 𝑃𝐿

𝑡,𝜔 + 𝑃𝐿,𝑢𝑝
𝑡,𝜔 − 𝑃𝐿,𝑑𝑜𝑤𝑛

𝑡,𝜔 ∀𝑡, 𝜔 (40)

≤ 𝑃𝐿,𝑢𝑝
𝑡,𝜔 ≤ 𝑃𝐿

𝑡,𝜔 ∀𝑡, 𝜔 (41)

≤ 𝑃𝐿,𝑑𝑜𝑤𝑛
𝑡,𝜔 ≤ 𝑃𝐿

𝑡,𝜔 ∀𝑡, 𝜔 (42)

𝑡𝑓𝑖𝑛
∑

𝑡=1
𝑃𝐿,𝑑𝑜𝑤𝑛
𝑡,𝜔 =

𝑡𝑓𝑖𝑛
∑

𝑡=1
𝑃𝐿,𝑢𝑝
𝑡,𝜔 ∀𝜔 (43)

𝐿,𝑑𝑟𝑝
𝑡,𝜔 = 𝐻𝐿

𝑡,𝜔 +𝐻𝐿,𝑢𝑝
𝑡,𝜔 −𝐻𝐿,𝑑𝑜𝑤𝑛

𝑡,𝜔 ∀𝑡, 𝜔 (44)

≤ 𝐻𝐿,𝑢𝑝
𝑡,𝜔 ≤ 𝐻𝐿

𝑡,𝜔 ∀𝑡, 𝜔 (45)

≤ 𝐻𝐿,𝑑𝑜𝑤𝑛
𝑡,𝜔 ≤ 𝐻𝐿

𝑡,𝜔 ∀𝑡, 𝜔 (46)

𝑡𝑓𝑖𝑛
∑

𝑡=1
𝐻𝐿,𝑑𝑜𝑤𝑛

𝑡,𝜔 =
𝑡𝑓𝑖𝑛
∑

𝑡=1
𝐻𝐿,𝑢𝑝

𝑡,𝜔 ∀𝜔 (47)

𝑒𝑣𝑑𝑟𝜔 = 𝑑𝑟 ⋅ [
𝑡𝑓𝑖𝑛
∑

𝑡=1
𝑃𝐿,𝑑𝑜𝑤𝑛
𝑡,𝜔 +

𝑡𝑓𝑖𝑛
∑

𝑡=1
𝐻𝐿,𝑑𝑜𝑤𝑛

𝑡,𝜔 ] ∀𝜔 (48)

here 𝑃𝐿,𝑑𝑟𝑝
𝑡,𝜔 , 𝑃𝐿

𝑡,𝜔, 𝑃𝐿,𝑢𝑝
𝑡,𝜔 and 𝑃𝐿,𝑑𝑜𝑤𝑛

𝑡,𝜔 , are respective symbols for elec-
rical demand after participating in demand response, basic demand,
onnected power and curtailed power in demand response process.
esides, 𝐻𝐿,𝑑𝑟𝑝

𝑡,𝜔 , 𝐻𝐿
𝑡,𝜔, 𝐻𝐿,𝑢𝑝

𝑡,𝜔 and 𝐻𝐿,𝑑𝑜𝑤𝑛
𝑡,𝜔 , stand for thermal demand

fter participating in demand response, basic demand, connected and

urtailed thermal demand.
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Fig. 2. Proposed Bi-Level Congestion Management Approach.
2.6. Energy balance constraints

In any carrier of energy, a balance between generation and con-
sumption should be maintained at every hour. Eqs. (49)–(51) show
the constraints for energy balance in electrical, thermal and hydrogen
carriers, accordingly.

𝑃 𝑢𝑡𝑖𝑙𝑖𝑡𝑦
𝑡,𝜔 +

∑

𝑓𝑐
𝑃 𝑓𝑐
𝑡,𝜔 =

∑

𝑏
𝑃 𝑏
𝑡,𝜔 +

∑

𝐸𝑉
𝑃𝐸𝑉
𝑡,𝜔 +

∑

𝑝2ℎ𝑡
𝑃 𝑝2ℎ𝑡
𝑡,𝜔 +

∑

𝑒𝑙
𝑃 𝑒𝑙
𝑡,𝜔 +

∑

𝐿,𝑛𝑑𝑟𝑝
𝑃𝐿
𝑡,𝜔 +

∑

𝐿,𝑑𝑟𝑝
𝑃𝐿,𝑑𝑟𝑝
𝑡,𝜔 ∀𝑡, 𝜔 (49)

𝐻𝑢𝑡𝑖𝑙𝑖𝑡𝑦
𝑡,𝜔 +

∑

𝑓𝑐
𝐻𝑓𝑐

𝑡,𝜔 +
∑

𝑝2ℎ𝑡
𝐻𝑝2ℎ𝑡

𝑡,𝜔 =
∑

𝑡𝑒𝑠
𝐻 𝑡𝑒𝑠

𝑡,𝜔 +
∑

𝐿,𝑛𝑑𝑟𝑝
𝐻𝐿

𝑡,𝜔 +
∑

𝐿,𝑑𝑟𝑝
𝐻𝐿,𝑑𝑟𝑝

𝑡,𝜔 ∀𝑡, 𝜔

(50)

H2
𝑢𝑡𝑖𝑙𝑖𝑡𝑦
𝑡,𝜔 +

∑

𝑒𝑙
𝐻𝑒𝑙

𝑡,𝜔 =
∑

ℎ𝑠𝑠
H2

ℎ𝑠𝑠
𝑡,𝜔 +

∑

𝑓𝑐
𝐻𝑓𝑐

𝑡,𝜔 +
∑

𝐿
𝐻𝐿

𝑡,𝜔 ∀𝑡, 𝜔 (51)

2.7. Power flow

The distribution network consists of various ESSs aggregated as a
VESS, and the ISO should determine the optimum power transaction of
each entity and the exchanged power with the utility grid considering
the network constraints. Further, distribution networks are operated
usually in radial forms and it is assumed that the first bus is connected
to the utility grid and has a flexible power injection with a voltage of
1 𝑝.𝑢. The following equations show the linearized convex power flow
in such networks, which have been utilized in distribution networks
6

considerably [29,30]. In addition, reconfiguration is a tool for the
system operator to handle congestion and contingencies. A binary
variable 𝛾𝑖,𝑘 is defined as 1 when there is a connection between buses
𝑖 and 𝑘. Further, big 𝑀 approach is utilized to model a linear form.
In this case, if 𝛾𝑖,𝑘 becomes 1, Eqs. (54) and (55), Eqs. (56) and (57),
and Eqs. (58) and (59), become equality constraints. 𝑖, 𝑗 and 𝑘 are
indices for the bus number. 𝑟𝑖𝑘, 𝑥𝑖𝑘, 𝑃𝑖𝑘 and 𝑄𝑖𝑘 are representatives
for resistance, reactance, passing active and reactive power of line 𝑖𝑘,
respectively. Consequently, 𝑈𝑘 shows the voltage magnitude of the bus
#𝑘. T is the set of buses connected to a specific bus and are ahead of
that in the radial formation.

𝑃 𝑛𝑒𝑡
𝑘,𝑡 = 𝑃 𝑏

𝑘,𝑡 + 𝑃𝐿
𝑘,𝑡 + 𝑃𝐿,𝑑𝑟𝑝

𝑘,𝑡 − 𝑃 𝑓𝑐
𝑘,𝑡 + 𝑃 𝑒𝑙

𝑘,𝑡 − 𝑃𝐿,𝑠ℎ𝑒𝑑𝑑𝑒𝑑
𝑘,𝑡 (52)

𝑄𝑛𝑒𝑡
𝑘,𝑡 = 𝑄𝐿

𝑘,𝑡 +𝑄𝐿,𝑑𝑟𝑝
𝑘,𝑡 −𝑄𝐿,𝑠ℎ𝑒𝑑𝑑𝑒𝑑

𝑘,𝑡 (53)

𝑃 𝑛𝑒𝑡
𝑘,𝑡 ≥ 𝑃𝑖𝑘,𝑡 −

∑

𝑗∈T
𝑃𝑘𝑗,𝑡 − [1 − 𝛾𝑖𝑘,𝑡] ⋅𝑀 (54)

𝑃 𝑛𝑒𝑡
𝑘,𝑡 ≤ 𝑃𝑖𝑘,𝑡 −

∑

𝑗∈T
𝑃𝑘𝑗,𝑡 + [1 − 𝛾𝑖𝑘,𝑡] ⋅𝑀 (55)

𝑄𝑛𝑒𝑡
𝑘,𝑡 ≥ 𝑄𝑖𝑘,𝑡 −

∑

𝑗∈T
𝑄𝑘𝑗,𝑡 − [1 − 𝛾𝑖𝑘,𝑡] ⋅𝑀 (56)

𝑄𝑛𝑒𝑡
𝑘,𝑡 ≤ 𝑄𝑖𝑘,𝑡 −

∑

𝑗∈T
𝑄𝑘𝑗,𝑡 + [1 − 𝛾𝑖𝑘,𝑡] ⋅𝑀 (57)

𝑈𝑘,𝑡 ≥ 𝑈𝑖,𝑡 − (𝑟𝑖𝑘𝑃𝑖𝑘,𝑡 + 𝑥𝑖𝑘𝑄𝑖𝑘,𝑡)∕𝑈1,𝑡 − [1 − 𝛾𝑖𝑘,𝑡] ⋅𝑀 (58)

𝑈𝑘,𝑡 ≤ 𝑈𝑖,𝑡 − (𝑟𝑖𝑘𝑃𝑖𝑘,𝑡 + 𝑥𝑖𝑘𝑄𝑖𝑘,𝑡)∕𝑈1,𝑡 + [1 − 𝛾𝑖𝑘,𝑡] ⋅𝑀 (59)

𝑈𝑚𝑖𝑛 ≤ 𝑈 ≤ 𝑈𝑚𝑎𝑥 (60)
𝑖 𝑖,𝑡 𝑖
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Fig. 3. Flowchart of the procedure.
Fig. 4. IEEE 33-bus test system in the presence of VESS entities and various energy carriers.
− 𝛾𝑖𝑘,𝑡 ⋅ 𝑃
𝑚𝑎𝑥
𝑖𝑘 ≤ 𝑃𝑖𝑘,𝑡 ≤ 𝛾𝑖𝑘,𝑡 ⋅ 𝑃

𝑚𝑎𝑥
𝑖𝑘 (61)

− 𝛾𝑖𝑘,𝑡 ⋅𝑄
𝑚𝑎𝑥
𝑖𝑘 ≤ 𝑄𝑖𝑘,𝑡 ≤ 𝛾𝑖𝑘,𝑡 ⋅𝑄

𝑚𝑎𝑥
𝑖𝑘 (62)

Also for radial operation, the spanning tree approach is selected,
which can be shown by [31]:

𝛽 + 𝛽 = 𝛾 (63)
7

𝑖𝑘,𝑡 𝑘𝑖,𝑡 𝑖𝑘,𝑡
∑

𝑘
𝛽𝑘0,𝑡 = 0 (64)

∑

𝑘
𝛽𝑘𝑖,𝑡 ≤ 1 (65)

In this approach, every node in the network has one parent node and
the first bus has no parent. Eq. (63) demonstrates that if 𝑖th node is the
parent of the 𝑗th node or vice versa, then there is a link between them,



Applied Energy 333 (2023) 120569F.H. Aghdam et al.

p

Fig. 5. Mean energy exchange price during the scheduling period.

Fig. 6. 10 different scenarios for electrical energy exchange price during the scheduling
period.

Fig. 7. 10 different scenarios for thermal energy exchange price during the scheduling
period.

Fig. 8. 10 different scenarios for hydrogen energy exchange price during the scheduling
eriod.
8

Fig. 9. Load profile percentage.

Fig. 10. Optimal electric output power of the batteries, EVs and utility grid transactions
in CS1.

Fig. 11. SoC of the batteries and EVs in CS1.

Fig. 12. Optimal electric power generation/consumption of the fuel cells and
electrolyzer units in CS1.
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Fig. 13. Optimal hydrogen power generation/consumption of the fuel cells,
electrolyzers, HSS units, utility transactions and energy level of the HSSs in CS1.

Fig. 14. Demand response results of the electric demands in CS1.

which is shown by binary variable 𝛾𝑖𝑘. To avoid multiple parents for
the first bus, Eq. (64) is applied and finally Eq. (65) stands for forcing
each bus to have one parent bus.

2.8. Uncertainty modeling

In this study, scenario-based approach is utilized for modeling of
energy prices as uncertainty sources in the problem. In fact, Monte-
Carlo simulation would be used for generating different scenarios as
it is widely used and the most suitable approach for stochastic prob-
lems [32]. Further, the number of generated scenarios should be high
in order to obtain accurate answer for the problem, however, in this
regard, the computational burden and solution time are significantly
increased. Accordingly, an appropriate scenario reduction approach
should be applied to reduce the number of scenarios to facilitate the
solution process. In other words, scenario reduction approach tries to
shrink a set of scenarios while applying the same amount of stochastic
data intact. In this study, fast backward selection algorithm is used for
scenario reduction based on probability distance [33]. For this goal,
‘‘SCENRED’’ tool provided by GAMS software is utilized.

2.9. Bi-level modeling of the problem

In this subsection, the objective function of the proposed method
for congestion management is presented. Congestion management is
maintaining voltages and power passing within predefined limits in
contingency or emergency situations. In this study, congestion man-
agement is controlled by the ISO with network reconfiguration in the
presence of VESS in the system. The problem is formulated as a bi-level
optimization with ISO in the upper, which is responsible for network
operational costs, technical constraints and congestion management,
9

∇

while the VESS operator in the lower level trying to obtain the max-
imum benefit. Accordingly, Fig. 2 shows upper and lower levels in the
optimization process.

In this subsection, the formulation of the optimization problem in
the upper and lower levels is presented. The objective function of the
ISO as performer of the upper level, along with its constraints, is as
follows:

min
∑

𝑡

{

∑

𝑁𝑂
𝛾𝑖𝑘,𝑡 ⋅𝐶𝑠𝑤+

∑

𝑁𝐶
(1− 𝛾𝑖𝑘,𝑡) ⋅𝐶𝑠𝑤+𝜆𝑠ℎ ⋅

∑

𝑘
𝑃𝐿,𝑠ℎ
𝑘,𝑡 +𝜆𝑐𝑚 ⋅

∑

𝑖𝑘

𝑃𝑖𝑘,𝑡

𝑃 𝑟
𝑖𝑘

}

(66)

subject to: Eqs. (52)–(65) ∀𝑡

The objective function is composed of three main terms trying to
minimize switching actions and avoid load shedding and minimizing
the proportion of the passage power to the rated power of the lines
to manage the congestion. Also, ISO performs a power flow in the
reconfigurable network using Eqs. (52) to (65) maintaining the voltage
and current limits in a predefined interval. 𝐶𝑠𝑤 and 𝜆𝑠ℎ are the price
of switching actions and load shedding and 𝑃𝐿,𝑠ℎ

𝑘,𝑡 is the amount of
curtailed load at bus #𝑘 at time 𝑡. Subsequently, 𝑃 𝑟

𝑖𝑘 is the rated
power of the line 𝑖𝑘. However, some variables are dependant to VESS
schedules and can be obtained from the lower level problem including
𝑃 𝑏
𝑘,𝑡, 𝑃

𝐿,𝑑𝑟𝑝
𝑘,𝑡 , 𝑃𝐿,𝑠ℎ𝑒𝑑𝑑𝑒𝑑

𝑘,𝑡 , 𝑃 𝑝2ℎ𝑡
𝑘,𝑡 , 𝑃 𝑓𝑐

𝑘,𝑡 and 𝑃 𝑒𝑙
𝑘,𝑡. These variables are the battery

power, flexible loads, shedded power, P2HT unit power, fuel cell and
electrolyzer power, respectively. In the lower level, the VESS maximizes
its benefit, which is shown in terms of below optimization process:

𝑃 𝑏
𝑘,𝑡, 𝑃

𝐿,𝑑𝑟𝑝
𝑘,𝑡 , 𝑃𝐿,𝑠ℎ𝑒𝑑𝑑𝑒𝑑

𝑘,𝑡 , 𝑃 𝑓𝑐
𝑘,𝑡 , 𝑃

𝑒𝑙
𝑘,𝑡 ∀𝑘, 𝑡 ∈ 𝑎𝑟𝑔

{

𝑚𝑎𝑥
∑

𝑡

∑

𝜔
𝜋𝜔×

[

𝜆𝑒𝑙𝑒𝑐𝑡,𝜔 ⋅
∑

𝐿
(𝑃𝐿

𝑡 − 𝑃𝐿,𝑠ℎ𝑒𝑑𝑑𝑒𝑑
𝑡 ) + 𝜆𝑡ℎ𝑒𝑟𝑚𝑡,𝜔 ⋅

∑

𝐿
𝐻𝐿

𝑡 + 𝜆𝐻2
𝑡 ⋅

∑

𝐿
H2

𝐿
𝑡 −

∑

𝑏
𝐶𝑜𝑠𝑡𝑏𝑡,𝜔 −

∑

𝐸𝑉
𝐶𝑜𝑠𝑡𝐸𝑉

𝑡,𝜔 −
∑

𝑡𝑒𝑠
𝐶𝑜𝑠𝑡𝑡𝑒𝑠𝑡,𝜔 −

∑

ℎ𝑠𝑠
𝐶𝑜𝑠𝑡ℎ𝑠𝑠𝑡,𝜔 + 𝑅𝑒𝑣𝑑𝑟𝜔 −

𝜆𝑒𝑙𝑒𝑐𝑡,𝜔 ⋅ 𝑃 𝑢𝑡𝑖𝑙𝑖𝑡𝑦
𝑡,𝜔 − 𝜆𝑡ℎ𝑒𝑟𝑚𝑡,𝜔 ⋅𝐻𝑢𝑡𝑖𝑙𝑖𝑡𝑦

𝑡,𝜔 − 𝜆H2
𝑡,𝜔 ⋅ H2

𝑢𝑡𝑖𝑙𝑖𝑡𝑦
𝑡,𝜔

]

}

(67)

subject to: Eqs. (1)–(51) ∀𝑡, 𝜔

In above formulations, 𝜔 is the scenario counter for energy price
nd 𝜋𝜔 is its weight. The VESS operator tries to gain benefit by selling
nergy to the utility and loads in higher price periods and storing the
nergy in lower price hours.

To enable the ISO to implement this approach in a real network,
ome infrastructure are required. The networks with switching capabil-
ties and fast and secure communication infrastructure, which provide
asy access to price data and market clearing procedures, are compati-
le with this approach. Also, infrastructures for thermal and hydrogen
nergy carriers besides the electrical network would be required.

. Solution methodology

A general bi-level optimization problem consists of two levels with
istinct objective functions and limitations. Thus,it is challenging to
elect solver for these types of problems, and achieved by converting
hem into a single level problem by mathematical program with equi-
ibrium constraints (MPEC) [34]. However, this method is applicable
nly if the lower level problem is convex, and consequently substituted
ith its Karush–Kuhn Tucker (KKT) condition. All the constraints and

ormulation of the lower level problem is linear and convex and con-
equently MPEC could be applied. In addition, the KKT conditions of
ptimization problem can be presented in following equations:

(𝑥, 𝜇, 𝜆) = 𝑓 (𝑥) + 𝜆𝑇 ℎ(𝑥) + 𝜇𝑇 𝑔(𝑥) (68)

𝑥(𝑥̄, 𝜇, 𝜆) = 0 (69)
𝜆(𝑥̄, 𝜇, 𝜆) = 0 (70)
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Fig. 15. Voltage of different buses in CS1.
Fig. 16. Line loadings without/with congestion management (CM) at hour 21 in CS1.

Fig. 17. Optimal electric output power of the batteries, EVs and utility grid transactions
in CS2.

Fig. 18. SoC of the batteries and EVs in CS2.
10
Fig. 19. Optimal thermal power of the P2HT, TES units, utility transactions and energy
level of the TESs in CS2.

Fig. 20. Demand response results of the electric demands in CS2.

Fig. 21. Demand response results of the thermal demands in CS2.
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Fig. 22. Voltage of different buses in CS2.
Fig. 23. Line loadings without/with congestion management (CM) at hour 19 in CS2.

Fig. 24. Optimal electric output power of the batteries, EVs and utility grid transactions
in CS3.

∇𝜇(𝑥̄, 𝜇, 𝜆) ≤ 0 (71)

𝜇𝑇∇𝜇(𝑥̄, 𝜇, 𝜆) = 0 (72)

𝜇 ≥ 0 (73)

The equivalent of Eq. (72) is 𝜇𝑗 ⋅𝑔𝑗 (𝑥̄) = 0 due to Eqs. (71) and (73).
This can bring non-linearity to the problem modeling and it should be
linearized, which can be obtained by employing an auxiliary binary
11
Fig. 25. SoC of the batteries and EVs in CS3.

Fig. 26. Optimal thermal power of the fuel cells, P2HT, TES units, utility transactions
and energy level of the TESs in CS3.

Fig. 27. Optimal electric power generation/consumption of the fuel cells, electrolyzers
and P2HT units in CS3.
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Fig. 28. Optimal hydrogen power generation/consumption of the fuel cells,
electrolyzers, HSS units, utility transactions and energy level of the HSSs in CS3.

ariable (𝜁) and big 𝑀 as follows:

𝑗 (𝑥̄) ≤ 𝜁 ⋅𝑀 (74)

𝑗 ≤ (1 − 𝜁 ) ⋅𝑀 (75)

Using the KKT conditions and the linearity of the original problem,
he bilevel model can be converted into a single level, and MIP model,
hich could be solved by commercial software. Fig. 3 shows the

lowchart of solution procedure.

. Simulation results

In this section, simulations on IEEE 33-bus test system are presented
o evaluate the effectiveness of the proposed methodology. The problem
s solved using GAMS software and CPLEX solver on a system with Core
7 CPU and 8 GB of RAM. Fig. 4 shows the locations of the VESS in IEEE
3-bus distribution system. The VESS is integrated with batteries, EVs,
hermal energy storage systems, hydrogen storage systems alongside
ith fuel cells and electrolyzers. In this regard, electrical, thermal and
ydrogen carriers are interwoven and operated simultaneously. Flexible
oads are included at buses #24, #25, #26 and #27 as assistants of VESS

operator. Also thermal demands participate in demand response. The
characteristics of the units are shown in Tables 2 to 5. The parking lots
provide space for EVs parking while charging and it is assumed that
EVs arrival times to be in hours 01:00 and 13:00 while the full charge
will occur at 12:00 and 24:00. The switching cost in reconfiguration is
assumed to be 4$ per switching. Mean energy exchange price during
the scheduling period is shown in Fig. 5. In the simulation process,
1000 scenarios are generated by Monte-Carlo simulation and using
‘‘SCENRED’’ tool provided by GAMS software, the total number of
scenarios has been reduced to the final 20 scenarios. Figs. 6, 7 and
8 show ten sample scenarios for energy exchange price for each carrier
of energy. Moreover, load profile percentage at each hour for the test
system is shown in Fig. 9. The demand level for each bus is the basic
demand in the IEEE 33-bus test system which is multiplied by the
load profile percentage for various hours of the scheduling period. The
voltage variations are allowed between 0.9 and 1.1 𝑝.𝑢 and the voltage
of the first bus is 1 𝑝.𝑢. Four case studies (CSs) are considered as follows
to study the effect of each type of energy storage system:

• Case study 1 (CS1): It is assumed that the VESS contains electrical
and hydrogen storage systems and benefits from demand response
programs. The thermal storage systems are not considered.

• Case study 2 (CS2): It is assumed that the VESS contains electrical
and thermal storage systems and benefits from demand response
programs, while ignoring the hydrogen storage systems.

• Case study 3 (CS3): It is assumed that the VESS contains all
electrical, thermal and hydrogen storage systems but responsive
loads are excluded.
12
Table 2
Characteristics of battery energy storage systems.

Bus # Initial energy
(MWh)

Final energy
(MWh)

Capacity
(MWh)

𝑃𝑚𝑎𝑥
(MW)

𝜂𝑏𝑐ℎ 𝜂𝑏𝑑𝑐ℎ

3 1.6 0.8 2 1 0.9 0.9
14 0.4 1.6 2 1 0.9 0.9
18 0.4 1.2 2 1 0.9 0.9
29 0.8 3.6 4 2 0.9 0.9
33 1.6 0.4 2 1 0.9 0.9

Table 3
Characteristics of EV parking lots.

Bus # Initial energy
(MWh)

Final energy
(MWh)

Capacity
(MWh)

𝑃𝑚𝑎𝑥
(MW)

𝜂𝐸𝑉
𝑐ℎ 𝜂𝐸𝑉

𝑑𝑐ℎ

10 0.08 0.4 0.4 0.2 0.9 0.9
20 0.08 0.4 0.4 0.2 0.9 0.9

• Case study 4 (CS4): It is assumed that the VESS benefits from all
electrical, thermal and hydrogen storage systems and also demand
response programs.

4.1. CS1

This case study assumes that the VESS contains electrical and hy-
drogen storage systems, and obtains benefits from demand response
programs while ignoring the thermal units. In fact, the results of the
optimization are depicted in Figs. 10–14. The total revenue obtained
by the VESS is $2781 during 24 h. Figs. 10 and 11 show electrical
power transactions of batteries, EVs and utility and the SoC of the
electrical storages, respectively. Moreover, the charging occurs during
the lower price periods and get discharged in the higher price periods.
Between hours 15:00 to 18:00, all units are selling power to the utility
grid which is shown by its curve. This is compatible with the mean
price curve shown in Fig. 5. The SoCs of different entities are shown
in Fig. 11. During high price times, the SoC decreases to its minimum
allowable level, and increases to its maximum in lower price periods.
EVs parking lots participate in energy management as VESS to get
more revenue for the system. For instance, at 18:00 and 19:00, it is
fully discharged to the minimum allowable level and try to satisfy the
customers by fully charging them in the departure time.

In Fig. 12 electric generation/ consumption of fuel cell and elec-
trolyzer units are depicted. When the electricity price is less than
hydrogen price, electrolyzer utilizes electrical power to produce hydro-
gen, which occurs in early hours of the day. In periods with higher
electricity prices, fuel cell consumes hydrogen to produce electrical
power, and the curves for hydrogen carrier are shown in Fig. 13. In
this figure, hydrogen generation/ consumption of different units are
illustrated, and depicts the hydrogen transactions with utility. The HSS
is charged via electrolyzer or utility in low price hours of hydrogen
and gets discharged by fuel cell/utility during high price periods. In
these figures, interconnectivity of hydrogen and electrical carriers are
shown, and the interfacing units are fuel cells and electrolyzers. For
instance, electrolyzers are consuming electrical energy at hour 7:00 to
produce hydrogen due to higher price of hydrogen in comparison with
electricity.

Demand response results for electrical demands are shown in
Fig. 14. DRP is executed in the same manner as energy storage systems,
where a demand reduction shows in higher price hours and increases
the demand in lower prices hours, while gaining benefits for VESS.
Comparing the demand response results with the SoC level, which
shows a similar pattern and such as the lower/higher SoCs during
higher/lower price periods, the demand level are reduced/increased
in the flexible loads.

Figs. 15 and 16 show voltage of the buses and line loadings in
% at 21:00. It is shown that voltage variations are limited between
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Fig. 29. Voltage of different buses in CS3.
Fig. 30. Line loadings without/with congestion management (CM) at hour 18 in CS3.

Fig. 31. Optimal output electric power of the batteries, EVs and utility grid transactions
in CS4.

Fig. 32. SoC of the batteries and EVs in CS4.
13
Fig. 33. Optimal thermal power of the fuel cells, P2HT, TES units, utility transactions
and energy level of the TESs in CS4.

Fig. 34. Optimal electric power generation/consumption of the fuel cells, electrolyzers
and P2HT units in CS4.

1 p.u. and 0.9 p.u. The congestion management could be utilized to
observe a drop in overall line loadings, and the switching results are
shown in Table 6. The results are depicted in Fig. 15 which classified
line loadings in two conditions: (i) system is capable of switching
and congestion management. (ii) system lacks switching option and
accordingly is incapable of performing congestion management. Using
congestion management, the overall line loadings have been reduced.

4.2. CS2

This case study assumes that the VESS contains electrical and ther-
mal storage systems and benefits from demand response programs,
while ignoring the hydrogen units. In particular, the results of the
optimization are depicted in Figs. 17–21. The total revenue obtained
by the VESS is $892 during 24 h. In comparison with the previous
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Table 4
Characteristics of TESs.
Bus # Initial energy

(MWh)
Final energy
(MWh)

Capacity
(MWh)

𝐻 𝑡𝑒𝑠
𝑚𝑎𝑥

(MW)
𝐻𝑝2ℎ𝑡

𝑚𝑎𝑥
(MW)

𝜂𝑡𝑒𝑠𝑙𝑜𝑠𝑠 𝜂𝑡𝑒𝑠𝑐ℎ 𝜂𝑡𝑒𝑠𝑑𝑐ℎ 𝜂𝑝2ℎ𝑡

8 0.6 0.4 0.8 0.2 0.2 0.05 0.95 0.95 0.95
24 0.2 0.6 0.6 0.2 0.2 0.05 0.95 0.95 0.95
Table 5
Characteristics of HSSs.
Bus # Initial energy

(MWh)
Final energy
(MWh)

Capacity
(MWh)

𝐻2
ℎ𝑠𝑠
𝑚𝑎𝑥

(MW)
𝑃 𝑓𝑐
𝑚𝑎𝑥

(MW)
𝑃 𝑒𝑙
𝑚𝑎𝑥

(MW)
𝜂ℎ𝑠𝑠𝑐ℎ 𝜂ℎ𝑠𝑠𝑑𝑐ℎ 𝜂𝑓𝑐 𝜂𝑒𝑙

7 0.6 0.6 2 0.5 0.5 0.5 0.95 0.95 0.65 0.8
15 0.6 0.6 1 0.5 0.25 0.25 0.95 0.95 0.65 0.8
Fig. 35. Optimal hydrogen power generation/consumption of the fuel cells,
electrolyzers, HSS units, utility transactions and energy level of the HSSs in CS4.

Fig. 36. Demand response results of the electric demands in CS4.

Fig. 37. Demand response results of the thermal demands in CS4.

ase study, it shows a significant reduction in the VESS revenue,
hich shows the effect of participating in the hydrogen market and
14
Table 6
Optimal switching of the ISO in CS1.

Time Open switches Time Open switches

1 12-22, 9-15, 8-21, 18-33, 25-29 13 12-22, 9-15, 8-21, 18-33, 25-29
2 12-22, 9-15, 8-21, 25-29,31-32 14 12-22, 9-15, 8-21, 18-33, 25-29
3 12-22, 9-15, 8-21, 25-29,31-32 15 12-22, 9-15, 8-21, 18-33, 25-29
4 12-22, 9-15, 8-21, 25-29,31-32 16 12-22, 9-15, 8-21, 18-33, 25-29
5 12-22, 9-15, 8-21, 18-33, 25-29 17 12-22, 9-15, 8-21, 18-33, 25-29
6 12-22, 9-15, 8-21, 18-33, 25-29 18 12-22, 9-15, 8-21, 18-33, 25-29
7 12-22, 9-15, 8-21, 18-33, 25-29 19 12-22, 9-15, 8-21, 18-33, 25-29
8 12-22, 9-15, 8-21, 25-29,31-32 20 12-22, 9-15, 8-21, 18-33, 25-29
9 12-22, 9-15, 8-21, 18-33, 25-29 21 12-22, 9-15, 8-21,24-25,26-27
10 12-22, 9-15, 8-21, 18-33, 25-29 22 12-22, 9-15, 8-21,24-25,26-27
11 12-22, 9-15, 8-21, 18-33, 25-29 23 12-22, 9-15, 8-21, 18-33, 25-29
12 12-22, 9-15, 15-16,8-21, 25-29 24 12-22, 9-15, 8-21, 18-33, 25-29

utilizing hydrogen storage systems. In Figs. 17 and 18 electrical power
transactions of batteries, EVs and utility and the SoC of the electrical
storages are demonstrated. As discussed earlier, the charging occurs in
lower price hours, while the discharging occurs in higher price hours.
Between hours 15:00 to 17:00, the power is sold to the utility grid
because of the mean price curve shown in Fig. 5. The SoCs of different
entities are shown in Fig. 18 and again during high price times, the SoC
decreases to its minimum allowable level and increases to its maximum
in lower price periods.

Fig. 19 presents the optimal scheduling of the thermal units, i.e.
P2HT and TES units with utility transactions besides the energy level
of the TESs. According to the figure, the TES systems harvest energy in
low price hours and inject the thermal energy to the grid in high price
hours. Moreover, P2HT units are operated in hours with the dominance
of thermal energy price over the electricity price such as late hours of
the night and early hours of the morning.

Figs. 20 and 21 shows the thermal and electrical power displace-
ments due to demand response programs. Comparing the demand re-
sponse results with the SoC level of the both thermal and electrical stor-
age which shows a similar pattern such as the lower/higher SoCs during
higher/lower price periods, the demand level are reduced/increased in
the flexible loads.

Figs. 22 and 23 stand for voltage magnitude of the buses and line
loadings at hour 19:00, and the result shows a reduction in line loading.
Further, the switching results are shown in Table 7.

4.3. CS3

In this case study, it is assumed that the VESS contains electrical,
thermal and hydrogen storage systems and excludes responsive loads.
The results of the optimization are depicted in Figs. 24–28. In this case
study, the total revenue achieved by the VESS owner during 24-hour
period is $2927. In Figs. 24 and 25 electrical power transactions of
batteries, EVs and utility and the SoC of the electrical storage units are
shown, respectively.
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Fig. 38. Voltage of different buses in CS4.
Fig. 39. Line loadings without/with congestion management (CM) at hour 19 in CS4.

Table 7
Optimal switching of the ISO in CS2.

Time Open switches Time Open switches

1 12-22, 9-15, 8-21, 18-33, 25-29 13 12-22, 9-15, 8-21, 18-33, 25-29
2 12-22, 9-15, 8-21, 18-33, 25-29 14 12-22, 9-15, 8-21, 18-33, 25-29
3 12-22, 9-15, 8-21, 18-33, 25-29 15 12-22, 9-15, 8-21, 18-33, 24-25
4 12-22, 9-15,16-17, 8-21, 25-29 16 12-22, 9-15, 8-21, 26-27, 24-25
5 12-22, 9-15,16-17, 8-21, 25-29 17 12-22, 9-15, 8-21, 26-27, 24-25
6 12-22, 9-15, 8-21, 18-33, 25-29 18 12-22, 9-15, 8-21, 26-27, 24-25
7 12-22, 9-15, 8-21, 18-33, 25-29 19 12-22, 9-15, 8-21, 26-27, 24-25
8 12-22, 9-15, 8-21, 18-33, 25-29 20 12-22, 9-15, 8-21, 26-27, 24-25
9 12-22, 9-15, 8-21, 18-33, 25-29 21 12-22, 9-15, 8-21, 18-33, 25-29
10 12-22, 9-15, 8-21, 18-33, 25-29 22 12-22, 9-15, 8-21, 18-33, 25-29
11 12-22, 14-15, 8-21, 18-33, 25-29 23 12-22, 9-15, 8-21, 18-33, 25-29
12 12-22, 9-15, 8-21, 18-33, 25-29 24 12-22, 9-15, 8-21, 18-33, 25-29

The output of the optimization for thermal units such as P2HT, TES
units and operation of fuel cells and also utility thermal transactions
beside the energy level of the TESs, are shown in Fig. 26. Fuel cell
consumption depends on all of electrical, thermal and hydrogen prices.
According to the figure, the fuel cell usages has occurred between 15:00
to 23:00. They transform the stored hydrogen in HSS into electricity
and thermal energy. Figs. 27 and 28 present the HSS scheduling for the
VESS. In Fig. 27 optimal electric power generation/consumption of the
fuel cells and electrolyzers beside P2HT units are shown. Electrolyzers
use electrical energy to extract hydrogen from water and store the HSS
tank. As mentioned before, fuel cells are interfacing units between all
three carriers of energy. In these figures, interconnectivity of hydrogen,
thermal and electrical carriers are shown. The interfacing units are fuel
cells, electrolyzers and P2HT units. For instance, fuel cells generate
electrical and thermal power at hour 17:00, due to their higher price.
Meanwhile at hour 5:00, both electrolyzers and P2HT units consume
15
Table 8
Optimal switching of the ISO in CS3.

Time Open switches Time Open switches

1 12-22, 9-15, 8-21, 18-33, 25-29 13 12-22, 9-15, 8-21, 18-33, 25-29
2 12-22, 9-15, 8-21, 18-33, 25-29 14 12-22, 9-15, 8-21, 18-33, 25-29
3 12-22, 9-15, 8-21, 25-29, 29-30 15 12-22, 9-15, 8-21, 18-33, 25-29
4 12-22, 9-15, 8-21, 25-29, 29-30 16 5-6, 12-22, 9-15, 8-21, 25-29
5 12-22, 9-15, 8-21, 25-29, 29-30 17 12-22, 9-15, 8-21, 18-33, 25-29
6 12-22, 9-15, 8-21, 18-33, 25-29 18 12-22, 9-15, 8-21, 24-25, 25-29
7 12-22, 9-15, 8-21, 27-28, 25-29 19 12-22, 9-15, 8-21, 24-25, 25-29
8 12-22, 9-15, 8-21, 18-33, 25-29 20 12-22, 9-15, 8-21, 18-33, 25-29
9 12-22, 9-15, 8-21, 18-33, 25-29 21 12-22, 9-15, 8-21, 18-33, 25-29
10 12-22, 9-15, 8-21, 18-33, 25-29 22 12-22, 9-15, 8-21, 18-33, 25-29
11 12-22, 9-15, 8-21, 18-33, 25-29 23 12-22, 9-15, 8-21, 24-25, 25-29
12 12-22, 9-15, 8-21, 18-33, 25-29 24 12-22, 9-15, 8-21, 18-33, 25-29

electrical energy to produce thermal energy and hydrogen because of
their higher price of hydrogen compared to electricity.

Figs. 29 and 30, stand for voltage magnitude of the buses and line
loadings at 19:00. These figures show a reduction in line loading, and
the switching results are listed in Table 8.

4.4. CS4

In this case study, all the entities of VESS are included. Figs. 31–37
depict the optimization mean value results for different energy carriers.
In this case study, the total revenue achieved by the VESS owner during
24-hour horizon is $3119 (see Table 8).

In this case, considering all the available VESS operational tools
could gain more profit compared to other case studies. Figs. 31 and 32
illustrate the electrical power transactions of batteries. EVs utility and
the SoC. With respect to figures, the batteries are charged during low
price hours and discharged in high price periods. Further, the power
has sold to the utility grid during the expensive hours, and participated
in the VESS energy management during the other operational periods
to gain higher profits. In addition, the batteries are fully discharged
during 18:00–19:00. This is due to higher electrical energy prices,
which motivates the VESS operator to completely use the stored energy
in its units to sell to the consumers.

Optimal thermal power of the fuel cells, P2HT, TES units, utility
transactions and energy level of the TESs, are shown in Fig. 33 to
maximize the benefit. In Fig. 34, electric generation/consumption of
fuel cell, electrolyzer and P2HT units are shown. During the early hours
of the day, the electricity price is lower, and electrolyzer and P2HT
units have consumed electrical energy to produce thermal power and
hydrogen. In higher electricity prices, fuel cell has consumed hydrogen
and generated electricity. The curves for hydrogen is shown in Fig. 35,
which is also associated with Fig. 34, while presenting the hydrogen
generation/consumption of different units are shown.
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Table 9
Optimal switching of the ISO in CS4.

Time Open switches Time Open switches

1 12-22, 9-15, 8-21, 18-33, 25-29 13 12-22, 9-15, 8-21, 18-33, 25-29
2 2-3, 12-22, 9-15, 8-21, 25-29 14 12-22, 9-15, 8-21, 18-33, 25-29
3 12-22, 9-15, 8-21, 18-33, 25-29 15 24-25,12-22, 9-15, 8-21, 18-33
4 12-22, 9-15, 8-21, 18-33, 25-29 16 24-25,12-22, 9-15, 8-21, 18-33
5 12-22, 9-15, 8-21, 18-33, 25-29 17 24-25,12-22, 9-15, 8-21, 18-33
6 13-14, 12-22, 9-15, 8-21, 25-29 18 24-25,12-22, 9-15, 8-21, 18-33
7 13-14, 12-22, 9-15, 8-21, 25-29 19 24-25,12-22, 9-15, 8-21, 18-33
8 12-22, 9-15, 8-21, 18-33, 25-29 20 12-22, 9-15, 8-21, 18-33, 25-29
9 12-22, 9-15, 8-21, 18-33, 25-29 21 12-22, 9-15, 8-21, 18-33, 25-29
10 13-14, 12-22, 9-15, 8-21, 25-29 22 12-22, 9-15, 8-21, 18-33, 25-29
11 31-32, 12-22, 9-15, 8-21, 25-29 23 12-22, 9-15, 8-21, 18-33, 25-29
12 12-22, 9-15, 8-21, 18-33, 25-29 24 12-22, 9-15, 8-21, 18-33, 25-29

Table 10
Revenue of the VESS in various case studies.

Case study CS1 CS2 CS3 CS4

Revenue ($) 2,781 892 2,927 3,119

Figs. 36 and 37 show the demand response results for both thermal
nd electrical demands. In fact, responsive loads are operated similar
o the ESSs and a reduction is shown in higher price period, while an
ncrement is shown in lower price hours. Further, afternoon hours are
igher price periods, which show a step down for the flexible loads,
nd early morning hours show a step up for the electrical demands.
onsequently, late night hours present a reduction for thermal loads
ue to their higher thermal energy price.

From the congestion management point of view, Figs. 38 and 39
how voltage magnitude of the buses and line loadings at 19:00. These
igures depict that voltage variations are fluctuating between 1.02 p.u.
nd 0.9 p.u. Further, the congestion management shows a significant
rop in line loadings mostly at the scheduling periods, and Table 9
epresents the switching results.

.5. Comparison of the results in various case studies

This subsection describes the financial results of the four case
tudies as shown in Table 10 for a comparative understanding of the
arious case studies, and the effect of operation of various technologies
nd carriers. The results confirm that the benefit of the VESS due to
he insufficient thermal carrier is $2781, the VESS is benefited $892 by
gnoring the hydrogen system. Finally, the benefit of the VESS becomes
2927 by neglecting DRP. Ultimately, considering all the units, the
rofit reaches to $3119. Accordingly, due to higher prices of hydrogen,
t has the most effect on the VESS profit. The least effect on the revenue
s created by DRP, however, it has the lowest investment cost. In all case
tudies, the congestion management has been efficiently performed.

. Conclusion

Virtual Energy Storage Systems (VESSs) are one of the significant
merging concepts in modern smart grids. In fact, VESSs are accompa-
ied with different energy storage systems to store the surplus energy
nd inject power during the power shortages according to the system
equirements and the energy prices. Therefore, this study investigates
he optimal operation of VESS in a multi-carrier energy system, while
roposing a congestion management system to answer the rapid growth
f power demand. Further, the problem is formulated as a bi-level
odel, where the upper level is controlled by ISO to resolve the

ongestion issues and the lower level is managed by VESS to maximize
he benefits. The problem has been linearized to transform the bi-
evel problem into single level to obtain a global optima. Moreover,
our case studies were considered where in the first, second and third
ases have neglected one unit in the VESS, while in the fourth case
16
all the units have been applied. The results confirm that, neglecting
the thermal carrier, hydrogen system and DRP, the benefit of the VESS
are $2781, $892 and $2927, respectively, while considering all the
units, the profit has increased to $3119. Therefore due to higher prices
of hydrogen, it has the most effect on the revenue of the VESS. On
the other hand, although the DRP has the least impact, it has the
lowest investment cost. In addition, an optimal switching action is
performed in a reconfigurable network to manage congestion, which
shows a reduction in line loadings. Overall, the results verify that the
proposed system is benefited in both financially and technically. For
future works, it is suggested to consider various sources of uncertainties
in the optimization procedure such as renewable energy resources, de-
mand levels, EV behaviors, etc. Also, a co-optimization of VESS owner,
generation units in the network and ISO, each as a different agent and
also participation in various markets such as real-time markets would
be considered.
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