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Abstract—In this paper, a new framework for opti-
mal generation scheduling of a hybrid thermal-energy
storage (HTES) system is proposed. The proposed
generation scheduling is formulated based on the profit
maximization of the HTES system, concentrating on
taking part in the energy market. The proposed hybrid
structure integrates energy storage system (ESS) and
thermal units in the form of a hybrid system in a
way that a physical connection between these two
resources is installed. This physical connection lets the
HTES operator charge the ESS through thermal units
while it is economical. In order to efficiently address
the generation scheduling problem in the presence of
market uncertainty, a robust optimization architecture
is suggested. The proposed robust model is capable of
deriving conservative strategies that are robust against
the energy market uncertainty. The formulation of the
considered robust problem is carried out based on
mixed-integer programming (MIP) and is solved via
general algebraic modeling system (GAMS) software.

Index Terms—Energy storage system (ESS), gener-
ation scheduling, hybrid energy system, robust opti-
mization, thermal units.

I. INTRODUCTION

Hybrid energy systems, in all power system sectors,
bring economical and reliable superiorities [1]. The flexi-
bility of energy storage systems (ESSs) is known as one of
the most significant indicators of increasing power system
reliability [2]. ESSs hold a wide range of technologies
wherein the application of any of those technologies should
be evaluated based on so many agents such as economic,
public acceptance, and eco-friendly [2]. The integrated
configuration of ESSs with conventional generation units
and renewable energy sources has been extensively ana-
lyzed in the form of hybrid energy systems [3] and [4].

On account of the broad range of published papers in the
domain of generation scheduling of hybrid energy systems,
here, the authors try to review some works to cover various
perspectives in terms of different combinations of energy
sources. An economic-environmental generation schedul-
ing model for thermal units coupled with ESS and wind
units has proposed in [5], while a multi-stage stochastic
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approach has suggested for uncertainty modeling. Authors
in [6] have presented a novel paradigm for scheduling of
a residential hybrid energy system, focusing on stochastic
programming. In (7], the authors have concentrated on de-
signing a proper scheduling mechanism for a hybrid energy
system consisting of wind, photovoltaic, thermal units as
well as the ESS, while a probabilistic technique,i.e., point
estimate method, has employed for tackling uncertainties.
A risk-involved generation scheduling in the DA energy
market for a hybrid energy system comprising thermal,
ESS, and photovoltaic units has introduced in [§], taking
into account the conditional value-at-risk as the risk eval-
uation index. In [9], authors have proposed a game-based
offering architecture for wind units’ participation in the
electricity markets coupled with thermal units.

A two-stage cost-emission management method for a
typical microgrid owning electric vehicles and demand-
side resources has been presented in [10]. Authors in [11]
have used stochastic programming to deal with the bidding
of a virtual power plant in the day-ahead and intraday
markets. In |12], a profit-emission generation scheduling
methodology for a wind-photovoltaic-thermal system by
taking advantage of the emission trading framework in
the form of a scenario-based problem has been suggested.
Another economic-environmental scheduling approach for
a wind-solar-thermal system, focusing on the possibilistic
modeling of uncertainties, has been proposed in [13]. In
[14], the authors have developed a scheduling strategy for
a cryogenic energy storage system paired with wind farms
and responsive loads. The bidding strategy of a virtual
power plant with ESSs and a novel demand response
model has been proposed in [15]. Focusing on the ESSs,
an operating strategy model for a price-maker ESS, along
with large-scale green energy resources based on the Nash-
Cournot equilibrium framework, has been presented in
[16]. In [17], the offering strategy of a wind-ESS system in
the day-ahead energy and balancing markets has been as-
sessed, while it treats as a price-maker producer in the day-
ahead market. Finally, by adopting robust optimization,
the optimal operation scheduling of a price-taker/ price-



maker ESS in energy, ancillary services, and regulation
markets is analyzed in [18].

In this paper, in opposition to the reviewed paper-
s [5)- |14], a robust optimization approach for optimal
generation scheduling of a hybrid thermal-energy storage
(HTES) system is established. The HTES system is struc-
tured based on the physical coupling between ESS and
thermal units. In order to control the risk of uncertain
energy market prices, the robust optimization approach
is implemented, while this approach is fully capable of
deriving risk-mitigating strategies.

II. DETERMINISTIC GENERATION SCHEDULING MODEL

The schematic of the proposed HTES system is plotted
in Fig.[T] According to this figure, thermal units can either
sell the generated energy in the market or transfer it as the
charging power to the ESS using the embedded physical
coupling between these two resources. Moreover, the ESS
is able to either sell/purchase energy in/from the energy
market. The purpose of the HTES is to get the most profit,
which can be formulated as follows:
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where, & is the market price, vl v} Sdis are the sold

energy of thermal units and the ESS in the energy market,
and ’UtE Seh s the purchased energy of the ESS from the
energy market. CFy; stands for the operational costs
of thermal units, which incurred from generating energy
of each thermal unit for selling in the energy market
Xs+ and charging the ESS Xg’fh. SUCy,; and SDCy,
refer to start-up and shut-down costs of thermal units.
Objective function (1) with the aim of profit maximization
is subjected to the following restrictions.

A. Operational constraints of the ESS

Constraints — should be met to model the opera-
tion of the ESS effectively.
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Fig. 1. Schematic of the considered HTES system.
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In constraint , the ESS is limited to operating in one
mode of running, namely, charging or discharging, where
1% and " are binary variables related to discharging
or charging state of the ESS. futT’Ch refer to the total
transferred energy from thermal units to the ESS, while
equation calculates this value. Restrictions and
are related to bound discharging and charging power of the
ESS, respectively, where p%:Maz and o¢Mar represent
the maximum permissible discharging and charging power
of the ESS, respectively. f P9 is the energy level of the
ESS in each period, and f #:Ma% stands for the maximum
permissible value of this variable.

B. Operational constraints of the thermal units

Thermal units’ operation is subjected to some critical
operational constraints, as expressed in —.
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where, oM and ol denote the allowable power

generation range of the thermal units; kg ¢, jg,¢, and hy
are binary variables reflecting the online, shut-down, and
start-up states of the thermal units; ST DCy and STUC,
are parameters indicating the shut-down and start-up
costs of each thermal unit; MU, and M D, express the
thermal units’ minimum off and on times; X?’f otal is the
total amount of generated energy by each thermal unit;
RD, and RU, refer to the thermal units’ ramp down and
ramp up rates; STDL, and STUL, denote the thermal
units’ shut-down and start-up ramp rates.

Based on the expressed constraints, restrictions and
(11) enforce that the total generated power and the sold
energy in the energy marker by any thermal unit should
be kept in the thermal units’ allowable power generation
range. Constraints and represent the costs per-
taining to the shut-down and start-up of any thermal unit,
whereas constraints and model the minimum
off and on times of thermal units [19]. Limitation
must always be in place to observe the logical relationship
between different operating states of the thermal units.
Lastly, restrictions and address the ramping

limitations of thermal units.

III. RoBUST GENERATION SCHEDULING MODEL

The developed deterministic model for the generation
scheduling of the HTES system — has been formu-
lated as a mixed-integer programming (MIP) problem. In
the deterministic structure, no uncertain parameter exists,
and accordingly, the decision-maker solves the intended
problem by assuming the full consciousness of unknown
parameters. However, it is not a secret that market pa-
rameters, especially electricity market prices, will remain
unknown to decision-makers until being broadcast by the
market operator. In order to cope with the uncertainty in
the energy market prices, the robust optimization model is
put forward in this paper. In contrary to probabilistic un-
certainty characterization techniques, robust optimization
does not suffer decision-makers to collect a large amount of
historical data to extract the probability distributions [20].
The application of the robust optimization technique can
be widely found in power optimization problems. For in-
stance, with robust optimization, the scheduling problem
of an integrated heat and power microgrid under market
uncertainty has been assessed in [21]. In addition, in [22],
the same technique has been applied for the generation
scheduling of a hydrothermal microgrid.

TABLE 1
INFORMATION OF THE CONSIDERED ESS.

[ Parameter | Value [  unit |
des,Max 45 MW
gch,Manc 45 MW

I ES, Max 225 MWh
nESich 0.8 constant
nES.dis 0.95 constant
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Fig. 2. The forecasted energy market price with its upper and lower
bounds at 10% variation.
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Fig. 3. Profit of the HTES system for various values of I'.

In the robust framework, the uncertain parameter is
modeled via a confidence interval. The general form of
transforming a deterministic MIP problem to a robust
MIP one has been reported in [20]. Therefore, the ro-
bust MIP form of the proposed problem is expressed by
equations —, while the interested readers on the
fundamental concepts of converting a deterministic MIP
to a robust MIP problem are encouraged to refer to [20]
for more detail.
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where o and §t denote dual variables of the original robust
model [20]; p; is an ancillary variable pertaining to the
robust framework [20]; & refers to the symmetric deviation
of the energy market price; I' indicates the conservative
level of the decision-maker. Note that I' = 0 states the risk-
neutral condition, whereas I' € [1,24] reflects conservative
decision-making states.

IV. SIMULATION RESULTS

In this paper, the considered HTES system is consti-
tuted by an ESS and fourteen thermal units. All required
information on thermal units has been adopted from [5].
Table [[]shows the technical features of the ESS. According
to this table, the capacity of the stored energy in the ESS
is considered as five hours of its full discharging rate. In
this paper, a ten percent symmetric variation in the energy
market prices is assumed to obtain the upper and lower
bounds of the uncertain energy market, as portrayed in
Fig. 2

The proposed robust MIP generation scheduling model
for the HTES system is coded in general algebraic mod-
eling system (GAMS) and is solved via CPLEX solver.
Fig. [3| reports the profit of the considered HTES system
for various values of I' in the proposed robust generation
scheduling structure. From Fig. [3] it can be observed
that larger values of I' eventuate in lower profit of the
HTES system. It is important to remark that the highest
profit is obtained for I = 0, representing the risk-neutral
scheduling strategy.

5% variation in market price

mmm  10% variation in market price
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Fig. 4. Profit reduction of the HTES system in conservative schedul-
ing approaches compared to the risk-neutral strategy.

The profit reduction of the HTES system in conservative
scheduling strategies (I' € [1,24]) compared to the risk-
neutral approach (I' = 0) is depicted in Fig. [4l According
to this figure, the lowest profit reduction is obtained at
the lowest value of I', while the greatest profit reduction
experiences in the largest value of I'. Furthermore, in order
to evaluate the impact of a smaller confidence interval of
the energy market prices on the profit reduction of the
HTES system, another analysis based on the five percent
symmetric variation in the uncertain source is carried out,
and the results are given in Fig. ] The obtained results
demonstrate that the greater the confidence interval of the
interval parameter, the greater the profit reduction is.

Fig. [5| shows the sold energy by thermal units in the
risk-neutral and robust strategies. It is worth to mention
that, hereinafter, the robust strategy refers to the most
conservative scheduling approach, namely, ' = 24. A
comparison between the sold energy in these two strategies
shows that in all time intervals, the risk-neutral scheduling
has a greater or equal amount of the traded power than
the robust strategy. Furthermore, the highest difference
between the amount of sold energy in these two strategies
occurs at periods with the lowest and the most significant
values of expected energy market prices, namely, hours 3
and 5 and hours 20 to 22, respectively.

The sold energy of the ESS in both risk-neutral and
robust attitudes is shown in Fig. [6] According to this
figure, the ESS attitude in both strategies in terms of
selling power is similar. In both risk-neutral and robust
approaches, the ESS only sells energy during hours 20-22
with the highest energy market price, while the amount of
the traded energy is equal in both strategies. The charging
energy of the ESS from two origins, i.e., energy market and
thermal units, in robust and risk-neutral states is depicted
in Fig. [} From Fig. [7] it is revealed that HTES tends to
charge the ESS during the lowest price periods, i.e., third
and fifth periods. By altering the HTES approach from the
risk-neutral to the robust strategy, the system decreases 3
MW of its charging power from the energy market and
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Fig. 5. The sold energy of the thermal units in two different
approaches.
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Fig. 6. The sold energy of the ESS in two different approaches.

procure this amount of energy from thermal units.

To have a broader view of the charging and discharging
strategies of the ESS in the proposed risk-constrained
scheduling structure, the total amount of charging and
discharging of the ESS in the entire trading horizon, and
for all values of I have been reported in Fig.[8] As seen in
this figure, for I'=0-2, the ESS decides on participation in
the market in the hope of selling energy at higher prices.
For I'=3- 21, the ESS decides on not operating at all, while
for '=22-24, it resumes its activity in the market in the
hope of purchasing electricity at lower prices.

V. CONCLUSION

To address the generation scheduling strategy of an HT-
ES system in the energy market, a robust-based structure
was proposed in this paper. The robust optimization was
utilized to mitigate the risk of uncertain source, namely,
the energy market price. The suggested model was tested
on a typical HTES system, and results were obtained. The
results demonstrated that as the risk-mitigating attitude
of the HTES system increases, the profit is lowered. Fur-
ther, as the confidence interval of the uncertain source,
i.e., the energy market price, is increased, the HTES
system is exposed to more significant values of profit
reduction. It was also revealed that the amount of sold

mmm Risk-neutral Thermal units wmm Risk-neutral Market

mmm  Robust Thermal units mmm  Robust Market

50

0 1
T T T T T T T T T T T
2 4 6 8 10 12 14 16 18 20 22 24
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Fig. 7. The charging energy of the ESS in two different approaches.
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Fig. 8. Total purchased and sold energy by the ESS in the entire
scheduling horizon for different values of T'.

energy by thermal units are reduced by more focusing
on a robust strategy. In contrast, the ESS approach in
the market entirely depends on the risk-aversion degree
of the HTES system. The ongoing investigation is fo-
cused on establishing a comparative generation scheduling
framework under various uncertainty handling techniques,
such as information gap decision theory, scenario-based
approach, and robust optimization structure, whereas the
degradation cost of the ESS is addressed adopting the
methodology proposed in [23].
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