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ABSTRACT

This work suggested a novel model for obtaining optimum bidding/offering strategy to improve the benefits in case
of big users. Aiming this regard, several electrical energy resources including: micro turbines, green power sources
(wind turbine and photovoltaic system), power storage unit such as Hydrogen storage system with fuel cell, as well as
mutual treaties are taken into account in offered model. Considering various models for uncertain parameters based
on their natures such as power demand, electricity market tariffs, solar irradiation, temperature and wind speed
is one of the contributions of the proposed model. Uncertainty of power demand is modeled by robust optimal
method whereas remain uncertain parameters are incorporated in model by stochastic method. Considering of
wind speed cased is made by Weibull distribution. While, normal distribution is utilized for production of cases for
electricity market tariffs, solar irradiation and temperature. In order to reduce the bidding error loss, the storage
devices are corporate with green energy in power unbalanced conditions. Combined-integer linear programming
method is applied for handling of pricing method profiles that have strength against considered uncertainties on
power demand of big user. The obtained results confirm, the entire electrical energy supplement expenditure of
big user in absence of demand uncertainty is $39.63 whereas it is augmented up to $49.47 to achieve robustness
vs. demand uncertainty. Also, using of hydrogen storage system by considering the reliability index is reduced the
bidding price of the system.

KEYWORDS
Bidding; uncertain constrains; bilateral contracts; renewable energy; reliability

Nomenclature

Abbreviations

WT Wind turbine
PV Photovoltaic
IGDT Information gap decision theory
ESS Electric storage systems
BC Bilateral contracts
MT Micro turbine
MILP Mixed-integer linear program
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RMILP Robust mixed-integer linear program
PM Power market
MPPT Maximum power point tracking

Indices

h cost function of micro-turbines index
i minimum ON and OFF-time limits running modelling
j micro-turbines index
l bilateral contracts
s scenario index
t time (hour) index

Parameters

B bilateral contracts no
c(s, s′): function to calculate the scenarios s and s/ of a random variable distance.
CB

t battery storage operation cost at time t [$/MWh]
Cwind

t wind-turbine operation cost at time t [$/MWh]
CPV

t PV system operation cost at time t [$/MWh]
Ga

t,s time t in scenario s insulation
Ga0

the standard condition Insulation (W/m2)
MUTj, MDTj: jth micro-turbine Minimum up/down time of [hour]
Nh Generation blocks of micro-turbines no
NMT micro-turbines no
Ns scenarios no
NOCT PV system normal operating cell temperature
ρs sth scenario probability after the scenario reduction
PMAX

j,h hth block Output size of jth micro-turbines unit [MWh]
Pmax

l,t lth contract maximum capacity at time t [MW]
Pmin

l,t lth contract minimum capacity at time t [MW]
pr wind-turbine rated power [MW]
Pwind,max

t,s wind turbine maximum power at time t in scenario s
PM,max

t,s PV system maximum available power at time t in scenario s
Pmax

charge, Pmax
disc charging/discharging maximum power at time t in scenario s

PM
Max,0 standard condition maximum power

Rup
j , Rdown

j rate limit of ramp up/down of jth micro-turbine [MW/hour]
SMT

j,h hth block cost of jth unit of micro-turbines [$/MWh]
T times number
Ta

t,s time t in scenario s temperature
TM,0 standard condition of module temperature
Upi,j, Dni,j MUT/ MDT constraints variables
Vw

t,s wind speed
Vr, Vci, Vc0 cut-in and cut-out wind speed rated values [m/s]
X max

b , X min
b energy of battery storage maximum/minimum value

χ , η battery storage charge/discharge efficiency
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λt,s energy price at time t in scenario s [$/MWh]
λl,t price of contracts l at time t [$/MWh]

Variables

loadt,s Load demand (time t, scenario s)
PBC

l,t Purchased power of bilateral contract l (time t)
PBC

t Total purchased power of bilateral contracts (time t)
Pp

t,s Power market Purchased power (time t, scenario s)
PSale

t,s Power market sold power (time t, scenario s)
PMT

j,t,s jth unit of the micro-turbine produced power (time t, scenario s)
PMT

j,h,t,s Retad power of block h of jth micro-turbines unit (time t, scenario s)
Pcharge

t,s , Pdisc
t,s Charge and discharge power of storage (time t, scenario s)

Pwind
t,s Wind-turbine production (time t, scenario s)

PPV
t,s PV system production (time t, scenario s)

Pwind
t,s Wind-turbine purchased power (time t, scenario s)

PPV
t,s PV system purchased power (time t, scenario s)

sl Binary variable for lth bilateral agreement
UMT

j,t Binary variable for jth start of micro-turbine
Ucharge

t,s , Udisc
t,s Binary variables of charge/discharge of battery storage

X b
t,s Energy of storage [J]

1 Introduction

Providing energy with min expenditure is a significant problem in restricted power market, chiefly
for large consumers [1]. In order to deal with tariff variation of market, various power sources can
be used. Accordingly, mutual treaties, electricity market and self-owned production units are most
significant units [2]. Wind turbines [3] and PV systems [4] can be regarded as production systems for
cooling load of users. Besides, coalition of synthetic WT and photovoltaic unit with power storage
unit can be regarded for handling of uncertainty effects of green sources [5].

1.1 Literature Review
Unlike to small users that must purchase their needed power just from retail sellers or retail market,

main users can utilize various methods for providing of their required power [6]. These methods are
parted to three general classes including: pool market, mutual treaties and internal production [7]. In
[8], a model of pool tariffs variation to benefit of large users is proposed. Also, in [9] an improved
model for large consumers in order to obtain optimal reserve bids in a security limited power market
is presented. Authors in [10], are discussed around electrical energy supplement of large consumer
in a power market covering of pool market as well as mutual contracts. Moreover, Fang et al. [11]
modeled an auction for a contract among competitive production units and large consumers, aiming
to determine power price among them. In [12], in order to deal with requirement of large consumers by
various generators including: photovoltaic units, fuel cell (FC) and upper grid, a multi objective (MO)
method is suggested. Heating and energy hub (EH) models are suggested for providing of energy for
an industrial user in [13].

Various stochastic models of power supplement problem based on meta heuristic [14], multi
objective HBMO [15], imperialist competitive algorithm [16] and firefly technique [17] are proposed in
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pervious works. Authors in [18] proposed a new stochastic model-based power supplement method for
large consumers with containing of distributed generations (DGs), mutual treaties and pool market
purchase in presence of demand response program (DRP). Also, Hartmann et al. [19] utilized a power
storage system in an industrial/commercial user and evaluated its impacts. Equal work is made in
[20] for large consumer by information gap decision theory (IGDT) method where 2 standards are
utilized covering decision robustness vs. facing high supplement expenditures, and opportunity of
taking benefit of low supplement expenditures. In addition, a test system is offered in [21], for depicting
of IGDT approach. As well, equal approach is suggested in [22], to cope bidding method in day-
ahead yield of a large consumer. In [23], an optimization is made for long-term power supplement
of large consumer with regarding of long-term transactions and uncertain parameters. Also, the
risk-limited bidding method is formulized in [24] for large consumers with considering of DRP.
Authors in [25] studied a mid-term programing for big industrial power utilities with second-order
stochastic dominance. Moreover, MO demand optimization method is presented in [26] for industrial
utilizes with DR through blending of stochastic, quadratic, and evolutionary scheduling with MO
optimization and continuous simulations. Furthermore, a decision-making method based on fuzzy
system for power supplement is suggested in [27] by green sources. The authors in [28], has considered
the influence of demand, price, and wind uncertainties on total costs with reliability in the structure
of energy hub. In [29], the wind power and coal chemical based on the hydrogen storage system is
combined, as a result the penetration ability of wind energy is improved and total cost is minimized.

In [30], an integrated model of offering strategy for microgrid management considering day-ahead,
intra and unbalanced market is proposed. The model is applied for microgrid with demand and various
generation to achieve optimal management of microgrid components. A novel combined dynamic and
emission dispatch model for electric vehicles, wind turbines using multi objective function is proposed
in [31]. A multi stage model based optimal dispatch for wind turbine, thermal and energy storage is
modeled in [32], which the offering strategy is done in energy and reserve markets. In [33], an optimal
bidding strategy in daily market and real-time market for microgrid based on two-stage framework
is proposed. Ac power follow, hourly reconfiguration of microgrid, hydrogen energy modelling, using
multiple shiftable loads are the suggested model’s primary benefits. An optimal participation of HPP
with considering risk-averse strategies [34] is considered to achieve best benefits using three-stage
decision making model. Also, some improved uncertainties model such as robust-stochastic approach
[35] and uncertainties in deregulated electricity market [36] are proposed to achieve the best benefits
in bidding problem modellings.

This work studied bidding/offering optimization methods for electricity supplement problem of
big electricity utilities with including photovoltaic systems, wind turbines and hydrogen storage system
with considering uncertainty on demand, reliability index, electricity market tariff and outlet power of
wind turbine and photovoltaic units. Synthetic robust-stochastic method is suggested. In this method,
robust method is regarded for modeling of demand uncertainty whereas remain uncertain parameters
are modeled by stochastic optimization.

1.2 Novelty and Contributions of This Paper
According to the literature review, there is no work that combined stochastic and robust methods

for achieving to optimum offering/bidding methods in case of large consumer’s power supplement in
presence of alternative power resources and power storage units. Respect to this description, novelties
of this work can be represented by:

a) Bidding/offering optimization approaches for large consumer energy supplement are proposed.
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b) Stochastic and robust power supplement expenditure functions are combined.

c) Some uncertain parameters, i.e., demand, market tariff and outlet energy of WT and PV systems
are considered.

d) The hydrogen storage system with fuel cell has been exploited in hub energy.

e) Evaluation criteria for optimal scheduling, reliability matrices are considered.

1.3 Construction of Article
Rest of this work is structured as: Section 2 provides power supplement problem for large

consumers by considering green generators and storage devices. Following that, Section 3 introduces
artificial uncertain-robust method and used it to suggested model. Section 4 describes the results of
proposed method in test system. Eventually, conclusion of paper is presented in Section 5.

2 Problem Formulation

Cost effective energy supplement of large consumer is studied in this work. Deterministic models
of generators are linearized and also the cost function is suggested in this part of paper. Also, the
assumptions of this paper are considered as:

• This problem is formulated as an integer linear model.
• In order to prediction, the market price, wind speed, sun irradiation and temperature are

available and applied to system as input data.
• Several electrical energy resources including: micro turbines, wind turbine, photovoltaic system,

hydrogen storage and fuel cell offering model are formulated together.
• The problem is formulated as uncertain problem and based on the nature of parameters, the

suitable model is applied for them

2.1 Objective Function
Considered large consumer of this work is procured by means of various resources and using

bilateral contracts (BC), electricity market, MT, photovoltaic units, wind turbines and batteries. This
work suggested following objective that must be minimized:

Minimize
B∑

l=1

T∑
t=1

λl,t PBC
l,t +

T∑
t=1

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

λt

(
Pp

t − PSale
t

) + ∑Nj
j=1

∑Nh
h=1 SMT

j,h PMT
j,h,t

+CB
t ×

(
χ × Pch arg e

t + Pdisc
t
η

)
+Cwind

t × Pwind
t + CPV

t × PPV
t

⎫⎪⎪⎪⎬
⎪⎪⎪⎭ (1)

where, first part of formula is the power supplement expense by bilateral contracts. Second part
represents the provided power by PM, MT as well as operational expense of storage devices, wind
turbines and photovoltaic systems. Also, 3-block piece-wise linear function is considered in order to
model the operational expenditure of MT.
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2.2 Energy Balance Limitation
The provided energy by various sources must cope total demand power. Aiming this regard,

provided energy by PM, MT, bilateral contract, solar power, wind turbine and batteries must be equal
to power demand in every time t. this constraint is represented by following equation:

B∑
l=1

PBC
l,t + Pp

t − PSale
t +

Nj∑
j=1

Nh∑
h=1

PMT
j,h,t + Pwind

t + PPV
t + Pdisc

t − Pch arg e
t = loadt ; ∀t (2)

2.3 BC Constrains
Modeling of provided electrical energy by bilateral contracts is made using Eq. (3). This equation

shows that the total of the bilateral contracts at any time is equal sum of all contracts in that time.
It is remarkable, supplied electrical energy is bounded by relation (4). Also, this equation shows each
contract should be limited to maximum and minimum amount.

PBC
t =

Nl∑
l=1

PBC
l,t ; ∀t (3)

Pmin
l,t sl < PBC

l,t < Pmax
l,t sl ; ∀l, t (4)

2.4 Modeling of Micro Turbine
As illustrated in Fig. 1, objective function of MT is presented by 3-block piece-wise linear curve.

Mathematically expressing of this figure is provided by Eq. (5). As well, the related limitations are
presented with Eqs. (6)–(11), in which, provided power by MT is bounded to max potential of blocks
that is denoted in (6) and (7). Moreover, ramp up/down proportions constraint is expressed by (8) and
(9). At last, Eqs. (10) and (11) are respectively provided the min up and min down time limitations. For
modeling of min up and min down time for micro turbines, ancillary parameters of and are introduced
in relation (12) [37].

C
os

t(
$)

Power

Figure 1: Operation cost model of MT

CostMT =
T∑

t=1

Nj∑
j=1

Nh∑
h=1

SMT
j,h PMT

j,h,t (5)
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0 ≤ PMT
j,h,t ≤ (

PMAX
j,h − PMAX

j,h−1

) × UMT
j,t ; ∀j, h, t (6)

0 ≤ PMT
j,1,t ≤ PMAX

j,1 × UMT
j,t ; ∀j, t (7)

Nh∑
h=1

PMT
j,h,t −

Nh∑
h=1

PMT
j,h,t−1 ≤ Rup

j × UMT
j,t ; ∀j, t (8)

Nh∑
h=1

PMT
j,h,t−1 −

Nh∑
h=1

PMT
j,h,t ≤ Rdown

j × UMT
j,t−1; ∀j, t (9)

UMT
j,t −UMT

j,t−1 ≤ UMT
j,t+Upj,i

; ∀j , ∀t, ∀i (10)

UMT
j,t−1−UMT

j,t ≤ 1 − UMT
j,t+Dnj,i

; ∀j , ∀t, ∀i (11)

Upj,i =
{

i i ≤ MUTj

0, i � MUTj

}
Dnj,i =

{
i i ≤ MDTj

0 i � MDTj

} (12)

2.5 Modelling WT
Respect to [38], Eq. (13) provides the max outlet electrical energy of WT at each time t.

Pwind,max
t =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 V w
t < Vci

pr ×
(

Vw
t −Vci

Vr−Vci

)3

Vci < V w
t < Vcr

pr Vr < V w
t < Vc0

0 V w
t > Vc0

(13)

Provided power for a big power user in time t is bounded by following relation:

Pwind
t ≤ Pwind,max

t ; ∀t, (14)

2.6 Photovoltaic System Model
In present work, regarding to maximum power point tracking (MPPT), photovoltaic modules

are utilized at their max energy for big power utilities. MPPT guarantees that photovoltaic system
generates most possible electrical energy in case of whole every temperatures and irradiations. The
max accessible energy of photovoltaic unit at each time t is expressed in following equation [39]:

PM,max
t = Ga

t

Ga0

×
{

PM
Max,0 + μP max ×

(
T a

t + G a
t × NOCT − 20

800
− TM,0

)}
(15)

Provided power for big power utilities by photovoltaic unit is bounded by Eq. (16).

PPV
t ≤ PM,max

t ; ∀t (16)

2.7 Power Storage Device Model
Following relations express the ESS limitations [39]. Starting power of battery is expressed in

(17). Also, Eqs. (18) and (19) are respectively bounded the charging and discharging energy at time
t. Moreover, saved power level of battery is presented in Eq. (20). Furthermore, Eq. (21) ensures
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that charging and discharging of battery are not in a same time. Finally, relation (22) represents the
dynamical model of storage device.

X b
t0

= X b
0 (17)

Pch arg e
t ≤ P

max

ch arg e × Uch arg e
t ; ∀t (18)

Pdisc
t ≤ Pmax

disc × Udisc
t ; ∀t (19)

X min
b ≤ X b

t ≤ X max
b ; ∀t (20)

Uch arg e
t + Udisc

t ≤ 1; ∀t (21)

X b
t = X b

t−1 + χ × Pch arg e
t − Pdisc

t

η
; ∀t (22)

2.8 Hydrogen Storage System Model
Since hydrogen can be stored as a gas, liquid and solid material, it is a suitable carrier for energy.

One of the most suitable storage sources is hydrogen storage system. The hydrogen storage system
consists of three parts:

• an electrolyzer
• a fuel cell
• a hydrogen storage tank

The structure of a hydrogen storage is shown in Fig. 2. Also, in Fig. 3, the amount of hydrogen
injected to storage in comparison of achieved electricity from wind form is shown. In Fig. 4, the
amount of hydrogen obtained from storage which is converted to electricity in fuel cell is shown.

Electrolyzer

Hydrogen StorageFuel cell

ctroly

Electricity

Figure 2: The structure of hydrogen storage in network
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Figure 3: Wind farm and hydrogen storage for storage-hydrogen to storage
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Figure 4: Wind farm and hydrogen storage for storage constrained case-hydrogen from storage

2.8.1 Electrolyzer

In this part, the process of decomposition of water molecules is carried out to H2 and O2. Using
Eq. (23), electrolyzer input power concentrate is defined [40].

Pmin
EL IEL (t) ≤ PEL (t) ≤ Pmax

EL IEL (t) (23)

In this equation, the upper and lower amount of electrolyzer input power are represented through
Pmax

EL and Pmin
EL , respectively. Also, IEL (t) defines the on or off state of the electrolyzer unit, which is

equal to 0 or 1.

2.8.2 Hydrogen Storage Tank

In this part, the produced hydrogen is saved in the hydrogen tank. Input and output hydrogen
molar injected to the tank and their upper values are formulated via Eqs. (14)–(17), respectively.

NCH
H2

= PCH
H2 (t) ηCH

H2

LHVH2

(24)

NDIS
H2

= PDIS
H2 (t)

ηDIS
H2

LHVH2

(25)

Nch
H2

≤ Nch max
H2

Ich
H2

(26)

NDIS
H2

≤ NDIS max
H2

IDIS
H2

(27)
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Input and output molar of hydrogen storage are represented by Nch
H2

and NDIS
H2

. On the other hand,
Ich

H2
and IDIS

H2
are the charge or discharge state of hydrogen tank which is equal to 0 or 1.

Pressure of hydrogen tank and primary pressure of hydrogen tank are show by Eqs. (28) and (29).
Also, pressure level of hydrogen tank is defined via Eq. (30), in order to avoid the charge and discharge
of hydrogen storage tank at the same time, Eq. (31) is formulated.

prmin
H2

IEL (t) ≤ prH2
(t) ≤ prmAX

H2
(28)

prH2
(t0) = prH2

(initial) (29)

prH2
(t) = prH2

(t − 1) + RT
V

(
Nch

H2
− Ndis

H2

)
(30)

ICH
H2

+ IDIS
H2

≤ 1 (31)

In this equation, hydrogen pressure tank is defined by prH2
(t), as well as, R is gas constant. Mean

temperature inside the vessel is shown by T. V and LHV are total tank volume and lower heating value
of hydrogen, respectively.

2.8.3 Fuel Cell

In this part the stored hydrogen in hydrogen tank is converted to electricity via fuel cell. Eq. (32)
indicates the output energy concentrate.

Pmin
FC IFC (t) ≤ PFC (t) ≤ Pmax

FC IFC (t) (32)

In this equation, the upper and lower amount of electrolyzer input power are represented through
Pmax

fc and Pmin
fc , respectively. Also, IFC (t) defines the on or off state of the fuel cell unit, which is equal

to 0 or 1.

3 Combined Stochastic-Robust Model

In achieved system model in Eqs. (1)–(22), there exists some uncertain parameters including:
energy price, required power, radiation, temperature and wind speed. According to these uncertain
parameters, the optimal intelligence strategy is suggested in this paper.

In the proposed strategy, demand takes value inside of a robust method, while modeling of
uncertainties of market tariffs, radiation, temperature as well as wind speed are made via a collection of
scenarios. Uncertainty of demand power is expressed considering sum of limited uncertain parameters
to achieve a RMILP and in order to be solved for a collection of price cases (stochastic programing).

The suggested strategy is defined in next section.

3.1 Evaluating Hub Energy in the Presence of Reliability Limitation
In this section, some reliability indicates, such as expected energy not supplied (EENS), Expected

load not supplied (ELNS), and loss of load expectation (LOLE), have been used to evaluate the
reliability and stability of the energy hub, which is defined as follows:

ELNSβ

t =
∑

s

ρs,tL̂
β
s,t (33)
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EENSβ

t =
∑

s

ρs,tL̂
β

s,t (34)

LOLEβ

t =
∑

s

ρs,tt̂
β

s,t (35)

LOLPβ

t =
∑

s ρs,tt̂
β
s,t

T
× 100 (36)

It should be noted that operating calculations are hour-based, and calculating ELNS in a time
period will result in achieving EENS in this block. Finally, ELNS is computed using Eq. (37) (Refer
to [41,42] for more detail).

ELNSβ =
∑

γ

∑
t

ρβ

γ ,tφ
β

γ ,t ×
(
φβ

γ ,t + Rβ

γ ,t − Rβ

HUB,t

)
(37)

The limitation of ELNS is determined using Eq. (38).

ELNSβ ≤ ELNSmax
β (38)

where
ELNSmax

β = ∑
γ

∑
t Iβ

γ
Rβ

γ
φβ

γ ,t

× (
φβ

γ ,t + Rβ

γ ,t − Rβ

hub,t

) (39)

Then, in order to verify the reliability of the energy hub, PCβ is defined as a penalty coefficient
which is formulated by Eq. (5) that the hub operator should pay because not being able to supply some
β loads.

PCβ = EENSβ

UB × VL
β (40)

where VL
β represents the value of lost load.

Another reliability parameter (LOLB
β

) is defined as constraint which is defined by Eq. (41).

LOLPβ

max ≤ LOLPβ (41)

In this equation, LOLPβ

max is the upper allowable value of LOLPβ, and it is defined through the
hub operator or by users.

3.2 Robust Formulation
The optimal robust method is a venture management technique that is less computationally

intensive than other techniques. The criteria MILP formulation of the proposed representational
model in (1)–(22) may be written as follows:

Min

∑n

t=1 ct.xt + ∑
β

PCβ

IR (1 + IR)
γ

(1 + IR)
γ − 1

(42)

s.t.:
n∑

t=1

ait. xt ≤ bi ∀i = 1, . . . .m (43)

xt ≥ 0 ∀t = 1, . . . , n (44)
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xt ∈ {0, 1} for some t = 1, . . . , n (45)

In these equations, the variables of problem are denoted by xt; limitation matric coefficients are
determined by ait; also the right side array coefficients are shown with bi. Modeling of uncertain entries
ait is done as a random limitation, independent, equal and limited that has indefinite distribution,
ait that its amount is in range of [ait − ãit, ait + ãit] in which ãit the equivalent deviation from average
amount of coefficients ait. Also, reliability index is determined by a penalty coefficient.

In this paper, a control variable Γi is defined for all limitations for formulization of a robust mixed-
integer linear program with uncertainty. The control variable is used to assess the situational robustness
of the proposed technique vs. the level of conservatism selected. This parameter’s value is between
[0, |Ji|], while Ji = {

j|ãij ≥ 0
}
. In the presented problem by (1)–(22) the uncertainty is in right side

parameters bi, especially loadt in Eq. (2), also reliability index is considered as a penalty coefficient.
Therefore, a minor different xn+1 is proposed. Also, mixed-integer linear program is represented by:

Min

∑n

t=1 ct.xt + ∑
β

PCβ

IR (1 + IR)
γ

(1 + IR)
γ − 1

(46)

s.t.:
n∑

t=1

ait. xt − bi.xn+1 ≤ 0 , ∀i = 1, . . . , m (47)

xt ≥ 0 ∀t = 1, . . . , n (48)

xn+1 = 0 (49)

xt ∈ {0, 1} for some t = 1, . . . , n (50)

In which, bi provides a random parameter b̂i that has amount in range of
[
bi − b̂i, bi + b̂i

]
.

It is remarkable, in Eqs. (27)–(31), parameters of bi are inserted in matric of parameters [ait].

Equivalent robust combined-integer linear model to represented problem in (46)–(50) in presence
of uncertain parameters and reliability index in right side terms can be expressed by:

Min

∑n

t=1 ct.xt + ∑
β

PCβ

IR (1 + IR)
γ

(1 + IR)
γ − 1

(51)

s.t.:
n∑

t=1

ait. xt ≤ bi + zi. 	i + qi,n+1, ∀i = 1, . . . ., m (52)

zi. 	i + qi,n+1 ≥ b̂i.yn+1 i = 1, . . . , m (53)

qi,n+1 ≥ 0 i = 1, . . . , m (54)

yn+1 ≥ 0 (55)

zi ≥ 0 i = 1, . . . , m (56)
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1 ≤ yn+1 (57)

xj ≥ 0 j = 1, . . . , n (58)

xj ∈ {0, 1} for some j = 1, . . . , n (59)

where xj, qi,n+1, yn+1, and zi identify the variables of the problem, which, zi and double variations of
the fundamental basic problem used for considering of variation break of constraints bi whereas yn+1

signifies a secondary variant that is used to create linear representation. Due to the presence of just 1
unknown variable in one constraint, the value of the control factors is between of 0–1 once b̂i > 0 and
Γi = 0 once b̂i = 0.

The required power in each time (loadt) that is the uncertain variable of presented problem of (1)–
(22), seen in the cross-limitation array on the right. The power demand is modeling using a random
version loâdt that its value is in range of

[
loadt − loâdt, loadt + loâdt

]
, in which loâdt > 0, equivalence

of departure from the mean for the value of parameters loadt. In order to create a robust model of
(51)–(59), it is worthy to note, the uncertainty is in Eq. (2). Thus, limitations (3)–(22) stay unchanged
due to lack of uncertain variable in these equations. Respect to Eqs. (51)–(59), the robust model
with considering of uncertain parameters ab penalty factor from reliability index can be expressed
in following form:

Minimize

∑B

l=1

∑T

t=1 λl,tPBC
l,t + ∑T

t=1

⎧⎪⎨
⎪⎩

λt

(
Pp

t − PSale
t

) + ∑Nj
j=1

∑Nh
h=1 SMT

j,h PMT
j,h,t

+CB
t ×

(
χ × Pch arg e

t + Pdisc
t
η

)
+Cwind

t × Pwind
t + CPV

t × PPV
t

⎫⎪⎬
⎪⎭ + ∑

β
PCβ

IR (1 + IR)
γ

(1 + IR)
γ − 1

(60)

Subject to:
B∑

l=1

PBC
l,t + Pp

t − PSale
t +

Nj∑
j=1

Nh∑
h=1

PMT
j,h,t + Pwind

t + PPV
t + Pdisc

t − Pch arg e
t = loadt.1 + Zt.Γt + qt ; ∀t (61)

Zt + qt ≥ loâdt.yt ∀t|loâdt > 0 (62)

qt ≥ 0 ∀t|loâdt > 0 (63)

yt ≥ 0 (64)

Zt ≥ 0 (65)

1 ≤ yt (66)

Constraints (3)–(21) (67)

Where, robustness variable amount is in range of 0–1 once the power demand has uncertainty
(loâdt ≥ 0), whereas gamma is zero once loâdt = 0. Limitation (61) expresses the equilibrium among
total produced energy by various generators, and power requirement by regarding uncertainty of power
demand based on presented robust problem in (51)–(59). Limitations (62)–(66) are forced by robust
formulation.
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3.3 Synthetic Stochastic-Robust Formulization
This part of paper suggests some cases by stochastic programing frame for modeling of uncertain

parameters including: yield prices, solar radiation, temperature and wind speed in robust Eqs. (60)–
(67). Also, Weibull distribution is utilized for modeling wind speed uncertainty in electricity yield
works. In this way, a set of scenarios for wind speed are created respect to Weibull distribution profile
of wind speed. As well, ordinary distribution is employed for modeling some unknown variables, such
as temperature, market tariffs, solar radiation, and reliability index which is defined in second part of
the Eq. (68). Combined stochastic-robust model can be formulized by:

Minimize

∑B

l=1

∑T

t=1 λl,tPBC
l,t + ∑T

t=1

∑Ns

s=1 ρs ×

⎧⎪⎨
⎪⎩

λt,s

(
Pp

t,s − PSale
t,s

) + ∑Nj
j=1

∑Nh
h=1 SMT

j,h PMT
j,h,t,s

+CB
t ×

(
χ × Pch arg e

t,s + Pdisc
t,s
η

)
+Cwind

t × Pwind
t,s + CPV

t × PPV
t,s

⎫⎪⎬
⎪⎭ + ∑

β
PCβ

IR (1 + IR)
γ

(1 + IR)
γ − 1

(68)

Subject to:
B∑

l=1

PBC
l,t + Pp

t,s − PSale
t,s +

Nj∑
j=1

Nh∑
h=1

PMT
j,h,t,s + Pwind

t,s + PPV
t,s + Pdisc

t,s − Pch arg e
t,s = loadt.1 + Zt,s.Γt + qt,s ; ∀t, s (69)

Zt,s + qt,s ≥ loâdt.yt,s; ∀t|loâdt > 0, ∀s (70)

qt,s ≥ 0 ∀t|loâdt > 0; ∀s (71)

yt,s ≥ 0 ∀t, s (72)

Zt,s ≥ 0 (73)

1 ≤ yt,s ∀t, s (74)

Pmin
l,t sl < PBC

l,t < Pmax
l,t sl ; ∀l, t (75)

PBC
t =

Nl∑
l=1

PBC
l,t ; ∀t (76)

CostMT =
T∑

t=1

Nj∑
j=1

Nh∑
h=1

Ns∑
s=1

ρs × SMT
j,h PMT

j,h,t,s (77)

0 ≤ PMT
j,h,t,s ≤ (

PMAX
j,h − PMAX

j,h−1

) × UMT
j,t ; ∀j, h, t, s (78)

0 ≤ PMT
j,1,t,s ≤ PMAX

j,1 × UMT
j,t ; ∀j, t, s (79)

Nh∑
h=1

PMT
j,h,t −

Nh∑
h=1

PMT
j,h,t−1 ≤ Rup

j × UMT
j,t ; ∀j, t (80)

UMT
j,t −UMT

j,t−1 ≤ UMT
j,t+Upj,i

; ∀j , ∀t, ∀i (81)

UMT
j,t−1−UMT

j,t ≤ 1 − UMT
j,t+Dnj,i

; ∀j , ∀t, ∀i (82)
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Upj,i =
{

i i ≤ MUTj

0 i � MUTj

}

Dnj,i =
{

i i ≤ MDTj

0 i � MDTj

} (83)

Pwind,max
t,s =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

0 V w
t,s < Vci

pr ×
(

Vw
t,s−Vci

Vr−Vci

)3

Vci < V w
t,s < Vcr

pr Vr < V w
t,s < Vc0

0 V w
t,s > Vc0

(84)

Pwind
t,s ≤ Pwind,max

t,s ; ∀t, s (85)

PM,max
t,s = Ga

t,s

Ga0

×
{

PM
Max,0 + μP max ×

(
T a

t, s + G a
t, s × NOCT − 20

800
− TM,0

)}
(86)

PPV
t,s ≤ PM,max

t,s ; ∀t, s (87)

X b
t0

= X b
0 (88)

Pch arg e
t,s ≤ P

max

ch arg e × Uch arg e
t,s ; ∀t, s (89)

Pdisc
t,s ≤ Pmax

disc × Udisc
t,s ; ∀t, s (90)

X min
b ≤ X b

t,s ≤ X max
b ; ∀t, s (91)

Uch arg e
t,s + Udisc

t,s ≤ 1; ∀t, s (92)

X b
t,s = X b

t−1,s + χ × Pch arg e
t,s − Pdisc

t,s

η
; ∀t, s (93)

PSale
t,s − PSale

t,s̃ ≥ 0 if λt,s ≥ λt,s̃ (94)

Pp
t,ŝ − Pp

t,s ≥ 0 if λt,s ≥ λt,ŝ (95)

Eq. (68) represents the cost function of this optimization, and limitations (69)–(74) express the
equivalent constraints to (51)–(59) of robust model in each price case. Also, Eqs. (75)–(93) denote
the corresponding constraints to (3)–(22) in deterministic linear problem, except that, replicated for
each case.

The expressed limitations in (94) and (95) guarantee, offering and offering profiles are continually
growing and dipping that is a normal necessity in power markets. Eq. (94) illustrates, that given an
equal-time offering profile, the energy outlet equivalent to a case with high price related to another
one must be greater than or equal to the second case’s channel energy. This is also true in reverse for
Eq. (95), which is used to create bidding profiles. The flowchart of the proposed model based on the
problem formulation is shown in Fig. 5.
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Figure 5: The flowchart of the proposed model

4 Simulations Numerical

This section proposes a synthetic stochastic-robust approach, applies it to a test system, and
discusses the findings obtained.

4.1 Data
Whole needed data for original load amount, BCs, wind turbine, photovoltaic system as well as

daily wind speed are quoted that [1] whereas predicted load and market tariff data are considered
as [6].

4.2 Results
For the purpose of attaining optimal bidding and offering profiles of presented model by (68)–

(95), the presented optimization is resolved by means of CPLEX solver [43] in GAMS [44] software.
The electrical energy supplement expenditure by robust method for big utilities vs. gamma (control
variable) is illustrated by Fig. 6. It is remarkable, there is 11 repetition respect to gamma amounts from
0 to 1 with 0.1 step size. Growth of amount of this parameter leads to increasing of conservatism.
Robust expense for Γ = 0, is obtained $39.63. Also, this expenditure for worst situation that is
achieved by considering Γ = 1 is equal to $49.47. Respect to these results depict over 25% growth
of energy supplement expenditure that is because of robust vs. demand uncertainty.

The optimum offering profiles at 1–2 and 24 h are depicted in Figs. 7–9 which gained for various
control parameter amounts. Respect to this figure, with greatest amount of gamma, large power utility
has not shared in offering profile due to that be conservative vs. demand uncertainty. As shown in
Fig. 7, for first time intervals of curve, big power utility has not taken part until the energy tariff
augmented more than $70/MW. Also, Fig. 8 shows offering profile at time 4 where the large power
utility has not suggested once control variable value is in greatest level whereas once it is 0.5, with
achieving the marker tariff to $64.59, large power utility has begun to bid energy to market. Moreover,
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Fig. 9 shows the offering profile at 24 h. As shown in this figure, growth of gamma amount results in
decrement in suggested energy to market.
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Figure 8: Offering of 2nd h for various gamma
amount
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Figure 9: Offering of a day for various gamma
amount

Figs. 10–12 illustrate achieved optimum bidding results for 16, 20 and 24 time steps for various
control parameter amounts. As expected, increasing this parameter results in a growth in the quantity
of bidding energy for increasing of robustness vs. demand uncertainty. In this scenario and according
to Fig. 10 which shows the bidding profile of 16th h, bidding electrical energy is augmented with growth
of uncertain control variable, for equal price. It is true also about Fig. 9, which depicts the profile of
bidding for 7th h. In case of Fig. 12, by assuming zero value for gamma, bidding energy is 0 once
electrical energy tariff is greater than $80, whereas in case of Γ = 1 this amount is 0.29 MW and by
using hydrogen storage the amount of bidding price is reduced. It is clear that taking into account the
reliability index leads to cost optimization.



1896 EE, 2022, vol.119, no.5

Gama=0

Gama=0.1

Gama=1

Without HSS 
and reliability   

With HSS and 
without reliability  
With HSS 
and 
reliability 

Figure 10: Bidding curve of 16th h for various gamma amount (presence of HSS and reliability)
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Figure 11: Bidding curve of 20th h in various gamma amount in presence of HSS and reliability
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Figure 12: Bidding of a day for various gamma amount

The interchanged electricity among big power utility and upper grid is depicted in Fig. 13 for
case 47, where positive numbers express provided energy than upper grid whereas minor ones are sold
electrical energy to upstream grid. As could be anticipated, provided energy is augmented once the
control parameter reaches to its max amount (Γ = 1). However, the sold energy is reduced when
gamma is equal to one in robust programing of big power utility.

This work presented 40 case for modeling of uncertainty on market tariff, solar radiation,
temperature and wind speed. Association of provided energy from 12 BCs for case 35 is shown in
Fig. 14. As seen in Fig. 10, this amount is nearly equal for both the bottom and upper values of gamma.
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Figure 13: Power swapped between high demand and grid
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Figure 14: 35th scenario procured power for bilateral contracts

Also, Fig. 15 shows charging/discharging of battery, in which positive ones are charged energy
whereas negative ones are utilized to present discharged electricity. Respect to this figure, once Γ = 1,
discharged energy is greater compared to remain scenarios to meet demand uncertainty.
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Figure 15: 46th scenarios charge and discharge power results

4.3 Supplementary Analysis: Time-of-Use Pricing Determination
In this model, the energy seller controls the selling cost as low, medium and peak demands. This

approach ban be close to real price and market. In this approach, the system is analyzed including and
excluding HSS. Obtained results are presented in Table 1, for two model of including and excluding
the HSS.

By considering to this table, it can be said that more profits are provided in utilizing the HSS which
can be suitable for retailers as well as end-user consumers. The retailer’s provided demand is presented
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in Figs. 16 and 17 in two models of including and excluding HSS. In Figs. 18 and 19 the charge and
discharge energy and stored pressure level of hydrogen storage system is presented as well.

Table 1: Obtained results of time-of-use pricing including and excluding HSS

Parameters Including HSS Excluding HSS

Desired gains ($) 112.523 1126.432
Improved gains (%) 4.64 4.05
Desired revenue ($) 2129.43 2110.43
Desired whole price ($) 992.64 979.53

Large users ($/MW h)
Light demand 46.90 46.90
Medium demand 48.89 48.89
Peak demand 55.80 54.60
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Figure 16: Demand power of results of retailer in time-of-use pricing
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Figure 17: Energy procurement from market in time-of-use pricing
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Figure 18: Charge of HSS in time-of-use pricing
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Figure 19: The level of HSS pressure storage in time-of-use pricing

5 Conclusion

This article suggested a novel model of bidding strategy in power markets for various generation
contains; Micro turbines, wind turbine, PV, energy storage and, etc., in big power utilities. It is worthy
to note, market tariff, solar radiation, temperature, and wind speed are regarded as unknown factors
and their modeling is made by means of stochastic method whereas modeling of demand uncertainty
is done by robust method. In this work, the uncertainty of power demand is modeled by robust optimal
method whereas remain uncertain parameters are incorporated in model by stochastic method. The
unbalanced amount of power between generation and bidding value of green energies are compensated
by storage devices and the loss of unbalanced loss become minimum. Also, a control variable Γ was
introduced for determining of conservatism level for demand uncertainty. It is remarkable, that the
value of this control parameter is between 0 and 1. On the other point, a hydrogen storage system
is utilized and for mage the power demand in hub energy, the reliability index is considered. The
achieved results present, greater values of this variable leaded to greater supplement cost for big power
utility. However, greater price causes to greater robustness vs. demand uncertainty. The entire energy
supplement cost, in case of Γ = 0, is gained $39,63 whereas its amount is $49,47, once gamma takes
its max amount which is equal to one. It translates, higher robustness vs. demand uncertainty cost 25
percent for big utility. With growth of conservative level, provided electrical energy than upper grid
is augmented whereas sold energy to upstream grid has mitigated. In case of Γ = 1, more electricity
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is provided from power storage device to cope demand uncertainty whereas provided energy from
BCs stayed almost unchanged. As a result, exploitation of hydrogen storage system by considering
the reliability index has reduced the cost of the system. Additionally, based on obtained numerical
analysis, more profits are provided in utilizing the HSS which can be suitable for retailers as well as
end-user consumers.
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