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a b s t r a c t 

Given the unsuitability of the previous strategies in procuring affordable conditions for the proactive distribution 
company (PDISCO) participation in the power market interactions, this article benefits transactive energy advan- 
tages to manipulate an innovative model for addressing this challenge. The proposed model enables the PDISCO 

to undertake optimal energy exchanges for maximizing its profit while creating equality between power supply 
and demand in the renewable-based system. A robust/stochastic hybrid technique is developed considering the 
uneven changes’ pattern to properly model uncertainties in the studied system. In this process, probabilistic scru- 
tinizing of whole elements of the sample space is done by applying the Latin Hyperbolic Sampling method, while 
the selection process of the elements with a high existence probability is completed using the fast forward selec- 
tion method. Moreover, the system robustness is intended by exerting robust optimization. The demand response 
program is advanced by using the elasticity properties of the shiftable loads. The modified version of the IEEE 
33-bus test system is intended for verifying the effectiveness of the developed model. The results demonstrated 
a 23.197% diminution in the profit while procuring an acceptable degree of robustness for the system as well as 
guaranteeing the reach of a certain profit by operating the PDISCO under the suggested model rather than the 
base one. 

1. Introduction 

1.1. Motivation and background 

Nowadays, proactive distribution companies (PDISCOs) are taken 
into account as active agents for energy networks, which are responsi- 
ble for delivering reliable electricity to various types of consumers and 
operating distribution networks [1] . As the most important goal in the 
short-term exploitation of the distribution grid, PDISCOs are targeted 
to maximize the difference between the revenue of electricity selling 
to consumers and energy supplying costs [2] . By developing electric- 
ity markets and turning them into a competitive environment, PDISCOs 
have been faced with significant challenges in realizing their goals [3] . 
On the other hand, by growing renewable systems (RSs) as pollutant-free 
energy production units [4] in line with the pathway towards the en- 
ergy network decarbonization [5] , a large number of uncertainties have 
been recognized in the power grid [6] . This issue has made the adopting 
process of optimal decisions on all participants in the electricity mar- 
ket challenge [7] . Therefore, the PDISCO needs effective solutions for 
maximizing its profits in a deregulated environment with a high pene- 
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tration of RSs. Although this issue is critical for the PDISCO’s successful 
participation in competitive energy markets in the highly renewable- 
penetrated system, the holistic model is not offered yet for the PDISCO’s 
energy interactions in the uncertain environment. Therefore, this work 
is aimed to propose a practical solution for addressing the aforemen- 
tioned challenge by relying on the application of transactive energy 
technology. In other words, this study benefits the transactive energy 
for developing a sustainable energy sharing strategy for the PDISCO’s 
energy interactions aiming to optimally pursue its economic and tech- 
nical objectives. 

1.2. Literature review and research gaps 

Recently, several studies have been carried out with the aim of deter- 
mining various solutions for the effective participation of the PDISCO in 
energy interactions of the electricity market. For example, the authors 
in [8] modeled a strategic behavior of the PDISCO with the aim of max- 
imizing their profits in the wholesale and reserve electricity markets. 
In this study, bi-level optimization is applied considering the indepen- 
dent system operator and the PDISCO’s operation problem as the lower 
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Nomenclature 

Indices 

t index of time periods 
s index of generated scenarios 
i, j index of the electric power system buses 

Parameters 

𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

the amount of load shedding 

𝛾𝑆𝑒𝑙𝑙 
𝑡 

selling energy price to the consumers 
𝛾𝐿𝑆ℎ 
𝑡 

load shedding price 
𝛾𝑅𝑇 
𝑡 

real-time (RT) energy trading price 
𝐶 𝑜 𝑆𝑈 

𝑖,𝑡 
, 𝐶 𝑜 𝑆𝐷 

𝑖,𝑡 
the startup and shut down costs for DGs 

𝜉𝑠 probability of the scenario 
𝑁 𝑠 number of generated scenarios 
𝐵 number of buses 
𝜍 𝐷𝐺 
1 , 2 , 3 ,𝑖 cost coefficients of DGs 

𝑃 
𝐷𝐺 ,𝐺 𝑎𝑠 

𝑖,𝑡 
gas demand of DGs 

𝑅𝑢𝑝 𝐷𝐺 
𝑖 

∕ 𝑅𝑑𝑜𝑤𝑛 𝐷𝐺 
𝑖 

the ramp up/down limit for DGs 
𝐻𝑅 

𝐷𝐺 
𝐺𝑎𝑠 

the gas heat rate 
𝑀 𝑈𝑇 𝐷𝐺 

𝑖 
∕ 𝑀 𝐷𝑇 𝐷𝐺 

𝑖 
the minimum up/down time limit for DGs 

Y 

𝐷𝐺,𝑜𝑛 

𝑖,𝑡 −1 ∕Y 

𝐷𝐺,𝑜𝑓𝑓 

𝑖,𝑡 −1 number of on/off hours for DGs 

𝑃 𝑊 𝑖𝑛𝑑 
𝑖 

the upper limit of the wind turbine output 
𝜔 

𝑅𝑎𝑡 
𝑖 

, 𝜔 𝑡 the rated and forecasted amounts of the wind 
velocity 

𝜔 

𝐶𝑜𝑢𝑡 
𝑖 

, 𝜔 

𝐶𝑖𝑛 
𝑖 

the cut-out and cut-in amounts of the wind 
velocity 

𝑃 𝑅𝑇 𝐼 
𝑖𝑡 

, 𝑃 𝑅𝑇 𝐸 
𝑖,𝑡 

the RT inelastic and elastic portions of the 
electrical load 

𝑃 𝐿𝑆ℎ 
𝑖,𝑡 

, 𝑃 
− 

𝐿𝑆ℎ 

𝑖,𝑡 

the upper and lower bounds for the load shed- 

ding 
𝑃 𝐿𝑜𝑎𝑑 

𝑖,𝑡 
, 𝑃 
− 

𝐿𝑜𝑎𝑑 

𝑖,𝑡 

The upper and lower limits for the electricity 

demand 
𝑃 𝑉 𝑆𝑖𝑧𝑒 

𝑖 
, 𝑃 𝑉 𝜂 the PV panel’s size and efficiency 

𝑃 𝑉 𝑆𝑅 
𝑡 

the solar radiation at time t 
𝑄 

𝐿𝑜𝑎𝑑 
𝑖,𝑡 

the reactive power load 

Variables 

𝑃 𝐿𝑆ℎ 
𝑖,𝑡,𝑠 

the amount of load shedding 

𝑃 𝑅𝑇 
𝑡,𝑠 

the amount of energy traded in the RT market 
𝑈 

𝐷𝐺 
𝑖,𝑡 

the binary variable indicating DGs’ ON/OFF status 

𝑈 

𝑆𝑈 
𝑖,𝑡 

, 𝑈 

𝑆𝐷 

𝑖,𝑡 
the binary variables indicating DGs’ startup and 
shut down status 

𝐶𝑜 𝐷𝐺 
𝑖,𝑡,𝑠 

energy production cost of DGs 

𝑃 𝐷𝐺 
𝑖,𝑡,𝑠 

power production of DGs 
𝜓 𝑡 , 𝜙 the dual variables in the robust optimization 

method 
Γ the budget of uncertainty related to the robust op- 

timization method 
𝑃 𝑊 𝑖𝑛𝑑 

𝑖,𝑡 
the wind turbine output 

𝑃 𝑃𝑉 
𝑖,𝑡 

the PV panel output 
𝑃 𝑙𝑜𝑠 𝑠 𝑡 the power losses in the distribution lines 
𝑦 𝑖,𝑡 , 𝑥 𝑖,𝑡 the virtual generation and consumption of the elec- 

tricity demand 
𝑃 𝐹 𝑙𝑜𝑤 

𝑖,𝑡 
, 𝑄 

𝐹 𝑙𝑜𝑤 
𝑖,𝑡 

the active and reactive power injection 

𝑄 

𝐶 
𝑖,𝑡 

the reactive power produced by a shunt compen- 
sator 

𝑆 𝑖,𝑗,𝑡 the complex power flow 

𝜃𝑖,𝑡 , 𝑉 𝑖,𝑡 the phase angle and voltage magnitude 

and upper-level problems, respectively. The simulation results proved 
the strategic role of the PDISCO in both the reserve and wholesale en- 
ergy markets. In another work [9] , a multipored energy acquisition 

model is investigated using a bi-level programming model for maxi- 
mizing PDISCO’s revenue in the upper-level while reducing the energy 
generation cost in the lower subproblem. The results indicated that the 
solution algorithm and proposed model can help the PDISCO to adopt 
optimal plans for energy purchasing in various conditions. In [10] , an 
equilibrium problem with equilibrium constraints (EPEC) technique was 
employed for modeling the operational decision-making of the PDISCO 

with the aim of minimizing their operation cost at the lower level and 
maximizing social welfare in the upper-level problem. The results show 

that the PDISCO can reduce the feeder losses and operation costs us- 
ing the distributed generators (DGs) units and interrupted load options 
while it can effectively participate in the wholesale power market inter- 
actions. Beside the aforementioned studies, some other valuable works, 
including a novel day-ahead (DA) energy acquisition model for maxi- 
mizing the expected benefit of the PDISCOs in [11] , a two-level decision- 
making model for PDISCO’s profit maximization in the DA market [12] , 
multi-objective particle swarm optimization approach for maximizing 
the profit of the PDISCO and DGs owners in [13] , and a probabilistic se- 
quential framework for PDISCO’s profit maximization in [2] have been 
conducted regarding the PDISCO with various goals and different meth- 
ods. 

Because distribution networks are integrated with stochastic produc- 
ers such as RSs, the stochastic modeling of distribution networks has also 
been scrutinized in recent literature. For instance, a stochastic bi-level 
model is presented in [14] to maximize PDISCO’s profits by participating 
in the energy market as active players in market interactions. The sim- 
ulation results demonstrated the PDISCO can obtain more profit when 
it works under the strategic model rather than the non-strategic model. 
Moreover, the authors in [15] presented a stochastic framework for op- 
timizing the operational decisions of PDISCOs in two stages. Minimizing 
the expected operation cost and load curtailments are considered as the 
main objectives for the DA and real-time (RT) operation stages. Analyz- 
ing the application of this framework concluded that the level of depen- 
dency on the RT declines, as the concern on the system risk proliferates. 
Despite proposing various techniques for reducing the risk of systems 
with massive uncertainties, the flexibility of such systems is still chal- 
lenging. In this regard, other effective solutions have been offered for en- 
ergy management aiming to increase the system’s flexibility with a high 
penetration of stochastic producers. For this aim, demand response (DR) 
programs are introduced and widely used for increasing the reliability 
and flexibility of distribution networks. Indeed, PDISCOs will be more 
flexible under the availability of DR resources in the demand side [16] . 
For example, the incentive-based DR is presented in [17] to improve the 
system flexibility in maximizing the usage of clean energy for meeting 
different energy carriers by proposing a novel structure of the virtual en- 
ergy plant. In [18] , a multi-process generation program and DR policies 
are proposed for facilitating the integration of RSs into manufacturing 
systems with the aim of optimal operation of the power grid. The DR 

program is intended in [19] as a comparatively and realistic inexpensive 
solution for increasing RSs penetration into the bulk power grid by man- 
aging the amount of energy consumption on the demand side. A multi- 
stage stochastic DR model is developed in [20] using the advantages of 
the optimization-driven heuristic method for managing the energy con- 
sumption of a large manufacturer in co-optimizing energy and reserve 
markets. In [21] , DR programs are integrated for accurately assessing 
the consumer behavior in the microgrid energy management, aiming 
to gain techno-economic benefits. Moreover, the authors in [22] exam- 
ined the economic potential of the DR in the renewable exploitation as 
well as energy markets’ effects on the large-scale DR deployment in the 
region. 

In the distribution system, the PDISCO plays as a profit-driven com- 
pany and active electricity producer that can be targeted for executing 
ambitious schemes to purchase excessive DR to sell in the RT aiming to 
upsurge its profit [23] . In this regard, DRs are typically allocated hetero- 
geneously and dispersedly at a small scale, which has made their partic- 
ipation in the energy market interactions challenging [23] . To address 

2 



M. Daneshvar, B. Mohammadi-Ivatloo, K. Zare et al. e-Prime - Advances in Electrical Engineering, Electronics and Energy 2 (2022) 100028 

this, the aggregators are appeared as a new business player to schedule 
and assemble the dispersed DR resources so that the PDISCO can trade 
with them instead of small-scale DRs in distribution networks to gain 
more economic benefit. Although valuable researches have been done 
regarding the PDISCO’s profit maximization, a comprehensive model 
that can procure suitable conditions for its effective presence in the com- 
petitive environment has not been presented yet. Some recent literature 
has only used various techniques for maximizing the PDISCO’s profit, 
and some others have only focused on modeling the uncertainties in 
the competitive market. However, a complete model that can include 
an effective approach for uncertainty modeling and employ a sustain- 
able technology and method for increasing the reliability, resiliency, and 
flexibility of distribution networks is not provided simultaneously in the 
mentioned references. Additionally, energy trading as a critical way of 
establishing a dynamic energy balance is not intended and a suitable 
strategy is also not exerted for the PDISCO’s profit maximization in dis- 
tribution systems. In this respect, transactive energy is emerged as the 
market-based paradigm for integrating the numerous RSs by adopting 
appropriate energy trading mechanisms within the power grid [ 24 , 25 ]. 
This technology has recently been applied for controlling energy shar- 
ing between the interconnected microgrids (MGs) in the RSs penetrated 
network [26] . Also, the capability of transactive energy is effectively 
used in [27] for providing a satisfactory level of individual and collec- 
tive benefits for community MGs in the cluster mode. Therefore, this 
article suggests a transactive energy approach for PDISCO’s electricity 
exchanging strategy aiming to improve its profit along with establishing 
equality between the electricity supply and demand in a deregulated en- 
vironment. Additionally, the capability of the DR program is also used 
by dividing the electricity demand into the inelastic and elastic loads to 
high usage of shiftable loads’ potential in maximizing the flexibility of 
the distribution network. 

In this research, solar and wind systems are widely used for carbon- 
free electricity production that makes the distribution system more un- 
certain. Hence, an appropriate uncertainty modeling method is needed 
for evaluating the stochastic behaviors of such systems with a large num- 
ber of uncertainties. To this end, various methods are exerted in recent 
literature including chance-constrained programming [28] , information 
gap decision theory [29] , SP [30] , distributionally robust optimization 
[31] , just to name a few. Recent studies have developed such uncer- 
tainty quantification techniques for pursuing different goals in related 
mathematical problems. A robust optimization approach is employed in 
[32] to model stochastic volatilities in the cooling demand for achieving 
optimal robust chiller loading in the deregulated environment. In [33] , 
the risk-constrained optimization model is proposed to effectively man- 
age the risk of purchasing power at on-peak hours in the home energy 
management system. The Monte Carlo simulation method is exerted 
in [34] to perform the stochastic analysis for identifying the variables 
that mostly influence the obtained results as well as procuring probable 
ranges of life cycle related to the net energy ratio and greenhouse gas 
emissions. In [35] , the authors developed an improved stochastic algo- 
rithm for properly dealing with uncertain variations of the electricity 
load in the short-term load forecasting of the electricity market. More- 
over, a new possibilistic chance-constrained programming method is 
suggested in [36] for uncertainty modeling in scrutinizing the resiliency 
of the hybrid network in the co-optimization of gas and electricity grids. 
Although the mentioned methods are effective techniques in modeling 
uncertainties of the power grid, they are not suitable individually to 
model a variety of uncertain parameters in the system. Indeed, generat- 
ing several scenarios in stochastic-based methods can be used for model- 
ing different fluctuations of uncertain parameters such as wind velocity, 
but these techniques cannot make the system robust enough. Moreover, 
given the generation of numerous scenarios in SP, there are some other 
disadvantages related to this approach, including computational bur- 
den, running time, and complexity. On the other hand, different states of 
uncertain parameters occurrence using the robust-based techniques are 

not intended, which are suitable only for those parameters with lower 
fluctuation [37] . In this regard, a robust/stochastic hybrid method is 
applied for uncertainty modeling by using the advantages of both the 
SP and robust optimization (RO) methods in analyzing the fluctuations 
of the system [38] . This method has recently been applied for uncer- 
tainty modeling of RSs outputs with acceptable results [39] . For exam- 
ple, it is applied in [40] for minimizing the charging cost of the elec- 
tric vehicle aggregator by adopting an appropriate bidding strategy in 
the DA market. In [41] , the authors have developed a robust/stochastic 
hybrid method for capturing uncertainties associated with RSs, power 
prices, and load demand with the aim of determining optimal bidding 
and offering strategies for the industrial consumer. Moreover, the au- 
thors in [42] have employed this approach for minimizing the expected 
net cost. To sum up, the research gaps can be briefly expressed as 
follows: 

• Developing a holistic model is ignored in recent literature for the 
PDISCO that not only procures suitable conditions for the PDISCO’s 
successful participation in the energy market interactions but also 
effectively maximizes its techno-economic benefits. 

• A sustainable energy sharing strategy is not developed yet to enable 
the PDISOC for effective usage of energy exchanging possibility for 
serving energy in the highly uncertain environment while allowing 
it to pursue its economic and technical objectives. 

• A proper comprehensive technique is not developed for quantifying 
uncertainties in the PDISCO’s profit maximization problem for real- 
istic modeling stochasticities aiming to gain confident results. 

1.3. Contributions and organization 

The main goal of this paper stands on developing a transactive en- 
ergy model for developing a sustainable energy sharing strategy that 
allows PDISCO to effectively participate in the energy market interac- 
tions with the aim of obtaining techno-economic benefits. To ensure the 
energy balance in the highly renewable-penetrated structure, the DR 

scheme is employed by using the elasticity property of the electricity 
demand. As uncertainty modeling is one of the useful steps for realistic 
modeling of the system with a high level of RSs, exerting an appropri- 
ate method is necessary for probabilistic analysis of the problem. In this 
work, a robust/stochastic hybrid method is taken into account for exam- 
ining the stochasticities in the PDSICO’s profit maximization problem. In 
this technique, the SP method is employed for modeling the fluctuations 
of solar radiation and wind speed by using the Latin Hyperbolic Sam- 
pling (LHS) and fast forward selection (FFS) approaches with the aim 

of scenario generation and reduction. Furthermore, the RO technique 
is exerted to assess the volatility of the RT balancing market price. The 
main contributions of this research are expressed as follows: 

• Transactive energy application is developed for professionalizing the 
PDISCO’s electricity sharing strategy in the energy marketplace and 
ensuring reliably creating time-to-time equality between the elec- 
tricity supply and demand in the highly deregulated power grid. 

• The application of the SP and RO is developed as a hybrid technique 
for uncertainty quantification, in which the SP benefits probabilistic 
scrutinizing whole sample space’s elements using the LHS and effec- 
tively excerpting scenarios with a high occurrence chance by the FFS 
while the sufficient level of robustness is endowed for the high RSs 
penetrated system by the RO. 

In the remainder of this article, Section 2 describes the key models 
of this work. Afterward, Section 3 elaborates on the problem formu- 
lation for this research. Section 4 provides a discussion and an assess- 
ment of simulation results. Finally, concluding remarks are explained in 
Section 5 . 

3 
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2. Key models 

2.1. Uncertainty modeling 

Uncertainties in the results of excessive operation of RSs are the per- 
petual challenges for the existing structure of the power grid [43] . To 
capture uncertainties associated with RSs, many approaches have been 
proposed in recent decades, among which an effective method is the SP 
[44] . In this work, this approach is applied for handling a large amount 
of uncertainties associated with the PV panel and wind turbine outputs 
as uncertain parameters. The LHS is employed to generate several sce- 
narios considering various stochastic changes of uncertain parameters. 
In this technique, the generated scenarios are obtained by dividing the 
scale of cumulative probability (0 to 1) to the ѱ (number of scenarios) 
intervals with the same length [45] . In the next step, a sample can be 
chosen randomly from each of mentioned intervals, or their midpoints 
can be considered as candidate scenarios. Then, the occurrence proba- 
bility of generated scenarios should be determined to accurately intend 
the impact of each scenario on the studied problem. For example, by 
assuming the wind speed as the uncertainty parameter, its value can be 
computed using the LHS as follows: 

𝜔 𝑠 = 𝐶𝐷 𝐹 

−1 ( 𝑠 − 0 . 5 
𝜓 

) = 

√ √ √ √ 

ln ( 1 

(1 − 

𝑠 −0 . 5 
𝜓 

) 
2 𝛽2 

) (1) 

𝐶𝐷𝐹 ( 𝜔 ) = ∫
𝜔 

0 
( 𝜔 

𝛽2 ) ( 𝑒 
− ( 𝜔 √

2 𝛽
) 2 
) (2) 

where 𝜔 𝑠 denotes the wind speed in scenario s th and CDF is the cumu- 
lative distribution function. More details about the LHS method can be 
found in [ 46 , 47 ]. Because of the more computational burden and com- 
plexity of a large number of scenarios, scenario reduction methods have 
been presented for solving this challenge. To this end, the FFS approach 
is exerted in this paper to select effective scenarios with a high amount 
of occurrence probability. In this method, candidate scenarios are deter- 
mined by considering their distance with other scenarios, among which 
those with minimum Kantorovich distance are used for the uncertainty 
modeling process. The detailed description of the FFS method can be 
obtained from [48] . 

Given the pattern of the changes of the energy price in the electric- 
ity market, the RO is employed for modeling its volatility in the mar- 
ketplace [49] . This method imposes a low computational burden on the 
system than other uncertainty quantification methods [32] and intends 
the worst state of uncertain parameters to provide certain economic ben- 
efits for the PDISCO [50] . Indeed, the capability of the RO approach 
is used for guaranteeing the PDISCO’s profit in the competitive energy 
trading market. In other words, the RO technique is targeted to provide 
a robust model with very conservative results [51] in terms of achieving 
a certain amount of profit for the PDISCO in renewable-based systems. 

2.2. Demand response modeling 

In this study, the electricity load comprises the elastic and inelastic 
loads, in which the curtailable and shiftable properties of elastic de- 
mands are intended in the DR program. The inelastic portion of the de- 
mand is the indispensable load, which cannot be shaved or shifted dur- 
ing a day [52] . Indeed, this portion of demand cannot help to improve 
the system flexibility and should be met over the scheduling horizon. On 
the other hand, another portion of the electricity demand, i.e., elastic 
loads, can be scheduled for enhancing the system flexibility and relia- 
bility, intending the shavable and shiftable features of the dispensable 
loads. In this respect, the elasticity limit of the RT energy consumption, 
𝜛, is used for controlling the amount of shifting or shaving loads during 
the time interval t . The main structure of this type of DR program can 
be accessed in [16] . Also, a similar model of the DR scheme is applied 
in [37] to assist the system in procuring a continuous electricity supply. 

3. Problem formulation 

One of the main objectives of the PDISCO is to maximize its profit in 
the new structure of the power network with a high penetration of RSs. 
In such networks, adopting an appropriate energy exchanging strategy 
can be more effective in reliably meeting the energy demand and maxi- 
mizing the PDISCO’s profit. Therefore, this paper benefits the transactive 
energy technology as a sustainable energy sharing strategy for manag- 
ing the PDISCO’s electricity sharing in the deregulated environment. 
Because the energy sharing possibility is considered for the PDISCO un- 
der the transactive energy paradigm, it can actively participate in the 
energy market trading floors. It is done by selling or purchasing the en- 
ergy at each hour without requiring for storing energy with associated 
capital and operating expenses. A similar strategy for the PDISCO has 
also been adopted in some recent studies [23] . The objective function 
of this problem, along with operational constraints, is provided in the 
following sections. 

3.1. Objective function 

In this research, beside a high usage of RSs for pollutant-free elec- 
tricity production, DGs are also exploited as backup systems to reliably 
supply the required energy to consumers. Moreover, the possibility of 
energy sharing with the upstream network and implementing the DR 

scheme as the other strategies are provided for the PDISCO energy meet- 
ing schemes. This assumption is considered that the PDISCO is the owner 
of the DERs in the distribution network [ 53 , 54 ]. Herein, the participa- 
tion of the PDISCO only in the RT market is another assumption because 
it has several controllable devices (DGs), and it has the ability to regu- 
late the amount of energy production, selling, and purchasing strategies 
to maximize its profit. The SP is exerted to model the intermittences as- 
sociated with RSs, thereby, the objective function of this problem based 
on the SP model is given as: 

𝑍 = 

𝑁 𝑠 ∑
𝑠 =1 

𝜉𝑠 

⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 
𝑇 ∑

𝑡 =1 

𝐵 ∑
𝑖 =1 

( 𝛾𝑆𝑒𝑙𝑙 
𝑡 

.𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

− 𝛾𝐿𝑆ℎ 
𝑡 

.𝑃 𝐿𝑆ℎ 
𝑖,𝑡,𝑠 

) . Δ𝑡 − 

𝑇 ∑
𝑡 =1 

𝛾𝑅𝑇 
𝑡 

.𝑃 𝑅𝑇 
𝑡,𝑠 

. Δ𝑡 

− 

Ω𝐷𝐺 ∑
𝑖 =1 

𝑇 ∑
𝑡 =1 

(
𝐶 𝑜 𝐷𝐺 

𝑖,𝑡,𝑠 
.𝑈 

𝐷𝐺 
𝑖,𝑡 

+ 𝐶 𝑜 𝑆𝑈 
𝑖,𝑡 

.𝑈 

𝑆𝑈 
𝑖,𝑡 

+ 𝐶 𝑜 𝑆𝐷 

𝑖,𝑡 
.𝑈 

𝑆𝐷 

𝑖,𝑡 

)
. Δ𝑡 

⎤ ⎥ ⎥ ⎥ ⎥ ⎦ 
(3) 

where Z is the objective function of PDICSO, which is targeted to max- 
imize in this research. 𝑃 𝑅𝑇 

𝑡,𝑠 
is the amount of energy traded in the RT 

energy exchanging process. The magnitude of 𝑃 𝑅𝑇 
𝑡,𝑠 

can be positive when 
PDISCO is scheduled to purchase energy from the RT energy market for 
meeting its energy demand, and it is negative when PDISCO sells en- 
ergy to the main grid. In addition, Ω𝐷𝐺 presents the buses including DG 

units. In (3) , the first term states the revenue of selling energy to con- 
sumers minus the cost of load shedding in the emergency conditions. 
The second term indicates the revenue (cost) of power selling (purchas- 
ing) to (from) the power network from (by) PDISCO. Finally, the third 
term states the electricity production cost by DG units, in which 𝐶𝑜 𝐷𝐺 

𝑖,𝑡,𝑠 
is 

modeled using the quadratic polynomial function and can be calculated 
as follows: 

𝐶𝑜 𝐷𝐺 
𝑖,𝑡,𝑠 

= 𝜍 𝐷𝐺 
1 ,𝑖 + 𝜍 𝐷𝐺 

2 ,𝑖 .𝑃 𝐷𝐺 
𝑖,𝑡,𝑠 

+ 𝜍 𝐷𝐺 
3 ,𝑖 . ( 𝑃 𝐷𝐺 

𝑖,𝑡,𝑠 
) 2 ∀𝑖 ∈ Ω𝐷𝐺 , ∀𝑡, ∀𝑠 (4) 

In this research, solar radiation, energy price at the RT market, 
and wind speed play the role of uncertain parameters. Several effec- 
tive methods are proposed for uncertainty modeling in problems with 
stochastic parameters, all of which, however, have some advantages and 
disadvantages. As such, the selection of a suitable approach for modeling 
the system directly depends on the type of the problem and uncertain 
parameters. In this regard, one of the effective approaches for uncer- 
tainty modeling accompanying with guaranteeing a certain amount of 
economic benefits is a robust/stochastic hybrid method. This technique 
not only has a lower computational burden than other approaches by 
applying a proper scenario reduction method but also intends the worst 
occurrence state of an uncertain parameter to guarantee a special profit 
for the system owner. In this paper, the volatility of the RT market price 
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is modeled by the RO. Thereby, the second term in (3) is replaced with 
auxiliary variable W for simply robust modeling of the system. After this 
assumption, the objective function can be rewritten as: 

max 𝑍 = − 𝑊 + 

𝑇 ∑
𝑡 =1 

𝐵 ∑
𝑖 =1 

( 𝛾𝑆𝑒𝑙𝑙 
𝑡 

.𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

− 𝛾𝐿𝑆ℎ 
𝑡 

.𝑃 𝐿𝑆ℎ 
𝑖,𝑡 

) . Δ𝑡 − 

Ω𝐷𝐺 ∑
𝑖 =1 

𝑇 ∑
𝑡 =1 

(
𝐶 𝑜 𝐷𝐺 

𝑖,𝑡 
.𝑈 

𝐷𝐺 
𝑖,𝑡 

+ 𝐶 𝑜 𝑆𝑈 
𝑖,𝑡 

.𝑈 

𝑆𝑈 
𝑖,𝑡 

+ 𝐶 𝑜 𝑆𝐷 

𝑖,𝑡 
.𝑈 

𝑆𝐷 

𝑖,𝑡 

)
. Δ𝑡 

(5) 

𝑠.𝑡. 
𝑇 ∑

𝑡 =1 
𝛾𝑅𝑇 
𝑡 

.𝑃 𝑅𝑇 
𝑡 

. Δ𝑡 ≥ 𝑊 

(6) 

In (5) , 𝛾𝑅𝑇 
𝑡 

presents the actual amount of the RT price, which is the 
sum of the predicted price and its deviation according to the following 
equation. 

𝛾𝑅𝑇 
𝑡 

= 𝛾
𝑅𝑇 ,𝑝 

𝑡 
+ 𝛾

𝑅𝑇 , + 
𝑡 

− 𝛾
𝑅𝑇 , − 
𝑡 

(7) 

where, up and down deviations from the forecasted RT price 𝛾𝑅𝑇 ,𝑝 

𝑡 
are 

indicated with 𝛾𝑅𝑇 , + 
𝑡 

and 𝛾𝑅𝑇 , − 
𝑡 

, respectively. 
Typically, the worst state of an uncertain parameter is intended in 

the robust analysis of the studied system. Due to this, the worst state 
of the RT electricity price in both selling and purchasing states can be 
formulated as: 

𝛾𝑅𝑇 
𝑡 

= 

{ 

𝛾
𝑅𝑇 ,𝑝 

𝑡 
− 𝛾

𝑅𝑇 , − 
𝑡 

, 𝑃 𝑅𝑇 
𝑡 

≤ 0 
𝛾

𝑅𝑇 ,𝑝 

𝑡 
+ 𝛾

𝑅𝑇 , + 
𝑡 

, 𝑃 𝑅𝑇 
𝑡 

≥ 0 
(8) 

After applying mentioned models on Eqs. (5) and (6) , the robust- 
based mathematical problem is as follows: 

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ 

[ ( 

𝑇 ∑
𝑡 =1 

𝛾
𝑅𝑇 ,𝑝 

𝑡 
.𝑃 𝑅𝑇 

𝑡 
. Δ𝑡 

) 

− max 
𝜁𝑡 

( 

𝑇 ∑
𝑡 =1 

𝜁𝑡 .𝛾
𝑅𝑇 , − 
𝑡 

.𝑃 𝑅𝑇 
𝑡 

. Δ𝑡 

) ] 

≥ 𝑊 

, 𝑃 𝑅𝑇 
𝑡 

≤ 0 [ ( 

𝑇 ∑
𝑡 =1 

𝛾
𝑅𝑇 ,𝑝 

𝑡 
.𝑃 𝑅𝑇 

𝑡 
. Δ𝑡 

) 

− max 
𝜁𝑡 

( 

𝑇 ∑
𝑡 =1 

𝜁𝑡 .𝛾
𝑅𝑇 , + 
𝑡 

.𝑃 𝑅𝑇 
𝑡 

. Δ𝑡 

) ] 

≥ 𝑊 

, 𝑃 𝑅𝑇 
𝑡 

≥ 0 

(9) 

0 ≤ 𝜁𝑡 ≤ 1 , ∀𝑡 ∶ 𝜓 𝑡 (10) 

0 ≤ 

𝑇 ∑
𝑡 =1 

𝜁𝑡 ≤ Γ ∶ 𝜙 (11) 

where, 𝜁𝑡 is the auxiliary binary variable in the RO problem and Γis the 
budget of uncertainty, which is used for limiting the overall deviation of 
the electricity price. Based on the decision maker’s degree of conserva- 
tiveness, this parameter can be set during an optimization process [55] . 
The present structure of the problem is a bi-level one due to applying the 
RO technique. In this research, duality theory is applied for transmuting 
the bi-level into a single problem. After this conversion, the single-level 
problem is given as: 

max 𝑍 = − 𝑊 + 

𝑇 ∑
𝑡 =1 

𝐵 ∑
𝑖 =1 

( 𝛾𝑆𝑒𝑙𝑙 
𝑡 

.𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

− 𝛾𝐿𝑆ℎ 
𝑡 

.𝑃 𝐿𝑆ℎ 
𝑖,𝑡 

) . Δ𝑡 − 

Ω𝐷𝐺 ∑
𝑖 =1 

𝑇 ∑
𝑡 =1 

(
𝐶 𝑜 𝐷𝐺 

𝑖,𝑡 
.𝑈 

𝐷𝐺 
𝑖,𝑡 

+ 𝐶 𝑜 𝑆𝑈 
𝑖,𝑡 

.𝑈 

𝑆𝑈 
𝑖,𝑡 

+ 𝐶 𝑜 𝑆𝐷 

𝑖,𝑡 
.𝑈 

𝑆𝐷 

𝑖,𝑡 

)
. Δ𝑡 

𝑠.𝑡. 

(12) 

⎧ ⎪ ⎪ ⎪ ⎨ ⎪ ⎪ ⎪ ⎩ 

[ ( 

𝑇 ∑
𝑡 =1 

𝛾
𝑅𝑇 ,𝑝 

𝑡 
.𝑃 𝑅𝑇 

𝑡 
. Δ𝑡 

) 

− min 
𝜙, 𝜓 𝑡 

( 

𝜙Γ + 

𝑇 ∑
𝑡 =1 

𝜓 𝑡 

) ] 

≥ 𝑊 

, 𝑃 𝑅𝑇 
𝑡 

≤ 0 [ 

− 

𝑇 ∑
𝑡 =1 

𝛾
𝑅𝑇 ,𝑝 

𝑡 
.𝑃 𝑅𝑇 

𝑡 
. Δ𝑡 − min 

𝜙, 𝜓 𝑡 

( 

𝜙Γ + 

𝑇 ∑
𝑡 =1 

𝜓 𝑡 

) ] 

≥ 𝑊 

, 𝑃 𝑅𝑇 
𝑡 

≥ 0 

(13) 

{ 

𝜓 + 𝜗 𝑡 ≥ 𝛾
𝑅𝑇 , − 
𝑡 

.𝑃 𝑅𝑇 
𝑡 

, 𝑃 𝑅𝑇 
𝑡 

≤ 0 
𝜓 + 𝜗 𝑡 ≥ 𝛾

𝑅𝑇 , + 
𝑡 

.𝑃 𝑅𝑇 
𝑡 

, 𝑃 𝑅𝑇 
𝑡 

≥ 0 
+ 

Allconst raint sintheproblem(const raint s(15)to(36)) 

(14) 

Additionally, the complete constraints of the PDISCO’s profit maxi- 
mization problem are listed as follows. 

3.2. Constraints 

3.2.1. Electricity balance constraint 

∑
𝑖 ∈Ω𝐷𝐺 

𝑃 𝐷𝐺 
𝑖,𝑡 

+ 

∑
𝑖 ∈Ω𝑊 

𝑃 𝑊 𝑖𝑛𝑑 
𝑖,𝑡 

+ 

∑
𝑖 ∈Ω𝑃𝑉 

𝑃 𝑃𝑉 
𝑖,𝑡 

+ 

𝑇 ∑
𝑖 =1 

𝑃 𝑅𝑇 
𝑡 

= 

𝐵 ∑
𝑖 =1 

( 𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

− 𝑃 𝐿𝑆ℎ 
𝑖,𝑡 

) + 𝑃 𝑙𝑜𝑠 𝑠 𝑡 ∀𝑡 (15) 

where, Ω𝑊 and Ω𝑃𝑉 are the sets of wind turbines and PV panels, respec- 
tively. 

3.2.2. DG constraints 

𝑈 

𝐷𝐺 
𝑖,𝑡 

.𝑃 
𝐷𝐺,𝐿𝐵 

𝑖,𝑡 
≤ 𝑃 𝐷𝐺 

𝑖,𝑡 
≤ 𝑈 

𝐷𝐺 
𝑖,𝑡 

.𝑃 
𝐷𝐺,𝑈𝐵 

𝑖,𝑡 
∀𝑡, ∀𝑖 ∈ Ω𝐷𝐺 (16) 

𝑃 
𝐷𝐺,𝑈𝐵 

𝑖,𝑡 
≤ 𝑃 

𝐷𝐺 ,𝐺 𝑎𝑠 

𝑖,𝑡 
.𝐻𝑅 

𝐷𝐺 
𝐺𝑎𝑠 

. Δ𝑡 (17) 

𝑃 𝐷𝐺 
𝑖,𝑡 

− 𝑃 𝐷𝐺 
𝑖,𝑡 −1 ≤ 𝑅𝑢𝑝 𝐷𝐺 

𝑖 
, if 𝑃 𝐷𝐺 

𝑖,𝑡 
≥ 𝑃 𝐷𝐺 

𝑖,𝑡 −1 (18) 

𝑃 𝐷𝐺 
𝑖,𝑡 −1 − 𝑃 𝐷𝐺 

𝑖,𝑡 
≤ 𝑅𝑑𝑜𝑤𝑛 𝐷𝐺 

𝑖 
, if 𝑃 𝐷𝐺 

𝑖,𝑡 −1 ≥ 𝑃 𝐷𝐺 
𝑖,𝑡 

(19) 

(Y 

𝐷𝐺,𝑜𝑛 

𝑖,𝑡 −1 − 𝑀𝑈 𝑇 𝐷𝐺 
𝑖 

) . ( 𝑈 

𝐷𝐺 
𝑖,𝑡 −1 − 𝑈 

𝐷𝐺 
𝑖,𝑡 

) ≥ 0 (20) 

(Y 

𝐷𝐺,𝑜𝑓𝑓 

𝑖,𝑡 −1 − 𝑀𝐷𝑇 𝐷𝐺 
𝑖 

) . ( 𝑈 

𝐷𝐺 
𝑖,𝑡 −1 − 𝑈 

𝐷𝐺 
𝑖,𝑡 

) ≥ 0 (21) 

𝑈 

𝐷𝐺 
𝑖,𝑡 

− 𝑈 

𝐷𝐺 
𝑖,𝑡 −1 ≤ 𝑈 

𝑆𝑈 
𝑖,𝑡 

(22) 

𝑈 

𝐷𝐺 
𝑖,𝑡 −1 − 𝑈 

𝐷𝐺 
𝑖,𝑡 

≤ 𝑈 

𝑆𝐷 

𝑖,𝑡 
(23) 

𝑈 

𝐷𝐺 
𝑖,𝑡 

− 𝑈 

𝐷𝐺 
𝑖,𝑡 −1 ≤ 𝑈 

𝑆𝑈 
𝑖,𝑡 

− 𝑈 

𝑆𝐷 

𝑖,𝑡 
(24) 

Eq. (16) limits the power generation by DGs in the allowable range. 
Eq. (17) intends the fuel limitation for DGs. Eqs. (18) and (19) model 
the ramp-up and ramp-down limitations of DGs. Eqs. (20) and (21) for- 
mulate the minimum up and down limitations for DGs. Eqs. (22) –(24) 
model the startup and shut down statuses of DGs. 

3.2.3. Wind power constraint 

𝑃 𝑊 𝑖𝑛𝑑 
𝑖,𝑡 

= 

⎧ ⎪ ⎪ ⎨ ⎪ ⎪ ⎩ 
0 𝜔 𝑡 < 𝜔 

𝐶𝑖𝑛 
𝑖 

, 𝜔 𝑡 > 𝜔 

𝐶𝑜𝑢𝑡 
𝑖 

𝑃 𝑊 𝑖𝑛𝑑 
𝑖 

×
( 

𝜔 𝑡,𝑠 − 𝜔 𝐶𝑖𝑛 
𝑖 

𝜔 𝑅𝑎𝑡 
𝑖 

− 𝜔 𝐶𝑖𝑛 
𝑖 

) 3 
𝜔 

𝐶𝑖𝑛 
𝑖 

≤ 𝜔 𝑡 ≤ 𝜔 

𝑅𝑎𝑡 
𝑖 

𝑃 𝑊 𝑖𝑛𝑑 
𝑖 

𝜔 

𝑅𝑎𝑡 
𝑖 

≤ 𝜔 𝑡 ≤ 𝜔 

𝐶𝑜𝑢𝑡 
𝑖 

⎫ ⎪ ⎪ ⎬ ⎪ ⎪ ⎭ 
(25) 

Eq. (25) models the wind power generation based on the cut-out, 
cut-in, and rated wind speed. 

3.2.4. Demand response constraints 

0 ≤ 𝑥 𝑖,𝑡 + 𝑦 𝑖,𝑡 ≤ 𝜛∀𝑡 , 𝑖 (26) 

𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

= 𝑃 𝑅𝑇 𝐼 
𝑖,𝑡 

+ 𝑥 𝑖,𝑡 𝑃 
𝑅𝑇 𝐸 
𝑖,𝑡 

∀𝑡 , 𝑖 (27) 

Eqs. (26) and (27) are used for modeling the elastic and inelastic 
loads in the demand-side energy management scheme. 
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3.2.5. Load scheduling constraints 

𝑃 
− 

𝐿𝑆ℎ 

𝑖,𝑡 

≤ 𝑃 𝐿𝑆ℎ 
𝑖,𝑡 

≤ 𝑃 𝐿𝑆ℎ 
𝑖,𝑡 

∀𝑡, ∀𝑖 (28) 

𝑃 
− 

𝐿𝑜𝑎𝑑 

𝑖,𝑡 

≤ 𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

− 𝑃 𝐿𝑆ℎ 
𝑖,𝑡 

≤ 𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

(29) 

Eqs. (28) and (29) are used for limiting the amount of load shedding 
in the permissible range. 

3.2.6. PV panel constraint 

𝑃 𝑃𝑉 
𝑖,𝑡 

≤ 𝑃 𝑉 𝑆𝑖𝑧𝑒 
𝑖 

.𝑃 𝑉 𝑆𝑅 
𝑡 

.𝑃 𝑉 𝜂∀𝑡, ∀𝑖 (30) 

Eq. (30) models the PV panels output using the solar radiation, effi- 
ciency, and size of the PV panels. 

3.2.7. Electricity network constraints 

𝑃 𝐺𝑒𝑛 
𝑖,𝑡 

+ 𝑦 𝑖,𝑡 𝑃 
𝑅𝑇 𝐸 
𝑖,𝑡 

− 𝑃 𝐿𝑜𝑎𝑑 
𝑖,𝑡 

= 

𝐵 ∑
𝑗=1 

𝑉 𝑖,𝑡 . 𝑉 𝑗,𝑡 . 𝑌 𝑖𝑗 . Cos ( 𝛿𝑖,𝑗 + 𝜃𝑗,𝑡 − 𝜃𝑖,𝑡 ) (31) 

𝑄 

𝐺𝑒𝑛 
𝑖,𝑡 

+ 𝑄 

𝐶 
𝑖,𝑡 
− 𝑄 

𝐿𝑜𝑎𝑑 
𝑖,𝑡 

= − 

𝐵 ∑
𝑗=1 

𝑉 𝑖,𝑡 . 𝑉 𝑗,𝑡 . 𝑌 𝑖𝑗 . Sin ( 𝛿𝑖,𝑗 + 𝜃𝑗,𝑡 − 𝜃𝑖,𝑡 ) (32) 

𝑆 

− 𝑖,𝑗 
≤ 𝑆 𝑖,𝑗,𝑡 ≤ 𝑆̄ 𝑖,𝑗 ∀𝑡, 𝑖, 𝑗 (33) 

𝑉 
− 𝑖 

≤ 𝑉 𝑖,𝑡 ≤ 𝑉 𝑖 ∀𝑡, 𝑖 (34) 

𝜃
− 𝑖 

≤ 𝜃𝑖,𝑡 ≤ 𝜃̄𝑖 ∀𝑡, 𝑖 (35) 

𝑄 

− 
𝐶 

𝑖,𝑡 

≤ 𝑄 

𝐶 
𝑖,𝑡 
≤ 𝑄̄ 

𝐶 
𝑖,𝑡 
∀𝑡, 𝑖 (36) 

Eqs. (31) and (32) model the power flow for the active and reactive 
powers in the grid. Eqs. (33) –(36) respectively denote the permissible 
variations of the complex power, voltage magnitude, phase angle, and 
shunt compensator. 

3.2.8. Energy trading constraints 

𝑃 
− 

𝑅𝑇 

𝑡 

≤ 𝑃 𝑅𝑇 
𝑡 

≤ 𝑃 𝑅𝑇 
𝑡 

∀𝑡 (37) 

𝑈 

𝑇 𝐸,𝐼 
𝑡 

+ 𝑈 

𝑇 𝐸,𝑂 
𝑡 

≤ 1∀𝑡 (38) 

𝑃 
𝑇 𝐸,𝐼 
𝑡 

≤ Ψ𝑇 𝐸 .𝑈 

𝑇 𝐸,𝐼 
𝑡 

∀𝑡 (39) 

𝑃 
𝑇 𝐸,𝑂 
𝑡 

≤ Ψ𝑇 𝐸 .𝑈 

𝑇 𝐸,𝑂 
𝑡 

∀𝑡 (40) 

∑
𝑡 

𝑃 
𝑇 𝐸,𝐼 
𝑡 

= 

∑
𝑡 

𝑃 
𝑇 𝐸,𝑂 
𝑡 

∀𝑡 (41) 

Eq. (37) limits electricity trading in the RT energy market. 
Eq. (38) indicates the input/output status of electricity trading in the 
local energy transaction market. Eqs. (39) and (40) constraint the input 
and output power in the local transaction market. Eq. (41) states the 
power balance. 

4. Simulation results 

For the PDISCO problem, the IEEE 33-bus case study is recognized 
as one of the suitable test systems and is widely used to evaluate the 
PDISCO’s challenges from various viewpoints in recent studies [ 23 , 56 ]. 
Therefore, in this study, a modified IEEE 33-bus distribution system is 
utilized for validating extracted results and indicating the capability of 
the proposed strategy for the PDISCO. The schematic of this test system 

integrated with the wind turbines, PV panels, and DG units is illustrated 
in Fig. 1 . The required information of this test system, such as line and 
bus data, can be fully accessed in [ 57 , 58 ]. 

The information about the RT energy trading price, load shedding 
price, and energy selling price can be obtained from [59] . The solar and 
wind units are used as environmentally friendly electricity production 
resources, for which the complete required parameters can be found in 
[ 60 , 61 , 51 ], respectively. Moreover, DGs are used as the backup devices 
for RSs aiming to enhance the reliability of a dynamic electricity supply 
in the system [62] . Herein, a methodology flowchart is demonstrated in 
Fig. 2 . 

The problem is solved in two cases for effectively validating the sim- 
ulation results. Case 1 solves the optimization problem without uncer- 
tainty modeling, while Case 2 is targeted for modeling uncertainties 
using the developed approach. According to the research framework 
indicated in Fig. 2 , the base model of the investigated problem (Case 
1) is formulated in the first step. In the base model, the determinis- 
tic version of the problem is considered without uncertainty quantifi- 
cation. Then, in Case 2, uncertainty modeling is started by conduct- 
ing the scenario generation and reduction processes for wind velocity 
and solar radiation while building the uncertainty set for the energy 
price using the RO method. Afterward, the main structure of the PDISCO 

problem is formulated based on the robust/stochastic hybrid technique. 
The PDISCO’s profit maximization problem is a mixed-integer nonlin- 
ear problem (MINLP) due to the existence of nonlinear equations such as 
power flow formulation and binary variables of DGs. Therefore, the Gen- 
eral Algebraic Modeling System (GAMS) is applied to solve the MINLP 
problem using its SBB [63] and DICOPT [64] solvers. Solving the prob- 
lem using two different solvers eventuated the same results that indicate 
the acceptable optimality range of the obtained results. Indeed, this is 

Fig. 1. The modified structure of the IEEE 33-bus case study. 
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Fig. 2. A methodology flowchart of the problem. 

done to ensure the quality of the solution. After problem solving, the 
value of PDISCO’s profit is equal to $15396.595. The total cost and rev- 
enue of the PDISCO are illustrated in Fig. 3 . 

Given Fig. 3 , the cost of PDISCO in the early morning (1–6 am) is 
lower than its revenue due to lower energy consumption and selling ex- 
tra energy generation of wind units in the RT balancing market. How- 
ever, the amount of energy consumption is increasing by moving to- 
wards the peak hours (10–12 am and 1–7 pm), leading to the operation 
of DGs at the highest level with more fuel costs. Moreover, the high en- 
ergy price at the mentioned hours has also led to maximize the PDISCO 

revenue by selling energy to consumers. At night, the energy cost of 
PDISCO is increased due to a high amount of energy purchased from 

the energy network. In addition, diminishing the power consumption at 
night hours has reduced the volume of power-sharing for the PDISCO 

subsequently resulting in decreasing its profit. In this regard, the output 
level of wind turbines and electricity sharing in the RT energy exchang- 
ing market are depicted in Fig. 4 . 

As shown in this figure, the production level of wind turbines is high 
in the early morning and at noontime due to suitable wind blowing at 
the mentioned times of the studied area. A portion of the wind power is 
dedicated to meeting the energy load and the surplus of it is sold to the 
main grid aiming to maximize the PDISCO’s profit. On the other hand, 
the amount of selling electricity to the power network is increased in 
the early morning due to lower electrical load and a high output of wind 
turbines in these hours. From 5 to 10 am, diminishing in the wind speed 
has been led to the reduction in the wind turbines output and the level of 
power generation in the system is substantially reduced. Subsequently, 
the amount of purchasing electricity from the power grid is started to 
increase in the morning with the aim of serving the electricity demand of 

the peak hours. In addition to the usage of power exchanging potential 
for meeting the peak demand, the maximum clean produced power by 
the wind turbines are also utilized for balancing power in the grid. The 
effective potential of energy exchanging is also used at night for energy 
supply to consumers due to the lower outputs of wind units at these 
times. As the power generation by the wind systems is at the lowest 
level in the last hours of the day, the exploitation of controllable units is 
necessary for supporting the system in an uninterrupted power supply. 
In order to enhance the reliability of continuous electricity supply, DGs 
are also operated as the backup units, and their energy production and 
PV panels’ output during a day are shown in Fig. 5 . In addition, load 
shedding as the costly and last option is also intended for balancing of 
the system, the scheduling of which is indicated in Fig. 5 . 

In Fig. 5 , DG units have maximum electricity production in the early 
morning and at peak times for supporting the system to meet the con- 
sumers’ energy demand. In the early morning, an appropriate opportu- 
nity of the lower fuel price is used by DG units for high energy produc- 
tion with the aim of selling to the power grid for maximizing revenue. 
However, the maximum energy production of DG units is realized at 
peak hours to assist the system in meeting the high energy consump- 
tion of these times. This is while the system is scheduled for the lowest 
level of DGs operation at night when the power consumption is sig- 
nificantly reduced and only a lower portion of DGs potential is used 
for balancing energy. The solar panel as another clean energy produc- 
tion unit is employed throughout the distribution network. As seen in 
Fig. 5 , the power generation of the PV panel is zero at 1–5 am and 7–
12 pm when the amount of solar radiation is zero in the studied area. 
However, its output is at the maximum amount at peak hours with the 
highest intensity of sunlight. This behavior of PV panels has provided 
a significant opportunity for the power grid to meet a high portion of 
the energy load at peak hours using the PV panels’ potential. Because 
of the large energy costs for the load shedding, this option is intended 
only at some hours of peak times with a minimum amount to help the 
establishment of a continuous electricity balance in the system. In the 
renewable-based structure, DR programs are one of the affordable ways 
for managing power consumption that allow the system to be more flexi- 
ble in balancing power generation and consumption. To this end, the DR 

program is investigated for demand-side energy management. In this re- 
spect, the electrical load is divided into the inelastic and elastic demands 
to provide suitable conditions for appropriate usage of the shavable and 
shiftable properties of the elastic loads. The impacts of the DR program 

on the interrupted load (IL) cost and profit of the PDISCO are demon- 
strated in Fig. 6 . 

As seen in Fig. 6 , by increasing the amount of elasticity limit, the 
amount of load shedding is reduced over the scheduling horizon, re- 
sulting in the reduction of the IL cost. This is because increasing the 
elasticity limit has led to providing the possibility of shifting a high 
amount of elastic loads from peak times to the other hours with low en- 
ergy consumption, which avoids the probable load shedding and extra 
costs. On the other hand, this issue has led to the lower energy demand 
at peak hours that the high-level operation of DG units is not needed 
for meeting the electricity load. Thereby, reducing the working level of 
DG units along with load shedding in the system has led to an increase 
of the PDISCO’s profit. As uncertainties are one of the main dominant 
factors that affect the optimal scheduling of the system, a capable tech- 
nique needs to be developed for quantifying uncertainties with the aim 

of reaching accurate outputs. In this study, the RO method is exerted to 
model the uncertainty of the RT energy price. In this regard, the impacts 
of deviations on the energy price and budget of uncertainty on the profit 
of the PDISCO are portrayed in Fig. 7 . 

According to Fig. 7 , the amount of PDISCO’s profit is diminished 
by raising the deviation of the energy price from its predicted amount. 
This is because when the fluctuation of the energy price rises in the RT 

balancing market, the risk of participating in the energy market interac- 
tions increases for maximizing profit. Moreover, increasing the budget 
of uncertainty results in decline in PDISCO’s profit. Indeed, increasing 
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Fig. 3. Total cost and revenue of the PDISCO 

during a day. 

Fig. 4. Outputs of the wind turbines and en- 
ergy trading in the RT balancing market for 
24 h. 

Fig. 5. Scheduling of DG units, load shedding, 
and PV panels. 

Fig. 6. Impacts of the DR program on the IL 
cost and objective function. 
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Fig. 7. Impacts of deviations in the energy price and budget 
of uncertainty on the PDISCO’s profit. 

the budget of uncertainty has concluded an enhancement in the system 

robustness by intending the worst state of an uncertain parameter in 
more hours. Therefore, although a large number of the budget of un- 
certainty can increase the robustness of the system and guarantee the 
achieving of a certain profit, a lower profit is reached for the PDISCO 

due to take the worst state of the system into account in more hours. 
In this work, a transactive energy model is proposed for the PDISCO 

aiming to maximize its profit in the power market interactions. The main 
achievements of this work are: (1) Creating affordable conditions for 
maximizing the PDISCO’s profit by proposing the transactive energy- 
based strategy for the PDISCO’s active participation in the power inter- 
actions that enable it to effectively pursue its economic and technical 
objectives. (2) Achieving more flexibility for the system by employing 
the DR scheme for the demand-side power management in the presence 
of a high contribution of RSs. (3) Providing a proper degree of robust- 
ness for the renewable-based system and gaining confident results by re- 
alistic modeling of the grid by developing the hybrid uncertainty quan- 
tification technique. Although this work achieves the aforementioned 
advantages for the PDISCO, it also includes some limitations including 
the geographical limitations in operating a high level of RSs, the lack 
of a comprehensive method for reaching the global optimal results in 
the presence of nonlinear equations, and ignoring the effects of other 
distribution companies related to different carriers of energy as well as 
the interactions between them. 

5. Conclusion 

In this study, transactive energy technology was suggested as the spe- 
cial electricity trading strategy for effectively involving the PDISCO in 
the electricity market interactions with the aim of maximizing its profit. 
RSs were used as cost-effective and pollutant-free electricity resources 
for providing a high portion of the energy load over the scheduling hori- 
zon. Moreover, DGs were also employed as backup devices for enhanc- 
ing the reliability of the uninterrupted electricity supply. Due to the 
exploitation of renewable-based systems, the uncertainty modeling was 
done using a robust/stochastic hybrid method. For this aim, LHS and 
FFS advantages in scenario generation and reduction were used in the SP 
process, considering the solar radiation and wind speed as uncertain pa- 
rameters. Moreover, the RO technique was also employed to intend the 
worst state of the RT market price fluctuations. The capability of the DR 

program was investigated for managing the demand side by categoriz- 
ing the electricity load into the inelastic and elastic portions. A modified 
IEEE 33-bus case study was designated for validating simulation results. 
The obtained results indicated the capabilities of the proposed trans- 
active energy-based strategy for the optimal operation of the PDISCO. 
Indeed, the transactive energy-based strategy enabled the PDISCO to 
effectively participate in the power trading market to not only meet its 
technical goals but also maximize its economic achievements. Given the 
results, employing the DR program enhanced the PDISCO ability in dy- 
namic power balancing and increased the flexibility of the system with 

a high level of RSs penetration. On the other hand, as applying trans- 
active energy strategy and DR program provided affordable conditions 
for optimal operation of the PDISCO, more energy costs were imposed 
on the system for achieving the appropriate level of robustness in the 
presence of RSs. In this regard, considering the robustness of the system 

along with guaranteeing a special level of profit for the PDISCO was 
led to a 23.197% reduction in its profit than the base case without the 
uncertainty modeling under a large number of uncertainties. 

In energy structures with a high contribution of RSs, providing a 
confident condition for energy supply is taken into account as one of 
the remarkable challenges. In this respect, energy trading mechanisms 
are recognized as effective tools for creating a continuous electricity bal- 
ance in renewable-based systems. However, an appropriate structure is 
a basic requirement for realizing the effectiveness of these mechanisms 
in the power grid. Thus, developing local energy trading markets can 
provide a significant opportunity for the aforementioned mechanisms 
to be used in the energy marketplace. On the other hand, different ob- 
jectives such as economic or environmental goals can be intended in this 
development aiming to provide satisfactory conditions for various par- 
ticipants in the energy markets. All of these challenges can be evaluated 
as future works for this research. 
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