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Abstract—The decision making framework in power system has 
changed due to presence of distributed energy resources (DERs). 
These resources are installed in distribution networks to meet 
demand locally. Therefore, distribution companies (Discos) are 
enabled to supply energy through these resources to meet their 
demand at a minimum operation cost. Moreover, in this 
framework, the Disco will change its role in the wholesale energy 
market from price taker to price maker as a decision maker. 
Moreover, DERs can serve reserve in their normal operation. 
This opportunity facilitates Disco to provide reserve to the 
wholesale reserve market. The strategic behavior of a Disco in 
wholesale energy and reserve markets is modeled in this paper as 
a bi-level optimization problem. The operation problem of the 
Disco and the Independent System Operator (ISO) are modeled 
in the upper- and lower-level problems, respectively. Karush-
Kuhn-Tucker (KKT) dualilty theory conditions are employed to 
transform the proposed nonlinear bi-level problem to a linear 
single level one.  Numerical studies demonstrate the proficiency 
of the proposed model and the solution methodology.  

Index Terms—bi-level optimization problem, Disco operation 
problem, energy and reserve markets. 

NOMENCLATURE 

Subscripts ݅/݆ Number of DGs/ILs ݇ Number of batteries ݊/݉ Number of Gencos/Retailers ݐ Time interval ߱ RERs production scenario 
 
Superscripts ܾܽݐݐ Battery ܿℎܽ/݀ܿℎܽ Battery charging/discharging ݏ݅ܦ Distribution company (Disco) ܩܦ Distributed generator ܯܧ Energy market ݐݏܽܿ݁ݎܨ Forecasted output of WT and PV ܮܫ Interruptible load ݅݊ Input energy to disco or battery ݅݊ܿ Incentive due to serving reserve ݅݊ܿ Initial value of DGs and batteries ܮ Energy demand ݐݑ Output energy from disco or battery 

ܲ݁݊ Penalty due to not serving reserve ܸܲ Photovoltaic array ܴ݁ݏ Reserve  ܴܯ Reserve market ܴ݁ݐ Retailer ܴܷܲ/ܴܰܦ Ramp up/Ramp down rate of DG units ܶ Transformer of Disco ܹܶ Wind turbine 

Parameters and Variables ܥ Cost of DGs or ILs serving energy  ݁, , Energy stored in battery ܧ ܲ The amount of power  ݎ, ܴ The amount of reserve ߩ Probability of scenario ߰ Probability of failing to serve a service  ߢ Probability of calling reserve ߟ Efficiency π, Π Price 
Remark I: An underlined (overlined) variable is used to represent the 
minimum (maximum) value of that variable. 
Remark II: Capital letters denote parameters and small ones denote 
variables. 

I. INTRODUCTION 

In traditional distribution networks, distribution companies 
(Discos) participate in wholesale energy markets as price-taker 
players and purchase the required energy for their networks. 
High energy cost, low reliability, and power losses are the 
major problems of these networks. To mitigate these problems, 
distributed energy resources (DERs) including distributed 
generation (DGs), energy storage, and demand side 
management are used to meet the demand of distribution 
networks locally. In the presence of these resources, 
distribution networks are active distribution networks (ADNs). 
In such framework, the operation problem of the Disco has 
changed so that the Disco has some other choices to meet its 
demand including optimal energy trading with DER owners 
and optimal scheduling of their DERs. Therefore, the role of the 
Disco in the wholesale energy market has changed and the 
Disco behaves as a price-maker player.  



Moreover, DERs are fast-response resources that enable the 
Disco to participate in the wholesale reserve market. The aim 
of this paper is to model the strategic behavior of distribution 
networks in the presence of DERs in wholesale energy and 
reserve markets.  

In this context, the operation problem of the Disco as a 
price-taker player has been studied in many works. An 
appropriate decision making frameworks is presented for the 
operation problem of the Disco in day-ahead and real-time 
electricity markets in [1, 2]. The operation problem of Disco in 
day-ahead energy market is modeled considering its optimal 
behavior to trade energy with plug-in electric vehicles in [3]. 
The short-term operation problem of Disco is modeled 
considering price-based demand response programs in [4]. 
Optimal decision making of the Disco in wholesale energy and 
reserve markets is proposed in [5-8] in which, optimal decision 
of Disco is determined based on optimal scheduling of DERs in 
its network. The operation problem of Disco in wholesale 
energy and reserve markets is modeled considering its optimal 
behavior with microgrids in its network in [9-11]. As stated 
before, in all these papers, the Disco is modeled as a price-taker 
decision maker in wholesale markets [1-11]. On the contrary, 
in [12] the Disco is considered as a price-maker player in 
wholesale energy markets while it exchanges energy with DER 
owners. However, the decision making framework of the Disco 
is different when it participates in both energy and reserve 
markets. Moreover, the behavior of DER owners change when 
they can serve both energy and reserve to the Disco. Therefore, 
the main contributions of this paper are as follows: 

• Modeling the decision making framework of the Disco 
as a price-maker player in wholesale energy and reserve 
markets.  

• Modeling the decision making problem as a bi-level 
problem and transforming the proposed non-linear bi-
level model into a single-level mixed-integer linear 
programming (MILP) using Karush-Kuhn-Tucker 
(KKT) conditions and duality theory.  

The rest of the paper is organized as follows. Mathematical 
modeling and its solution methodology are presented in section 
III. Numerical results are done in IV and conclusion is 
presented in section V.  

II. PROBLEM DESCRIPTION 

In this paper, the strategic behavior of Disco in wholesale 
energy and reserve market is modeled. For this purpose, a bi-
level optimization approach is proposed as shown in Fig. 1. In 
this framework, Disco and independent system operator (ISO) 
are considered as upper- and lower-levels decision makers. 
Disco which is responsible of distribution network operation 
exchanges power with DERs’ owners in its network. DERs’ 
owners submit their bids to the Disco and then Disco decides 
on optimal scheduling of these DERs considering their bids and 
technical constraints. This problem is modeled in the upper-
level of the proposed bi-level problem. On the other hand, 
Disco submits its bids/offers to the wholesale energy and 

reserve markets to purchase/sell energy and to provide reserve 
for reserve market. In the lower-level problem, ISO receives 
bids/offers of the Disco and other decision makers consists of 
generation companies (Gencos) and retailers. Then, the social 
welfare of decision makers is maximized by ISO subject to their 
bids/offers and technical constraints. The wholesale energy and 
reserve prices, the power exchange of each decision maker with 
energy market, and reserve provide by each decision maker for 
reserve market is the output of the lower-level problem. 

III. MATHEMATICAL MODELING 

A. Disco's Operation Problem 

In this paper, the strategic behavior of the Disco is modeled 
in both wholesale energy and reserve markets. The problem is 
cast as a bi-level optimization problem in which the operation 
problem of the Disco is modeled in the upper level and the 
model for the simultaneous energy and reserve markets is 
presented in the lower level. The upper level problem is as 
follows: 
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Fig. 1. Decision making framework of the proposed bi-level approach 
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Equation (1) presents the objective function of the Disco’s 
operation problem consisting of four main terms. The first term 
is the energy trading of the Disco in the wholesale electricity 
market, which is modeled in equation (2). The reserve provision 
for the wholesale reserve market is modeled in (3). The reserve 
interaction includes income from reserve provision and 
delivering energy after the reserve call including the penalty for 
not being ready to deliver the required reserve amount. The cost 
of energy generation and the required energy interruption by 

DGs and ILs are presented in (4) and (5), respectively.  
The uncertainties of renewable energy resources power 
forecasted are modeled in the form of some scenarios and are 
considered only in upper-level problem and according to the 
them, the expected value of Disco’ decision variables consists 
of power purchased/sold to/from energy market and reserve 
provided to the reserve market is determined as described in (6).   

The constraints of the Disco problem including energy and 
reserve balance and technical constraints of DERs are modeled 
in (7)-(29). Equations (7) and (8) represent the energy and 
reserve balance of the Disco. The detailed operational modeling 
of DGs are described in (9)-(16). The maximum amount of 
power and reserve provided by DGs is limited by (9). The ramp 
up and ramp down limits of DGs are described in (12) and (15) 
as proposed in [9]. The interruptible loads submit their bids to 
the Disco consists of price of load curtailment and maximum 
amount of it. Its price is considered in Disco objective function 
(equation (5)) and its technical constraints is modeled by (17)-
(19). The power generation of wind turbine and photovoltaic 
arrays are limited to their forecasted power as described in (20) 
and (21). The minimum and maximum limitation of 
charging/discharging power of battery and its energy to provide 
energy and reserve is shown in (22)-(27). Energy balance of 
battery in each time step is modeled as (28) and (29).  Based on 
the proposed model, the decision variables of the upper-level 
problem used as parameters in the lower-level problem are ሾߨ௦,, ,௦,ௗߨ  .௦,௦ሿߨ
B. Modeling Energy and Reserve Markets 

In the lower-level problem, the Disco participates in both 
the wholesale energy and reserve markets, simultaneously. 
Both markets are operated by the Independent System Operator 
(ISO) and consist of retailers and generation companies 
(Gencos). Retailers participate in the energy market to supply 
their customers’ energy consumption. Moreover, the customers 
are considered as smart players who decrease their demand 
based on retailers' incentive-based demand response programs 
in the operation period. The Gencos supply the energy required 
by the system and participate in the reserve market to guarantee 
the system adequacy in case of contingency. The lower-level 
optimization problem of the proposed bi-level problem is as 
follows: 
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Equation (30) is the objective function of the ISO to clear 
both energy and reserve markets, simultaneously. In this model, 
Gencos sell to the energy and reserve markets their generation 
in normal and contingency modes. Moreover, retailers bid to 
buy the required energy in the energy market and offer their 
interruption capability to the reserve market. Equations (31)-
(42) show the market players operational constraints to 
participate in both energy and reserve markets. ߣ and ߤ are the 
dual variables for equality and non-equality constraints of the 
lower-level problem, respectively that are shown on the right 
hand side of each equation. 

C. MPEC 

The model proposed in the previous section is a non-linear 
bi-level optimization problem. Since the decision variables of 
the upper-level problem are considered as parameters in the 
lower-level problem, they can be replaced with their KKT 
conditions [9, 13-15]. Therefore, the bi-level problem is 
transformed into a single-level one named mathematical 
program with equilibrium constraints (MPEC). Moreover, the 
non-linear expressions in the upper-level problem are replaced 
with linear expressions using duality theory [9, 13]. The 
resulting model is a MILP one.  

IV. NUMERICAL RESULTS 

To evaluate the effectiveness of the proposed model, a 
hypothetical network is considered. In the proposed network, 
10 Gencos and retailers are considered. Required data for these 
players are demand bids, production offers, reserve offers, 
technical constraints of Gencos, maximum demand of retailers, 
maximum reserve provided by Gencos and retailers, and total 
reserve required of the network which all of them are described 
in [16]. Technical and economic data of DERs are required for 
Disco to determine optimal decisions in wholesale energy and 
reserve markets is presented in [9]. Moreover, the probability 
of calling reserve, the incentive price for providing reserve and 
the penalty for not serving reserve are other required data for 
decision makers are presented in [9]. The maximum capacity 
and efficiency of the Disco’s transformer are 200 MW and 0.95. 

The uncertainties of PV arrays and wind turbines are modeled 
with three scenarios for each resource as modeled in [16]. The 
capacity of these resources are 3.3 MW.  

The simulation results are shown in Figs. 2 to 6. The results 
show that the demand in hours 1-12, 21, 22, and 24 will be met 
by Genco 1, Genco 2, and Gencos 5-9 as these Gencos have low 
marginal costs. Therefore, the prices of the wholesale energy 
market in these hours are low. In hours 14-20, the demand is 
increased and Genco 10 is added to the network to meet the 
demand of system. Due to the high marginal cost of this Genco, 
wholesale electricity prices are higher in these hours. In hours 
13 and 23, the Disco reduces the energy purchased from the 
market and meets its demand with the optimal scheduling of 
DERs. This behavior of the Disco decreases the demand of the 
whole system as well as wholesale energy prices. In fact, if the 
Disco purchases the required demand in these hours from the 
market, this demand will be met by Genco 10 which will 
increase the wholesale energy price from $45/MWh to 
$48/MWh. Therefore, the wholesale energy price is decreased 
in hours 13 and 23 due to the strategic behavior of the Disco.  

In hours 1-7, the demand of the Disco is low and it utilizes 
DERs to provide the required reserve for the network. 
Therefore, the Disco increases the wholesale reserve price to 
the marginal cost of Genco 7, thus this Genco does not provide 
reserve for the system and most of the reserve is provided by 
the Disco. In fact, the wholesale reserve prices in hours 1-7 are 
determined due to the strategic behavior of the Disco. In other 
hours, the Disco uses their DERs to provide the required energy 
and decreases the provided reserve for the system. In these 
hours, the wholesale reserve prices are determined due to the 
strategic behavior of Genco 7 and Genco 9.  

  
Fig. 2. Wholesale energy and reserve prices 

 
Fig. 3. Power generation of Gencos to meet the demand of network 
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Fig. 4. Reserve provided for the network by each player 

 
Fig. 5. Optimal decisions of the Disco to meet demand 

 

Fig. 6. Reserve provided by DERs for the Disco 

V. CONCLUSION 

In this paper, the strategic behavior of the Disco in both 
electricity and reserve markets was modeled. For this purpose, 
a bi-level optimization model was developed in which the upper 
and lower level decision makers are the Disco and the ISO, 
respectively. KKT conditions and duality theory are used to 
transform the proposed non-linear bi-level model into a MILP 
model. The results show that the strategic behavior of the Disco 
in both energy and reserve markets decreases the Disco’s 
operation costs. When the demand of the Disco is low, it 
purchases the demand from the electricity market and acts as a 
strategic player in the reserve market as it has the capability to 

provide reserve using its DERs. On the other hand, when the 
demand of the Disco increases, it has the capability to act in the 
electricity market as a strategic player, being able to decrease 
the demand with an optimal scheduling of its DERs.     
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