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Abstract. This paper addresses the aggregation of wind, photovoltaic and thermal 

units with the aim to improve bidding in an electricity market. Market prices, 

wind and photovoltaic powers are assumed as data given by a set of scenarios. 

Thermal unit modeling includes start-up costs, variables costs and bounds due to 

constraints of technical operation, such as: ramp up/down limits and minimum 

up/down time limits. The modeling is carried out in order to develop a 

mathematical programming problem based in a stochastic programming approach 

formulated as a mixed integer linear programming problem. A case study 

comparison between disaggregated and aggregated bids for the electricity market 

of the Iberian Peninsula is presented to reveal the advantage of the aggregation.  

Keywords: Aggregator; day-ahead market; mixed integer linear programming; 

stochastic programming; wind-pv-thermal units; variable renewables.  

1 Introduction 

The usage of non-renewable energy sources has been assumed as responsible for 

global warming and climate change, hovering a view of a worldwide sustainable 

development where renewable energy sources are the way of the future to be favored in 

the electricity industry [1]. But the variability of the available input energy in wind or 

photovoltaic (PV) renewable power units are doomed to fluctuate hastily, implying for the 

exploitation of the electricity industry uncertainty in energy delivering. If the rated power 

of these units is small in comparison with the power of non-fluctuating units in a power 

system, the impact of the fluctuation can be neglected. Else, the impact is of paramount 

significance and actions are to be taken. So, with the increasing penetration of wind or PV 

renewable power units, menaces to system reliability and security are to be expected [2,3]. 

Additional ancillary service, i.e., more schedule of power of reserve units ready to be 

called if needed, must be incurred to recover an acceptable level of operation reliability 

and minimize the associated impact charge [4]. As the electricity industry follows in the 

way of Internet of Things (IoT) and of Energy 4.0, aggregation platforms are essential for 

distributed energy resources, storage, and multiple costumer loads like microgrids [5]. An 

aggregation platform for wind, photovoltaic and thermal units can be viewed as tool for 

an aggregator to act as facilitator for offering energy in an electricity market [6]. Strategic 

aggregation of power units is on an increasing interest for researchers and on demand 

from the electricity industry. The electricity industry not only requires adequate 

management information systems to improve profit in electricity market environment, but 



also to be in an electricity market environment is required to have enough capacity and 

ability to satisfy assumed compromised of delivering energy in due time [7]. 

Aggregation is able to harvest better bidding, accommodating fluctuation of variable 

renewables, carrying favorable imbalance while increasing the reliability and improving 

market performance. A convenient management of uncertainties due to the power of wind 

and PV units may reduce the deviations of energy and reduce the level of power required 

by thermal units in a wind-PV-thermal commitment. This convenient management for the 

wind-PV-thermal commitment is the issue in research in this paper in order to develop a 

computer procedure. The contribution is concerned with the: definition and advantages of 

a Wind-PV-Thermal power aggregator and the modeling in what concerns the strategy of 

bidding in electricity market. Market prices, wind and photovoltaic powers are data for 

the proposed computer procedure given by a set of scenarios. The thermal units modeling 

has continuous and integer decision variables in order to include a modeling for the start-

up costs, variables costs and bounds due to technical operation constraints, such as: ramp 

up/down limits and minimum up/down time limits. The modeling is carried out in order to 

develop a management aggregation procedure based on a stochastic programming 

approach formulated as a mixed integer linear mathematical programming problem. A 

case study comparison between disaggregated and aggregated biddings shows the benefit 

of the aggregation proposed in this paper, particularly, the improvement in the profit.  

2 Relationship to Resilient Systems 

The electricity market approaches tend to maximize the economic efficiency, but 

may lead to deterioration on the resilience of energy systems [8]. United Nations has 

highlighted the importance of considering resilience in the designing of systems and 

infrastructures with the goal of being able to tolerate external shocks that might occur in 

the future [9]. Resilience of system is a capacity of being able of absorbing shocks and 

reorganizing while undergoing change to retain essentially the same function. 

Distinguished from sustainability, resilience is related to how the system responds to 

disturbance or non-linear dynamics [10]. A resilient energy system has the capacity to 

quickly recover from external shocks and to provide alternative means of maintaining a 

satisfactory level of services to consumers in the event of external disturbances [11]. In 

[12] is discussed the importance of ensuring the resilience of energy supply because the 

infrastructures have susceptibility to large-scale failures caused by unforeseen scenarios. 

Namely, natural disaster and technical failures. The future smart grid ambient and cyber 

physical systems have a layered architecture of a cyber infrastructure accessing resilient 

power applications able to give security and reliability, having the ability to act in order 

to maintain and correct infrastructure components without affecting the service [13]. 

Aggregated platforms have to be embodied with tools to allow resilience and contribute 

to improve the economic and technical performance in decision-making. This paper is a 

research on one of these tools customized for the Wind-PV-Thermal power aggregator, 

adding economic and technical value to the platform, giving the ability to manage the set 

of resources in coordination, harmonizing different functionality to assemble condition 

to be in an electricity market, achieving effectiveness, efficiency and efficacy. 

Considering the scenario of increasing penetration of variable-renewables the electrical 

system of Iberian Peninsula have to lead with some problems of resilience, since the 

fluctuations of variable-renewables may not be accommodated. To lead with this issue 



higher levels of interconnection with another regions should be verified according to 

European Union reports. 

3 State of the Art  

The former unit commitment in a view of the regulated electricity market is set with a 

paradigm formally given by an optimization problem related to the minimization of the 

operating costs while meeting the load demand and subjected to other constraints. This 

type of unit commitment is known as cost-based unit commitment. The deregulated 

electricity market paradigm brought new opportunities for power producers in an 

environment where the optimization is related to the maximization of profit.  This new 

paradigm is known as price-based unit commitment [14]. The unit commitment problem 

can be divided into two sub-problems: i) the unit on/off scheduling sub-problem period; 

and ii) the economic dispatch sub-problem, which determines the power output of units in 

each period of the time horizon [15]. A line of research on variable-renewables and 

thermal unit commitment is raising up with the increasing penetration of wind or PV 

renewable power units. Some research is concerned with time resolution, i.e., the impact 

of considering sub-hourly periods in the commitment [16,17]. In order to cope the 

uncertainties of variable-renewables is proposed the use with storage technologies [18] or 

financial options [19]. Another relevant research is concerned with the application of 

stochastic optimization methods and is expected to achieve a significant application in 

what concerns optimum bidding strategy for aggregation [20,21]. Several of popular 

algorithms using stochastic optimization in unit commitment problems are based on 

decomposition techniques. 

4 Wind-PV-Integrated Unit Commitment Problem 

The Wind-PV-Thermal power aggregator owns wind turbines, PV modules and 

thermal units. The first two types of units have unpredictable and stochastic nature and are 

categorized as variable-renewable sources of energy, imposing challenges to the unit 

commitment problem. These challenges are linked with the determination of the optimal 

day-ahead bid under wind and PV power uncertainties and the decision for the optimal 

generation of thermal units. This paper addresses a two-stage stochastic programming 

approach that takes into account the uncertainties related to the variable renewables and 

the market prices by scenarios. The scenarios can be expressed by means of a scenario 

tree, but in the scope of the paper the scenarios are considered as given data attained by 

the use of an adequate tool. The stochastic programming is reformulated in an admissible 

way as a mixed-integer linear programming (MILP) approach to benefit from the 

available and well proved practical commercial optimization solvers. In a two-stage 

stochastic optimization decision variables are categorized into first and second stage 

decisions: a) The first stage decisions, which are known as here and know decisions, are 

made before the realization of uncertainties which in this paper are: wind power, PV 

power and market prices, including imbalance prices. The thermal unit commitment and 

the hourly bids are the first-stage decisions. The objective is the maximization of the profit 

of the production aggregator in the first stage; b) The second stage decisions, which are 

known as wait and see decisions are made after the realization of the aforementioned 

uncertainty decisions. Second stage decisions are related to the economic dispatch, i.e., the 

power output of units in each period of the planning horizon. The objective of the 

optimization problem is to maximize the realized expected profit of the production 

aggregator in the second stage. Normally is assumed that the operating costs of variable 



renewables are negligible in comparison with the one of thermal units. Therefore, the total 

operating cost to be considered for the aggregation is the cost due to the operation of the 

thermal unit. The total operation cost sitOP  is stated as follows: 

, ,sit sit sit t itOP GC SUC SDC z s i t       (1) 

In (1) the three terms are measures for the generation cost sitGC , start-up cost sitSUC , 

and shut-down cost sitSDC . The generation cost sitGC  is stated as follows: 

, ,sit i i t si tGC A u d s i t      (2) 

In (2) the two terms are the fixed cost and the variable cost of unit i. The generation cost is 

normally approximated by a quadratic function, but this paper follows the model for an 

approximation as a piecewise linear function stated as follows: 
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In (3) the variable cost function is given by the sum of the product of the slope of each 

segment, 
l

iF , by the segment power 
l

s i t . In (4) the power generation of the unit is 

given by the minimum power generation plus the sum of the segment powers associated 

with each segment. The binary variable itu  ensures that the power generation is equal to 

0 if the unit is in the state offline. In (5) to (9) are defined the limits of power generation 

in each segment. The start-up cost sitSUC  are normally represented by means of an 

exponential function. This exponential function is approximated by a stair wise function 

with a convenient selection of the number of intervals and is stated as follows: 
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In (10) the right term is the imputed cost for a unit to have a start-up, i.e., if the unit is in 

the state online at hour t, and in the previous   hour has been in the state offline, the 

expression in parentheses is equal to 1, a start-up happens and the respective cost is has 

to be considered. The constraints to limit the power of unit i are stated as follows: 

min max , ,i it sit sitp u p p s i t      (11) 

max max
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max max
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In (11) for unit i at hour t the variable sitp  represents the energy bid limited by the 

maximum power max

sitp of unit i at hour t. The maximum power max

sitp value takes into 

consideration the actual capacity unit i at hour t, considering start-up, shut-down ramp 

rate limits and ramp-up limit. In (12) to (14) the relation between the start-up and shut-

down variables of unit i is imposed, using binary variables. The modeling for the 

minimum up and down time constraints is based on constraints imposed on the binary 

variables. The minimum up time constraints are stated as follows: 
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In (15) to (17) once the unit is on remain on until reaching minimum up time. A unit 

start-up up is kept on by iUT  hours by (16). Similarly, the minimum down time 

constraints are stated as follows: 
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In (18) to (20) the unit once off stays minimum down time ours off. The start-up and 

shutdown coupling constraints between the binary variables and the total power of the 

thermal units are respectively stated as follows:  
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In (21) is imposed a restriction on start-up and shutdown variables so that a unit is not 

allowed to start up or shut down simultaneously. 

Imbalance prices, i.e., up and down-regulation prices, are given in the Iberian balancing 

market through a double price procedure, computing how the prices for deviations are 

accommodated in a view of both the system imbalance and producer imbalance as 

shown in Table 1. In Table 1 t


 and t


 are positive and negative imbalance prices, 

respectively, 
D

t  is the day-ahead market price, 
UP

t  and 
DN

t  are the up and the down-



regulation prices, respectively. t
  and t

 can be expressed by means of price ratios 

tpr  and tpr . 

Table 1. Imbalance prices 

 
System imbalance 

Negative Positive 

Power producer 

imbalance 

Negative max( , )D UP

t t t     
D

t t    

Positive 
D

t t    min( , )D DN

t t t     

 

The main objective of the production aggregator wind-PV-integrated unit commitment 

is to maximize the total expected profit in the day-ahead market. The objective function 

is stated as follows:  
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In (23) the four terms of the objective function are the per scenario profit of the day-

ahead bid, the outcome incurred by the respective imbalances, and total thermal 

operating cost, respectively.  Offer curves are normally subjected to a non-decreasing 

dependence stated as follows: 

' '( )( ) 0 , ',Aggregated Aggregated D D

st s t st s tP P s s t       (27) 

In (27) as the price is incremented the power increment is imposed as non-negative.  

5 Case Study 

The case study is for a Wind-PV-Thermal power aggregator owning a wind system 

with a power rated of 100 MW, a PV system with 100 MW and 2 thermal units with 

285 MW. The day-ahead market prices and the price ratios tpr
 e tpr

 are the ones 

reported in [22]. The bidding is for a 24 h horizon on an hourly basis. The scenarios 

considered are 5 for wind power, 5 for PV power, 5 for day-ahead market prices and 5 

for price ratios. The data for the thermal units used in this research work are reported in 

[21]. The day-ahead market price scenarios, the wind powers scenarios and PV power 

scenarios are shown in Fig. 1. 

The unit commitment of thermal units and the expected profit of disaggregated and 

aggregated coordination are shown respectively in Table 2 and in Table 3. 

In Table 2 unit 1 is on online state (1) in all the 24 hours, while unit 2 is offline (0) 

in hour 1 and 2, then has a start-up and stays online. Table 3 shows the expected profit 



for disaggregated and aggregated coordination. The aggregation allows obtain an 

increase in performance of about 2.5% in profit. 

 

Fig 1. Scenarios: Left, day-ahead market price; Right, PV (red lines), Wind (blue lines). 

Table 2. Unit status 
Hour 1 2 3 4 5 6 7 8 9 10 11 12 

Unit 1 status 1 1 1 1 1 1 1 1 1 1 1 1 

Unit 2 status 0 0 1 1 1 1 1 1 1 1 1 1 

Hour 13 14 15 16 17 18 19 20 21 22 23 24 

Unit 1 status 1 1 1 1 1 1 1 1 1 1 1 1 

Unit 2 status 1 1 1 1 1 1 1 1 1 1 1 1 

Table 3. Expected profit 
Case Expected profit [€]  (€) 

Wind disaggregated  53 411.9 47 

Photovoltaic disaggregated 33 515.0 57 

Thermal disaggregated  130 217.2 46 

Wind Photovoltaic Thermal - disaggregated 217144.2 50 

Wind Photovoltaic Thermal - aggregated 222671.5 23 

 

7 Conclusion 

Aggregation platforms deliver an increase of resilience on the aggregated systems 

since better decisions are made in the bidding process while achieving an adequate 

technical performance. The wind and photovoltaic uncertainties and market 

uncertainties, including day-ahead market prices and imbalance prices are considered as 

input data given by scenarios for the proposed platform. A mixed-integer stochastic 

optimization approach is proposed to address the problem of aggregation in an optimum 

way. The result of the proposed approach is the optimum commitment of the units and 

bidding. The aggregation can improve the aggregator’s profit in 2.5% as shown by the 

case study. The aggregation of wind systems, PV systems and thermal units using 

stochastic optimization allows to manage uncertainties in a more convenient way. 

Although this management is not able to ensure null imbalances, the management 

harmonizes the uncertainties to deliver imbalances in accordance with the aim of 

accessing optimum profit in the electricity market. This management with aggregation 

has proved to be better than the previous single stochastic optimization works. The 

consideration of energy storage devices in a future work can improve the reliability and 

the profit of the aggregated system proposed in this research work, in the way that 

energy can be stored in periods of low market prices and sold at periods of likely high 



prices. In addition stored energy can be used to compensate the fluctuations of the 

variable-renewables. 
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