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Abstract—The increase of renewable generation implies 

modifications in the design and operation of electricity markets. 

In this way, it is analyzed the day-ahead spot market, the effect 

and impact caused by the high penetration of wind energy in 

Iberian Electricity market (MIBEL) prices, and therefore, the 

study of the consequences or needs in the current market. Wind 

power forecast is essential so that systems operators can 

anticipate and deal with the unpredictability of wind power 

generation, trying to achieve an efficient and economical wind 

power operation and integration into the power system. In order 

to estimate the impact of wind forecast, it was considered a 

Portuguese wind producer participating in the day-ahead 

market. Taking into account the production data of the wind 

producer, two simulations were defined: the market closing time 

at 12:00 noon  (this forecast constitutes a gap of 12 hours between 

the market closing time and the first delivery hour) and the 

market closing time at 6:00 p.m., with bids based on an updated 

forecast. Two hypotheses were defined based on the production 

data of the park and the penetration of wind energy in Portugal. 

Each hypothesis was divided according to the errors that wind 

forecasts present compared to real production. The methodology 

applied relies on an agent based simulation system, the MAN-

REM tool.  

 
Index Terms—Day-ahead spot market, MIBEL, renewable 

generation, software agents, wind power forecast, controlled 

experimentation, analysis of variance 

 

I. INTRODUCTION 

 

HE power sector has changed in terms of the four main 

activities: generation, transmission, distribution and retail 

of electricity, mainly due to the liberalization of the market, 

leading to competition in the production and 

commercialization of electricity [1].  

 The liberalization of the electricity sector and the 

complexity of the resulting markets have led to the need of 

developing simulation tools using software agents for market 

modeling and simulation. These tools allow to perform more 

effective computational simulations. An agent-based software 

tool, the MAN-REM system [2]–[4], whose objective is to 

represent and study the electricity market, was used in this 

work to study the impact of forecast uncertainty and day-
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ahead gate closure on market prices. 

 The commercialization of increasing levels of renewable 

energies in the electricity market has been a driving force to its 

constant evolution, leading to shocking changes in the market 

rules. High levels of variable generation, such as wind power, 

in the electricity market and the unique characteristics of these 

technologies influence market models performance and 

results. 

 Forecast tools can be used to circumvent the variability and 

to reduce the uncertainty inherent to variable generation, 

namely wind energy [5]. According to the Iberian electricity 

market (MIBEL), which Portugal belongs to, the energy 

demanded for day D + 1 is negotiated on day D [6,7]. The 

trading process takes place every day until 12:00 noon, and the 

electricity producers and retailers make their offers for every 

hour of day D + 1. However, as the generation of wind energy 

is unpredictable, forecasting mechanisms emerge in order to 

predict the production of wind energy, with the minimal 

possible deviation. As a result, it was studied, in this work, 

through two different experiments, if it is feasible to change 

the market closing time in order to obtain a better 

approximation of forecast of wind energy. Taking into account 

the errors between the forecast of market closing time at 12:00 

noon and the production data of wind producer and comparing 

with the forecast of the market closing time at 6:00 p.m. 

(which is, normally, more similar to what actually happens in 

terms of wind production), it is intended to study the impact of 

forecast on market prices and consequently the changes that 

may arise in the market models. 

 The remainder of the paper is structured as follows. Section 

II is devoted to competitive electricity markets, placing 

emphasis on the day-ahead market. Section III describes the 

impact of variable generation on market prices and the growth 

of renewable sources. Section IV presents the MAN-REM tool 

and some features of agent-based systems. Section V  shows 

the experimental method that was used for the computational 

experiment: controlled experimentation and analysis of 

variance. Section VI introduces two experiments, including a 

brief description of controlled experimentation and all the 

approaches adopted in carrying out this work. Finally, the 

discussion of results and the main conclusions are presented in 

section VII. 
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II. ELECTRICITY MARKET AND MIBEL 

 

 There are several market models, notably electricity pool 

and bilateral contracts. 

 The aim of the pool is to optimize the operation of the 

system in the short-term through the interaction between 

sellers and buyers, balancing production and consumption, on 

the basis of proposals made by producers and consumers [8]. 

In this market, generators and retailers place their offers to sell 

or buy energy, usually for the next day. These offers lead to 

demand and supply curves, by adding, or aggregating, the 

quantity for each price [9]. Through the intersection of the 

supply and demand curves, the price at which the energy will 

be sold and bought is determined, as shown in  Fig. 1. 

Producers who offer energy at a price lower than the market-

clearing price will be chosen to deliver their energy and will 

be paid at that price. This aggregation process is overseen by 

the market operator, who is also responsible to mediate the 

negotiations. 

 

 
Fig. 1 - Point of Market Equilibrium [10]. 

  Bilateral contracts arise with the aim of stabilizing 

market prices. Transactions are made directly between a seller 

and a buyer, who set the price, terms and conditions of 

contracts. The agents negotiate and sign the contracts that best 

adapt to their needs. Bilateral transactions imply the control of 

the System Operator to verify possible violations of technical 

restrictions, and it is a competence of the Market Operator to 

manage and organize the bilateral contracts. This type of 

contracts guarantees security in relation to the price, since they 

are executed normally in the long term.  

  

 The impact of the liberalization of the electricity sector has 

been felt in areas such as the diversification of primary energy 

sources, environment and the promotion of competitiveness by 

the European Union, culminating in a series of directives 

aimed at increasing energy efficiency. In this sequence, the 

Iberian Electricity Market (MIBEL) emerges as a joint 

initiative developed by the governments of Portugal and 

Spain. 

 There are two main markets available to agents 

participating in the MIBEL: the spot market (daily and 

intraday) and the future/derivatives market.  

 The daily market is the platform where electricity is traded 

for delivery on the day following the trading day. This market 

follows the principles of  intersection of demand and supply 

curves, works with simple offers and all producers are paid at 

a marginal price. Producers should make offers that reflect 

their marginal costs to guarantee economic efficiency. More 

than 800 agents interact daily, with this market and prices 

range from 0€/MWh to 180€/MWh. More than 80% of the 

electricity produced in Portugal and Spain is traded on the spot 

market [11]. The pricing mechanism consists of what is called 

the system marginal price model (SMP), implying that the 

market price is the same for all participants — the price to be 

paid by the buyers is equal to the price to be received by the 

sellers. The system marginal pricing model does not allow the 

prediction of the risk of congestion, and a market splitting 

mechanism is usually considered [12].  

 The daily market is characterized by the price of electricity 

in Europe, including MIBEL, to be fixed daily (every day of 

the year) at 12 noon, for the twenty-four hours of the next day. 

 

III. RENEWABLE ENERGY SOURCES AND IMPACT OF VARIABLE 

GENERATION ON MARKET PRICES 

 

 Renewable energies have undergone constant changes and 

evolved over the years in an extraordinary way. These fast-

growing energy sources are developed and driven by factors 

such as improving the cost-competitiveness of technologies; 

political initiatives focused on this problem, obtaining better 

access to funding through them; environmental concerns and 

energy security; the growing demand for energy in developing 

and emerging economies as well as the need for access to 

modern energy. 

 According to IEA — The International Energy Agency, 

renewable energy will represent the largest source of 

electricity in the coming years (forecast up to 2020), driven by 

falling costs and aggressive expansion in emerging economies. 

This addition of renewable energy over the next few years will 

exceed 700 GW, with the share of wind power in global 

energy production expected to increase from 22% in 2013 to 

26% in 2020. 

 In Portugal, between 2007 and 2016, the technology with 

the greatest growth in installed capacity was wind power, 

which grew by 2.6 GW, with an installed wind power of 

approximately 5.1 GW [13]. With the high production of wind 

energy (and also hydro), Portugal has registered high levels of 

exports of electricity. Export is normally higher at the 

beginning of each year (corresponding to the winter months). 

However, during the year 2016, the balance of electricity 

exchanges with Spain was positive until the summer months. 

In July 2016 this balance was approximately 4.2 TWh, being 

slightly lower than in January (4.4 TWh). Compared with 

previous years, only in 2014 it was possible to export energy, 

in the amount of 0,38 TWh, about 11 times lower than the 

current one [14]. 

 The growth of renewable energies is not only due to the 

requirement to fulfill the obligations and targets established by 

the protocols and treaties, but also due to a remuneration 

process, which consists in the payment of feed-in tariffs to 

producers, whose energy expenditure is relatively high. 

Incentives based on feed-in tariffs are paid to producers of 

renewable energy and marketers of the last resort trader (EDP 
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Serviço Universal S.A, in Portugal) to purchase the whole 

energy from these producers [15].  

 In Portugal, ERSE — the Portuguese energy services 

regulatory authority — has legal responsibility over 

production under a special regime, specifically in the scope of 

tariff induced costs, in the influence of the formation of 

market prices, as well as in the planning and operation of 

electricity grids and labeling of electrical energy [16,17].  

 The introduction of high penetrations of variable generation 

can significantly affect the results of a wholesale energy 

market. With zero variable costs from renewable generation 

(because of the free source of its fuel), these are responsible 

for impacts such as reduction average market prices over time 

and increase the occurrence of zero or negatively priced 

periods. At the same time, variable generation can cause 

market prices to be more volatile because its available power 

changes with time due to the changing source and, in addition, 

can reduce the energy that other suppliers can sell in the 

energy market. These outcomes can affect the energy market 

because renewable generation enter at the bottom of the offer 

stack, reducing the production of marginal resources, thereby 

displaces other resources via the merit-order effect and 

reducing energy prices [18].  

 Currently, producers of renewable energy do not make 

proposals for sale in the market (it is considered a marginal 

cost, making offers at 0 €/MWh) but it has an influence on the 

price at which it is established. Thus, in the order of merit 

curve in which each level represents an offer per generator, the 

supply of variable generation, such as wind power, will be 

introduced in the lower part. In this way, the penetration of 

RES in the market causes the intersection of supply and 

demand curves to occur at lower price values, justifying that 

periods with a high level of wind, for example, will generally 

have a lower price in the spot market. This phenomenon is 

called the Merit Order Effect [19]. 

IV. MAN-REM SIMULATOR FOR ENERGY MARKETS  

  

 Multi-agent systems are ideal for solving problems 

involving multiple entities and multiple methods [20]. On one 

hand, the growing interest in these systems and their 

development is related to the ability to solve large-scale 

problems, with limited resources. On the other hand, these 

systems provide solutions for distributed problems, helping in 

situations in which knowledge and control are distributed. 

 The increased complexity of the Market for Electrical 

Energy (MEE) exposes its participants to price volatility. So, 

simulation tools were developed to help market participants in 

their decision making process by analyzing in detail market 

operation and dynamics. In this sense, the MAN-REM system 

has emerged, with the aim of modulating, simulating and re-

creating the MEE.  

 Among the agents available in MAN-REM (with different 

characteristics and functions as well as different interactions), 

is it possible to list personal assistants, market operators, 

generating companies (GenCos), retailers (RetailCos), 

aggregators and consumers. More specifically, personal 

assistants are agents that make the connection between the 

user and the various graphical interfaces, and mediates the 

communication between the market operators and the market 

participants. A market operator is responsible for executing 

the pricing algorithms, namely SMP and LMP. GenCo agents 

act as sellers or producers of electricity and RetailCo agents 

operate as purchasers of electric energy. Meanwhile, 

aggregators buy electricity in the market, acting as 

counterparts in a coalition of consumers. Large consumers can 

buy electrical energy in the pool. Also, large and small 

consumers can sign bilateral contracts with retailers.  

 These agents are part of a market environment allowing 

both spot market simulations and bilateral trading simulations 

[4]. In order to better approximate what happens in the MEE, 

the MAN-REM system has two pricing mechanisms in the 

simulation of the spot market: the system marginal price 

(SMP)  mechanism and the marginal location price (LMP) 

mechanism. The SMP is the one used in this work. It is based 

on the theory of marginal pricing — the bids are stacked in the 

merit order, and the market price is defined by the intersection 

of the associated curve with the cumulative load curve — in 

which each offer involves two key variables, a volume of 

energy and a price. The LMP is a more complex variation of 

the marginal price — the system organizes and aggregates the 

generation and load purchase bids, establishes the optimal 

generation dispatch, and defines the price of the energy in 

each bus of the network.  

 It is also possible to simulate bilateral negotiations with 

MAN-REM, involving physical or financial contracts [21]. 

Buyer and seller agents are equipped with a trading structure 

and an alternating offers protocol. Negotiation follows three 

phases: pre-negotiation, actual negotiation and post- 

negotiation [22].  

 Pre-negotiation is the process of preparation and planning 

for the negotiation. It envolves mainly the definition of the 

issues at stake, the limits and goals, and the specification 

preferences to evaluate and compare offers and counter-offers. 

Actual negotiation is the process for agreement and usually 

involves an iterative exchange of offers and counter-offers. It 

may end in either agreement or no agreement. The post-

negotiation process establishes a commitment to build and 

implement a mutually acceptable agreement. For trust-based 

agent performance, it is essential that the whole process be 

based on the notion of "commitment" [21]. 

V. CONTROLLED EXPERIMENTATION AND ANALYSIS OF 

VARIANCE 

A. Controlled Experimentation  

 

 Controlled experimentation was initially used in the areas of 

economics and social psychology, and from the 1990s it was 

also used in artificial intelligence, because of the systematic 

characteristics of this method [23]. 

 It is based on the intentional selection and manipulation of 

the system characteristics, on the random variation or even on 

the constant preservation of other characteristics of the system 

in order to evaluate and record the behaviour of the system 

towards manipulations [24]. In this method the causal relations 

among variables are evaluated. For this, one or more 

independent variables are manipulated by the experimenter 

[25]. 
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 The main aspects for the execution of an experiment and the 

concepts involved in four major tasks of controlled 

experimentation are defined as follows [26]–[28]: 

1. Configuration of the experimental system - assign 

values to the parameters of the experimental system 

in order to execute the experiment successfully and 

obtain significant results. 

2. Construction of independent variables - identify and 

set levels for independent variables and determine 

their manipulation. 

3. Construction of the dependent variables - identify 

and define possible values for the dependent 

variables and determine the appropriate way to record 

these values. 

4. Performing the experimental tests - running the 

experiment. The number of tests varies from 

experiment to experiment, taking into account each 

combination of various levels of the independent 

variables. 

 

 The experimental system is typically a simple computational 

system, which has, as a rule, a set of pre-defined experimental 

parameters. The parameters allow the control of the system 

behaviour and its figures are the experimenter's responsibility. 

 Experimental variables are commonly defined as 

independent and dependent variables. Independent variables 

are those that the experimenter manipulates directly, admitting 

and believing that they have an effect on other variables. 

These variables are usually contained in a limited range of 

values — levels — defined by the experimenter. Dependent 

variables are not under the control of the experimenter, and it 

is believed that they can be influenced or they can perform a 

relation with one or more independent variables. Typically, 

the dependent variables are continuous and easily measurable. 

Taking into account the independent and dependent variables 

characteristic of these experiments, it is possible to infer about 

the causality between both. The relation must be due to the 

impact of the independent variable on the dependent variable, 

since the variation in the independent variable preceded the 

variation in the dependent variable. However, it also cannot be 

due to the impact of some other common factors on both 

variables, because the variation in the independent variable 

depends only on the experimenter. 

 The experimental test is based on a process with several 

tasks carried out by the experimenter. The set of several tests 

is performed for each combination of independent variable 

levels, or if there is only one independent variable, for each 

level of that variable. As noted, although the tasks of a trial 

vary from experiment to experiment, the following tasks are 

typically involved in performing a given test: 

1. Manipulate the independent variables - for each 

group of tests, set a certain combination of the levels 

of these variables. 

2. Run the experimental system - run the programme or 

programmes that make up the system. 

3. Record the values of the dependent variables - save 

and record the values of these variables in files. 

  

 For each group of tests, the experimental results are 

calculated using the arithmetic mean of the values obtained for 

the dependent variables in each test. The experimental results 

determine the number of tests to be performed as soon as the 

results are statistically significant. The definition of 

statistically significant has to do with the high probability of 

the results, due to the intervention and effective manipulation 

of the experimenter and not to the external experiment factors. 

 

B. Analysis of Variance  

 

 Analysis of variance (ANOVA) is a cluster of statistical 

models used to analyze the differences among group means 

and their associated procedures (such as "variation" among 

and between groups). ANOVA is a particular form of 

statistical hypothesis testing heavily used in the analysis of 

experimental data. Most of the tests refer to the comparison 

between means of     populations, which leads to a 

decision about the null hypothesis: 

 

                   ( 1 ) 

where         , represents the mean of population  . 
 The alternative hypothesis,   , is defined by the existence 

of dispersion present in the data set considered in the sample. 

 Taking into account the steps for hypothesis testing, a 

description of the various tasks for ANOVA is given below: 

1. Definition of statistical hypotheses - the null 

hypothesis and alternative hypothesis are defined as 

follows: 

i.               — the mean    of 

the group 1 population is equal to the mean 

   of the population that group 2 represents, 

and so on. Observations are not statistically 

affected by switching from one factor level 

to another level. 

ii.          — the means are not all the same. 

Hypothesis    admits that there is a 

significant difference between means of, at 

least, two populations. This hypothesis is not 

written in the form:           , 

because it is not necessary that means are 

different to reject the null hypothesis. 

 

2. Identification of the test statistic and characterization 

of its distribution - the test statistic is defined by: 

 

   
   

   
              ( 2 ) 

where     represents the quadratic mean between 

groups and     is the quadratic mean within the 

groups. In turn, the quadratic mean between groups 

and the quadratic mean within the groups are defined, 

respectively, by: 

 

     
   

   
;      

   

   
               ( 3 ); ( 4 ) 

 

where SQE and SQD represent the variation or sum 

of squares between groups and within the groups, 

respectively; GLE and GLD represent the number of 
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degrees of freedom between groups and within 

groups, respectively. 

 

The sum of squares between groups and within 

groups is given by: 

         
 
                                 ( 5 ) 

 

                      
  
   

 
                     ( 6 ) 

 

Regarding the numbers of degrees of freedom 

between groups (GLE) and within groups (GLD), 

GLE e GLD are defined by: 

 

        ;                        ( 7 ); ( 8 ) 

 

3. Definition of the decision rule - the decision rule is 

based on the test statistic and the critical region 

calculation, where the critical region is defined by: 

 

                                           ( 9 ) 

 

where F is the calculated value for the test statistic, α 

is the significance level of the test and             is 

the threshold of the distribution          which has a 

probability α to be exceeded, when    is true. Thus, 

when the value of F is bigger than            , for a 

given value of α, the null hypothesis must be rejected. 

 

4. Calculation of test statistic and decision making - the 

final decision is to accept or reject the null hypothesis 

    Rejecting    it is assumed that there are 

statistically significant differences between the means  

of population. 

VI. EXPERIMENTAL WORK 

 

 The experiments to test the impact of both the forecast 

uncertainty and the day-ahead gate closure on market prices 

were performed according to the controlled experimentation 

method.  

 

A. Experiment I 

1) Experimental Hypotheses 

 

 The main objective of this study is to examine the effect of 

both the wind power production forecast and the market gate 

closure on market prices. The experimental hypotheses are 

defined as follows: 

 

 Hypothesis 1: For high wind power forecast errors, closing 

the day-ahead market at 12:00 noon and considering a specific 

forecast, or closing the day-ahead market at 6:00 p.m. and 

considering a revised forecast, lead to significant differences 

in the market-clearing prices. 

 Hypothesis 2: For low wind power forecast errors, closing 

the day-ahead market at 12:00 noon and considering a specific 

forecast, or closing the day-ahead market at 6:00 p.m. and 

considering a revised forecast, lead to non-significant 

differences in the market-clearing prices. 

 

2) The Experimental System 

 

Multi-agent systems are indeed an help in the analysis of 

the energy market, approaching the reality, not only in 

economic terms but also in behavioral and structural terms. 

Thus, the use of MAN-REM, a market simulation tool, allows 

to manage the complexity of the energy market, dealing with 

same challenges related to market models and contracts. In 

this way, with the use of this simulator, several tests can be 

done to evaluate the impact of a high penetration of wind 

energy and the operability of the day-ahead market. According 

to the forecasts for wind energy production and the market 

closing time, potential differences in the market prices will be 

evaluated. 

Thirteen producer agents (representing the supply side) and 

four retailer agents (representing the demand side) are defined. 

The data related to the wind producer are for the year 2009, 

and all other data of production and consumption also refer to 

this year. In a first approach, a study is conducted based on the 

figures of demand and supply published by REN [29], which 

vary every day (and along any day). 

 The supply side agents are divided in order to consider a 

closer approximation to the reality. Producer agents are 

established according to the real production in Portugal. Thus,  

the amount of energy of each producer agent to be introduced 

into the system varies, according to the diagrams available 

online by REN [29]. 

 For the various scenarios, thirteen agents were considered, 

representing production plants with specific characteristics, 

with different production costs as well as different 

technologies. Nine of them are related to an ordinary regime 

and the remaining to a special regime. The coal technology 

and the natural gas technology are represented by two 

different agents. Concerning hydro power, one agent 

represents the production of the reservoirs and the other the 

run-of-river. There are also two producing agents whose 

technology will vary depending on the more expensive 

technology for a particular day. Productions under the special 

regime have a single agent. 

 The wind power agent represents a Portuguese wind power 

plant, with a maximum installed capacity of approximately 

250 MW. Comparing the real production of the wind power 

plant to the wind power generation in Portugal, a scale factor 

is calculated to size the producer agents with the wind energy 

produced in Portugal. 

 In 2009, the wind power represented 20% of the total power 

connected to the National Electrical System [30]. In this year, 

the days on which there was a high penetration of wind energy 

in the Portuguese electricity system were considered, taking 

into account the wind farm data. In other words, the days 

considered were the days when the comparison between the 

national wind production and the energy mix of the various 

technologies surpassed the percentage of 20%. For this 

verification, the REN load diagrams were analyzed hourly, as 

shown in the example of  Fig. 2. 
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Fig. 2 - Load Diagram, for day 07/11/2009 [29]. 

 The bidding prices of the producer agents are defined 

according to the Iberian market prices (MIBEL) and ensuring 

that the offers differ between the technologies, taking into 

account the merit order effect — technologies such as wind, 

which have high investment costs but low marginal prices, 

come at the lowest position of the curve, followed by nuclear 

and coal. At the top of the curve are gas technologies, as they 

have the highest marginal costs. Bids for hydraulic 

technologies are generally considered strategic and depend on 

the water available, so they do not have a fixed position on the 

merit order curve. 

 Table I shows the division of technologies in Portugal, in 

terms of installed capacity, in 2009. 

 

The demand side, responsible for energy purchase offers, 

involves four retailer agents. The average demand attributed to 

each retailer is divided as follows: one agent is responsible for 

50% of the total demand, another for 25% and the other two 

for the remaining demand, with 12.5% each. The energy 

prices involved in the biddings of the retailers approximate the 

prices offered daily in the MIBEL. 

 

3) Independent and Dependent Variables 

  

 In this experiment, two independent variables were 

considered: the day-ahead gate closure at 12:00 noon or 6:00 

p.m. and the forecast error — difference between the real 

production of the park and the forecast production. 

 The percentages equivalent to high and low errors are all 

normalized by considering 2/3 of the maximum production of 

the park, with a high error, for forecast at 12:00 noon, being 

bigger than 25%, and a low error corresponding to less than 

15%, using the daily data (Table II).  

 

 The dependent variable is the market-clearing price for 

every hours, and these figures are not under the control of 

experimenter. 

 

 

4) Experimental Method 

 

 In this section, the experimental method is presented. 

 With the wind energy data from the Portuguese park and the 

respective total national production for certain hours of the 

day, only the days with high penetration of wind energy are 

considered (as previously mentioned, high penetration 

corresponds to a percentage higher than 20%). 

 Thus, the various tests began with the verification of the 

high penetration of wind energy at certain hours of a day of 

2009 chosen at random. Subsequently, the independent 

variable related to the forecast was manipulated, and the 

market closing time was fixed at 12:00 noon. By analyzing the 

differences between the real production and the forecast, as 

shown in Fig. 3, the other independent variable was defined, 

referring to the error. By using the MAN-REM software, the 

dependent variable — the market price was measured. This 

process was repeated for the 6:00 p.m. forecast of the same 

day. The independent variable — forecast of wind production 

for the market closing time — was considered at 12:00 noon 

and 6:00 p.m. on the same day only, since it makes no sense to 

compare prices on different days. 

 

 

TABLE I 

Breakdown of agents participating in the simulation 

 

Agent Type Technology 
Installed Capacity 

2009 [MW] 

Renewable 

GenCo 
Wind Power 3357 

Conventional 

GenCo 
Coal-fired 1776 

Conventional 

GenCo 

Conventional 

GenCo 
Natural Gas-fired 3036 

Conventional 

GenCo 

Conventional 

GenCo 
Hydro - PRO 4578 

Conventional 

GenCo 

Renewable 

GenCo 
Solar Photovoltaic 75 

Renewable 

GenCo 
Hydro - PRE 405 

Renewable 

GenCo 
Thermal - PRE 1631 

Conventional 

GenCo 
Fuel 1476 

Conventional 

GenCo 
Thermal/Hydro ____ 

Conventional 

GenCo 
Thermal/Hydro ____ 

 

 

 

TABLE II 

Experimental Parameter values 

 

Experimental Parameter Value range 

Percentage for defining a High Error 25%-100% 

Percentage for defining a Low Error 0%-15% 

Percentage for defining a High penetration 

of wind power, in 2009 
20%-70% 
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The detailed experimental procedure is the following: 

1. Choose a day with a high penetration of wind energy 

at a certain hour; 

2. Manipulate the independent variable (market-closing 

time fixed at 12:00 noon) 

3. Evaluate the independent variable (forecast error); 

4. Run the experimental system; 

5. Measure the dependent variable (market-clearing 

price); 

6. Repeat from step 3, for the independent variable 

(market-closing time fixed at 6:00 p.m.). 

  

 Taking into account the available wind power data, the 

hours of 2:00 a.m., 7:00 a.m. and 10:00 p.m. were chosen to 

represent cases of high wind penetration and a high error 

related to forecasts with market closures occurring at 12:00 

noon. For the low error, 0:00 a.m., 5:00 a.m. and 5:00 p.m. 

were selected, since they were the most representative and 

with the highest number of occurrences. 

 

 
Fig. 3 - Production data and wind power forecasts, for day 

07/11/2009. 

 

5) Results 

  

  Table III shows the simulation results.  

 Concerning hypothesis 1, 24 tests were performed for 2:00 

a.m., 30 trials for 7:00 a.m. and 25 for hour 10:00 p.m. Each 

of these tests corresponds to a simulation of the experimental 

system in the MAN-REM simulator and this system is 

different every day. An average of the results of the market-

clearing price is presented and it can be concluded that 

hypothesis 1 is supported: the results are statistically different. 

In this way, it is possible to interpret the results: when the 

difference between forecasts and the real production is higher 

than 25%, there are significant differences in the market-

clearing prices. 

 

  Concerning hypothesis 2, 28 tests were run in the MAN-

REM simulator for the hour 0:00 a.m., 25 for the hour 5:00 

a.m. and 19 for the hour 5:00 p.m. In this way, it was verified 

that the average prices resulting from the various tests are 

similar for each of the market closing times. These results are 

demonstrated by an analysis of variance, explicit and 

developed in section VII. 

 

TABLE III 

Simulation Results for Experiment I 

 

Hypothesis Hour 
Number 

of Tests 

Average 

price for 

Forecast 

12:00 

noon 

[€/MWh] 

Average 

price for 

Forecast 

06:00 

p.m. 

[€/MWh] 

1 

2:00a.m. 24 39,96 32,71 

7:00a.m. 30 43,07 36,10 

10:00p.m. 25 48,16 43,52 

2 

0:00a.m. 28 34,96 34 

5:00a.m. 25 26 23,56 

5:00p.m. 19 38,58 36,63 
 

 

 

In Fig. 4, all results of the daily prices obtained for the 

simulations carried out for the hypothesis 1 are presented, 

taking into account 7:00 a.m., for example. The results refer to 

the prices of the wind forecast simulations at 12 noon and 6:00 

p.m., compared to the real price at which MIBEL is 

established. Only the results of hypothesis 1 are presented in 

detail, because they are meaningful ones, since it is clear the 

effect of the independent variables on the dependent variable 

inherent in this whole experimental process. 

 

 
Fig. 4 - Results of daily prices comparing real prices with simulated 

prices, for hour 7:00 a.m. 

 Fig. 5 shows the differences between the prices generated 

by the simulations and the forecasts, by means of a balance 

between the real price obtained from MIBEL and the volume 

of each forecast and real wind power production. This 

relationship is called revenue and is calculated as follows: 

 

                                         ( 10 ) 
                                                 ( 11 ) 
                                                 ( 12 ) 

 

 The analysis of revenues is a parameter that allows to 

evaluate the error associated with the forecasts, and as 

expected, the revenues with the forecast volumes obtained at 

6:00 p.m. were closer to the real revenue, compared to the 

revenues at 12:00 noon. 
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Fig. 5 - Forecast Revenues compared to real revenue, from all results 

to hour 7:00 a.m. 

B. Experiment II 

 

In this second experiment, everything is maintained 

according to the description of Experiment I, with the 

exception of the following sections: Experimental System and 

Results. 

It is also an experiment to evaluate the impact of Forecast 

uncertainty and day-ahead gate closure on market prices. 

 

1) The Experimental System 

 

 In this second experiment, all supply and demand agents 

remain unchanged from day to day. For each agent, an average 

of the energy produced in the months with most days used in 

the first experiment (that is, from October to December) was 

maintained and the verified merit order effect in the same 

period was kept (RES, coal, natural gas, reservoir, run-of-river 

and fuel). The bids attributed to each agent were also 

maintained from day to day, and were also obtained by the 

verified average. In this way, only the production of wind 

power varies.  

 It should be noted that, considering averages of real 

productions instead of real daily productions, the system  

considered is moved away from the reality (compared to the 

system considered in Experiment I). However, the system is 

more controlled, allowing, from this perspective, to draw 

conclusions that might be very interesting. 

 

2) Results 

 

 
Fig. 6 - Simulated hourly spot market results for day 07/11/2009, 

obtained through Experiment II. 

 

From the analysis of Fig. 6, for a specific day (07/11/2009), 

on which the conditions for checking and supporting the 

hypothesis 1 were verified (at 2:00 a.m., 7:00 a.m. and 10:00 

p.m.), it is possible to conclude that two of the considered 

schedule occasions show differences in the prices 

corresponding to the different forecasts. At 10:00 p.m. there is 

no difference and this has to do with the fact that the average 

of the agents used in the simulation is not justification to 

obtain a difference between the forecasts of 12:00 noon and 

6:00 p.m.. However, on the other days with the same 

characteristics as this one (07/11/2009), differences were 

observed at this hour, as proved in the section of analysis of 

results. 

In this second experiment, it is also possible to conclude 

that the hypotheses considered are supported by the results of 

the various tests, as shown in Table IV.  

For the two hypotheses, the same days (and thus, the same 

number of tests) were run as in the experiment I.  

In hypothesis 1, it is possible to verify that there are 

significant differences between the averages of the prices for 

the market closing time at 12:00 noon or at 6:00 p.m.. 

 The results of hypothesis 2 indicate that prices are 

significantly approximate between the forecast at 12:00 noon 

and at 6:00 p.m.. 

Thus, the experiment II introduces a more controlled 

experimental system because the variations between the days 

are the responsibility of wind energy. It is possible to 

conclude, in a more robust way, that forecast errors and the 

market closing time actually influence market prices. 

In the next section, these results will be demonstrated and 

the hypotheses will gain more support through the analysis of 

variance elaborated for each group of tests. 

 

TABLE IV 

Simulation Results for Experiment II 

 

Hypothesis Hour 
Number 

of Tests 

Average 

price for 

Forecast 

12:00 

noon 

[€/MWh] 

Average 

price for 

Forecast 

06:00 

p.m. 

[€/MWh] 

1 

2:00a.m. 24 21,85 13,89 

7:00a.m. 30 40,40 35,34 

10:00p.m. 25 46,53 42,89 

2 

0:00a.m. 28 27,14 25,89 

5:00a.m. 25 16,76 15,16 

5:00p.m. 19 33,62 31,99 
 

 

VII. DISCUSSION 

 

In order to validate the hypotheses considered, between 19 

and 30 tests were performed corresponding to different days. 

Analysis of variance (ANOVA) [31] was used to evaluate the 

results obtained. The purpose of this analysis is to verify if 
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there is a significant difference between the means of the tests 

of the two groups for each hypothesis and, at the same time, to 

determine if the factors influence the dependent variable — 

market price. 

Applying this procedure to the experiments, it is possible to 

test the existence of statistically significant differences 

between the simulated prices of the different groups, obtaining 

the following results for the different experiments. 

 

1) Experiment I 

 

TABLE V 

Results of Analysis of variance for Experiment I 

 

Hypothesis Hour F    p-value 

1 

2:00a.m. 9.532 9.183 0.003 

7:00a.m. 8.021 7.819 0.006 

10:00p.m. 12.595 8.659 0.001 

2 

0:00a.m. 0.175 4.019 0.678 

5:00a.m. 0.555 4.043 0.460 

5:00p.m. 0.715 4.113 0.404 
 

 

 Focusing on a specific time — 7:00 a.m., for example — 

and assuming for analysis dimension α = 0.007, we obtained 

        7.819, this value being exceeded by the value 

observed of the F statistic. It can be concluded that the 

hypothesis of equality of means between the two groups of 

prices is clearly to reject. In fact, the p-value is 0.006348, i.e. 

below the significance threshold of 0.007. In this way, 

hypothesis 1 is supported. Regarding hypothesis 2, this is also 

proved by the analysis of variance, being possible to validate 

the assumption of the homogeneity of variances. For example, 

at 0:00 a.m., by presenting the p-value equal to 0.67759, it can 

be seen that the variances underlying the second hypothesis 

are very close. 

 

 

2) Experiment II 

 

TABLE VI 

Results of Analysis of variance for Experiment II 

 

Hypothesis Hour F    p-value 

1 

2:00a.m. 9.509 8.695 0.003 

7:00a.m. 4.358 4.007 0.041 

10:00p.m. 4.328 4.043 0.031 

2 

0:00a.m. 0.276 4.019 0.601 

5:00a.m. 0.244 4.043 0.623 

5:00p.m. 0.398 4.113 0.532 
 

 

 

With this experiment, it was possible to conclude that the 

hypotheses are supported, although they do not show as much 

significance as in Experiment I. That is, for the hour 

previously analyzed — 7:00 a.m. — it can be concluded that F 

is larger than    with a p-value less than 0.05 (p-value = 

0.0412). 

Through hypothesis 2 it was also verified that the 

considered days were sufficient to conclude that the market 

prices for the forecast of wind power are similar to each other. 

 

Taking into account the results obtained, changing the 

market closure from 12:00 noon to 6:00 p.m. is justified in 

terms of wind forecast. This amendment involves changing the 

schedules of subsequent markets (intraday and ancillary 

services) and programming and naming processes [32].  

VIII. CONCLUSION 

 

Relating the independent variables to the dependent variable 

of this experiment and considering the wind energy forecast, it 

is justifiable that the market closing time should change from 

12:00 noon to 6:00 p.m.. This change is proven by ANOVA, 

in which the results are representative of the hypotheses 

considered, ie different market prices are established for wind 

power production forecasts with the market closure happening 

at 12:00 noon or 6:00 p.m., considering high errors compared 

to real production and for wind energy production forecasts 

with market closures occurring at 12:00 noon or 6:00 p.m., 

considering low errors compared to real production, similar 

market prices are established.  

Adjusting the market closing time, it is important to deal 

with the variability and uncertainty of wind power that 

influences market prices strongly. However, this adjustment 

may cause changes in the systems underlying the day-ahead 

market as well as their operation. 

The aim for the future is to continue to develop this theme 

so that more adjustments to wind forecast can be made 

throughout the day, even in the intraday market. This will 

avoid using the tertiary reserve of real-time market (it will 

come into force when necessary if there are lags between the 

variation of consumption and the energy produced). In this 

way a better and more realistic assessment will be possible in 

order to change the day-ahead gate closure. 
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