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Abstract: The recent developments in the electricity market structure, following the liberalization and the 

increase in the share of renewables, have allowed for the emergence of a new figure, the virtual power plant. This 

acts as an aggregator of dispersed energy sources, providing access and visibility across the market for small 

producers. The purpose of this study is to create a simulating tool capable of modelling the activity of a virtual 

power plant on a wholesale electricity market, such as the MIBEL, while assessing its ideal operational conditions. 

Considering the overall simplicity of the model, it was possible to conclude that the simulator is able to project the 

operation of a virtual power plant, modeling effectively the expected outcomes for each set of initial conditions. 
 

I. Introduction 

Over the last years, it has been witnessed a profound 

modification on the structure of markets for electricity. These 

have been moving from a model where monopolistic companies 

had control over all production, transmission and distribution 

activities, to a gradually more competitive and decentralized 

organization. The economic efficiency derived from the 

introduction of competition in the sector has the ultimate goal 

of benefiting consumers and so, the regulatory and legal 

frameworks have adapted in order to stimulate the liberalization 

of the electric system [1].  

The use of renewable energy technologies is one of the most 

debated issues in the energy field. The growing concerns with 

the environment’s and the health issues arising have encouraged 

the investigation in clean energy sources. The continuous 

evolution of technology has allowed for significant advances in 

alternative electricity sources, such as photovoltaic, wind and 

biomass. Due to these factors, the share of electrical energy 

produced from renewable sources has been steadily increasing, 

especially at the mini and micro-generation levels [2]. 

In the context of this reality, a technical and regulatory 

background has been created for the emergence of a new figure, 

the Virtual Power Plant (VPP). This agent will work as an 

aggregator of dispersed energetic resources, providing visibility 

and access across the market. By removing the uncertainty 

factor related with production from renewable sources, through 

the correct balancing of a portfolio of different generators, VPPs 

could play an important role in the further incorporation of clean 

energy sources in the generation of electricity [3]. 

Through this work, it is expected to be obtained a better 

understanding of the conditions in which VPPs ideally perform as 

a single electricity producer, by simulating their strategic 

approach in a contextualized market for electrical energy, under 

the current Portuguese regulatory framework.  

 

 

Worldwide electricity generation 

Observing the evolution of power generation by source over 

the past 40 years, it is clear that fossil fuels always had a major 

share, maintaining a portion of around two thirds of all the 

power produced worldwide. However, there has been a 

restructure in the composition, as the natural gas has risen from 

12.2% in 1973 to 21.9% in 2011, while the oil portion has 

lowered from 24.6% to 4.8%. The most important component is 

still coal, which has kept a steady growing trajectory [5]. This 

solid share is due to the relative low price of coal, when 

compared to other raw materials used in conventional thermal 

processes and its availability in all geographies in the world 

(unlike oil or gas). Nonetheless, in some countries, natural gas 

prices have been low enough for energy companies to start 

operating natural gas powered generation plants more 

economically than coal plants, mostly through the use of hale 

gas [6]. On the other hand fast growing countries, such as India 

and China have based the supply of their rising electricity needs 

in “cheap” coal-fired power plants. In fact, coal based generation 

in China represents around 45% of the total worldwide coal-fired 

power production. These opposing phenomena have resulted in 

a steady growth in the coal share of produced electricity. 

 

Figure 1: Generation by fuel, 1973 to 2011. Other includes geothermal, 
wind, solar and biomass [5]. 
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Renewable Generation 

In respect to renewable sources of electricity, the 21.6% 

share in 1973 has lowered to 20.3% in 2011, with hydro 

representing the major portion in this sector. However, it must 

be taken into account the growth in total electricity generated 

which has risen almost four times since the first period 

considered. Hydro power production, strongly dependent on 

natural conditions, has evolved at a steady pace, with the 

appearing of some particular examples, such as Brazil or 

Venezuela which obtained in 2011, 80.6% and 68.6%, 

respectively, of their total domestic generation from this source 

[5]. Since this work will focus on solar photo-voltaic (PV), it is of 

special interest to understand the evolution of these sorts of 

generation sources in the last decades.  

As it can be observed in Figure 1, the share of non-hydro 

renewable technologies increased from 0.6% of the total world 

generated electricity in 1973 to 4.5% in 2011. Most of this has 

been achieved in the last decade, sustained by the numerous 

support schemes to enlarge the share of renewables. 

Environmental worries due to excessive CO2 emission to the 

atmosphere and the unstable prices of fossil fuels have created a 

sense of necessity to the rapid expansion witnessed in the 

sector. Also, the evolution in technology has made possible for 

some renewable solutions to be economically competitive with 

fossil fuel technologies, providing the financial incentive to 

invest in projects for renewables. 

Solar PV 

Cost reductions in technology were greatly felt in this area, 

with the introduction of new solutions, such as thin film 

technologies, and the opening of the western markets to the 

economically competitive products coming mainly from China. 

Combined with this trend, government support programs to 

renewable generation drove solar PV generation to increase by 

50% over the last decade. In fact, in 2012, the global installed 

capacity of solar PV expanded by 43%, totaling for 15% of the 

overall increase in power generation capacity [7]. 

According to the IEA, electricity generated from solar PV is 

supposed to rise up to 950 TWh in 2035, from the 100 TWh 

produced in 2012. This estimation is aligned with a projected 

future setting in the energy sector, called New Policies Scenario 

[7].

 
Figure 2: Projected solar PV capacity by region in the New Policies 

Scenario [7]. 

In this projection, large developments in solar PV generation 

capacity are to occur, especially in China and other countries, 

while the EU and United States seem to be in a more mature 

phase into the process. Figure 2 shows the EU presented in 2012 

a share of around 70% of the total installed capacity, confirming 

the presence of a strong set of directive policies. In 2035, despite 

the continuous increase in generation capacity, the share in the 

worldwide total is expected to lower to around 20%. 

II. Topic Overview 

i) Electricity Markets 

For many years, the supply of electricity was mostly held by 

vertically integrated utilities, controlling generation, transport 

and distribution. Clients were bound to purchase energy from 

the company that managed said activity in the area they were 

located. In different regions, some of these utilities were private 

companies and others were government agencies [4]. 

During the decade of 1980, groups of economists started 

defending that vertically integrated utilities were removed of the 

incentive to operate efficiently, incurring in unnecessary 

investments that were passed on to the consumers. These 

experts proposed the introduction of a market discipline in the 

electricity trade, stating that it would bring economic benefits. 

Competition arising from the deregulation of electricity markets 

would motivate efficient behaviour from all the agents involved, 

in search of lower costs, with companies resorting to different 

technologies, with corresponding levels of price and reliability. 

Consumers would benefit with the possibility of choosing an 

electricity supplier suitable to its needs. 

Since then, electricity markets in various regions have moved 

away at different rates from vertically integrated utilities to a 

liberalized market, with the gradual appearing of independent 

generation and distribution companies and the introduction of 

the retail model competition. 

In a liberalized market the transaction of electrical energy 

can happen by two different open trade systems. There are the 

bilateral contracts, which involve only two parties, in which a 

buyer contracts the acquisition of electricity to a seller at a 

previously agreed price and delivery date. These contracts may 

vary on the time horizon for delivery, the amounts of power 

traded and on the form of trading used which can be electronic 

or in person. The other trading mechanism for electrical energy 

is the electricity pool, where bids made by producers and offers 

made by consumers are introduced in a pool. Then bids to 

produce are ranked in order of increasing price while offers to 

buy are ranked in order of decreasing price, forming the supply 

and demand curves of the market, respectively. The intersection 

of these two curves will give out the market equilibrium with the 

determination of the traded quantity and clearing price. 

ii) The MIBEL 

The Iberian Electricity Market (MIBEL) results from an effort 

from both the Portuguese and Spanish Governments to the 

integration of the electrical systems of the two countries. Both 
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Governments agreed that the organized markets of MIBEL would 

be based on a communicating bipolar structure, in which the day 

and intraday market would be under the control of the Spanish 

division (OMEL) and the derivatives market would be at the 

Portuguese (OMIP) division’s responsibility. 

The Spanish division of the Iberian Electricity Market 

Operator (OMEL), headed in Madrid, is responsible for managing  

the spot market for electricity in this bipolar structure. This last 

resort market is based on the operation of the day-ahead and 

intraday trading mechanisms that aggregate the Portuguese and 

Spanish zones of MIBEL. The day-ahead market handles 

electrical energy transactions for delivery on the following day. 

Agents from the entire Iberian region take part in a daily auction 

introducing bids and offers for the trade of energy for every 

hour. Sharing the process basis of the daily market, with 

generators and purchasers specifying the price and amount of 

energy they wish to trade, the intraday market consists of six 

auction sessions with different time coverage for a common day, 

providing a balancing mechanism for market agents in need.  

The Portuguese division of the Iberian Market for electricity 

(OMIP) is in charge of the derivatives market sector, a power 

forward and futures market within the framework of MIBEL. 

Alongside it there is the OMIClear, which acts as a clearing 

house, providing settlement for both power and financial trades. 

Operating on energy derivatives, this sector of the MIBEL 

handles the transaction of contracts based on energy assets, 

being in this case electrical energy, with a delivery date set in the 

future. This type of long term trading provides a risk 

management tool for market agents and, by increasing the 

amount of power and money circulating, enhances the market 

liquidity and helps creating reference prices. The main sort of 

energy derivatives traded currently in the OMIP include forward 

contracts, future contracts and swap contracts [8]. 

iii) Virtual Power Plants 

The introduction of Distributed Energy Resources (DER), with 

production, storage or demand capacities, is increasing at a fast 

pace all over the globe. Meanwhile, it has been in course a 

progressive liberalization of the electricity sector, evolving from 

a paradigm where monopolies were the norm to a gradually 

more competitive and decentralized structure.  

Since this form of generation includes mostly renewable 

production of intermittent power output, such as wind power or 

photovoltaic systems, it is limited in the access to the market. 

Also, these units are subject to penalty fines related to 

unbalances in production, which, due to the nature of said 

generators, may be frequent and cause them to become 

economically unviable. Additionally, as many DER are working 

individually, due to their geographical location and ownerships, 

their entrance in the market is even more difficult. If the activity 

of these DER’s was to be aggregated, the whole sector would be 

enriched from it [9]. This can be achieved through the Virtual 

Power Plant (VPP) concept, based on the idea of combining the 

capacity of a portfolio of many DER, in order to create a single 

operating profile. In this approach, they would be able to gain 

access and visibility across energy markets, benefiting from 

greater chances of economic success. Several individually 

implanted generation methods, from private photovoltaic 

systems to mini-hydro power plants, could be fused together in 

a complementary way through a VPP and participate in the 

market with similar functionality as conventional generating 

units. 

Previous related work on the implementation and analysis of 

VPP will now be briefly described. On [10,11], it is reported the 

case of a functioning VPP structure in Germany, where RWE, an  

energy company implemented a project that sought to integrate 

combined heat and power (CHP) plants, wind and biomass. The 

combined generation capacity was to participate on the 

European Energy Exchange market, in operations of power 

purchasing and providence of ancillary services to the grid.  It 

was stated that the communication system is crucial for the 

operation of a VPP, as power exchange markets require almost 

real-time information on production estimates in order to enter. 

On [12] it is described a study where DER are combined to 

form cooperatives of agents that may be profitably included in 

the electric grid. In this cooperative, the remuneration of the 

producers is based on the accuracy of the production estimates 

and also dependent on the amount of power traded for one 

hour period. It is concluded that the DER owners almost always 

benefit from being included in the cooperative rather than 

taking part in the market individually, as the pricing system 

promotes transparency, efficiency in generation and security of 

supply. 

On [13] it is performed a study of financial feasibility on the 

possibility of a company operating as an intermediary between a 

set of privately owned PV systems and the market. This VPP 

would have the MIBEL daily market as background and would 

focus on the Portuguese distribution and retail framework. As a 

conclusion it was found that a minimum threshold of 3800 

clients, each one with one solar panel, was necessary for the 

project to be financially viable. 

After analysing this set of studies on the field of VPP, several 

important aspects were retained for future work in the area: 

 Importance of the communication systems; 

 Energy price is key for the project’s viability; 

 Minimum production capacity for financial success. 

III. Literature Review 

i) Modelling purpose and trends 

The special characteristics of electricity as a commodity 

make electricity markets one of the most distinct markets 

operated at present time. The need to balance supply and 

demand, the unfeasibility to store large amounts of energy and 

the physical limitations in transmission and distribution are 

constant challenges. Participants in the electric system, from 

producers to regulators, are exposed to risk and it is greatly 

beneficial for them to have an accurate representation of the 

market structure and activity as a support during decision 



 4 

processes. Market simulation tools are the most commonly used 

solution to assist in this aspect, and they can serve many 

purposes depending on the interested party. In the case of 

consumers and small producers, simulation tools can aid in the 

making of better decisions regarding the trade of electricity via 

spot market or bilateral contracts, by means of precise price 

forecasting. As for large generating firms, market simulation 

provides insights on the correct bidding strategies in spot 

markets. System operators also benefit from proper market 

simulation, by analysing network constraints and the need for 

improvements in network capacity.  

Modern simulation tools provide all agents in the electric 

sector with the opportunity to test their decisions in a virtual 

environment, by incorporating many features of real power 

systems, such as current network capacity, demand side 

information, individual power plant data and an updated legal 

framework. Despite including similar content, electricity market 

simulators may be structured differently, according to the 

purpose they are built for. To cope with this diversity of 

purposes, different market simulation tools have been created 

throughout the existence of the electric system, particularly 

during the last decades, which have brought the liberalization 

movement and significant technological advances. 

According to [14] in which was presented a review of the 

most relevant modelling tools to date, the large diversity of 

market simulators can be organized in three major groups: 

optimization models, equilibrium models and simulation models. 

Optimization models are often used by generating utilities as 

an instrument to test strategies of profit maximization. In these 

simulators, the market environment is created as a function of 

the price clearing process and it can be either a representation 

of a perfect competitive market or one where the demand and 

supply from other competitors is taken into account. 

Equilibrium models are based on the notion of balance 

between supply and demand, taking into account all participants 

in the market and intend to simulate trading activity considering 

competition among all agents. They are grounded on a 

mathematical definition of equilibrium and are usually more 

suitable to analysis from an economical point of view. 

Simulation models are an alternative to market equilibrium 

models, as both have in common the purpose to emulate the 

activity of all participants. However, instead of relying on a 

formal definition of equilibrium that may be too complex to 

produce viable solutions, simulation models are based on sets of 

sequential instructions linked with important features of 

generating firms, such as production schedules or the creation of 

supply curves. 

ii) Related work 

A description of a particular selection of market simulation 

tools will now be briefly presented. 

 WASP (Wien Automatic System Planning Package)  

Initially created by the Tennessee Valley Authority and Oak 

Ridge National Laboratory of the United States of America in 

1972 [15] to meet the needs of electricity planners. It is one of 

the oldest and most widely used electricity market simulators, 

recognized as a standard approach for long term capacity 

planning by the World Bank. It allows for its users to obtain the 

most economically efficient expansion plan for a power 

generation entity over a period of 30 years, with detailed 

information on capital investment, fuel, operation and 

maintenance or cost of unserved energy of each possible power 

unit to be added. The different types of generators include fossil-

fuel, nuclear, biomass and hydro power plants. It has a modular 

structure, where each module is responsible for part of the 

calculations on different input data.  

 AURORAxmp 

The AURORAxmp Electric Market Model was developed by 

EPIS, Inc. and introduced in 1997 to simulate competitive 

wholesale electric markets. One of the most complete software 

pieces available, as it is used by most players in the electric 

system, being capable of performing short and long-term price 

forecasting, resource valuation, risk analysis and capacity 

expansion planning. This simulator uses hourly unit commitment 

and dispatch logic mechanisms to perform market price 

estimations, from day-ahead markets to long-term studies. 

Regarding generation expansion planning and unit retirement, 

the AURORAxmp determines the optimal selection of future 

production assets for periods of over 20 years, combining sets of 

different generation units with complete description of their 

features, including wind and hydro, with levelised net present 

value (NPV) of market outcomes. The representation of 

generation units includes start-up costs, ramp up times, lifecycle 

information and fuel availability [16].  

 WILMAR Planning Tool 

The WILMAR planning tool was created as a research project 

supported by the European Commission. It dates from 2006 and 

it has a primary goal of modelling the introduction of renewable 

power technologies into large liberalized electric systems, such 

as the Nord Pool and the European Power Exchange. It has a 

modular structure composed by a number of sub-tools and 

databases, all of which are joined together in a Scenario Creation 

Tool and a Scheduling Model. The Scenario Creation Tool takes 

as inputs wind speed and wind production time series and 

electricity demand data for different time horizons, generating 

wind production estimates, load forecasts and the demand for 

reserve motivated by the system’s forecast error. The Scheduling 

Model takes this information and obtains the minimal expected 

value of the system’s operational costs, considering fuel, 

emission and other variable costs, start-up costs and taxes [17]. 

This tool is mainly used to simulate large electric systems over a 

period of 1 year with hourly steps and is also used to specify the 

effect both on system stability and costs of high levels of wind 

power in electric systems. 

 RETScreen 

The RETScreen Software is a free decision aiding tool created 

in 1996 by the Government of Canada, in collaboration with 

industry and academic institutions, to assist energy planners in 

addressing the reduction of pollution by means of integration of 

clean energy sources [18]. On the basis of this tool is a 
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comparative nature that evaluates the proposed renewable 

project against a base scenario composed by the existing 

conventional technology or measure. To achieve this, the 

RETScreen software is provided with data relative to all thermal 

generation and renewable resources, as well as energetic 

efficiency projects. The tool is also equipped with product and 

project databases from pre-existing solutions and it has access 

to hydrology and climate information, obtained from worldwide 

ground stations and NASA satellite data. It uses a five step 

integrated analysis, enabled by its modular structure, that  

covers energy issues, cost evaluation, polluting emission 

analysis, financial assessment and sensitivity/risk analysis. 

 EMCAS 

The Electricity Market Complex Adaptive System (EMCAS) 

model was developed in the USA in 2002 by the Argonne’s 

Center for Energy, Environmental and Economic Systems 

Analysis. At the basis of this tool there is an agent-based model 

in which participants are represented as independent entities 

with personalized features making decisions according to a set of 

available information, such as historical data on prices or loads. 

By means of complex adaptive systems, the agents are able to 

learn from their past experiences and adapt their future action 

plans to best suit their individual objectives [19]. It has a 

modular structure containing several interaction layers that 

create the environment in which the agents cooperate. A 

physical layer contains the transmission and distributed 

framework, several commercial layers cover the operating 

companies, bilateral contracts and pool markets and finally there 

is a regulatory layer that includes the operating rules that range 

from a monopoly situation to a fully deregulated market. 

 MASCEM 

The Multi-Agent Simulator of Competitive Electricity Markets 

(MASCEM) was created in 2003 by a group of investigators [20] 

and it has since been developed by the Knowledge Engineering 

and Decision Support Research Center in the Instituto Superior 

de Engenharia do Porto. This academically developed agent-

based model is meant to provide a decision support tool for 

most of the entities in the electricity market, including 

generators, consumers, market operators, system operators 

and, more importantly, VPP entities (producers and 

aggregators). In this simulator, VPP agents in the form of 

commercial aggregators are modelled as independent multi-

agent viewed from the market perspective as selling entities. A 

relevant feature from the MASCEM is the set of different market 

strategies available to VPP agents, namely the balancing 

between production and generation forecasts of non-

dispatchable energy sources and the assurance of reserve power 

to correct fluctuations on the contracted output. At the basis of 

this simulator lies a modular design of an electricity market at 

three levels, each with its own operator, negotiation methods 

and clearing processes. This stratification is made according to 

geographical information and characteristics of the agents, and 

range from continental markets, national and transnational 

markets to local and smart grid markets. 

iii) Conclusions  

After studying this group of simulators, a few important 

features must be recalled and taken into consideration for the 

development of the simulator in the current project. 

• Modular structure 

A common aspect that increases practicality and simplicity 

and enables the parting of distinct contents for intermediate 

results; 

• Historical data 

Most models resort to historical sets of information on 

market prices or electricity consumptions to estimate future 

behaviours; 

• Weather forecasts 

On models simulating generators based on renewable 

energy, weather forecasts are crucial for the estimation of 

power output and, therefore, the proper participation in 

electricity markets; 

• Well defined regulatory and market framework 

Present in all most models, whether they are simulating day-

ahead markets or planning long term expansion. It is important 

to correctly adapt the functioning guidelines of our model to the 

commercial framework that it is supposed to represent. 

IV. Specification of the Model 

i) Description 

The model implemented in this project, built using MATLAB 

software [21], has the MIBEL day-ahead market as background, 

focusing on the Portuguese regulatory and commercial 

framework for operational purposes. In this setting, our VPP 

agent will aggregate the electricity generation of a number of 

clients owning solar PV installations and will then take it as a 

whole to the market. An important feature in this work is that 

the aggregated value of electricity taken to the market is 

composed by the amount of power produced that exceeds 

individual consumption. Each client will only sell if it presents a 

positive balance between generation and consumption at a 

specific time period. The total available energy is then sold at a 

given price and the revenues made are analysed upon a set of 

important parameters. The market scheme for this work depicts 

an approximation to a new regime of small production proposed 

by the Portuguese government in which individuals will be able 

to generate electricity for private consumption and sell the 

exceeding amount to the market. It will be interesting to assess 

the results of the proposed model compared to the current 

legislation for the sale of privately owned electricity generation. 

Throughout this project, the terms energy and power are 

widely used and applied to describe similar quantities. Since 

electricity markets are based on the delivery of electrical energy 

for periods corresponding to one hour, this energy will 

correspond to an average value of the power made available 

during said hour. 
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ii) Structure and Operation 

Following the trend of most simulators, the one in 

development in this project will also have a modular structure. 

This model contains three major input modules, referring to the 

production of electricity, consumption of electricity by the 

individual owners and market data. Information resulting from 

the operation of these modules is then used in the operational 

simulator in order to obtain the expected results. 

 
Figure 3: Illustration of the structure of the presented model. 

 Production module 

The production module is based on sets of weather forecasts 

provided by the Grupo da Previsão Numérica do Tempo – 

Instituto Superior Técnico [22]. This information contains hourly 

predictions for the following 7 days of temperature and solar 

irradiance at ground level. This solar irradiance consists of 

shortwave downward radiation, an estimate of the total 

radiation, both direct and diffuse, that reaches the Earth’s 

surface. To obtain an amount of electricity output based on the 

given weather conditions, it was used a mathematic model of 

conversion of solar irradiance into electrical energy through 

solar panels, the Three Parameter Model, presented on [2]. With 

all the intermediary results, obtained from the model application 

using solar panel’s specification from a known manufacturer [58] 

and, it was possible to generate results for the production of 

electricity from a set of photovoltaic installations.  

 Consumption module 

This module was built using a set of data referring to the 

electricity consumption of a group of different domestic users. 

This data was obtained from a project on smart metering and 

energy efficiency called Smartgalp [23] and contains two 

different major profiles of electricity consumption. The first 

profile (Profile A) is from a situation where people are working 

at home, staying there permanently and the second profile 

(Profile B) is linked with a case where the house is empty during 

labour hours. Eleven different individual sets of data were 

analysed and identified by matching the consumption patterns 

from Profile A or B, allowing to create an increased factor of 

variability on consumption. 

 Market Information 

In this module, it was gathered data relative to both day-

ahead and intraday market prices, from the OMEL website [24]. 

A MATLAB routine was prepared to download the market 

information relative to the set of days considered in the 

simulation program. The reason both market prices were used is 

explained in the next sub-chapter. The first intraday market 

session was not considered in the development of this model, 

since that, in case of unbalances, the latest intraday session 

relatively to a given period is used to buy or sell the difference. 

 Simulator 

Production: estimation vs actual generation 

In the development of this project, it was not possible to 

obtain real generation data from production sites equivalent to 

the ones modelled by the mathematical model described. In 

order to create variability in the production module of the 

simulator, two different sets of power output prediction were 

obtained, based on distinct weather forecasts for the same day. 

For instance, prediction of electricity generation for day n is 

based on the weather forecasts of the day n-2 for day n. In the 

same way, the final production values, considered as real, are 

based on the weather forecasts of the day n-1. This type of 

structured operation of the production module approaches the 

activity in the day-ahead market, in which participants have to 

submit generation proposals for a certain day until the hour 

10:00 of the previous day, with the main difference residing in 

the absence of real data and the subsequent need to use the last 

available weather forecasts as basis for the final power output. It 

should be noted that weather forecasts from day n cannot be 

used, as they only present data starting from the hour 12:00 of 

the same day, which makes them incomplete for calculations 

involving day n. 

Consumption: estimation vs actual consumption 

Similarly to the production module, two different values of 

consumption are calculated in each case, in order to accurately 

represent participation in the market. An initial value, acting as a 

prediction of energy consumption for a given producer is 

obtained from the two distinct production profiles. According to 

the chosen consumption profile, and given a certain day of the 

year, an expected value of energy consumption is created, based 

on these conditions. Then, a second value is calculated, which 

will be considered as real and used in comparisons with the 

initial estimation. This second value is based on the eleven 

individual sets of values, grouped in the two general profiles, 

containing information relative to a year worth of consumption.  

In this part, given the chosen profile and day of the year, the 

simulator will pick one of the individual consumption data sets 

for that profile and obtain the power consumption from the 

same weekday of the same week as the considered day. 

Energy Balance Calculations 

As described early, it is considered that the aggregated 

power traded in the electricity market corresponds to the net 

value of available energy. For that matter, it is important to 

obtain the energy balance in all situations, given by the amount 

of power produced minus the amount of power consumed in the 

same time period. The expected consumption value is used 

together with the estimated power output to provide a 

prediction of the available energy. Similarly, the real 

consumption and production values give the definite quantity 

for the available energy traded in the market, as it will be 
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described later in the document. It is predicted the energetic 

balance to be negative during the night and low productive 

periods. Also, there should be a noticeable difference in the 

amount of available energy between the two profiles with 

profile B being likely to present better results. 

Market clearing and solving unbalances 

The prediction of the available energy is based on the initial 

values of power output and consumption. This is the amount 

producers set themselves to deliver. However, attending to the 

nature of solar PV production, unbalances may occur. A definite 

amount for the available electricity, based on final estimations 

for production and consumption is then submitted and 

compared to the initial one. Then, if there are differences 

between the contracted amounts and the delivered ones, these 

are solved with resource to the intraday market sessions. For 

instance, if for the hour 13:00 of a given day it was agreed to be 

traded 5 kWh of electrical energy and only 4.5 kWh were 

actually delivered, then those 4.5 kWh are sold at the price done 

at the day-ahead market. The 0.5 kWh missing is bought at the 

latest intraday session for that period, which in this example 

would be the 5th session. In this case, the producer would not 

be able to reach the expected revenue for the initial 5 kWh 

contracted, as the energy missing would have to be bought at 

his expenses. In an opposite scenario, if from the same 5 kWh 

agreed, the producer delivered 5.5 kWh for the same given time 

period, only the agreed amount would be sold at the day-ahead 

price. The 0.5 kWh in excess would be sold in the latest intraday 

session. The producer would have greater revenue than 

expected, but it could have been higher if he had had a better 

estimation of the power he would be able to deliver. 

iii) Parameter selection 

Number of clients 

It was chosen 100 as a reasonable value for this parameter. 

This will generate a significant amount of data, without 

compromising the efficiency of the simulation. 

Number of panels per client 

The regime in which most micro-producers are included has 

a limit of 3,68 kW of generation capacity. So, to adapt the 

simulator to the vast majority of the agents, the number of 

panels per client is 16. Considering the estimated maximum 

power of 230 W per panel, the total installed capacity in each 

client will be 3,68 kW. 

Type of panels owned 

It was considered only one type of solar panel to reduce the 

amount of variables under study. Fluitecnik was the chosen 

manufacturer and from the range of offered products, the 

following model was picked: Fluitecnik FTS-220P – 230W [25]. 

iv) Simplifications of the model 

Virtual Power Plant as a price taker 

Since the total amount of electrical energy a VPP may take to 

the market represents a small fraction of all the electricity 

traded, the VPP is limited to sell at the price offered in each 

session. The absence of a significant market share, removes 

them of the ability to influence market price, hence leading 

them to participate as price takers. With this premise and 

keeping in mind that the VPP plays the part of an intermediary in 

the market, it comes as a subsequent assumption that by 

accepting the market price the VPP is able to sell the entire 

amount of electrical energy made available at said price. 

Only two consumption profiles 

In the absence of additional data from consumption side 

information but also having in mind the relative low complexity 

of this simulator, it was decided to have only two major profiles. 

No price penalties 

When differences occur between the estimation and actual 

power delivered, the gap is fixed by participation in the latest 

intraday market session available for the hour at which the 

situation respects, with no penalties being applied to the VPP. 

No operational costs 

The simulator intends to model the activity of a VPP in a 

simple way, including only the aggregation of the energy from 

the clients and the activity in the day-ahead and intraday 

sessions. No operational costs of running the VPP are 

considered. 

V. Results and Analysis 

i) Test Description 

The simulation is programmed to run with two distinct sets 

of information with 21 straight days, the first between the 

August 17th and September 6th of 2014 and the second 

between February 2nd and February 22nd of 2015. They were 

chosen two relatively small sets of data is the minimization of 

the influence of changing weather conditions on the results. 

Having this in mind, two periods of three weeks each were 

selected for testing the simulation model, one with data 

regarding the summer season and the other covering the winter 

time settings. 

The tests performed by the simulator are listed below: 

• Market results; 

• Error tendency and composition; 

• Model application in comparison to current legislation 

on privately owned PV generation. 

Market results 

This test will focus on the results provided by the two 

distinct sets of data, considering both consumption profiles. It 

will be analysed the generation output as well as the 

consumption information and finally the market results. 

Error tendency 

Through this test, it will be analysed the variability of the 

market results on different periods of the session, namely the 

existence of any sort of error tendency present in the model’s 

operation. The goal is to study the behaviour of the simulation 

model using weather forecasts to predict generation output 

during the course of a day. 

Model application 

In this test, it will be analysed the average revenues per 

client per day obtained through the VPP model in comparison to 
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what it would be the market result using the alternative Self-

consumption regime, described in Decreto-Lei Nº 153/2014 [26]. 

Under this legislation, privately owned generation installations 

with maximum power output under 1 MW injecting into the grid 

are remunerated according to the following expression: 

 𝑅𝑚 =  𝐸𝑚  × 𝑂𝑀𝐼𝐸𝑚  × 0,9 (1) 

Where 𝑅𝑚 is the revenue obtained at month m, 𝐸𝑚 is the 

sum of the electrical energy traded in month m and 𝑂𝑀𝐼𝐸𝑚 is 

the average day-ahead price practiced in that month. 

ii) Data acquisition and treatment 

After running the simulator, four distinct groups of results 

were obtained: 

• Summer conditions with consumption profile A; 

• Summer conditions with consumption profile B; 

• Winter conditions with consumption profile A; 

• Winter conditions with consumption profile B. 

As a common standard, it was considered for analysis the 

aggregate results of generation, consumption and balance of the 

whole set of clients. This assumption is taken with the intent of 

projecting the results from the point of view of the VPP 

operator, and not from the individual owner perspective. For the 

presentation of results, in what respects to the quantities named 

above and additionally to the day-ahead market prices and 

market trading results, the average values for each period and 

for each day were obtained through the following formulas: 

 
�̅�𝑦 =

∑ 𝑥𝑥,𝑦
𝑑
𝑥=1

𝑑
 (2) 

Where �̅�𝑦 is the average value of generation, consumption 

or energy balance for the period y for the set of clients, 𝑥𝑥,𝑦 is 

the value for a given day and d is the number of days. 

Standard deviation for the average value computed above 

was also calculated. The following expressions were used: 

 
𝜎𝑥𝑦

= √
∑ (�̅�𝑦 − 𝑥𝑥,𝑦)

2𝑑
𝑥=1

𝑑
 (3) 

The value 𝜎𝑥𝑦
 is the standard deviation for �̅�𝑦 the average value 

for period y and 𝑥𝑥,𝑦 is the value for a given day. This average 

and standard deviation analysis is useful to understand how the 

generation, consumption and consequently, energy balance and 

market results vary. The value for standard should be 

significantly high for generation results, due to the fact that are 

being considered for calculations both sunny and rainy days, 

whose solar irradiance values may vary from almost 1000 W/m2 

at a given period in the first case down to between 100 and 200 

W/m2 for the same period of a different day. For the error 

tendency analysis it was computed the accumulated energy 

balance error for each period, over the course of the 21 day set 

of days using the following expression: 

 
𝐸𝐵𝑒𝑦 = ∑ 𝐸𝐵𝑒𝑥,𝑦

𝑑

𝑥=1

 (4) 

where 𝐸𝐵𝑒𝑦  is the cumulative energy balance error for 

period y and 𝐸𝐵𝑒𝑥,𝑦 is the energy balance error for period y of 

day x. The accumulated market result error is obtained in a 

similar manner: 

 
𝑀𝑅𝑒𝑦 = ∑ 𝑀𝑅𝑒𝑥,𝑦

𝑑

𝑥=1

 (5) 

where 𝑀𝑅𝑒𝑦 is the cumulative market error for period y and 

𝑀𝑅𝑒𝑥,𝑦 is the market result error for period y of day x. 

iii) Results 

Market results analysis 

Results for the available energy and market outcomes, can 

be pictured in the figures shown below. 

 
Figure 4: Available energy and market results for the Summer 

period. 

 

Figure 5: Available energy and market results for the Winter 
period. 

Comparing the results considering consumption profiles, the 

outcome is as expected as clients from profile B tend to have 

slightly more available energy for market trading, leading to 

higher revenues. Clients from profile B have also larger 

fluctuations in most hours of the day for the set of data relative 

to the summer. Winter results, as noted above present 

variations too significant to be considered as solid results. These 

variations are fuelled by the large relative deviations induced by 

having more cloudy days in a set of data with lower average 

solar irradiance. When analyzing results from the two sets of 

data relative to the summer and winter, it is clear that available 

energy for both profiles is significantly higher during the summer 

period. Subsequently, results from the market trading follow the 

same trend and are higher in the summer as well.  

Error tendency 
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Figure 6: Accumulated error between the estimated and 

delivered available energy. 

It can be seen a tendency to overestimate the amount of 

available energy, as the accumulated error is negative in most 

periods of the day. The 10
th

, 11
th

 and 19
th

 hour of the day for 

profile B in the summer period present the only positive error 

tendencies, as the 15
th

 period is the most prone to negative 

variance. As for the winter period, results are less clear. First of 

all, there are missing results relative to some periods of some 

days, as there was no available energy predicted or delivered 

and hence, no error. Second, because being a representation of 

cumulative error values, results with opposite tendencies will 

overlap with the final result being the latter one, which, due to 

the operation of the simulator, corresponds to the day 1. 

 
Fig. 7: Accumulated error between the estimated and actual 

market outcome. 

As expected, since market results are a direct consequence 

of the available energy taken to the market, the error tendency 

of the commercial activity is a close depiction of the error 

tendency of the available energy. The major difference is the 

inexistence of periods in the four sets of data presenting positive 

final result in the cumulative market error. This is due to to the 

participation in the intraday market sessions, the market 

resolution operation chosen for the simulator. Significantly 

lower intraday prices reduce the positive effect of selling surplus 

in generation output, while higher prices might aggravate losses 

when buying energy to compensate production deficits. 

 
Table 0.1: Average results per day for available energy and 

market results. 

Results from Table 1 confirm the graphical analysis, with 

higher outcomes for clients with consumption profiles of type B 

and for the summer period. 

 

Model application 

 
Fig. 8: Average revenue per client per day considering the two 

distinct remuneration regimes. 

It can be seen that the self-consumption model would 

provide higher revenues for any client, weather having a 

consumption profile of type A or B, in any period. A contrary 

result to what was expected, since the pricing model practiced in 

the self-consumption regime takes the average day-ahead price 

of a given month with a 10% discount to remunerate electrical 

energy produced. On the other hand, the model implemented in 

the simulator executes the trade of the available energy of each 

period at the price practiced at said hour. This remuneration 

system avoids the effect of averaging the price with the inclusion 

of lower priced periods, such as those during night time in which 

there is no generation output. 

 
Table 2: Average revenue per client per day considering the two 

distinct remuneration regimes. 

The results in Table 2 confirm the graphical analysis, as the 

self-consumption regime allows higher revenues per client. 

VI. Conclusions 

After analyzing the results in the precedent section, it is 

accepted that the objectives of this study were effectively met. 

More specifically, it is recognized, as previously expected that 

the VPP operation in the market presents better results if the set 

of clients is composed by individual producers with consumption 

patterns of profile B. Numerical results support this conclusion 

with an average market result per day of 99,73 € and 14,94 € for 

profile B clients in the summer and winter respectively against 

82,26 € and 3,89 € for profile A clients, for the correspondent 

periods. From the same results it is clear that a VPP would 

present significantly greater revenues from its operation during 

periods with longer solar exposition and higher solar irradiance, 

correspondent to the set of days relative to the summer. 

Profile A Profile B Profile A Profile B

Energy (kWh) 1662,65 ± 518,81 1879,02 ± 462,36 228,93 ± 352,67 494,83 ± 528,81 

Market (€) 82,26 ± 46,25 99,73 ± 40,85 3,89 ± 22,32 14,94 ± 32,80

Model results
Summer Winter

Profile A Profile B Profile A Profile B

VPP results (€) 17,28 ± 0,94 20,95 ± 0,89 0,82 ± 1,48 3,14 ± 1,50

Self consumption (€) 20,01 ± 0,56 22,74 ± 0,55 2,27 ± 0,79 4,92 ± 0,77

Aplication results
Summer Winter
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Regarding the simulator as a modelling tool, the set of 

results confirm the validity of the implemented model as it is 

capable of projecting the functioning of a VPP in a wholesale 

electricity market. However, it was observed in the estimation 

process of the simulator a tendency for overestimating the 

amount of available electricity provided by the set of clients, 

affecting the ability to accurately predict the market results for 

the VPP as a whole. Against what was expected, the application 

of the model regarding the comparison of the remuneration 

system with the alternative Self-consumption regime 

determined that the average remuneration per day per client 

would be lower if they were included in the VPP system. In this 

case, when alternative systems might present such close results, 

the VPP model projected in this thesis may fall short when 

estimating the most viable option for individual producers to sell 

their available energy. It is perceived a difficult path for the 

introduction of VPP’s in the wholesale market for electricity, 

with focus on the sale of production in the market. With the 

current legislation, as results from the alternative remuneration 

system showed, there is no advantage for a VPP system with the 

intent of injecting generation in the grid. Considering that no 

operational costs were considered for the projected model, 

which, if taken into account, should lower the revenue per 

client, it is expected that in the future, the Self-consumption 

regime should absorb most VPP potential clients. However, if the 

VPP project should consider demand control functionality, the 

model should present better financial viability. The benefits 

arising from reducing consumption are greater than those based 

in the sale of generation in the wholesale market, since the 

savings correspond to energy not bought at retail price, which is 

always higher than the wholesale price. 

In order to improve model results and gain a better 

understanding on the simulation of a VPP in the market, the 

following aspects should be considered in future studies: 

• Weather forecasts and production data from 

additional sites. A feature that would corroborate the model for 

general conditions, validating the production module as well as 

the geographical coverage for application of the simulator. 

• Simulation runs of longer time periods, with a 

minimum of one year would allow improvements in statistical 

treatment and hence in the solidity of numerical results. 
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