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The Merit Order Effect of Wind Power in Portugal:
Quantifying the effect of Wind Energy in the Spot

Market prices through Agent-based Simulations
João de Sá

Abstract—Renewable energy sources have become mainstream
sources of energy. Motivated by ambitious international ob-
jectives and strong support policies, the installed capacities of
renewable energy technologies has shown a large growth in recent
years. This increase raises important questions relating to their
impacts on Power Systems. The main objective of the present
work is to quantify the effect that the energy produced from
renewable sources, specifically wind energy, has on the Iberian
day-ahead spot market prices, explicitly those of Portugal. This
effect is also known as the “Merit Order Effect” (MOE).
The period considered was the first six months of 2016. The
methodology applied to quantify the MOE relies on an agent-
based simulation system, the MAN-REM tool. For this purpose
an approach was developed to determine the spot market prices,
based on a set of assumptions and published historical data from
the Iberian electricity market (MIBEL). The final results show
that wind power has caused an average price reduction of 17
e/MWh during the aforementioned period.

Also, one of the most common support mechanisms for renew-
able energy technologies is the feed-in-tariff (FIT), consisting in
a guaranteed price for the sale of energy. There has been a large
contention in regards to this mechanism, especially due to the
costs that it implies for consumers. However, comparisons fail to
take into account the spot market price difference introduced by
renewable energy technologies. Thus, this dissertation proposes
an alternative way to quantify the over-cost of FITs financed by
consumers. The work performed allows us to conclude that this
over-cost has a reduction of approximately 160 million euros,
when the MOE of wind is considered.

Index Terms—Wind power, Day-ahead spot market, Merit
order effect, agent-based simulation, MIBEL

I. INTRODUCTION

THE Market for Electrical Energy (MEE) has suffered
large changes in it’s structure, with the introduction

of competition in the production and commercialization of
electrical energy, centered around a liberalized market [1].
This has introduced a lot of uncertainty and risk for both
the supply and the demand side of the MEE, leading to the
development of tools capable of simulating the interactions
between the agents that participate in the trading of electrical
energy, notably agent-based simulation platforms for MEEs
[2].

Furthermore, concerns with the viability of a electrical
energy sector that is solely dependent on production from con-
ventional thermal technologies, and worries about the impact
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that these technologies have on the environment, has led to
a great effort worldwide to find alternative energy sources.
This, in turn has led to the definition of support policies that
served as a boost to research and development into renewable
energy sources (RES) conversion technologies. One of the
most notable examples of this is wind power, which has
shown a remarkable growth in installed capacity throughout
the last ten years, being considered a mainstream technology
nowadays [3].

The impact that the large scale deployment of RES tech-
nologies has had on the electricity sector is an important field
of research. A special concern of recent studies is the impact
that support policies might be having in the market and how
they translate to consumers. The work done focuses on these
issues, by using an agent-based software tool, the MAN-REM
system [4]–[7], to study the impact that production from RES
technologies, i.e. wind power, has had on the spot market
prices. This price difference is also called the Merit Order
Effect (MOE).

One of the most common support mechanisms that is
present in several countries are feed-in-tariffs (FIT), which
consist in a guaranteed price for the sale of electrical energy
[8]. There has been a large contention in regards to FITs
support mechanisms, with the common argument being the
high costs for consumers [9]. Despite this, to assess the cost
that FITs have for consumers, the price reducing effect from
RES should be considered [10]. Thus, the study of the MOE
is fundamental to understand the true costs of FITs.

The remainder of the work being presented is structured as
follows: Section II presents an overview of important aspects
that have to do with MEEs, Section III discusses important
aspects related to the study of the MOE, providing a review of
methodologies used in important literature. Section IV presents
some aspects of agent-based systems, with a description of the
extensions to the MAN-REM system that were implemented
in the present work. Section V presents a study of the MOE, in
the specific case of Portugal, for the first six months of 2016.
Finally, Section VI presents a brief summary of the results
obtained .

II. MARKETS FOR ELECTRICAL ENERGY

In micro-economy agents interact. Consumers and produc-
ers realize actions, determining the quantity of product that
is produced and consumed [11]. A market can be defined as
a mechanism where buyers and sellers interact, determining
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the price and the exchange of goods, services and assets [12].
It can be assumed that there are two sides to any specific
market. The supply side, in which producers and sellers are
represented, and the demand side, comprised of consumers
and buyers.

Although electricity is dealt with like any other commodity,
there are some important differences that make MEEs a special
case. The most important difference is that the MEE is linked
with a physical system, where supply and demand need to be
balanced constantly or the system collapses. Another important
difference is that the energy a specific generator produces
cannot be directed to a specific consumer, since all produced
electrical energy is pooled in the grid and directed towards
consumers [13]. Last but not least, electricity is a commodity
that can’t yet be stored, at least not in a large enough scale to
suppress all energy requirements [1].

Also it is important to keep in mind that products which are
considered necessities or that have few substitutes are treated
as having low elasticity [12]. This is especially important
on MEEs, where a common simplification made is treating
demand as completely inelastic [14]. This is an acceptable
assumption, since most consumers don’t see real-time prices
and rarely adjust demand in response to price fluctuations [15].

In 1998 Portugal and Spain started a joint effort to integrate
the electrical systems of both countries. In 2007 the Iberian
electricity market (MIBEL) was officially launched, acting as
an electricity market at the Iberian level, promoting a step
towards the full integration of the electrical energy system of
Europe [16].

There are two main market systems available to agents
participating in the MIBEL. They are the spot market and the
future/derivatives market. The Iberian spot market has a daily
market and a intraday market. It’s operation started in 1998 in
Spain, extending to Portugal when the MIBEL was established.
Prices fluctuate between 0 and 180 e/MW with more than 800
agents interacting daily. Over 80% of the electricity produced
in both Portugal and Spain is traded through the spot market.

Since all electrical energy produced is pooled when deliv-
ered to the grid, trading electricity in a centralized way was
seen as a natural market design for the MEE. The spot market
is a systematic way to determine the system equilibrium
[13]. Generating Companies (GenCo) and Retail Companies
(RetailCo) submit bids to the Market Operator (MO). The MO
is a centralized entity responsible for aggregating all offers,
defining the supply and demand curves, that represent the
interaction of agents present in the market. Once these curves
are defined, the market equilibrium can be found as their point
of intersection [11].

To ensure market efficiency, producers should make bids
on the spot market that reflect their marginal costs, since
economic efficiency requires marginal cost pricing. In the
electricity system the marginal costs are approximately equal
to fuel costs [13]. The shape of the supply curve, seen in
Figure 1, has a stepwise fashion, where each of the steps
represents a bid by a GenCo. They go from least expensive
to most expensive, depending on the type of technology and
fuel. It’s interesting to note that technologies such as wind, that
have low marginal costs but high investment costs, come at

Fig. 1. Merit order of the supply function [17].

the bottom of the curve, followed by nuclear and coal. At the
top of the curve are gas-fired technologies, since they present
the highest marginal costs [17].

III. RENEWABLE ENERGY SOURCES, THE IMPACT OF
RENEWABLE GENERATION ON MARKET PRICES, AND

SUPPORT SCHEMES FOR PRODUCERS

A. Evolution of Renewable Energy Technologies

In the last years there has been a large growth of the
exploration of RES, which has been due to a number of
important factors, notably ambitious international objectives
and strong policy support schemes. This growth has not been
balanced throughout the world, showing some disparities not
only in how much capacity has been installed by each country,
but also in regards to the technologies that have been chosen.

Out of the three end-user sectors (electricity, transportation
solutions, and heating and cooling), the one in which renew-
able energy share has grown the most has been the electricity
sector [3]. Even though hydro power has not shown a large
variation since 2007, wind power and solar PV (Photo-voltaic)
have seen a huge growth, with the former going from 94 GW
of installed capacity, in 2007, to 433 GW, by the end of 2015,
and the latter going from 7,6 GW to 227 GW of total installed
capacity in the same time period [3], [18].

Wind Power is the RES technology that has shown the
largest growth in installed capacity in the past few years.
This is not only due to support policies but also to the great
progresses made towards the maturity of the technology.

With the additions made in Portugal to wind power installed
capacity throughout the last fifteen years, RES have currently
a superior expression in electricity generation, when compared
to conventional technologies, contributing to suppress 23%
of the Portuguese demand in 2015 [19]. By adding 2,6 GW
from 2007 to 2016, wind was the technology with the largest
capacity growth in Portugal, even though solar PV showed the
highest relative growth for the same period [20].
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B. The Merit Order Effect

There is a vast range of fields dealing with the analysis
of the effects of integrating higher percentages of RES into
the energy mix. Examples of this are how the power system
behaves with the integration of more RES technologies, the
impact that support policies have for both the consumers and
producers and how electricity prices have been affected by the
introduction of these technologies [17].

As RES, i.e. wind power, has low marginal costs, it is
normally bid into the daily spot market with prices as low as
0 e/MWh, entering at the lower part of the merit order curve.
Thus, any increase in wind power production being added to
the generation mix leads into a shift of the supply curve to the
right. This is depicted in Figure 2, where the dark blue curve
represents the situation with an higher level of wind, whereas
the light blue curve the situation of low wind production. This
means that periods with an high level of wind will usually have
a lower price on the spot market. This is called the Merit Order
Effect [17].

Fig. 2. Merit order effect [17].

In order to understand some of the methodologies being
used to quantify the MOE, a review of the recent relevant
literature is deemed worthy, with a special focus on the
approaches and assumptions taken for the analysis.

Sensfuss et al. [10] and Miera et al. [14] used MEE sim-
ulation to determine the hourly spot market price differences
induced by RES. In both cases, a simulation of the spot market
was done for two scenarios, one in which the RES technologies
under analysis are considered in the bidding process and
another in which they are not.

Hannes Weigt [21] and McConnel et al. [22] applied a
different methodology, based on a descriptive model of the
MEE. Weigt establishes an optimization model for system
cost minimization, considering marginal and start up costs,
to calculate the hourly spot market prices. McConnel et al.
apply a similar methodology, although the approach under-
taken determines the MOE of additional levels of solar power
installed capacity, as opposed to the MOE of the actual RES
installed capacity in the period, as was done by Weigt. To
model the supply side of the system, McConnel et al. use the
actual published values of bids made by all participants in the

spot market.
One common methodology used in MOE research is apply-

ing regression techniques to determine MEE price differences
introduced by RES. An example of this is the study presented
by Tveten et al. [9]. By analyzing historical data of spot market
prices and production values, the price setting technologies are
determined. The study concluded that conventional thermal
technologies were the price setters. A regression model of the
spot market price as a function of thermal production is then
established, and this is used to determine the effect a greater
amount of RES production would have on the spot market
hourly prices, quantifying the MOE.

Recently, Azofra et al. [23], [24] has presented an artificial
intelligence technique to analyze the MOE. By using historical
data of spot market prices and production values, a descriptive
model of the price setting process is generated. Having the
price setting model, several scenarios are analyzed to deter-
mine the RES influence on the spot market prices.

C. Support Schemes for Renewable Energy Producers

The growth seen in the exploration of RES has been highly
dependent on the support policies that have been put into place.
By the end of 2015, 146 countries had some kind of support
policy for renewable energy [3].

Policy mechanisms have evolved in the last years, with
policy instruments differentiated for each technology and the
evolution of FITs [3].

Portugal has been a leading country in renewable energy
policies, having achieved all of the commitments made at the
Kyoto protocol and establishing the further target of having at
least 31% of primary energy consumption coming from RES
for 2020, higher than the 20% set by the European Union [8].

The main renewable energy support mechanism set by the
Portuguese public administration is based on the obligation of
EDP-Serviço Universal, the “Last Resort Trader”, to purchase
all the energy produced by special regime producers (PRE)
at a FIT, and then selling it in the daily spot market. The
additional cost between the hourly prices of the market and
the FIT is supported by the electricity consumers through a
global system tariff [25].

ERSE, the Portuguese energy services regulatory authority,
publishes regularly the monthly average values of FITs paid to
producers. The support strategy taken by the Portuguese gov-
ernment in regards to RES varies greatly among technologies,
with co-generation and urban waste technologies having the
lowest average FIT (85 and 89 e/MWh in June, respectively),
and solar technologies the highest (300 e/MWh in June). Wind
power has a relatively stable FIT with an average value of 97
e/MWh [26].

IV. AGENT-BASED SYSTEMS AND THE MAN-REM
SIMULATOR FOR ENERGY MARKETS

The systems that rely on the interactions between a great
number of agents have a high level of complexity, since
each agent has specific objectives, which can conflict with
the objectives of other agents. As such, several agent-based
systems have been developed to aid with the study of such
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large-scale complex systems, since they are capable of mod-
eling the behavior of a large number of participants and
their interactions [2]. Many agent-based systems have been
developed to model the MEE, one of which is the MAN-REM
system [4]–[7].

This work has adopted an initial version of the MAN-REM
simulator and extended it with a special type of agent, referred
to as “personal assistant”. This type of agent manages the
graphical interface of MAN-REM, interacting directly with
the user through windows, and communicating with other
agents through the exchange of messages. Thus, the personal
assistant agent manages communications between the user
and the active power agents. Also, communications between
the intelligent assistant agents and the active power agents
were implemented during this work, that is, the methodology
necessary to an effective communication between all the
aforementioned agents.

There are several agent types available in the MAN-REM
simulator, namely:

• Personal Assistant: Agent responsible for managing the
graphical user interface, handling communication with
users and acting as a buffer between the market operator
and the agents participating in the simulations. This type
of agent was implemented in the MAN-REM system as
part of this work;

• Market Operator: Agent responsible for handling the
simulation operations, i.e. running the pricing mechanism
algorithms;

• GenCo Agents: Agents participating in the simulations,
acting as sellers and/or producers of electrical energy;

• RetailCo Agents: Agents participating in the simulations,
acting as buyers of electrical energy.

• Aggregator Agents: Agents participating in the simula-
tions, acting as a counterpart to a coalition of consumers,
buying electrical energy in the market;

• Consumer Agents.

Agents co-exist in a simulation environment, which is
comprised of two sub-environments, one for spot market
simulations and another for bilateral trading simulations [7].
Each of these environments is handled by the market operator
through the “spot controller” and “bilateral trading controller”
classes respectively, which involve the pricing mechanism
methods and any other methods necessary to ensure that
they function properly. These methods are called by an agent
associated with the “Market Operator” class when simulations
are prompted.

Spot market simulation has two main pricing mechanisms
available which are based on the marginal pricing theory.
These are the system marginal price (SMP) mechanism and
the locational marginal price (LMP) mechanism. The SMP
mechanism was developed by the MAN-REM team and allows
for the simulation of the spot market. Offers have two key
variables, an energy volume and a price, and through this
mechanism the market equilibrium can be found in a similar
fashion to what has been explained in section II [27]. The
work being presented relies solely in this pricing mechanism.

V. QUANTIFYING THE EFFECT OF WIND ENERGY IN THE
SPOT MARKET PRICES THROUGH AGENT-BASED

SIMULATIONS

Since RES have low marginal costs, they usually enter the
market at the bottom of the supply curve, causing a shift of this
curve to the right. As the demand curve remains unchanged,
this shift to the right of the supply curve causes a price
reduction. This effect is called the MOE [17]. This study tries
to quantify the MOE of wind power in Portugal by analyzing
the price reduction that wind power causes on the MIBEL
daily spot market. Although this has been done previously for
the specific case of Spain, to the best knowledge of the author,
no studies were found for the Portuguese case.

In order to quantify the MOE, a methodology to obtain
spot market prices has to be established. As was shown in
Section III, many such methodologies have been applied,
relying heavily on assumptions to simplify the system, since
the spot market prices vary according to several factors that are
not easy to quantify. The work done relies upon an agent-based
system, the MAN-REM tool, to simulate the participation
of agents in both sides of the electricity spot market. The
system acts as the MO, by aggregating offers from all of the
participating agents, finding the market equilibrium point and
notifying the market results to all agents.

A. Key Indicators

Through simulation, the price of the daily spot market when
generation from RES is disregarded, xh, can be obtained. By
subtracting the real price, ph, the price difference that wind
power causes in the market can be determined, quantifying the
MOE. With these two prices, some other relevant indicators
of the MOE can be established.

As discussed in section III, the “Last Resort Trader” pur-
chases all energy produced by PRE and then sells in the spot
market.The additional cost between the hourly prices of the
market and the FIT is supported by the electricity consumers.
Thus, the amount directly supported by users through FIT can
be found using Equation 1:

OC =

t∑
h=1

(FIT − ph)Wwindh
(1)

where:
• OC is the volume of FITs directly supported by con-

sumers during period t, in e;
• t is the time period being analyzed, in hours;
• FIT is the average price of FIT, in e/MWh;
• ph is the hourly spot market price when RES production

takes part in the energy mix, in e/MWh;
• Wwindh

is the total energy produced by wind power
technologies in Portugal during period t, in MWh.

OC represents the over-cost of the FIT that is directly
financed by consumers through system tariffs. However, this
over-cost does not take into account the spot market price
reduction from wind power, since the price difference used is
between the FIT value and the actual spot market price. As
such, a new formula for the over-cost is proposed, where the
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price difference used is between the FIT and the spot market
price without contribution from wind power. This proposed
over-cost can be obtained through Equation 2:

OCprop =

t∑
h=1

(FIT − xh)Wwindh
(2)

where:
• OCprop is the volume of FITs directly supported by

consumers during period t considering the price reduction
caused by wind power, in e;

• t is the time period being analyzed, in hours;
• FIT is the average price of FIT, in e/MWh;
• xh is the hourly spot market price when RES production

does not take part in the energy mix, in e/MWh;
• Wwindh

is the total energy produced by wind power
technologies in Portugal during period t, in MWh.

Since the price difference that results from the MOE affects
all participants of the spot market, a financial volume of the
MOE can be obtained, through Equation 3 [10]:

V =

t∑
h=1

(xh − ph)dh (3)

where:
• V is the financial volume of the MOE for period t, in e;
• t is the time period being analyzed, in hours;
• xh is the hourly spot market price when RES production

do not take part in the energy mix, in e/MWh;
• ph is the hourly spot market price when RES production

takes part in the energy mix, in e/MWh;
• dh is the total electricity demand, in MWh.
With the financial volume of the MOE, V , the impact that

each MW of RES installed capacity has on the spot market
price can also be determined through Equation 4 [10]:

S =
V

R
(4)

where:
• S is the specific value of the MOE, in e/MWh;
• V is the financial volume of the MOE, obtained through

Equation 3;
• R is the total energy produced by RES in period t, in

MWh.

B. Methodology Applied

In order to quantify the MOE of wind power two approaches
were undertaken, since the first did not present reliable results,
although being worthy of mention. These are presented below.

1) First Approach: Supply-side bids based on a Regression
Model: This approach builds on the methodologies applied by
Sensfuss et al. [10], Miera et al. [14] and Tveten et al. [9]. As
was done for all of these works, historical data was used to
study the market

To reduce system complexity, some assumptions had to be
made. The first assumption taken in this approach is common
to both Sensfuss et al. and Miera et al., which consists in

considering demand as totally inelastic. Also, as done by Miera
et al., all values of imports, exports and pumping are those
actually observed in the period. As was done by Sensfuss et
al., it was assumed that all energy produced in the period was
traded through the spot market.

The demand side agents bids all the energy produced at
the highest possible price (180 e/MWh in the MIBEL),
actively ensuring that the demand is completely inelastic. With
the demand side established, remains the task of describing
the supply side. To do this, a similar approach as the one
established by Tveten et al. [9] was employed.

By finding the correlation between spot market hourly prices
and the quantity of energy produced by each technology, one
can determine which of these are price setters in the market.
This was done in a monthly fashion, to lower the effects of fuel
price variations, seasonal variation in demand levels, and the
effect hydro generation has on the spot market price. Through
this analysis it was established that the largest impact on price
comes not only from conventional thermal technologies, like
coal and gas, but also from PRE thermal technologies.

Although there is a considerable correlation between hy-
dro power production and the spot market prices, since this
technology depends upon the availability of water, another
assumption based on the work of Miera et al. [14] was
applied, which consists in considering that the dispatch of
hydro plants was the one observed in the period. In this way,
considerations pertaining the prediction of water values are
disregarded. Furthermore, solar and wind power production
are also considered the same as the real production in the
period (for similar reasons).

The supply side was divided in terms of technology and
installed capacity. Since the volume of RES technologies is the
one observed for the period, three agents were defined for each
technology. Namely, one agent for hydro power production,
one agent for wind power production and one agent for solar
power production. These values were based on those published
by REN [28]. The price bids for these agents was set at 0
e/MWh. The volume bids for each hour of the simulation were
the ones published for the same period. Installed capacities
for GenCo agents with thermal technologies were set at an
arbitrary value of 500 MW, and the total amount of installed
capacity for each technology were set as 1500 MW for
coal, 4500 MW for gas-fired technologies, and 2000 MW for
thermal PRE. The values for these producers were based on
those published by REN and by ERSE [29]. Price bids for
these agents were determined through the regression function
established above, considering that thermal PRE producers bid
with the lowest prices and gas-fired technologies bid with the
highest prices. It was considered that the volume of the bids
for GenCo with thermal technologies, was the same as their
installed capacities.

With the system used in the simulation completely defined
it is now possible to simulate the daily spot market. This was
done by simulating two scenarios, as was done by Sensfuss et
al. [10] an Miera et al. [14]. The conditions of these scenarios
were:

• Scenario A: The daily spot market is simulated consider-
ing all GenCo agents, to determine the benchmark case;
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• Scenario B: The daily spot market is simulated without
the participation of the wind power GenCo agent.

The results of the daily spot market for this day are pre-
sented in Figure 3, with the real results in blue, the simulated
results for scenario A in green and those for scenario B in red.
It’s noticeable that the simulated results for scenario A take a
similar shape to the real results, although there is a noticeable
difference in some hours.

Fig. 3. Real and simulated hourly spot market results for February 5, 2016
(obtained through the first approach).

Although the results from this first approach were as ex-
pected, there are some drawbacks to the methodology em-
ployed. First, after the simulations were done, it was noticed
that many of the results fell outside of the historical data used
for the regression, which means that there is no fundamental
data in which to base these values. The second drawback is
that only values for Portugal were considered and this also
represents a flaw to the methodology, since Portugal is part
of the MIBEL, and Spanish production has a considerable
influence on the price setting mechanism.

As such, even though some interesting results were obtained
through this approach, it was considered that any conclusions
taken using it to quantify the MOE would not be significantly
accurate. Thus, a second approach was established.

2) Approach: Supply-side bids based on the actual MIBEL
Spot Market bids: For this second approach, the methodology
applied is loosely based on the works presented by Sensfuss
et al. [10] and Miera et al. [14] once again, since the means to
quantify the MOE still relies on simulating two scenarios of
the daily spot market, but this time, instead of using regression
to determine the bids of thermal producers, the supply side is
defined by the actual supply bids submitted to MIBEL, similar
to what was done by McConnel et al. [22].

To do this, historical data was again used in order to define
the simulation system. This data includes:

• Hourly spot market prices and traded energy volumes for
the first six months of 2016, for both Portugal and Spain,
obtained from [30];

• Hourly quantities of wind power production for the first
six months of 2016, with Portuguese values obtained from
REN [31], and Spanish values taken from REE [32];

• Hourly price and volume bids submitted for the daily spot
market, published online by OMIE [33].

The objective of this approach is to quantify the MOE by
simulation using an approximation as close as possible to the
actual supply curve of the period. Thus, a methodology to
determine the bids for the demand side that didn’t disregard
the adjustments made by the System Operator (SO) needed

to be established. With this in mind, the procedure applied
is depicted in Figure 4. The first step is determining to what
value of energy in the supply curve, the final hourly price
corresponds to. This is represented through the red line of the
figure, that intersects both the supply curve and the adjusted
demand curve at the final price of 39 e/MWh, leading to the
volume value of 37970 MWh. The demand curve used in the
simulation is then the one seen in blue. This curve involves
a single RetailCo agent bidding at the highest price, which
in the MIBEL is 180 e/MWh, and with a volume of 37970
MW, determined in the aforementioned fashion. This ensures
the assumption of a completely inelastic demand and that the
adjustments made by the SO still apply.

Fig. 4. Method used to determine the quantity bid of the demand-side agent,
for 9 A.M. of 05/02/2016 (edited from [33]).

There are at least 1000 agents participating in the daily
spot market of the MIBEL thus, an approximation was made
in order to simulate the market in a realistic and systematic
way. As such, it was established that the supply side would
be represented by 39 agents, with price bids growing from
0 e/MWh to 180 e/MWh, with an arbitrary increment of 5
e/MWh between each agent. The volume of the bids made
by each GenCo agent is then the sum of all energy contained
in the price intervals between each of these agents in the
following fashion: the volume bid of the agent whose price
bid is 5 e/MWh is the sum of energies bid in the interval
]0; 5] e/MWh of the actual daily spot market. For the agent
bidding at 10 e/MWh, the volume bid is the sum of all bids
in the interval ]5; 10] e/MWh on the actual daily spot market,
and so on for the remaining agents.

In order to correct the second drawback of the first approach,
the whole daily spot market of the MIBEL is simulated in
this second approach, i.e., not just the Portuguese side, since
production by Spain has also a relevant impact on the prices.
To do this, a special consideration had to be made for hours
in which market splitting between the Portuguese and Spanish
systems occurred. Since the main objective in this study is
to quantify the MOE for the specific case of Portugal, then
for hours in which market splitting occurred in the actual
daily spot market, it is considered that the same happened
in the simulated market, and as such, only the Portuguese
zonal market is simulated. In the remaining hours, both zonal
markets are simulated.

It was deemed that the agent bidding with a price of 0
e/MWh would be separated in three agents, one which bids
the quantity of energy produced by wind power in Portugal
for the specific period, another one that bids the quantity
produced by wind power in Spain, and a third one that bids
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TABLE I
SIMULATION RESULTS AND COMPARISON.

TABLE II
QUANTIFICATION OF THE MOE, ACTUAL FIT OVER-COST AND THE PROPOSED OVER-COST.

the remaining energy bid at 0 e/MWh.
With the simulation system completely established, the

MOE was quantified by simulating the daily spot market price
in two scenarios:

• Scenario A: in which the volume of demand considered
is the one established through Figure 4;

• Scenario B: in which the volume of demand considered
is the one established through Figure 4 plus the value of
the energy produced by wind power.

Results for one day of the study period are presented in
Figure 5, with the actual MIBEL results shown in blue, the
results of the simulation for scenario A in green, and for
scenario B in red. It should be noted that the simulated curve
for scenario A resembles very closely that of the real curve,
proving that the methodology used is able to recreate the daily
spot market.

Fig. 5. Real and simulated hourly spot market results for day 05/02/2016
obtained through the second approach.

At this point, it was noticed that there were some extreme
result values for scenario B that could lead to an overesti-

mation of the MOE, specifically some price spikes in May
and December that led to a daily average price higher than
100 e/MWh. A large amount of these peaks happen on hours
where there was market splitting and wind power penetration
was especially high for a short period. In these situations,
thermal producers bid relatively high to guarantee that it is
worthwhile if they do need to start-up, produce for a short
amount of time and then shut-down.

To mitigate this effect, as was done by Tveten et al. [9],
these extreme values were disregarded. This was done by
setting a ceiling value of 90 e/MWh, based on the highest
value that was observed in the daily spot market for 2015,
which was 85.05 e/MWh (falling in the ]85; 90] bidding
interval of the GenCo agents). The number of hours that had
to be disregard only amounted to 5% of the complete study
period.

C. Results and discussion

Tables I and II present all results of the second approach.
By analyzing Table I some considerations about the simulation
methodology can be made. Firstly, it is noticeable that the
average error between the simulation results of scenario A and
the real market results is close to 2,5 e/MWh for the whole
period. This is an acceptable error value, considering that the
average market hourly prices were around 30 e/MWh.

Table II shows a comparison between the over-cost that is at-
tributed to the FIT of wind power, OC and the proposed over-
cost when considering the price reduction due to wind energy,
OCpro. These values were calculated through Equation 1 and
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Equation 2 respectively. The difference between these figures
is of approximately 160 million euros. This difference shows
that the price difference caused by wind power on spot market
prices should not be disregarded.

Furthermore, Table II presents the results of all calculations
made in regards to the MOE. It is noticeable that the spot
market price difference caused by wind is higher for months
with a higher average wind power profile, as would be
expected. The financial value of the MOE, V , and the specific
value of the MOE, S, can be obtained through Equation 3
and Equation 4. Due to a low wind power penetration, June is
actually the month of the period which presented the lowest
MOE financial value.

By comparing V with OC, one can establish how much of
the value of FIT being financed by consumers is recovered
in the spot market through the MOE of wind power. When
considering results for the whole period, V was determined as
being approximately 390 million euros, and the OC obtained
was roughly 460 million euros. It is noticeable that the
difference between these values is relatively small. Another
good way to measure how much of the FIT is being recovered
through the MOE is by comparing S with the difference
between the average FIT paid by consumers minus the spot
market price. For the whole six month period, the former was
approximately 59 e/MWh and the latter 66 e/MWh.

It should be noted, however, that any analysis that tries to
ascertain the benefit that a higher penetration of wind power
has for consumers through a comparison between V and OC
does not take into account any socioeconomic advantages that
might arise from the deployment of RES technologies. These
include the diversification of energy supply, enhancement of
regional and rural development, creation of a domestic industry
and establishment of employment opportunities, which can
also be seen as benefits for consumers [14]. Furthermore,
it should be noted that the indirect effect of wind power in
the spot market price was not determined, which could also
provide a significant benefit for consumers.

VI. CONCLUSIONS

The study being presented quantified the MOE for Portugal.
The results reached show that the price difference introduced
by this effect has an average value of 17 e/MWh for the
whole six month period of the study. Furthermore it was
established that an amount equal to 150 million euros of the
over-cost attributed to FITs is actually recovered through the
price difference that wind introduces in the spot market.
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