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Abstract: A simple effective model is proposed for the day-ahead electricity market. The model
considers the main factors which govern the process, predicts the seasonal and daily variation of
electricity demand, renewable production, system marginal price, and merit order effect. The accuracy
of the model is increased by fitting to historic data of the Hellenic electricity market. During the
period between October 2016 and December 2018, the Hellenic electricity market calculated explicitly
the merit order effect using an innovative mechanism to directly charge the electricity suppliers
(retailers). On the basis of the proposed model and the market recorded data, the effect of the
renewable penetration on the wholesale Hellenic electricity prices is revealed. The model is further
used to analyze the market future behavior when basic factors (electricity demand, conventional
power, and renewable penetration) are known or estimated. The effect of merit order effect on the
Hellenic legislation is discussed and the appropriate measures adopted by the Hellenic authorities
are analyzed and evaluated.

Keywords: system marginal price; renewable energy sources; photovoltaics; day ahead market;
merit order curve; electricity demand; seasonal and daily variation; RES (renewable energy
sources) surcharge

1. Introduction

The integration of renewable energy sources (RES) in electricity markets has been significantly
reinforced by policy support measures in all European countries. The effect of their participation on the
determination of electricity wholesale marginal prices has become, however, a topic of political debate.
Considering that renewables enter with priority into the day-ahead market (DAM) (zero pricing bids),
the merit order curve (MOC) is shifted to the right or equivalent, the demand curve is shifted to
the left, most expensive plants are driven out, and subsequently, the clearing wholesale marginal
electricity price is diminished. This phenomenon is the so-called merit order effect (MOE). Since intense
discussions have taken place about the economic surcharge that passes to the final consumers due to
renewable supporting mechanisms, a broad spectrum of literature exists on the analysis, quantification,
and evaluation of the MOE phenomenon.

The methods for the examination of MOE are based on two main approaches [1,2], which are as
follows: (a) the development of electricity market models, which simulate the operation of DAM and
calculate the resulted spot electricity price for various scenarios [3–9] and (b) the regression analysis
approach, which uses historical price and generation data in order to quantify the actual achieved
reduction in spot price for a given period of time [2,3,10–14]. Studies that combine both approaches are
also met [15]. Although each country has its unique characteristics in terms of energy mix, economic
growth, incentives policy, etc., useful information and knowledge can be retrieved by relevant research.
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The impact of the RES generation in Germany was analyzed by Sensfuß et al. [8], by developing a
detailed electricity market simulation model. The results showed the high impact of the diffusion of
renewables on spot market prices, reaching a reduction of 7.8€/MWh (2006). For the same country,
Weigt [6] investigated the impact of wind penetration, and indicated a significant decline in market
price, especially during peak periods (10€/MWh). In Spain, two relevant studies were found in
the literature. De Miera [7] assessed the effect of support schemes on power prices for the case of
wind-generation electricity, and concluded that the reduction of spot price was much higher than the
increase in cost charged to the consumers for the financial support of the technology. Ciarreta et al. [9]
analyzed the Spanish electricity market for four years (2008–2012) and calculated the cost of “green”
energy as the difference between the savings gained due to MOE and the incentive amounts. According
to the results, after the wide deployment of RES, a positive net cost was computed, but a difference in
the cost among technologies was observed.

The significant impact of wind generation on spot prices was also proven by Jónsson et al. [11],
who used a non-parametric regression model to analyze the Danish electricity market. Similarly, based
on the regression approach, Luňáčková et al. [14] quantified the MOE in the Czech market by using six
years of hourly, daily, and weekly data (2010–2015), which led to the outcome of a 10% increase in RES
deployment, except from solar which had a negative impact in general, and caused a 2.5% decrease in
electricity price. Gelabert et al. [10] used a multivariate regression model to estimate the MOE of the
RES and cogeneration in Spain between 2005 and 2010 and showed that a marginal increase of 1 GWh
of electricity production from the previous technologies leads to a decrease of 2€/MWh in electricity
prices. In the case of Italy, Clò et al. [3] used empirical data from the DAM and proved that wholesale
electricity prices were reduced by 2.3€/MWh and 4.2€/MWh due to an increase of 1 GWh in the hourly
average of daily produced energy from solar and wind systems, respectively.

In Greece, the share of RES in electricity production mixture increased from to 6.9% in 2004 to
16.3% in 2017, while the national target for 2020 is 18% [16]. The main incentive for the RES wide
penetration in the country has been the feed-in tariff (FIT) mechanism [17,18]. The impact of this
deployment on the Hellenic electricity market was evaluated by Simoglou et al. [19,20], by developing
a simulation model for the market operation under various scenarios of RES capacity. The results
indicated that RES integration caused a significant reduction in the SMP (system marginal price) and
CO2 emissions, but the payment of consumers was increased for the examined years (2009 and 2011).

This paper aims to extend the current literature and quantify, as well as analyze the MOE in the
Hellenic wholesale electricity DAM by: (1) analyzing historic data, (2) proposing and validating a
simple model describing the phenomenon, (3) analyzing future market behavior when the crucial
factors are known or predicted, and (4) analyzing and evaluating the related surcharge mechanism
used by the Hellenic authorities. The MOE analysis refers to seasonal and daily variation of the
MOE along with the effect of renewable technology on the MOE. The political significance of MOE
in electricity pricing along with the Hellenic authorities curing experiment (2016–2018) are analyzed
in Section 2, and the corresponding recording data are statistically analyzed in Section 4.1. A robust
mathematical model is proposed in Section 3, which is fitted to recording data in Section 4.2 and used
to analyze future market behavior in Section 4.3. Section 5 summarizes the conclusions of the analysis.

2. Merit Order Effect and the Hellenic Electricity Market

Greece enjoys a renewable energy sources (RES) installed capacity of approximately 5 GW
operating under the feed-in tariff (FIT) model, initially introduced by law 3468/2006 [21]. Priority to the
grid applies also to net-metering, virtual net-metering, and feed in premium scheme lastly introduced
through law 4414/2016 [22] leading, as well, to a further decline of the system marginal price (SMP).

The RES account introduced through law 2773/1999 [23], is responsible for payments of renewable
electricity production under feed-in supporting schemes. Its revenue architecture faced significant
challenges and deficits in Greece during the last decade, leading the RES investments all over the
country to payment delays, financial problems, and unfortunately retroactive cuts in contracted tariffs
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even for operating projects through laws 4093/2012 [24], 4152/2013 [25], and finally 4254/2014 [26].
Although at first sight one could claim that the RES account deficits were solely driven by rapid
expansion of renewables during 2011 to 2013 without a simultaneous and adequate increase in the RES
levy (called ETMEAR in Greece) in consumer electricity bills, the continuation of financial problems of
the RES account even after retroactive cuts in tariffs of 2012–2014, indicated the problematic revenue
architecture of the account.

Focusing closer on the RES account structure [27], a major revenue component has to do with its
income from the wholesale market, corresponding to the renewable electricity produced and infused
into the grid multiplied by the hourly SMP. In order to provide priority for renewables to the grid over
other conventional sources such as lignite or gas-fired plants or imports, feed-in operating models
(feed-in tariff or feed in premium) provide that RES are not truly participating in the wholesale market
with price bids that compete with fossil fuel bids but instead their bidding price remains zero every
hour in order to be always preferable and selected to feed-in [28].

Therefore, regardless of the specific operating model, such as FIT, FIP, or net-metering, it is the
priority in entering the market (grid) that renewable energy enjoys through zero bidding prices that
diminishes SMP in DAM and, consequently, RES account revenues for renewable overall electricity
production infused. This naturally means that a further increase in renewable capacity under priority,
even at comparable to SMP price levels, is expected to expand MOE further, diminishing SMP even
more and consequently further triggering the need for a RES levy increase, in order for the RES account
to keep its financial ability to support contracted prices for renewables. This systematic decline of SMP
due to RES priority is benefiting suppliers not only for the renewable electricity they buy at this lower
marginal wholesale market price but for all their electricity needs drawn from the pool, because for
each hour the wholesale price is one and unique [29].

On the one hand, the RES levy not only works to finance the true cost difference between renewable
and fossil fuel electricity, but as a tool to cover the continuously increasing distortion because of
MOE and the missing money problem it causes for the RES account [29]. It is obvious that a general
withdrawal of RES as a priority aiming to minimize MOE and hence the RES account distortion in
revenues through SMP, could not be part of a viable solution. The stochastic nature of wind and
solar energy production could cause them to not survive direct competition against fossil fuels, unless
storage solutions become reliable and economically effective for them.

On the other hand, one could argue that for the consumer the distortion of MOE finally plays no
role regarding total electricity bill cost, since the increased RES levy is counteracted by the reduced
wholesale electricity cost based on the diminished SMP. In other words, the added amount of money
that the regulated part of the bill (through RES levy) needs to carry because of the distortion of MOE, is
balanced by the decrease in the nonregulated or so called “competitive” part of the bill. Furthermore,
if new renewables entering the system are remunerated with tariffs close to the SMP levels, as it now
happens, then electricity bills for the consumer will no longer increase. However, even new renewables,
because of their priority entrance under zero pricing bidding, will trigger a further SMP decline and
need for a RES levy increase not only for them but for all other previously existing and operating RES
penetration, and hence the vicious circle continues even more aggressively.

Real life in Greece during the recession years showed that regulated electricity costs bare political
costs, meaning that authorities are, in general, reluctant or negative towards increasing a part of the
electricity bill, especially when they cannot easily explain to consumers why this is happening (MOE is
difficult to describe) and at the same time when they cannot directly control the nonregulated part of
the bill that should be equally decreased.

During 2015, the RES account in Greece started showing deficits again due to a SMP drop.
Suppliers did not proceed to electricity price reductions in the competitive part but instead kept
high profitability margins benefiting from the MOE in order to face the growing phenomenon of
unpaid consumer bills. At the same time, the RES levy was officially frozen against increases by the
State. Less than a year later, during 2016, delays in payments for renewables, due to the RES account
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increasing cumulative deficit, started to rapidly rise jeopardizing national policies against climate
change and of course Greece’s credibility as an investment destination. Therefore, public dialogue and
the challenge during that time was to determine how to take out of the RES levy its distorted part due
to the MOE and charge it to suppliers that were systematically benefitting from high margins out of it.

Towards this aim, the idea was to introduce a parallel virtual wholesale market being resolved
every hour exactly as the official one but excluding renewables that operate under priority. Out of
this virtual market, a virtual SMP could be calculated and its difference from the official SMP would
give the decline of the SMP because of MOE. This difference between the virtual SMP (VSMP) and the
official one multiplied by the amount of MWh each supplier drew from the pool in order to cover the
demand of its customers, would represent a new charge for suppliers. This new charge, domestically
called “PXEFEL”, aimed to make suppliers return to the RES account their systematic economic benefit
and increased margin because of the RES and the MOE they caused.

In this respect, by having the RES account as an additional regular revenue through the MOE
charge counteracting the MOE, the RES levy could be kept to the necessary, fair (not distorted) lower
levels. The aim of the RES levy was to make it correspond to whatever difference in the production
costs truly exists between fossil and renewable sources. On the other hand, for suppliers, the MOE
charge consisted of a new cost component incorporated into the “competitive” part of their consumer
bills, whereby suppliers had the ability to disperse it in a variety of manners among different customer
groups in correlation to their hourly consuming profile. The MOE differs significantly among different
hours in the DAM, since it mainly has to do with electricity demand and RES active penetration.

A radical alternative solution proposed at that time was to fully integrate the RES levy into the
wholesale cost of suppliers, and hence to the “competitive” part of their bills. To do so, the market
operator would have to charge them a “below the line” RES levy on the basis of electricity drawn from
the DAM pool. Suppliers would then fully incorporate the cost of the RES levy in their pricing policies,
mixed of course with their benefit from the MOE that the RES at the same time cause. Suppliers’ bills
would then become more market oriented, since there would be no regulated part for the RES electricity
cost that suppliers do not “own”. This model would be somehow equivalent to suppliers being
contracted directly by the RES producers through bilateral contracts to purchase their production at
their fixed tariffs.

3. Day-Ahead Electricity Market Model

The proposed mathematical model aims to predict the MOE versus the crucial factors affecting
the DAM. It is basically a deterministic model which considers the “predictable” part of the seasonal
and daily variation of the demand and renewable production, while the “random” part is considered
as just a noise which is eliminated by fitting to historical data. Random variation could be considered
by adding random functions describing the noise, but this is out of the scope of the present paper.
A stochastic model for probabilistic forecasting has been proposed recently by Bello et al. [30].

3.1. Definition of the Merit Order Effect

Mathematically, the MOE is defined as the difference in system marginal price between (a) the
value calculated when all the demand is considered into market clearance procedure, the virtual system
marginal price (VSMP) and (b) the value calculated when the renewable production is excluded from
the demand, the system marginal price (SMP). That is, MOE = VSMP − SMP.

This definition is graphically presented in Figure 1.
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3.2. The Merit Order Curve

The supply curve in the DAM is called the merit order curve (MOC). The following equation is
proposed and used in this paper to describe it:

P = Pmed

( S
Smax − S

)n
(1)

where the supply price P (€/MWh) is calculated versus the dispatchable electricity supply S (GWh/h),
when the following three parameters are known:

• Smax GWh/h the maximum feasible electricity supply;
• Pmed €/MWh the electricity price at half of maximum supply;
• n - empirical shape constant.

Obviously, the maximum feasible electricity supply is analogous to the conventional installed
power (lignite-fired, gas-fired, and large hydro) that are dispatchable, meaning that they have the
ability to determine the SMP through their hourly price bidding in the DAM.

The above analysis assumes that other factors affecting the MOC remain constant during the
analysis period. Other factors such as the suppliers bidding strategy, the CO2 emissions price, and the
fuel price can be introduced in the parameters Pmed and n through appropriate functions, but this is
out of the scope of this paper.

3.3. The Electricity Demand

The electricity demand appears to have both seasonal and daily variations. The seasonal variation
of the electricity demand appears as two peaks, one during the winter and one during the summer.
Loumakis et al. [31] considered the following three additive kinds of demand with different variation
each: (a) A constant demand independently of the season, (b) a winter activities demand, and (c)
a summer activities demand. A normal distribution was proposed to describe both the winter and
summer activities with different characteristics. The resulting equation is [31]:

Di =
DT(1− dw − ds)

365
+ dwDT·N(two, ∆tw, i) + dsDT·N(tso, ∆ts, i) (2)

where the electricity demand Di (GWh/day) during the day i (1, 2, . . . , 365) is calculated, when the
following seven parameters are known:



Energies 2019, 12, 3869 6 of 20

• DT GWh/year the total electricity demand during the year;
• dw - the portion of the total annual demand for winter activities;
• ds - the portion of the total annual demand for summer activities;
• two days the time of the peak of winter activities;
• tso days the time of the peak of summer activities;
• ∆tw days the typical duration of the winter activities;
• ∆ts days the typical duration of the summer activities.

The normal distribution is expressed by the following equation: N(µ, σ, t) = 1
√

2πσ2
exp

(
−

(t−µ)2

2σ2

)
.

The daily variation of the demand also appears to have two peaks, one at noon and another in the
evening. The above idea concerning the seasonal variation is also used to describe the daily variation:

Di j =
Di(1− dn − de)

24
+ dnDi·N(tno, ∆tn, j) + deDi·N(teo, ∆te, j) (3)

where the electricity demand Di j (GWh/hour) during the hour j (= 1, 2, . . . , 24) of the day i (1, 2, . . . ,
365) is calculated, when the total demand Di (GWh/day) of the day i is calculated from Equation (2)
and the following six parameters are additionally known:

• dn - the portion of the total daily demand for noon activities;
• de - the portion of the total daily demand for evening activities;
• tno hours the time of the peak of noon activities;
• teo hours the time of the peak of evening activities;
• ∆tn hours the typical duration of the noon activities;
• ∆te hours the typical duration of the evening activities.

3.4. Renewable Electricity Production

The renewable electricity production appears also to have both seasonal and daily variations.
Loumakis et al. [31] proved that all types of renewables follow a cosine seasonal variation with different
amplitude and peak time. Thus, the resulting total renewable also appears cosine variation with
characteristics depended on renewable mixture. Instead, concerning daily variation, all renewables,
except photovoltaics, are random or almost constant without any deterministic variation. Photovoltaics
follows a well-known deterministic variation during daytime sunshine hours. On the basis of these
remarks the renewables can be divided into two categories, concerning the daily variation profile, the
photovoltaics (PV), and the other (W). Thus:

Ri = Wi + PVi (4)

where:

• i days the day of the year (1, 2, . . . , 365);
• Ri GWh/day the electricity generated from renewables during the day i;
• Wi GWh/day the electricity generated from renewables except photovoltaics during the day i;
• PVi GWh/day the electricity generated from photovoltaics during the day i.

The seasonal variation of both kinds of renewables is described by the cosine equation:

Wi =
WT

365
− ∆W cos

(
2π

i− iWo

365

)
(5)

PVi =
PVT

365
− ∆PV cos

(
2π

i− iPVo

365

)
(6)
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Equation (5) calculates the electricity Wi (GWh/day) generated from renewables except
photovoltaics during the day of the year i (1, 2, . . . , 365), when the following three parameters
are known:

• WT GWh/year the total annual electricity generated by renewables except photovoltaics;
• ∆W GWh/day the seasonal variation amplitude of renewables except photovoltaics;
• iWo days the day of minimum production for renewables except photovoltaics.

Equation (6) calculates the electricity PVi (GWh/day) generated from photovoltaics during the
day of the year i (1, 2, . . . , 365), when the following three parameters are known:

• PVT GWh/year the total annual electricity generated by photovoltaics;
• ∆PV GWh/day the seasonal variation amplitude of photovoltaics;
• iPVo days the day with the minimum production for photovoltaics.

Concerning the daily variation, the following equations are proposed:

Wi j =
Wi
24

(7)

PVi j = c f
PVi
24

max
(
cos

(
2π

j− jPVo

24

)
, 0

)
(8)

Equation (7) calculates the electricity Wi j (GWh/hour) generated from renewables except
photovoltaics during the hour j (1, 2, . . . , 24) of the day of the year i (1, 2, . . . , 365), when the
total daily electricity is calculated by Equation (5) (uniform distribution).

Equation (8) calculates the electricity PVi j (GWh/hour) generated from photovoltaics during the
hour j (1, 2, . . . , 24) of the day i (1, 2, . . . , 365), when the total daily electricity is calculated by Equation
(6) and the following parameter is additionally known:

• jPVo hours the hour with maximum production from photovoltaics.

The correction factor cf is given by the equation: cf = PVi /
∑24

j=1 PVi j

3.5. Regression Analysis

The resulting mathematical model of Equations (1)–(8) calculates all crucial quantities of the
electricity market (electricity demand, renewable generation, merit order curve, system marginal price,
and merit order effect) when twenty-three parameters are known. The information flow diagram of
the proposed model is presented in Figure 2.

The parameters can be estimated using three separate regressions:

• Equations (2) and (3) are simultaneous fitted to real data of demand;
• Equations (5)–(8) are simultaneous fitted to real data of renewable electricity generation;
• Equation (1) is fitted to real data of system marginal price and virtual marginal price.

The appropriate data were retrieved from the Hellenic electricity market operator [32] and the
Hellenic energy exchange group [33].

During the period from October 2016 to December 2018 (27 months) the auction clearing process
of the DAM was calculated twice (a) using the demand and supply including renewables in order to
obtain the system marginal price (SMP) and (b) using the demand and supply excluding renewables in
order to obtain the corresponding SMP without the renewables, denoted as virtual system marginal
price (VSMP).

The following data were retrieved for the whole year 2017:

• Di j GWh/h Hourly electricity demand;
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• Ri j GWh/h Hourly renewables electricity;
• SMPi j €/MWh Hourly system marginal price;
• VSMPi j €/MWh Hourly virtual system marginal price.

where i is the day identification number (1, 2, . . . , 365) and j the hour identification number (1, 2,
. . . , 24) per day.

The resulting fitted model can be used to forecast by changing the following parameters (factors):

• Smax GWh/h the maximum feasible electricity supply;
• WT GWh/year the total annual electricity generated by renewables except photovoltaics;
• PVT GWh/year the total annual electricity generated by photovoltaics;
• DT GWh/year the total electricity demand during the year.

All other model parameters cannot be considered as factors since they remain long-term constants.
They are not analogous to the market size, but they are dependent on the country activities and
weather characteristics.
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4. Results and Discussion

4.1. Statistical Analysis

The recording quantities (D, R, VSMP, and SMP) along with the calculated ones (DR = D − R and
MOE = VSMP − SMP) are presented in Figure 3. Hourly data are plotted, that is 8760 points for each



Energies 2019, 12, 3869 9 of 20

quantity. The time duration curves are also presented in Figure 3. Furthermore, the basic statistics are
presented in Table 1 and the corresponding fitted normal distributions in Figure 4.Energies 2019, 12, x FOR PEER REVIEW 10 of 23 
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Table 1. Basic statistics.

Variable Symbol St Dev Mean Median Min Max Units

Demand D 1.13 5.89 5.84 3.24 9.61 GWh/h
Demand renewables DR 1.09 4.84 4.70 1.81 8.48 GWh/h

Renewables R 0.64 1.05 0.91 0.12 3.29 GWh/h

Virtual system marginal price VSMP 33.9 68.8 57.6 37.8 >150 €/MWh
System marginal price SMP 16.8 54.7 51.7 0.0 >150 €/MWh

Merit order effect MOE 24.5 14.2 6.9 0.0 >150 €/MWh
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The examined quantities, as analyzed in the previous sections, appear as seasonal and daily
variation. Seasonal variation is revealed using 24 h moving averages which eliminate the daily variation.
The results are presented in Figure 5.
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R = renewables, VSMP = virtual system marginal price, SMP = system marginal price, MOE = merit
order effect.

Daily variation is revealed by averaging data separately for each hour of the day. Averaging is
performing for every month since due to seasonal variation every month different daily characteristics
appear. The results are presented in Figures 6 and 7.
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It must be noticed that, during January and July 2017, peak demand conditions were met resulting,
as expected, in higher SMP, VSMP prices, and MOE.

Due to the pan-European electricity crisis triggered by the withdrawal of several nucleal plants
in France for service and repair reasons in late Autumn 2016, wholesale electricity prices all over
Europe climbed to very high levels during December 2016 to January 2017. To cover the gap, France
turned to imports of electricity from neighbour countries dispersing crisis all over Europe. The extra
needs for electricity were covered mostly from natural gas-fired plants leading to a gas market crisis
as well. This climb also happened with the SMP in Greece and of course the VSMP. Winter peaking
demand reinforced, as expected, market thirst and anxiety for electricity. In February of 2017, the
Regulatory Authority of Energy (RAE) imposed a ceiling of 15€/MWh per hour for MOE in order
to avoid its extreme values leading to excessive burden for suppliers. The same electricity demand
anxiety phenomenon occurred also at the end of 2017 mostly due to bad cold weather conditions
reinforced by the memory and fear of the previous year’s crisis as well.
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Two electricity demand peaks per day are observed in Figure 6, one during noon and the second
in the evening. Noon peak demand is almost completely covered by the PV production all over the
year. Noon peak is higher compared to evening peak during summer months while the contrary
happens in winter.

Figure 7 shows how the SMP prices escalate when electricity demand is peaking and what happens
to wholesale prices (VSMP) if the RES were not present. Furthermore, the PV penetration leads to time
concentrated electricity production during noon hours and reduces the SMP during these hours at the
most, resulting in the highest MOE values.

4.2. Regression Analysis

Table 2 presents the parameter estimates from the regression analysis as described in the previous
sections. Three different regressions were applied and the comparison between real and calculated
values are presented in Figures 8–11.
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Table 2. Model parameter estimation results.

Merit Order Curve Parameters Equation (1) Units
Price at half of maximum supply Pmed 55.2 €/MWh

Maximum feasible electricity supply Smax 9.88 GWh/h
Empirical shape constant n 0.412 -

Demand Seasonal Variation Parameters Equation (2)
Annual demand DT 51.6 TWh/y

Winter activities fraction dw 0.099 -
Winter activities peak day two 13.1 days

Winter activities standard period ∆tw 44.5 days
Summer activities fraction ds 0.085 -

Summer activities peak day tso 205 days
Summer activities standard period ∆ts 33.3 days

Demand Daily Variation Parameters Equation (3)
Noon activities fraction dn 0.147 -

Noon activities peak hour tno 12.5 h
Noon activities standard period ∆tn 3.38 h

Evening activities fraction de 0.127 -
Evening activities peak hour teo 21.1 h

Evening activities standard period ∆te 3.03 h
Renewable Electricity Variation Parameters Equations (5)–(8)

Annual production of other renewables WT 5.48 TWh/y
Seasonal relative variation of other renewables ∆W 0.00 -

Other renewables generation peak day iwo 0.00 days
Annual production of photovoltaics PVT 3.71 TWh/y

Seasonal relative variation of photovoltaics ∆PV 0.294 -
Photovoltaics production minimum day iPVo 3.58 days

Photovoltaic production peak hour jPVo 13.7 hEnergies 2019, 12, x FOR PEER REVIEW 15 of 23 
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Parameters in Table 2 express either (a) the market characteristics (weather, demand, generation
technologies, etc) which remain constant long term or (b) the market size (demand, conventional and
renewable installed power, etc) which follow the growth of economy.

The four parameters which express the market size are:

• Smax GWh/h the maximum feasible electricity supply;
• WT GWh/year the total annual electricity generated by renewables except photovoltaics;
• PVT GWh/year the total annual electricity generated by photovoltaics;
• DT GWh/year the total electricity demand during the year.

Smax is analogous to the installed power of conventional electricity generated systems that are
dispatchable, meaning that they determine SMP through hourly price bidding in the day-ahead
market. Similarly, WT and PVT are analogous to the renewable installed power, non-photovoltaics
and photovoltaics, respectively. Finally, DT expresses the society activities and is analogous to the
economic growth.
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averaged values.

Thus, it is useful to compare the estimated values of these parameters with the recorded values:
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• Estimated values of DT and PVT are exactly as recorded 51.9 TWh/y and 3.72 TWh/y, respectively,
while estimated value of WT is a little higher than recorded 5.84 TWh/y;

• Smax of 9.88 GWh/h is a decline from the expected installed conventional power of 12 GW, because
the total capacity does not participate continuously into the market.

4.3. Sensitivity Analysis

The proposed mathematical model can be used to predict electricity market behavior in the
future when the parameter estimates in the Table 2 are adjusted to future values. The four parameters
which express the size of the market are considered as factors. All other parameters express market
characteristics which remain constant long term. Thus, the factors which affect market future behavior
are the following four parameters:

• Smax GWh/h the maximum feasible electricity supply;
• WT GWh/year the total annual electricity generated by renewables except photovoltaics;
• PVT GWh/year the total annual electricity generated by photovoltaics;
• DT GWh/year the total electricity demand during the year.

Smax is analogous to the installed power of conventional electricity generated systems that are
dispatchable, meaning that they determine SMP through hourly price bidding in the day-ahead
market. Similarly, WT and PVT are analogous to the renewable installed power, non-photovoltaics
and photovoltaics, respectively. Finally, DT expresses the society activities and is analogous to the
economic growth.

In the sensitivity analysis of Figure 12 the effect of the above four factors on the merit order effect
(MOE), separately, is presented. Demand is the crucial factor; it can double the MOE when it increases
by about 25%. Renewables appear to have a smaller effect, while conventional installed power appears
to have a negative effect. Obviously, all these effects are interpreted from Figure 1 by changing the
interception of the demand and supply curves.
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Figure 12. Sensitivity analysis (one factor at a time): Effect of crucial market factors on the merit order
effect. D = demand, W = renewables except photovoltaics, PV = photovoltaics, and Smax = conventional.

The effect of the factors when they are changed simultaneously is presented in the scenario
analysis of Figure 13. The following scenarios are examined:

• D Demand is increased, all other factors are kept constant;
• D + R Demand and renewables are increased by the same rate and conventionals are kept constant;
• D + C Demand and conventionals are increased with the same rate and renewables are

kept constant;
• A All factors are increased by the same rate;
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Nomenclature 

Figure 13. Scenario analysis (simultaneous factor variation): D + R = demand and renewables are
increased by the same rate, conventionals are kept constant; D = demand is increased, all other factors
are kept constant; A = all factors are increased by the same rate; D + C = demand and conventionals
are increased with the same rate, renewables are kept constant; and A − D = all factors, except demand,
are increased by the same rate.

Obviously, the higher positive effect is obtained when demand and renewables are increased
simultaneously, and the higher negative effect is obtained when demand remains constant and all
other factors are increased. Similarly, any other combination of changes can be examined.

5. Conclusions

During the period between October 2016 and December 2018 the Hellenic DAM calculated explicitly
the MOE using an innovative mechanism to directly charge the electricity suppliers. Through the MOE
charge (called PXEFEL in Greeks), suppliers were returning to the RES account the financial benefit
they were enjoying because of MOE, namely the lower SMP values in the DAM due to RES penetration.

The above mechanism needs an appropriate model to evaluate and analyze daily, seasonal, and
long-term variations of the MOE towards an optimum MOE charge strategy. Thus, a simple model for
the DAM is proposed and validated to real data. The model, considering the main factors which govern
the process, predicts the seasonal and daily variation of electricity demand, renewable production,
SMP, and MOE. The model was fitted adequately to historic data of the Hellenic DAM during the
year 2017.

The model innovation is based on the separate direct simulation of the supply and demand curves
and the seasonal and daily variation of the electricity demand and renewable generation.

On the basis of the proposed model and the market recorded data, the effect of the renewable
penetration on the wholesale electricity prices is analyzed.

The model can further be used to predict future market behavior when the basic factors (electricity
demand, conventional power, conventional costs, and renewable penetration) are known or estimated.
Thus, the effect of the evolution of the RES penetration on the MOE can be estimated and analyzed
towards an optimum RES penetration supporting strategy.

The proposed model was applied successfully to the Hellenic electricity market, but it can be used
to any other similar market.
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Nomenclature

c f the correction factor (-)
de the portion of the total daily demand for evening activities (-)
Di the electricity demand during the day i (GWh/day)
Di j the electricity demand during the hour j of the day i (GWh/hour)
dn the portion of the total daily demand for noon activities (-)
ds the portion of the total annual demand for summer activities (-)
DT the total electricity demand during the year (GWh/year)
dw the portion of the total annual demand for winter activities (-)
i the day of the year (1, 2, . . . , 365) (days)
iPVo the day with the minimum production for photovoltaics (days)
iWo the day of minimum production for renewables except photovoltaics (days)
j the hour with maximum production from photovoltaics (hours)
jPVo the hour with maximum production from photovoltaics (hours)
n empirical shape constant (-)
P the supply price (€/MWh)
PVi the electricity generated from photovoltaics during the day i (GWh/day)
PVi j the electricity generated from photovoltaics during the hour j of the day i (GWh/hour)
Pmed the electricity price at half of maximum supply (€/MWh)
PVT the total annual electricity generated by photovoltaics (GWh/year)
Ri the electricity generated from renewables during the day i (GWh/day)
Ri j the electricity generated from renewables during the hour j of the day i (GWh/hour)
S the dispatchable electricity supply (GWh/h)
Smax the maximum feasible electricity supply (GWh/h)
SMP the System Marginal Price (€/MWh)
SMPi j the System Marginal Price during the hour j of the day i (€/MWh)
teo the time of the peak of evening activities (hours)
tno the time of the peak of noon activities (hours)
tso the time of the peak of summer activities (days)
two the time of the peak of winter activities (days)
VSMP the Virtual System Marginal Price (€/MWh)
VSMPi j the Virtual System Marginal Price during the hour j of the day i (€/MWh)
Wi the electricity generated from renewables except photovoltaics during the day i (GWh/day)
Wi j the electricity generated from renewables except photovoltaics during the hour j of the day i (GWh/hour)
WT the total annual electricity generated by renewables except photovoltaics (GWh/year)
∆PV the seasonal variation amplitude of photovoltaics (GWh/day)
∆te the typical duration of the evening activities (hours)
∆tn the typical duration of the noon activities (hours)
∆ts the typical duration of the summer activities (days)
∆tw the typical duration of the winter activities (days)
∆W the seasonal variation amplitude of renewables except photovoltaics (GWh/day)

Abbreviations

A all
C conventionals
CO2 carbon dioxide
D demand
DAM day-ahead market
DR demand minus renewables
ETMEAR surcharge on electricity price (Greek abbreviation)
FIP feed-in premium
FIT feed-in Tariff
MOC merit order curve
MOE merit order effect
PVs photovoltaics
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PXEFEL merit order effect charge (Greek abbreviation)
R renewables
RAE regulatory authority of energy
RES renewable energy sources
SMP system marginal price
VSMP virtual system marginal price
W renewables except photovoltaics
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