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Abstract
In the recently published climate agreement (Klimaatakkoord), the Dutch gov-
ernment has set ambitious capacity targets for renewable electricity sources
(RES). This will have a profound effect on prices in wholesale electricity mar-
kets due to the unique characteristics of RES. The focal point of this paper
is to derive a quantitative estimate of the two components of this price effect
by employing an AR (1) ARCH-GARCH (1,1) model to derive an estimate
of the merit-order effect. We combine the merit-order effect with (our own)
estimates of the value factors of RES, which is unprecedented in the contem-
porary literature. This paper shows that their composite effect implies that
future revenues of electricity investment will go down significantly when RES
capacity increases. These results hold under a wide variety of assumptions in
our sensitivity analysis. Therefore, our paper has a clear proposition: if the
Dutch government can proceed with its RES capacity plans, then without ma-
jor cost reductions the price effect implies that investments in RES will not
be profitable when RES market penetration increases. Hence, there is a need
for large additional subsidies if the government wishes to achieve high levels of
RES market penetration.



1 Introduction

The Dutch government has recently published its environmental policy goals in the
climate agreement (Klimaatakkoord, Ministerie van Economische Zaken en Klimaat
(EZK), 2019). The emphasis in this agreement is on the rapid capacity expansion of
renewable electricity sources (RES), particularly of offshore wind production in the
North Sea. The government is aiming for a capacity of 11.5 GW in 2030 and up to 60
GW in 2050, and is aptly naming its plans the “Green Powerhouse North Sea”. To
indicate how significant this expansion is, there is currently only 0.957GW of offshore
wind capacity installed in the North Sea (ENTSO-E, 2019).

Such an expansion will have profound effects on the wholesale electricity market due
to the unique characteristics of RES. Ceteris Paribus, additional capacity in renew-
able energy exerts downward pressure on the wholesale price of electricity. Lower
electricity prices, in turn, imply that it will be harder to earn back your investment
costs since the construction of generation capacity requires significant upfront capital
expenditures which will need to be earned back through future revenues from the sale
of electricity. Due to the price effect there will be little to no financial incentive to
invest in additional capacity, either renewable capacity or conventional plants, since
you can’t earn back your fixed investment costs. As a result of the price effect, in
electricity markets without adequate regulation, this will lead to investments below
the socially optimal level. This is what we will refer to as the “financeability problem”
of renewable investments, as introduced in Reid (2015) and in subsequent literature
as in Winkler et al. (2016b).

Currently, investments in offshore wind capacity feature a small subsidy for the in-
frastructure costs paid directly to the high-voltage grid operator, but are carried out
completely subsidy-free by private parties (Rekenkamer, 2019). However, if the gov-
ernment can proceed with the plans to build up to 60 GW of additional renewable
capacity, the financeability problem implies the government will have to offer sub-
sidies or investment support schemes to encourage additional investment in offshore
wind capacity. This paper aims to estimate the size of the required subsidy so that
the investment will break-even again (i.e. future revenues are equal to total costs).
Our main research question, therefore, is phrased as:

(1) How does the price effect influence the required subsidy for investment?

To answer our main research question, we need to investigate the price effect that
shows how the market value of renewable energy sources changes as a result of higher
market penetration of RES. Renewable electricity sources are weather-dependent
which implies that their output is variable, compared to fossil-power plants whose
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output is dispatchable. This unique characteristic has implications for the price that
renewable electricity suppliers get for their electricity compared to fossil-powered
plants. This has serious consequences for the profitability of RES. Due to high stor-
age costs and a fluctuating, price-insensitive demand, the price electricity suppliers
get for one unit of electricity depends crucially on when it is produced. Additionally,
the output of RES is uncertain. In electricity markets, uncertainty comes at a cost.
Producers have to bid their production in forward markets. In order to maintain the
balance on the grid, forecast errors need to be balanced in real-time, which is costly.
Finally, due to transmission constraints the price for one unit of electricity depends
on where it is produced. For offshore wind, this implies that since their production
facilities are located far offshore, they will on average get a lower price per unit of
electricity in zonal systems. However, in the Netherlands, we use nodal pricing and
we can therefore neglect this issue as investors do not have to take this into account.
In line with Hirth (2013), we will leave balancing and location/grid-related costs out
of consideration in our analysis for simplicity reasons. This allows us to focus our
attention on the effect of when electricity is produced to get to our quantitative esti-
mate of the price effect. Hirth (2013) refers to this as the “profile cost” of RES, but
since the unique profile affects revenues and not costs, we prefer to stick with our
definition: price effect. This price effect is what we will need in order to estimate the
size of the required subsidy.

To understand prices in dynamic wholesale electricity markets, we will need to in-
troduce the merit-order effect and the correlation effect. The merit-order effect, as
in Ballester and Furió (2015), implies that the average electricity price will go down
when RES generation increases. The correlation effect Hirth (2013), mostly referred
to as the market-value effect as in Ederer (2015), refers to the fact that producers of
solar and wind energy receive a different average price than conventional producers.
This is a result of their correlation in generation and the merit-order effect. Figure 1
provides a graphical overview of the price effect by using a value bridge. The merit-
order and correlation effect jointly affect the price for one unit of electricity produced
by RES. The subquestion that we need to ask in order to answer the main question
can therefore be formulated as:

(2) What is the size of the price effect of renewable capacity expansions in the
wholesale electricity market in the Netherlands?
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Figure 1: Shows the value bridge to see how the price effect, composed of the the
merit-order effect and correlation effect, influences the market value of RES. Source:
own figure.

The current study performs a cost-benefit analysis using the net present value method-
ology. Past literature on the appropriate valuation method of RES investment has
been inconclusive. As will be discussed in the literature review but summarized here,
past literature that has been solely focused on cost reductions, as in van der Zwaan
and Rabl (2003) have taught us that future cost reductions are not sufficient to ensure
high market penetration of RES. Additionally, past literature on real option theory
(Santos et al., 2014) suggests that we are likely to undervalue RES projects. Finally,
there is a role for adequate regulation in terms of damage taxes (e.g. emissions taxes)
and more importantly, subsidies for RES. This paper investigates investment choices
from the expected revenue side instead of the cost side. What this paper aims to
show, then, is that the need for subsidies is further compounded by the price effect of
RES. Additionally, in line with past literature, (see Sensfuß et al. (2008) or Elliston
et al. (2012)) we hypothesize to find evidence of both a statistically and economically
significant merit-order effect of renewable capacity expansions, with average market
prices decreasing as a result of extra capacity. As we will explain in the next sections,
the magnitude and possibly even existence of this effect is likely to be different be-
tween off-peak and on-peak hours. Finally, in line with past literature by e.g. Hirth
(2013), we expect to find evidence of a correlation effect of an economically very
significant magnitude. The quantitative estimate of the magnitude of the market
value effect is so high that it leads him to conclude that a very high renewable share
is unlikely to ever occur under competitive conditions, implying a need for support
schemes in order to achieve a high share. This paper assesses whether this holds for
the Dutch wholesale electricity market.

To find the size of the subsidy required, we will need to find a quantitative estimate
of the price effect. We will introduce an autoregressive ARCH-GARCH (1,1) model
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to derive this result. To perform the analysis, we are employing the relatively novel
database of the ENTSO-E transparency platform, combined with policy parameters
taken from a variety of sources. Our results show that the price effect, composed
of the merit-order and correlation effect, implies that future revenues of electricity
investment will go down significantly when RES capacity increases. Additionally,
we will explore what changing our input parameters does to our outcomes in the
sensitivity analysis. We conclude that without significant future cost reductions, the
price effect implies that investments in RES will not be profitable as RES market
penetration increases. Hence, there is a need for subsidies if the government wishes
to increase the share of renewable electricity in the generation mix to meet its targets.
Therefore, our paper has a clear proposition: if the Dutch government can proceed
with its RES capacity plans, RES investments will have to be heavily subsidized.

Our results are highly relevant in light of the upcoming investments in renewable
capacity. Given the fact that offshore wind investment has recently become subsidy-
free, politicians might be tempted to infer from this that future cost reductions will
imply that offshore wind investments will become very lucrative. However, the price
effects imply that the future revenues will go down and that this is therefore not
the case. This study is unique in that it aims to precisely estimate what the price
effect implies for the required subsidy, and what the future market penetration of
RES implies for additional investment. Furthermore, our analysis is unique in that it
combines both the merit-order and correlation effects using historical market data in
the Netherlands. To the best of our knowledge, no paper has yet tried to transform
the results from such an analysis into a straightforward policy implication. Our results
can aid financial decision making and will inform the public policy debate on RES
investment. First of all, Section 2 will explore past literature related to our research
questions. Specifically, we will have a closer look at valuation methods of RES and the
theoretical and empirical literature on the price effect. We will proceed by introducing
our economic model in Section 3 to provide an overview of the theoretical background
to the model we use in our paper. Here, the investment break-even analysis will be
explained in depth. Additionally, since the price effects don’t operate in a vacuum, we
will explain a stylized model of wholesale electricity markets to introduce variables
that will show up in our econometric model. Subsequently, in Section 4 we will
discuss the institutional background and data requirements for our analysis to find
appropriate values for our analysis on the required subsidy and price effect. Following
this, we will introduce the econometric model in Section 5 which we will use to
estimate the size of the price effect. Additionally, the econometric specification tests
will be discussed here. Next, we will proceed by providing an overview of our results
in Section 6. Lastly, we will discuss what the limitations and possible extensions are
of our research and the practical implications of the results in Section 7.
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2 Literature review

We will provide an overview of past empirical literature related to our research ques-
tions. Firstly, valuation methods for RES investment capacity will be discussed.
Secondly, we will shed on the theoretical literature related to the price-setting be-
haviour in wholesale electricity markets. Here, the two dimensions of the price effect,
the merit-order effect and the correlation effect, will be discussed. Thirdly, we will
return to the empirical studies to discuss the size of the merit-order effects and value
factors found in the literature.

2.1 Valuation methods

Previous literature on the topic of present value calculations of renewable investment
has mostly focused on future cost reductions. For example, in their study, van der
Zwaan and Rabl (2003) argue that the share of solar energy could potentially rise
rapidly after 2020 due to cost reductions realized by a learning curve. However, these
conclusions are contingent on an adequate “damage” tax (e.g. emissions taxes) on
conventional (fossil) plants and a subsidy on renewable energy to improve the com-
petitiveness of solar energy. Comparing investments based solely on cost reductions
is incomplete however, as argued by Lamont (2008) and Hirth (2013).

Additionally, investment under uncertainty implies there is an economic value
in having the option, not the obligation to invest. This is the basis of valuation
methods using real option theory. Flexibility refers to the ability to adjust projects
in response to changes in the investment environment. However, even though the
field of real options theory is quite developed, its application to energy markets has
been limited so far. Ceseña et al. (2013) argues this gap in the literature is due to the
technical expertise required from both engineers and economists. Real option theory
implies a mitigating role in that renewable investment projects might be undervalued
by not factoring in the flexibility, a result confirmed by Santos et al. (2014).

Finally, a meta-analysis on renewable energy investment Menegaki (2008) has
compared and contrasted the various valuation techniques. In short, their analysis
implies that the choice of method implies very different outcomes. They argue for a
valuation by stated and revealed preferences methodology. This has led to discussions
on objectivity because of the need to put a monetary value on all externalities. In
light of this inconclusiveness, and with our aim in mind of estimating the effect of the
decrease in future revenues on profitability (as opposed to focusing on cost reductions
or flexibility) we have decided to proceed with a net present value calculation as is
customary in the field of capital budgeting. The methodology will be discussed in
Section 3.
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2.2 Theoretical background price effect

Price setting in wholesale electricity markets is dynamic, as supply continuously needs
to adjust to changing demand and vice versa. The key feature of Demand here is that
it is highly price-insensitive in the short-run due to high cost of storage. We will now
look at how price-setting occurs in the wholesale electricity market using the stylized
merit-order model. Additional factors that are at play will be discussed in Section 3.

2.2.1 Merit order effect

The merit order, as e.g in Sensfuß et al. (2008) or Cludius et al. (2014) states that in
the wholesale electricity market, wholesale prices of electricity are equal to marginal
costs of producing. The marginal costs of production are determined by the merit
order Bahar and Sauvage (2013). The merit order curve reflects the demand of the
market and the capacity different suppliers can supply for a certain marginal cost
price per unit. In the merit order, sources of electricity production with the lowest
marginal costs are the first ones to be used to meet demand, and the plants with
the higher marginal costs are added to the mix on if demand is not fully met yet.
The plant satisfying the last unit of demand is called the system marginal plant. In
this way, the marginal cost of producing electricity are minimized. An increase in
production and hence in price, then, implies that the plants that are on the left-hand
side of the system marginal plant can recover their fixed costs, as marginal costs are
lower than the price during those hours. In reality, the system marginal plants also
need to recover their fixed costs, which they can do during periods of scarcity with
peak pricing, but we will not dive into that here. Note that the merit order model
describes the dynamic market where demand is highly price-insensitive. This can lead
to market power, which we will discuss in Section 3.2.3. Figure 2 shows an example
of the determination of electricity prices using the merit order.
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Figure 2: Electricity price determination using the merit order. Source: own figure

Since the marginal costs of renewables are lowest (no fuel costs) they are situated at
the left-hand side of the merit order. Nuclear power plants are ’next’ in the merit
order, usually followed by coal- and gas-burning plants. Renewable electricity sources
will be used whenever possible, as their marginal costs are the lowest. The merit-
order effect, then, is that due to the increased usage of renewable energy sources,
conventional plants will be called upon less and overall costs are reduced (Sensfuß
et al., 2008). This implies that the average wholesale price of electricity will decrease.

Figure 3: Magnitude of the merit order effect depends on the load. Source: figure
taken from Sensfuß (2008)

The impact of renewable generation is different for different segments of the merit-
order curve. Again, Sensfuß et al. (2008) provide the intuition for this using an
illustration. Figure 3 is taken from their paper. What it shows is that in case the
load is higher, and we are on the right-hand side of the merit order, the price effect
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of renewable generation will be more pronounced than during times when demand is
lower, and the drop in price is smaller. We will introduce demand dummies to see
whether we can indeed find this result.

As Mulder and Scholtens (2013) have shown, even though the share of renew-
ables has increased the Dutch wholesale electricity price is still mainly related to the
marginal cost curve of conventional gas-fired power plants. It will be interesting to
see whether these results still hold considering the fact that renewable capacity has
increased very significantly over the last years since the publication of their paper.

2.2.2 Correlation Effect: Value factors

The correlation effect is partly caused by the merit-order effect, but refers to the
fact that producers of solar and wind energy receive a different average price than
conventional producers. The average price for RES compared to the average price for
conventional producers is what we will refer to as the value factor of RES, originally
introduced by Joskow (2011). Average prices can be either higher or lower, as produc-
tion among RES is correlated because of their dependence on weather circumstances.
If e.g. the wind blows all wind turbines produce and vice versa. Hence, because of
the merit-order effect wind turbines only produce when the price is low. The larger
the share of renewables, the stronger the negative correlation effect.

The correlation effect between RES generation and demand is theoretically ambigu-
ous. During the night hours, demand is lowest. However, after sunset, there is no
more solar production. Additionally, wind speeds tend to decrease as the earth’s
surface cools more rapidly than the air above the surface. Since both production and
demand go down, but by different magnitudes, the share of electricity supplied by
RES as a percentage of total production can go either up or down and is therefore
ambiguous. Conversely, the renewable source solar energy is most abundant in the
middle of the day, coinciding relatively closely with the peak demand characterized
by higher prices, so that it is a strong competitor to the more expensive conventional
power plants like coal and gas. Even though renewable energy will not be the system
marginal plant, it substantially reduces the volume of high marginal cost electricity
that must be bought during peak demand hours leading to an overall reduction in
the wholesale price. Using Figure 3 on page 7, we can see that during these hours
the effect of renewable generation on price is likely to be highest. Nevertheless, since
these are hours where prices are high this correlation effect will have a positive effect
on the profitability of solar investments. In line with Hirth (2013), we expect to
find that value factors decrease as a result of higher market penetration of RES. As
mentioned before, this is because the larger the share of renewables, the stronger the
negative correlation effect. More on this in the next section.
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2.3 Empirical literature on merit-order effect and value fac-
tors

2.3.1 Merit-order effect

Using data on the German electricity market in 2006, Sensfuß (2008) find that the
impact of RES on market prices varies between low load hours and peak load hours.
This is what we have seen before in Figure 3, which was taken from their paper. In
their dataset, the generation of RES varies between 4.4 and 14.7 GWh. The impact
on prices, however, has an even higher variability. During low load hours, the price
reducing effect can approach e0/MWh, while for peak load hours the wholesale price
reduction can be as high as e36/MWh. Converting these values to an average effect
per GWh of RES generation (using conversion factors as mentioned in section 5 of
Sensfuß (2008)), we find an estimate of 1.32 e/MWh per GWh of RES generation. In
another study on the German market, Neubarth et al. (2006) carry out a time series
analysis of spot market prices and day-ahead wind forecast, similar to this paper.
They find an effect of 1.89 e/MWh average price effect for 1 GWh of wind power
generation. Even though their methodology is similar to ours, their study failed to
control for load, fuel CO2 prices. Bode and Groscurth (2006), using a simplified
model of the German electricity market, find an average price effect of 0.58 e/MWh
per additional GWh of RES generation. They account for changes in demand by
estimating the effect for a fictional elastic and inelastic scenario, but their model is
relatively simple compared to the more recent literature.

For example, in an alternative model-based approach, this time on the Dutch elec-
tricity market, Nieuwenhout and Brand (2013) find that, ceteris paribus, an increase
in installed wind power capacity from 2200 MW in 2009 to 6000 MW in 2013 will
decrease the average price with approximately 1.7e/MWh. This corresponds to a
decrease of roughly 0.45 e/MWh per GW of installed capacity. In generation terms,
this would then correspond to roughly 1.5 e/MWh per GWh of generation (using a
capacity factor of 0.3 (Fraunhofer, 2018), more on this in Section 4.1.4. Moreover,
in a time series regression analysis on the German electricity, Cludius et al. (2014)
estimate the price effect per GWh of RES generation for Solar and Wind separately.
They cover the market for the period 2008-2016, where they use a combination of
historical prices for the first period in their sample and forecasting techniques for
the last years in their sample. The estimated merit order effects range from 0.97 to
2.27 /MWh for wind and from 0.84 to 1.37 /MWh for Solar, all expressed as price
reductions per GWh of generation. Finally, Gelabert et al. (2011), in a study on
the Spanish electricity market between 2005 and 2010, conclude that between 2005
and 2010 an additional GWh of RES generation led to an average price reduction of
1.9e/MWh.
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To sum up, past literature has found a merit-order effect of comparable magnitude,
with deviations depending on the country and the sample period. It is important
to note that many of these studies have been published over 10 years ago, a period
in which RES capacity has expanded tremendously. The magnitude of the merit-
order effect ranges from 0.58 to about 2.27 e/MWh for an additional GWh of RES
generation.

2.3.2 Value factors

Value factors are the income per unit of generation that RES producers get compared
to the average return per unit of generation, as has been discussed in Section 2.2.2.
We expect value factors to decrease as market penetration of RES increases. Value
factors of Solar are generally higher than the value factors for Wind. This is a result
of the generation profile of solar, whose peak production hours correlate with the
peak demand hours. For example, In his paper, Borenstein (2008) estimates the
solar value factor based on historical prices in California. He finds the solar value
factor to be between 1.0 – 1.2 (at low market penetration levels). Whereas for wind,
the estimates at low levels are generally around unity (Sensfuß, 2008). Ederer (2015)
Adds to this discussion by concluding that the market value of offshore wind is higher
than that of onshore wind. His results indicate a similar impact of on- and offshore
wind on market price and value, but the difference is in that offshore has proven to be
a steadier wind source that has a lower variability in generation. The market-value
effect is mitigated by cross-border flows, and confounded by transmission constraints
(Hirth, 2013). If e.g. the price in the foreign market is higher, generation will be
transmitted abroad (where it can get a higher price) and will therefore have a smaller
impact on the domestic market. Conversely, in case of transmission constraints prices
will be determined locally, which happens because wind farms are clustered.

We will now proceed by discussing the empirical estimates of the decrease in the
value factor as a result of higher market penetration. The most influential paper on
the topic has been written by Hirth (2013), who finds that the value of wind power
falls from 110% of the average power price to 50-80% of the average power price as
wind power increases from 0 to 30% of total electricity consumption. In his analysis,
he uses 1) a selection of published studies, 2) historical data on German markets
and 3) an electricity market model. His methodology using historical data will be
introduced later and will form the basis of our value factor analysis.

Additionally, using historical prices, Sensfuß and Ragwitz (2011) estimate the
wind value factor for Germany. Their results imply that the value factors have
dropped from 1.02 to 0.96 between 2001 and 2006, when there was an increase in
the market penetration of Wind from 2% to 6%. Similarly, they find that the and the
solar value factor to fall from 1.3 to 1.1 between 2006 and 2009, with a corresponding
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increase in market penetration of 0% to 2%.
Similarly, Lamont (2008), Nicolosi (2012), Mills (2012) and Mills and Wiser (2012)

all find evidence of a significant decrease in value factors as market penetration in-
creases in their analyses on Germany and California. For Lamont (2008), in his study
on Californian electricity markets, the decrease in the value factor for wind is 0.86
to 0.75 as market penetration increases from 0% to 16%. The value factor of Solar
Energy decreases from 1.2 to 0.9 as market penetration increases from 0% to 9%.
Nicolosi (2012), using a forecasting model on the German market, estimates the de-
crease in the value factor to be 0.98 to 0.70 as market penetration of Wind increases
from 9% to 35%. Similarly, the decrease in the solar value factor is 1.02 to 0.68 as
market penetration increases from 0% to 9%. Finally, Mills and Wiser (2012) and
Mills (2012) in their studies on the Californian electricity market using a forecasting
model, find very steep drops in value factors. Their estimate of the decrease in the
value factor of wind is 1.0 to 0.7, as the share of wind increases from 0% to 40%.
The value factor of solar decreases even more, from 1.3 to 0.4, as solar penetration
increases from 0% to 30%.

To conclude, at low levels of market penetration, solar value factors are higher
than wind value factors. Wind value factors are generally close to unity at low levels
of penetration. On average, value factors are estimated to drop to around 0.7 when
their market share reaches 30%. Interestingly, solar value factors are reported to
drop even faster. They reach a value of 0.7 around a 10-15% penetration rate. It is
important to note, however, that there is a large variation in both value factors. It will
be interesting to see whether we find a market-value effect of a similar magnitude.
Additionally, it will be insightful to see if these results still hold many years later
and for the Dutch electricity market instead of the German or Californian Market.
Furthermore, we will extend the analysis to see what it implies for the required subsidy
to yield clear policy implications

3 Economic model

The economic model will cover the theoretical background for the remainder of this
paper. First off, the investment break-even analysis will be explained in depth. We
have introduced the price effects in Section 2.2. These effects don’t operate in iso-
lation, and we will give an overview on wholesale electricity markets to introduce
variables that will be used as control variables in our econometric model. Specifically,
will cover factors influencing demand, competition, tightness, and cross-border flows.
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3.1 Investment breakeven analysis

To answer our first research question and the main query of this paper, we will need
to look at the value of investment projects. In any investment decision, one has to
compare benefits with costs. However, these cash flows usually occur at different
times. As mentioned in the literature review, this is why we use a net present value
(NPV) calculation. In its most simple form, we are solving:

NPV0 = PVCosts
0 − PVRevenues

0 , (1)

where NPV refers to net present value at time zero and PV refers to the present
value at time zero. The subscript 0 refers to the time when cash flows and investment
decisions are weighed. Additionally, r is the classical ‘discount factor’, featured ex-
tensively in the financial literature and represents the rate at which future cash flows
have to be discounted for to adjust for the opportunity cost of capital (the interest
rate) and a risk premium, inherent in most investment decisions. Finally, revenues
refers to the cash flows investors will get for their electricity production. This is re-
lated to the electricity price, but not necessarily equal to the electricity price due to
the price effect and the value of green certificates, support schemes, tariff regulation
or tax incentives. We will discuss each in turn. To find the breakeven subsidy re-
quired, we need NPV=0 and hence we can set the costs equal to the present value of
the revenue streams.

We first consider costs: to estimate costs of electricity investments, the levelized cost
of electricity (LCOE) is most often used in the literature (Ouyang and Lin, 2014) as it
is the most consistent estimator of costs. It is defined by the Nuclear Energy Agency
(2015) as the sum of costs over the economic lifetime divided by the Sum of electricity
production over lifetime, i.e.

LCOE0 =

∑T
t=1

It+Mt+Ft

(1+r)t∑n
t=1

Et

(1+r)t

, (2)

where It represents investment expenditures in any year t, Mt represents the opera-
tions and maintenance expenditures in any year t and Ft represents fuel expenditures
in any year t (which clearly we can assume to be zero in case of renewables) and Et

represents the electricity generated in any year t. Finally, T denotes the expected
economic lifetime of a utility, typically 25 years in case of renewables (EZK, 2019).
We will discuss the appropriate value of the LCOE in Sections 4.1.2 and 4.1.3.

For now, let us see how we can use the Net Present Value methodology to get to the
subsidy required to achieve a break-even investment. Since our estimate of costs will
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be defined in terms of e/MWh, we should calculate our revenues in e/MWh as well
to ease the comparison. For this, we introduce the following equation for the Present
Value of Revenues.

PVRevenues
0 =

∑T
t=1

REVt
(1+r)t∑T

t=1
Et

(1+r)t

, (3)

where REVt refers to revenues at time t, which is the sum of the return per unit ρt
(e/MWh) times the electricity produced in an hour, Et (in MWh). Then ρt, in turn,
is composed of the following variables:

ρt = Pw,t ∗ Vr,t + Pg,t + st, (4)

where Pw,t refers to the wholesale electricity price at time t, Vr,t refers to the value
factor or renewable energy at time t, Pg,t refers to the price of green certificates at
time t and finally st refers to the subsidy at time t. Price and subsidy are phrased
in terms of a return in e/MWh, and V is a ratio, used as a multiplication factor.
Finally, combining all of the above results in the following equation:∑T

t=1
It+Mt+Ft

(1+r)t∑T
t=1

Et

(1+r)t

=

∑T
t=1

(Pw,t∗Vr,t+Pg,t+st)∗Et

(1+r)t∑T
t=1

Et

(1+r)t

. (5)

Our goal is to find the value of st for which equation 5 holds. We cannot solve this
mathematically since cash flows are unequal across time. However, we can calculate
the difference between costs (left-hand side of eq. 5) and revenues (right-hand side of
eq 5). The difference represents the present value of the required subsidy flows. Thus,
we have found a value for the subsidy required per MWh of generation, st in order to
break even. Using equation 5, we will look at how subsidy required changes as renew-
able capacity increases (as a result of the price effect). Once we get a quantitative
estimate of the price effects per unit of extra renewable generation, we can multiply
them by the size of government expansions to arrive at the impact of additional re-
newable penetration on wholesale market outcomes. Ultimately, we hypothesize that
the price effect is significant enough that it will become impossible (i.e. loss-making)
to invest in renewable electricity sources without (government-subsidized) investment
support schemes. For this analysis, we will be making assumptions as to the future
state of the world (e.g. gas prices, green certificate prices, electrification, CO2 prices)
in a sensitivity analysis to see how different inputs change the required subsidy (where
investment project have an expected value of zero).
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3.2 Determining the price effect

To answer our subquestion and find the size of the price effect, we will need to
introduce additional factors that are at play in price determination of electricity
markets. This section will provide an overview of the most important variables,
which will be added to our regression analysis control variables when possible. First
off, we need to take a closer look at bid prices of various electricity sources. After this,
we will explain how demand, tightness of the market, competition and cross-border
flows affect wholesale electricity market outcomes.

3.2.1 Merit order effect- bid prices

Marginal cost (MC) of renewables consists only of operational and maintenance costs
(i.e. no fuel). This means that their marginal costs are very low. In fact, bid prices
of solar energy have gone down to a staggering record low of e0.02 cents per MWh.
(SPE, 2018). The marginal cost of coal, on average, is about 11.2e/MWh and the
marginal cost of gas about 22e/MWh (TennetNL, 2019). The marginal costs of nu-
clear electricity production are estimated to be between e0.40/MWh for the most
efficient plants and e0.80 for the less efficient plants (Sovacool (2011); Nuclear En-
ergy Agency (2015)). For the Netherlands, natural gas plants have historically been
the price-setting plants Mulder and Scholtens (2013). This is why we will need to
construct our own estimate of the marginal costs of producing gas as a control vari-
able. Additionally, we choose to include an estimate for the marginal cost of coal
plants as well. In line with Sensfuß et al. (2008), we will define the bid price (and
therefore our estimate of the MC in e/MWh) of these power plants as:

MCGas =
PGas + PCO2 ∗ EMGas

ηGas

, (6)

and, similarly

MCCoal =
PCoal + PCO2 ∗ EMCoal

ηCoal

, (7)

where EM refers to the emission factor, or the emission in ton per MWh of produc-
tion and η refers to the efficiency of individual plants in converting heat energy to
electricity. More on this in Section 4.

3.2.2 Demand

In our regression analysis, we will need to control for demand fluctuations. As men-
tioned before, demand is characterized by a high price insensitivity in the short-run.
Demand is very different in peak vs off-peak hours, so the system marginal plant
differs greatly between these hours. In order for renewable sources to become the
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system marginal plants, the demand needs to be sufficiently low, or supply needs to
be sufficiently high in order for renewables to be the only source to satisfy demand.
Renewable supply is however also not consistent throughout the day. For example,
there is no solar energy at night. Additionally, wind speeds fluctuate throughout the
day and are generally lower at night.

Our dataset contains the total load value, but demand can be different from total
load as it is also affected by cross border flows. In line with Mulder and Scholtens
(2013), we will therefore introduce residual demand, which is defined as:

RDh = Lh −NXh, (8)

where RDh refers to Residual Demand at hour h, Lh refers to the total load value
at hour h and NXh refers to net exports at hour h, which is the sum of exports -
imports at hour h.

We cannot add residual demand directly to our regression equation due to endogeneity
concerns related to reverse causality. Higher demand implies a higher production,
which implies the marginal plants shifts to the right and therefore the price increases.
In other words, Demand explains P, but P also explains Demand. Rather than directly
including total load into as a control variable, will include dummies to control for the
effect of differing demand. Specifically, we will introduce dummies for every hour of
the day to account for peak/off-peak hours throughout the day. Additionally, we will
introduce dummies for the day of the week, since demand is higher on business days
relative to the weekend. This analysis is similar to Worthington and Higgs (2017).
Electricity prices are subject to seasonal effects as well (see e.g. Escribano et al.
(2011)). Prices are generally higher in winter as people need to warm their houses,
and lower during summer when temperatures are higher and offices and factories may
be closed. We will therefore also introduce monthly dummies.

Electricity demand grows with the business cycle and increases over time as the
economy expands. Following the results of Yoo (2005), who found evidence of a causal
relationship between economic growth as measured by GDP growth and electricity
consumption, we will introduce a dummy for GDP growth on a quarterly basis. In
this way, we can capture the effect of a higher demand on the electricity price that
is not attributable to fluctuations in demand caused by seasonality. In order to
estimate the size of the required subsidy as market penetration (% of total load)
increases, we will need to look at how future demand is likely to change. For this,
we will cover electrification and load-duration curves for different scenarios in the
institutional background Section 4.1.8.
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3.2.3 Tightness and competition

Since demand is highly price insensitive in short run, suppliers enjoy a high degree
of market power. Combining this with the importance of electricity markets as the
backbone of an economy and the high distress costs of outages, this implies the need
for regulation of this market. However, we will focus on how market power plays a
role in the price setting of firms. Market power in the electricity market implies that
a firm is able to set its bid price above its marginal cost of producing. This is likely
to occur for the firms that are operating system marginal plants. They will know
their relative position in the merit-order and are the price setters. If they know their
relative position, they will know what the ’next plant in the merit order’ is. It would
make sense for them to set a price just below that price, instead of at their actual
marginal cost (Wilson, 2000).

The Herfindahl-Hirschman Index (HHI) is a common measure of market concen-
tration and can be applied to assess market competitiveness. HHI scores can range
from 0 (perfect competition) to 10,000 (perfect monopoly). A market is generally
considered to be competitive if HHI <1,500, whereas HHI >1,500 indicates a mod-
erately concentrated market and hence an increased likelihood of oligopoly pricing.
The HHI for the Dutch power generation market is 1,492 (EC, 2014). Considering
we barely fall below the 1,500 threshold, we choose to control for competition in our
regression analysis.

To do so, we will introduce another common method for assessing pricing com-
petitiveness in electricity markets, which is the Residual Supply Index (RSI). This
has been used by Sheffrin (2002) in his analysis on Californian electricity markets. In
line with his recommendations, we define RSI as:

RSIh =
(TSh − CAP )

TDh

, (9)

where TSh refers to total supply at hour h, defined as the sum of aggregate generation
in hour h plus net imports in hour h. Next, CAP does not feature a time index as it
refers to the capacity of the largest firm which is assumed to be fixed over the years
in our sample (most recent plant of largest firm was operational starting 2015 (RWE,
2015), with no plant closures), and TDh refers to the total load value at hour h. One
small deviation is made relative to the definition of Sheffrin (2002). Since we lack
firm-specific data, we choose to subtract the capacity of the largest firm as opposed
to the supply of the largest firm. We expect this to suffice, taking into account that
we wish to control for competition but do not aim to be able to pinpoint the exact
size of this effect.
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4 Institutional background and data

This section will provide some background to understand the institutional setting of
this paper. In light of this background, we can introduce the values for some our
variables. Additionally, this section will introduce the supplementary sources of data,
their applications and limitations.

4.1 Institutional background

We will explain all relevant parameters for our subsidy analysis. Firstly, we will
cover the renewable capacity targets for both 2030 and 2050. Secondly, we will
take a closer look at both investment and generation costs to derive an estimate of
the LCOE. Thirdly, we will look at what factors influence the total production of
RES and the relevant economic lifetime for investment. Furthermore, we will cover
green certificates, which are relevant as they represent part of the return per unit of
electricity generated by RES. Next, we will briefly touch upon the different kinds of
Renewable support schemes and explain which one we will consider. Finally, we will
consider what factors influence future demand to derive an estimate of its potential
growth in the coming years.

4.1.1 Renewable capacity targets

In the climate agreement (EZK, 2019), the government has laid out plans to expand
RES capacity tremendously, mainly focusing on electricity generated by offshore wind
and photovoltaic sources. In case the government proceeds with all 3 proposals (as
mentioned in Koelemeijer et al. (2018)) for expanding wind energy by 2030, the extra
capacity of wind energy is estimated to be 19.6 GW. (Koelemeijer et al. (2018): table
3). This is a tremendous increase in wind power capacity, up from 4.6 GW (both
offshore and onshore) in 2019. (ENTSO-E (2019); CBS (2018c)). Specifically, the
government aims to build the majority (about 67%, WindUnie (2018)) of the addi-
tional capacity in the form of offshore wind parks in the North Sea, where currently
only 0.957 GW of capacity is installed (ENTSO-E, 2019). Additionally, the climate
agreement details plans to increase renewable capacity through solar production. An
additional 8 GW of production capacity is scheduled to be installed by 2030 (Koele-
meijer et al. (2018): table 4), up from 3.9 GW in 2019 (ENTSO-E, 2019). Combined,
the scheduled additional investments in renewable capacity add up to an expansion
of 27.6 GW by 2030. The plans are even more ambitious for 2050. Total capacity
of renewable sources are estimated to be 66 GW for Solar (GasUnie, 2016), 14 GW
Onshore (Netbeheer-Nederland, 2017) and 60 GW Offshore (EZK, 2019). We will be
using the 2030 and 2050 targets in our subsidy analysis.
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4.1.2 LCOE for solar and onshore wind

Reported values on the LCOE for solar, onshore- and offshore wind vary widely in
the literature. This is why we have decided to construct our own estimates, using
supplementary data taken from IRENA (2018), IRENA (2012), Fraunhofer (2018)
and Rekenkamer (2019). We have provided the formula for the LCOE in Section 3.1,
and will provide the LCOE results of our analysis in Section 6.4. In this and the next
section we will briefly summarize the LCOE estimates found in the literature.

The global weighted-average cost estimate for solar is 85e/MWh, with drastic
cost reductions of 13% y.o.y. (IRENA, 2018). Similarly, the global weighted-average
LCOE for onshore wind ranges between 44e/MWH to 100e/MWh, again with 13%
y.o.y. cost reductions. Reported values for offshore wind in Germany (Fraunhofer,
2018) and globally (IRENA, 2018), are significantly higher than has been reported
by Rekenkamer (2019) for the Netherlands, which is why we will discuss another way
to derive an estimate for the LCOE of offshore wind in the Netherlands in the next
section.

4.1.3 Tender prices for offshore development

To build the offshore wind parks, the government uses an auction method. The
government issues permits for the development of offshore wind parks in specific
locations, and private parties will put in their tender bids (prices in e/MWh for which
they will build and operate the wind parks). Ideally, their bids resemble a competitive
price i.e. a price without excessive profits, which is close to the cost level of investors
plus a “healthy” profit margin. Whichever player puts in the lowest tender can
receive the permit and possibly subsidies through the SDE+ program. (more on this
in Section 4.1.7). In the past, the government has also issued tax incentives to support
development. This has been done through the “Energy Investment Tax Allowance”
(Belastingregeling Energie Investeringsaftrek, EIA). The most recent tenders have
been offered without any SDE+ or EIA support, i.e. investors have decided they are
willing to build the wind parks without any subsidy or tax incentive support.

To get a reliable estimate for costs, we can use the most recent winning tender
bid. This has been priced at e43/MWh (Rekenkamer (2019), figure 3). Part of
this is the “Network at sea” (Net op Zee) subsidy which the government provides
to the Dutch electricity market regulator (TenneT) as a compensation for providing
the transmission infrastructure at sea. The infrastructure costs for past tenders were
roughly 15% MinisterieAZ (2015) of the total costs of offshore wind development.
This translates to roughly 2.5cents per KWh. TennetNL (2019) has mentioned that
these costs are currently about 1.5cents per kWh. Future infrastructure costs are
likely to increase however, as wind parks will have to be located further offshore. For
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the purposes of our research, we are most interested in the price effects through the
merit-order and market-value effects. Hence, we will end the discussion on costs here
and use the price of e43/MWh as a reference when calculating our own LCOE. We
will report the results in Section 6.4.

4.1.4 Production and economic lifetime

The production potential of a power plant is measured by its capacity. The capac-
ity factor of a power plant is the ratio of its actual generation over the potential
generation. This is a highly relevant measure for wind and solar resources, as their
fluctuating supply and fluctuating demand cycles means that it might be difficult
to integrate its production into the generation mix. Whenever generation exceeds
total load (demand), curtailment or storage needs to be provided. As identified by
Koelemeijer et al. (2018), when growth of wind production is rapid, it will increase
the risk of curtailment for windmills, since their production cannot be absorbed by
the net. Since it is currently prohibitively expensive to store energy in any significant
amount, curtailment represents a loss of generation volume for electricity producers
which needs to be factored in. In their paper, Kies et al. (2016) study the influence of
curtailment on the capacity factors for a simulated German market with a high share
of renewable electricity. Using past load and transmission data, they conclude that
the effective capacity factor for Wind energy is roughly 40% of potential capacity, and
roughly 30% for solar energy. Additionally, IRENA (2012) finds that the capacity
factor for offshore wind might be as high as 50%. Using capacity factors, Fraunhofer
(2018) finds that 1 MW of installed capacity will, dependent on the size and tech-
nology, yield between 935-1280 MWh/annum for Solar, 1800-2500 MWh/annum for
onshore wind and 3200-4500 MWh/annum for offshore wind. We will use the capacity
factors to estimate the total production.

Time horizon and discount rate
The economic lifetime of Solar, on- and offshore wind investments are assumed to be
25 years. EZK (2019), Blanco (2009) and Fraunhofer (2018). Furthermore, in order to
calculate the net present value we will need the appropriate discount rate. In finance
and more specifically capital budgeting decisions, we have historically referred to this
discount factor as the weighted average costs of capital (see e.g. Miles and Ezzell
(1980)). It consists of the weighted average of two components: the after-tax return
on debt (because of the interest tax shield) and the cost of equity (see eq. 10. One of
the key assumptions on the cost of equity is that investors only receive compensation
for systematic risks. In other words, project-specific risks will be diversified away, and
the equity premium is the same for all three RES investments. The debt-premium
is defined as the required return on a loan above the risk free rate. This serves as
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compensation for credit risks related to risk of default and risk of repayment. The
difference, often called the spread is measured by subtracting actual interest rates of
bonds issued by comparable firms from the interest rates on government bonds (with
the same duration). However, in order to compare the three different investments we
will be using the so called all equity fiction (see Pallister and Law (2006)). Hence, the
discount rate will be the same for all three different RES investments. We do need
to make an adjustment to the nominal interest rate in order to get to the real cost
of capital. Fraunhofer (2018) estimates the nominal return on equity to be around
7%, and adjust in real terms by substracting an inflation rate of 2%. Hence, we will
be using 5% in our analysis as well, but since this is a key input we will consider
outcomes using different values of the wacc. It is important to note that we will be
using the same rWACC for calculating the LCOE. (see eq. 2)

rWACC = (1− Tc) ∗
D

D + E
∗ rD +

E

D + E
∗ rE. (10)

4.1.5 Price

The price component R is a compensation in efor every MWh of production, which
is itself composed of wholesale electricity prices adjusted by the value factor, SDE+
subsidies and green certificates prices. The expectation of future wholesale electricity
prices is subject to the merit-order and correlation effects. Hence, in order to perform
the investment analysis, we will need a quantitative estimate of these price effects.
This is a key feature of this paper, and will be discussed at length in Section ?? We
have defined the return variable R in equation 4. Again, Rt is the return in e/MWh,
Pwholesale,t is the wholesale electricity price which follows from our price effects analysis
and Pgreen,t is the price of green certificates, and st is the amount of subsidy per
MWh of production. We will proceed with a discussion on green certificates and,
subsequently, renewable support schemes to determine the appropriate form of s.

4.1.6 Green certificates

Green certificates were introduced to respond to the problem of information asym-
metry in electricity markets. Information asymmetry, introduced originally in the
“market for lemons” paper by Akerlof (1978) applies to electricity markets because
of the fact that consumers cannot distinguish between renewable and non-renewable
electricity when buying their electricity from a retailer. In order to obtain the green
certificates, suppliers can either be producers of green electricity themselves, in which
case they will have an abundance of these certificates, or they can use fossil fuels
and buy green certificates from other suppliers. The rationale here is that competi-
tive market forces will make sure that the price of a green certificate is equal to the
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marginal costs of producing one. These certificates can be traded within the European
Economic Area. Retailers of electricity disclose the percentage of renewable energy
in their portfolio. The certificates can be traded separately from the electricity pro-
duced. Mulder and Zomer (2016) conclude that 34% of retail electricity is branded
as renewable in the Netherlands, although 69% is based on green certificates from
Norway. By disclosing the specifics of their portfolio, consumers can discriminate
between different retailers and some might be willing to pay more for retailers with
a high share of green certificates.

By themselves, green certificates have proven to be insufficient to incentivize in-
vestment in additional renewable capacity Mulder and Zomer (2016). The authors
postulate that this is due to a low demand by consumers for the green certificates in
combination with the abundant supply of low marginal cost green certificates from
Norway. However, retailers are able to offer consumers an additional product which is
the “Dutch wind certificate”, which is electricity produced with a guarantee of origin
from dutch windmills. Some Dutch consumers have been willing to pay significantly
more for this, with an average price (per MWh of production) for this certificate
between e7-e10 Hulshof et al. (2019) compared to e2 for EU wind and e0,20 for
Norwegian hydro power WiseNederland (2018). Green certificates are traded directly
between market participants, or through brokers. This implies that the market is not
very transparent, which makes it hard to accurately track price movements. In con-
clusion however, Green certificates are part of the return in e/MWh, so are relevant in
our analysis as it lowers the required subsidy, even though by themselves they might
not be sufficient to incentivize investment. In addition, Hulshof et al. (2019) have
concluded that the market suffers from poor design and is highly volatile. Therefore
obtaining the appropriate future price of certificates might prove to be inaccurate,
but this is why will analyze the situation under a variety of assumptions on the fu-
ture green certificates prices. We will now proceed with another part of the return in
e/MWh of production, by introducing renewable support schemes.

4.1.7 Subsidy- renewable support schemes

Different kinds of support schemes exist, and the choice of support scheme matters
greatly for incentives. The literature Winkler et al. (2016a) distinguishes between 4
types, which we will discuss in turn.

Fixed feed-in tariffs are a fixed tariff that is paid to the plant operators for each
unit of electricity they produce, regardless of the prevailing market price. Hence,
producers know what prices they will get and volatility of their returns is eliminated.
These fixed tariffs are mostly determined and captured in long-term contracts that
covers the economic lifetime of the project. Alternatively, feed-in tariffs can be cal-
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culated on the basis of total full-load generation hours of a project. These long-term
contracts ensure the companies behind these renewable energy sources that they can
cover the cost needed to do the investment in this sort of renewable energy. A major
drawback is that due to the fixed price there is a risk of over- or undercompensation,
depending on whether future market prices exceed or fall below the fixed feed-in tar-
iff amount. It is, ofcourse, extremely challenging to design appropriate feed-in tariff
levels for such a long time horizon. Due to the independence on the market price,
producers have an incentive to produce even when the prevailing market price is neg-
ative. This is not just a theoretical situation, but rather one that has happened in
the last few years in Germany (Ederer, 2015).

With Feed-in Premiums, producers receive a premium on top of the market price.
The merit of this kind of support scheme is that they sell their energy on the market
so they are incentivized to react to market signals. They will produce electricity when
demand is high and production from other sources is low. Feed-in premia can reduce
some of the risk for investment since income is, up to a certain point, guaranteed.
Feed-in premia can either be fixed at a constant level (independent of market prices),
or sliding (variable levels depending on market prices). Fixed feed-in premia are
generally easier to design, but there is a risk of overcompensation in the case of high
market prices, and undercompensation when market prices are low. This is why fixed
feed-in premia are usually set within a range defined by the minimum (floor) and
maximum (cap) price. Floor and caps are set at either the feed-in premium level or
the total remuneration level (feed-in premium+ market price). Sliding feed-in premia,
on the other hand, are continuously adjusted to the market price. They are calculated
as the difference between market prices and a predefined tariff level. If market prices
exceed the predefined tariff level, no feed-in premium is paid. In recent years, feed-in
premiums as opposed to feed-in tariffs have become the preferred option in countries
such as Germany and Denmark (Winkler et al., 2016a).

In recent years, the SDE+ subsidy has also moved from a fixed feed-in tariff (the
first two wind parks, Egmond and Amalia) to a sliding feed-in premium system.
Rekenkamer (2019). At the end of each year, the government will decide the subsidy
producers will get based on the market prices over the past year. Therefore, if market
prices increase, the subsidy decreases. Conversely, if the market prices decrease,
the subsidy increases up to the maximum pre-specified amount(the tender amount).
The actual amount producers will get is therefore not fixed, but the maximum is.
As mentioned before, in recent years the premium has been abolished as it was no
longer needed to incentivize investment. This does mean that producers face a large
downside risk in case of persistent low market prices. In our analysis, we will consider
a feed-in tariff as this has been the preferred choice by the government in recent years.
However, we will be considering a fixed, rather than a sliding feed-in premium for
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simplicity purposes.

For completeness, let us consider the third and fourth kind of support schemes briefly:
The third kind is a quota-based system, which is the green certificates system dis-
cussed earlier. A big disadvantage of this support scheme is that there is still a high
level of risk for the RES operators as their income depends on fluctuations of prices in
both the certificates market as well as the electricity market. Lastly, under a capacity
based system , remuneration is based on the market price plus a capacity premium
(RES operators get compensated for building a plant with a certain capacity), inde-
pendent of their generation of electricity. This way of regulation increases the plant’s
reaction to market movements and it has an undistorted effect on the market par-
ticipation. However, it also brings a high risk for perverse incentives regarding plant
design, which makes capacity based schemes extremely challenging to design. Addi-
tionally, since the premium is based on capacity, not utilization, it will be hard for
the policy maker to reach RES generation targets.

4.1.8 Future demand and electrification

We will briefly explore different future scenarios for demand by analyzing different
demand growth rates. Electrification is one major source of demand growth. About
17% of current energy consumption is in the form of electrons (electricity), where the
other 83% is made up of “molecules” such as oil, gas and hydrogen. CBS (2018a)
Electrification implies that an increasingly large share of energy consumption can be
satisfied in the form of electricity, illustrated by e.g. the rise of electric cars. The
ratio might go as high as 50/50% according to Pruiksma (2013) and CE-Delft (2016),
which will significantly affect demand in the future. This implies that our assumption
of 4.5% y.o.y. growth of demand can be sustainable, if not exceeded, in the future.

Furthermore, a high market penetration of renewables will change the load-duration
curve. For days when there is little to no production by RES, (e.g. on days where
there is little wind and no sunshine), the system marginal plant will be on the right-
hand side of the merit-order as in 2 and this will lead to periods of high prices
and possibly even scarcity prices. Conversely, when there is low demand but high
supply by RES (e.g. on warm and sunny summer days), prices will drop due to the
merit-order effect and may be zero or negative for prolonged periods of time. Without
additional flexibility of either demand or supply (e.g. storage or green hydrogen), this
will radically change the Load-duration curve. This scenario has been explored by
CE-Delft (2016), and result is shown in Figure 4. We will not control for this effect in
calculating the required subsidy, because we are considering average wholesale prices
in this analysis. However, the effect of a changing load-duration curve on required
subsidies would be an interesting topic for future research.

23



Figure 4: Load-Duration Curve (Jaarduurkromme) for the Netherlands using a simu-
lated scenario. Non-flex refers to a situation in which flexibility of the system does not
change i.e. electricity from solar and wind becomes does not become more valuable
due to storage facilities to smooth demand. Prices in e/MWh are measured on the
vertical axis, hours are measured on the horizontal axis. What the figure shows is that
both the duration and the height of the peak-load hours (hours for which the prices
are highest) will increase. At the same time, there will be a considerable amount of
hours where the price is (close to) zero. Source: figure taken from CE-Delft (2016).
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Variable Unit Baseline

Costs:
variable costs solar park1 e/MWh 2

variable costs onshore wind3 e/MWh 1
variable costs offshore wind1 e/MWh 7.5

economic lifetime RES2 years 25
cost of capital3 %/annum 5

investment cost solar3 emillion/MWh 0.6
investment cost onshore3 emillion/MWh 1.5
investment cost offshore3 emillion/MWh 2

Capacity:
capacity factor solar3 % 0.15

capacity factor onshore4 % 0.3
capacity factor offshore4,2 % 0.5
capacity target solar 20305 GW 12
capacity target solar 20506 GW 66

capacity target onshore 20305 GW 9
capacity target onshore 20507 GW 14
capacity target offshore 20305 GW 11.5
capacity target offshore 20508 GW 60

Revenue:
base price9 e/MWh 50.07

β(merit− order)10 e/MWh -.00060
correlation effect10 % -.00379

green certificates solar11 e/MWh 3
green certificates onshore wind11 e/MWh 5
green certificates offshore wind11 e/MWh 8

demand12 TWh 119
demand growth rate12 %/annum 4.5

Table 1: Shows the key parameters as inputs for the required subsidy analysis.
Sources: 1: IRENA (2012), 2: Fraunhofer (2018), 3: IRENA (2018), 4: Kies et al.
(2016) 5: Koelemeijer et al. (2018) 6: GasUnie (2016) 7: Netbeheer-Nederland (2017)
8: EZK (2019) 9: TennetNL (2019) 10: ENTSO-E (2019)-own calculations 11: Hul-
shof et al. (2019) 12: CBS (2018a).
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4.2 Data

For an overview of all data requirements for our regression, please refer to appendix B.
We will now proceed by giving the summary statistics. The main source of data will be
the ENTSO-E Transparency platform. This platform was launched in January 2015
and provides free unlimited access to European electricity market data. These data
include generation, transportation and consumption of electricity for the European
market. All datasets are separated on a per-country basis. For the purposes of this
research, we will limit the dataset to data for the Netherlands and (partly) Germany.
All datasets are on a monthly basis, so these will have to be aggregated for the
purposes of our research. The generation forecasts for wind and solar are incredibly
detailed. The data is given in 15-minute intervals for all 24hours of every day, and
separates between solar, offshore and onshore wind. Renewable generation forecasts
will have to be aggregated to an hourly basis to conform to the day ahead price data,
which is given hourly. We will be using data on day ahead markets. The day ahead
market is a financial market where market participants buy and sell electricity at
financially binding day-ahead prices for the following day. Prices, load, cross-border
flows and aggregate generation are all given in for the day ahead market. Additionally,
the renewable forecast is given as the expected generation forecast of renewables 1
day ahead. Hence, we can expect these forecasts to be factored in to the bid prices
of electricity suppliers and hence into the day ahead price. Additionally, to include
business cycle effects as a dummy for the growth of demand, we include data on GDP
quarterly growth in the Netherlands, which is taken from the OECD (2019). This
refers to quarterly growth in real GDP as a percentage growth on the previous period.

Marginal Costs of Gas and Coal
In addition to data from the ENTSO-E transparancy platform, we will be using data
taken from the Bloomberg terminal to access prices of coal, gas (both in e/MWh)
and EU ETS (in e/ton). The price of coal is based on the methodology by Platts
(2019) and refers to the price of forward 1 month contract in the Port of Rotterdam,
given in US$ per metric ton(containing 6000kcal/kg). We will convert this to price
in eper MWh. The gas price refers to the day-ahead title transfer facility gas price
given in e/MWh. Thirdly, EU ETS prices refer to day ahead spot prices in e/ton
of emissions. Moreover, in order to estimate marginal costs of Coal and Gas, we
will need to find emissions factors. These are taken from the Netherlands Enterprise
Agency RVO (2018) list of fuels and standard CO2 emissions factors. We find the
Emission Factor for coal: 73.3 kg/GJ, and the emission factor for Gas: 56.6 kg/
GJ. Converting these to MWh, we find EFcoal : 263.89kg/MWh = 0.264t/ MWH
and EFgas: 203.76kg/MWh = 0.204t/MWH (where we have used the fact that 1
MWh = 3.6GJ). Efficiencies are taken from the Dutch Statistical Authority (CBS,
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2018b), and cross-checked with WiseNederland (2018) and are henceforth assumed to
be: 46% for Coal and 62% for Gas powered plants. Based on this data, we can derive
our estimates of the day ahead marginal costs of Coal and Gas, using formulas 6 and
7.

4.2.1 Summary statistics

Summary statistics can be found in Table 2 below. In this section, we have opted
to also include the correlation matrix. In total, we have accumulated data from the
start of 2015 until the most recent date we could obtain when writing this, which is
roughly until the beginning of November 2019. Most deviations in observations can be
explained by this data availability, where some databases are a bit slower to update.
In total, we are working with roughly 42,000 observations, which corresponds to
nearly 5 full years of hourly data.

Variable N Mean Std. dev Min Max
Price 42,118 41.09 14.12 -9.020 175
RES Generation Netherlands 42,046 1,351 1,011 0 7,028
RES Generation Germany 42,118 9,971 6,296 238,.3 36,846
Netflow (export-import) 42,765 -3,664 3,374 -16,874 14,236
Aggregate Generation 42,645 14,928 5,852 3,042 56,202
Price/MWh Gas 41,711 17.67 4.594 7.500 76
Price/MWh Coal 41,615 9.273 2.043 5.544 13.05
Index Q GDP growth 40,701 105.6 3.475 100 110.5
ETS Price 41,711 11.36 7.528 0 29.76
Demand 42,765 13,042 2,535 5,897 21,476
Marginal cost gas 41,711 32.24 7.859 18.59 125.9
Marginal cost coal 41,615 26.66 6.727 14.80 42.05
Residual Supply Index 42,645 1.057 0.533 -1.190 4.531

Table 2: Summary Statistics. Prices are given in e/MWh, generation and demand
in MWh. Source: own calculations using data identified in Section 4. N denotes the
number of observations, Std. dev refers to the standard deviation of our variable.
Min. and Max. are, respectively, the minimum and maximum values the variable
takes on in the years in our sample. Source: own calculations using a variety of data
sources. For an overview, please refer to appendix B.

We have graphed the day ahead hourly electricity prices between 2015-2019 (See
appendix A). We can see that volatility of prices is rather high, and there are periods
of volatility clustering (more on this in Section 5.3). Additionally, we have included
a bar chart with the installed capacity per type in the Netherlands for two years in
our sample (2016 and 2019). What we can see is that RES capacity has increased
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rapidly, nuclear capacity has stayed the same, and both coal and gas capacity has
declined.

Our variable Price, which is the DA hourly price, has a mean of 41.09 e/MWh,
with a relatively high std. deviation of 14.12. We have seen negative electricity prices
in our sample period, with the lowest price at -9.02 e/MWh which occurred on the
second of June 2019 at noon, when demand was very low and renewable generation
in both The Netherlands and Germany was very high. Conversely, the highest price
in our sample is 175 e/MWh which happened during November 2018. On average,
in the Netherlands there was 1,351 MWh of RES production per hour for our sample
period. Our Netflow variable has a mean of -3,666 MWh. This implies that on
average, the Netherlands is a net importer of electricity. Hourly load (or demand)
was on average equal to 13,042 MWh, with peak load nearly twice that (21,476 MWh)
and the lowest load less than half of that (5,897 MWh). Additionally, we can see that
on average, the price per MWh of Coal is almost half that of the price per MWh
of Gas. However, since coal has both a higher emission factor as well as a lower
conversion efficiency, we find that the difference in marginal costs for one MWh of
production is considerably lower (32.24 for Gas vs. 26.66 for Coal). To understand
our index for GDPQ growth variable, we should look at its minimum and maximum
value. We have indexed this value to the start of our sample, January 1st 2015, where
the value is 100. At the end of our sample, the value is 110.5, implying that GDP is
10.5% higher at the end of 2019 compared to the start of 2015. Finally, the residual
supply index has a mean of 1.057, which implies that the largest firm. RWE (2015),
is not pivotal on average. Its maximum value if 4.531, implying that the firm does
not have a high degree of market power when demand is high. However, the firm
can become pivotal during some of the hours so based on that, we expect to find a
significant effect of competition on wholesale prices.

Price RD iGDPQ RSI RGNL RGG MCGas MCCoal

Price 1
RD 0.0675 1

iGDPQ 0.351 -0.0856 1
RSI -0.0869 -0.0965 -0.4852 1

RGNL 0.0047 -0.0313 0.3723 -0.2447 1
RGG -0.0256 -0.0133 0.1896 -0.1523 0.7786 1

MCGas 0.5978 0.0405 0.2999 0.1371 0.1784 0.0942 1
MCCoal 0.5068 -0.0437 0.8849 -0.3370 0.3294 0.1525 0.6050 1

Table 3: Correlation Matrix of the variables in the regression model
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5 Econometric model

5.1 Estimating the merit-order effect

5.1.1 OLS specification

To answer our main research question, the size of the merit-order effect will have to
be estimated. A time-series regression will provide insight into the size of this effect.
We will first introduce the regression equation, then explain each of the variables in
turn.

Pt = β0+
11∑

m=1

βmonth
m ·Dm,t+

6∑
d=1

βDay
d ·Dd,t+

23∑
h=1

βhour
h ·Dh,t+β1 ·iGDPQt+β2 ·RSIt+

β3 ·MCgas,t + β4 ·MCcoal,t + β5 · RESGENNL,t + β6 · RESGENGER,t + εt. (11)

As a dependent variable, P refers to the APX day ahead prices (hourly). We posit that
the day ahead price is the price that the producers will actually receive. In reality, this
is also what we find since many contract prices are often in the form of PPA’s (power
purchase agreements), which are linked to the day ahead prices. Dummies are used to
control for demand fluctuations. We have added dummies for monthly, daily (day of
week) and hourly to control for the most important seasonal patterns. iGDPQ refers
to the indexed value of GDP growth per quarter, a proxy for the growth in demand
for electricity as a result of higher output. Its impact on price is measured by (β1).
RSI refers to Residual Supply Index, where its impact on price is measured by β2.
MC refers to the marginal costs of gas (β3) and coal(β4), respectively, and RESGEN
refers to renewable electricity production in the Netherlands (β5) and Germany (β6),
respectively. Finally, εt is the error term, β0 a constant and the subscript t refers to
time in an hourly interval. We are interested in the effect of RES generation (β5)
and (β6) on the electricity price. As a result of the merit-order curve, we expect the
generation forecast of renewables to have a significant impact on electricity prices.

Since we have opted not to include demand (total load) directly, we have added dum-
mies for hourly, daily, monthly and business cycle effects. Again, by not including
demand directly, we drop this as a potential source of endogeneity attributable to re-
verse causality. Additionally, we do not have endogeneity concerns for either marginal
costs. This is because even though they are price-setting plants, the prices of gas,
coal and CO2 are determined on international markets and hence their values do not
respond to price fluctuations. Finally, renewable generation forecasts are not a source
of endogeneity as they are weather dependent. Hence, they do not respond to price
fluctuations either.
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5.1.2 Annual merit-order revenue loss

Once we get our estimates for β5 and β6, we can convert this to an annual financial
volume of the merit-order effect (again, using the assumption that the entire electricity
load is purchased at the prevailing spot market price). This implies that we sum the
price suppressing effect of renewable energy generation for every hour over the total
8760 hours in a year. This analysis is similar to Sensfuß (2008), but uses the result
of time-series regression analysis as opposed to the Powerace model.

AMONL =
8760∑
h=1

(β̂5) ∗RESGENNL ∗RDh, (12)

where AMO (Annual Merit Order) refers to the total financial volume in eof the
revenue loss attributable to the merit-order effect. β̂5 refers to our estimate of β5
of the merit-order regression analysis, RESGENNL,h refers to the generation by RES
sources (in MWh) in hour h and RDh refers to residual demand (in MWh) at hour
h. Likewise, we could calculate the total savings in the Dutch electricity market from
German RES using β̂6 instead of β̂5.

5.2 Estimating the value factor

To estimate the change in the value factor following a higher renewable penetration,
we will use the econometric method as proposed by Hirth (2013) and used subse-
quently in e.g. Resch et al. (2016). He introduces value factors, then runs an OLS
regression. We will explain the steps necessary to construct it and provide the un-
derlying intuition. All prices p refer to hourly day ahead prices, in line with Hirth
(2013) and Obersteiner and Von Bremen (2009) and in accordance with our dataset.
Base price:

PB =
pT t

tT t
, (13)

where p is a (24x1) column vector of hourly spot prices. T , as in pT denotes that we
use the transpose of p. We then multiply pT by a (24x1) column vector of 1’s for every
hour of the day. Next, we divide by the total hours in a day. Hence, this is simply the
(time-)weighted average wholesale price of electricity. Next, we will calculate Pres,
the price RES gets (in e) per MWh of generation.

Pres =
pTg

gT t
, (14)

where g is a (24x1) column vector and g denotes the RES generation profile i.e. total
RES production per hour, or in our data the estimated renewable production forecast

30



aggregated to hourly intervals, RESGENNL. Finally, we will divide the the average
price RES gets (in e/MWh) by the base price (in e/MWh).

Vres =
Pres

Pb

. (15)

This ratio represents the value factor. Vres will be estimated for all RES production
technologies combined as well as for solar, onshore- and offshore wind separately. It is
important to take the ratio relative to total revenue from all production, because the
ratio will isolate the market-value effect. Consider the case where revenues from the
generation of RES go down. By itself, this finding suggests evidence of a market-value
effect. However, if total revenue from all production has shrunk during that period,
this finding is not surprising and not indicative of a market-value effect. This is why
ratios i.e. value factors are more informative.

What follows is a simple OLS regression with V as the dependent variable.

VRES,t = β0 + β1 ∗ RESGENNL,t + εt, (16)

where RESGENNLrefers to the generation by RES at time t (in GWh). Our depen-
dent variable is simply the value that RES producers get relative to the base value.
Hence, we do not expect that we need any control variables in this regression since
e.g. the costs of other producers do not play a factor. One possible exception here
could be demand seasonality, e.g. how the effect of higher demand during peak hours
can increase the value factor as consumers are willing to pay more. We can run a sep-
arate regression to see if this would influence our results. For this, we will introduce
a share variable:

Sharet =
RESGENNL,t

Total GenerationNL,t

, (17)

and run the following regression:

VRES,t = β0 + β1 ∗ sharet + εt. (18)

Since the share variable is defined as a percentage of the total demand, we control
for any variations in demand that might cause these patterns. For both regressions
(16 and 18), the parameter of interest is β1, the effect of an increasing share of the
renewable source on the value factor of that resource. In other words, β1 indicates
the size of the correlation effect on the Value factor.
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5.3 Econometric specification tests

We present a graph of the day ahead electricity prices between 2015-2019 in appendix
A. The graph clearly illustrates volatility clustering. With volatility clustering, a
period of high volatility is followed by another period of high volatility,- until the
volatility dies out and a period of low volatility will be followed by another period
of low volatility. This patterns repeats itself. Volatility clustering implies that auto-
correlation and conditional heteroskedasticity are present. As a result, we do expect
that this is not a white noise stationary process as the variance portrays volatility
clustering. We will test for stationarity.
Functional specification: First off, running a Ramsey Reset test for functional mis-
specification leads us to reject the null hypothesis that are model is appropriately
specified. We have tried alternative specifications by defining the model as a log-
level, level- log or log-log, none of which seems to solve our issue. Since we lack a
theoretical basis for any second order effects, we choose to leave the issue and continue
with the specification as in equation 11.
Endogeneity : As mentioned before, residual demand is potentially an endogenous
variable. We performed a hausman test, and conclude we can reject the null hypoth-
esis that the variable RD is exogenous. We have adjusted the model accordingly by
including dummies as proxies for demand.
Stationarity We test for stationarity using the Dickey-Fuller test. The optimal lag
length is determined using the command varsoc in stata. Since we are dealing with
hourly data, we conclude that adding lags up to 80 (Stata’s maximum) would be
reasonable. Based on the AIC, we decide that including 75 lags is best, The Dickey-
Fuller test is thus performed using 74 lags (optimal lag length -1). The dicky-fuller
test tests the null hypothesis of non-stationarity, i.e. a unit root is present in an auto-
regressive model. Running the Dickey-Fuller test using 74 lags, we find a t-statistic
of -11.231 with a corresponding p-value of 0.000. Thus, we reject the null hypothesis
at all conventional levels of significance and conclude that the time series does not
have a unit root and is stationary.
Autocorrelation We test for autocorrelation using the Durbin-Watson test and find a
test statistic value equal to .46. The lower and upper 1% critical values of the largest
sample size (n=100) for the Durbin–Watson statistic are 1.44 and 1.65, respectively.
We test for positive autocorrelation at a significance of 1% and find that since .46
<1.65 there is statistical evidence at the 1% level that the error terms are positively
autocorrelated. Visualizing this in Figure a) of appendix C, we can indeed see there
is a pattern in the scatterplot of the residuals with the lagged residuals. We choose to
include a lagged price term to our regression and run the same test again. This time,
we find a test statistic value equal to 1.85. Again, we test for positive autocorrelation
at a significance of 1% and find that since 1.85>1.65 there is no statistical evidence
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at the 1% level that the error terms are positively autocorrelated. This has again
been visualized in Figure b) of appendix C, where we can no longer see an obvious
pattern in the residuals. Henceforth, we have chosen to include our lagged price term
in the OLS specification and refer to this as first order autoregression, AR (1).
Autoregressive conditional heteroskedasticity In our context, we are looking at time
series on hourly price data. In such a context the OLS assumption of a constant
variance could be inappropriate. The variance here is not constant, but depends on
the variance in the previous period(s). This is the volatility clustering that is visible
in the price graph (appendix A). The appropriate test to use in this context is the
ARCH test as originally introduced by Engle (1982). The ARCH test regresses the
squared residuals on its own lags. We estimate a linear regression model and save
the residuals. We square these residuals and regress them on its q own lagged values.
The joint significance of the q terms is tested with an F-test. The null hypothesis for
this test is that the coefficients of the square lagged residuals are equal to zero. The
alternative is that there is at least one coefficient significantly different from zero,
implying that there are ARCH effects. We find that the ARCH chi2 test statistics
are significant at the 1% level for all lags up to and including the q-th lag (p value
0.000). Therefore, we can argue that we can collectively reject the null hypothesis
of no conditional heteroskedasticity at any significance level for all lags up to and
including q, and conclude that we have ARCH effects up to and including the q-th
lag. It is difficult to determine how many q lags should be included in the ARCH
model. Furthermore, Arch models suffer from the issue that adding more lags could
result in breaking the non-negativity constraint. A more suitable solution would be
to apply a GARCH model. The ARCH-GARCH(1,1) model is more parsimonious
and estimates two regressors and as such is less likely to break the non-negativity
constraint.

6 Results

This section will start by discussing the results of our merit-order regression analysis.
Firstly, we will discuss the model specifications and regression estimates, and then
illustrate the size of the merit-order effect in figure 5. Secondly, we will discuss the
result of our value factor analysis, again providing the results of our regression analysis
and interpreting the coefficients. We will then graph the correlation effect in figure 6.
Thirdly, we will combine the merit-order and value factor results into a graph (figure
7) depicting the composite price effect. Section 6.4 will then cover our estimates of
the LOCE and show what the price effect implies for the required subsidy in figure 8,
ignoring the current amount of subsidies for RES. Section 6.5, then, will combine the
required subsidy as a result of the price effect with the baseline values of the subsidies
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per RES technologies, and show our baseline figure in 10. Finally, we will discuss the
effect of changing some of our input parameters in the sensitivity analysis of section
6.5.1.

6.1 Results merit order analysis

Using an ARCH-GARCH (1,1) AR (1) level-level regression model, we find that
all our variables are statistically significant at all conventional levels, except for the
coefficient of the GDP index and a few of the demand dummies. We choose to include
the demand time dummies since they are jointly significant (F-test). The regression
results can be found in appendix F under model 1. Additionally, we have included
the AR(1) model with White’s heteroskedasticity robust standard errors instead of
modelling ARCH-GARCH coefficients. This output can be found in appendix F
under model 2. We have also included a “short version” of the regression output
in Table 4 below. The adjusted R-squared of model 1 cannot be estimated since
it is an ARCH-GARCH model. The adjusted R-squared of model 2 is 0.871. This
implies that the model 2 can explain 87.1% of the variance in price in one hour. Both
models use 40,989 observations. We assess the two different specification by using
the Akaike information criterion (AIC). The AIC deals with the trade-off between
the goodness-of-fit and the simplicity of the model. Based on that, we conclude that
indeed the model with ARCH-GARCH (1,1) effects (AIC: 238548) is preferred to
the model without these effects but with white’s heteroskedasticity-robust standard
errors (AIC: 249791). Additionally, as expected we find evidence of autocorrelation,
where the lagged dependent variable is statistically significant at the 1% level (p-value
0.0000). The coefficient for our lagged dependent variable is 0.77. This implies that if
the price one hour ago was 1 e/MWh higher, the price in the next hour will be 0.77
e/MWh higher, ceteris paribus. Additionally, we find that the coefficients for both
our ARCH and GARCH coefficients are both significant at the 1% level (p-value of
¡0.01). The coefficient for ARCH is 0.086 and the GARCH coefficient is 0.912, which
implies that past volatility explains 91.2% of current volatility, and that the volatility
one hour ago explains 8.6% of current volatility. Note that the sum of the ARCH
and GARCH coefficients is 0.998, which is lower than 1 and therefore implies that
the conditional variance is stationary (i.e. it is not a random walk, and it does not
explode).

All coefficients have the expected sign. They are also all significant at the 1% level,
except for a few of our demand dummies. First off, our index for the quarterly change
in GDP is not statistically significant. Hence, contrary to e.g. Yoo (2005), we did
not find evidence of a relationship between electricity prices and economic growth.
Secondly, let us take a look at our demand dummies. We interpret their coefficients as
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the difference between being in one of these hours or months compared to the hour,
day or month that is not included as a dummy. Our hour dummies indicate that
prices differ throughout the day as a result of differing demand patterns throughout
the day compared to the first hour between midnight and 1am, with higher prices
around the peak hours, and lower again during the night. Not all hours during the
night have a statistically significant effect. What this implies is that there is e.g. no
significant difference in the hour between 12am and 1am and the hour between 1am
and 2am, which makes sense. Similarly, we can see seasonal patterns in our month
dummies. Comparing the coefficients for month 8 and month 1 for example, shows
that prices are ≈ 0.49 e/MWh (p-value <0.01) lower in August compared to January,
and prices in February are only ≈ 0.23 e/MWh (p-value <0.1) lower compared to
January. Finally, we find that day of week influences prices significantly, where prices
are higher during the weekdays (business days) compared to the weekends.

Secondly, our coefficient for RSI is -0.8798113. This makes sense. An increase
in the RSI implies the supplier becomes less ’pivotal’ or critical, and thereby its
potential market power declines. An increase in RSI then, leads to a decrease in
prices, which is exactly what we find. An increase in the RSI of 1 point decreases
price by 0.88e/MWh. Thirdly, our coefficients for the marginal costs of gas and
coal are positive. What we infer from this is that as their costs go up as a result of
either increasing fuel prices or emission prices, this translates into a higher price with a
coefficient of 0.2382898 for Gas and 0.0646086 for Coal. In other words, if the marginal
cost of Gas goes up by 1 e/MWh, this increases the wholesale price of electricity by
0.24e/MWh. Similarly for Coal, but with a much smaller increase of 0.06 e/MWh.
This is likely due to the fact that coal has a lower share in the generation mix, whereas
the price of gas is still strongly linked to the price of electricity, as identified in e.g.
Mulder and Scholtens (2013).

Our coefficients of interest are β5 and β6. Both coefficients are significant at the
1% level (p-value 0.000). The estimate for β̂5, the effect of more renewable generation
in the Netherlands on price is -.0006035. The corresponding value for Germany,β̂6, is
much smaller, at -0.0000553. This is likely due to limited integration of markets due
to import constraints. At first glance, the coefficient sizes can seem rather trivial.
However, the size of the coefficient β̂5 is measured as the price-reducing effect in
e/MWh per MWh of production. The coefficient per GWh of production, then, is
e0.60/GWh. This implies that our estimate falls on the lower end of the empirical
estimates (Section 2.3.1. Nevertheless, the magnitude of the effect is significant, as
illustrated in Figure 5. To construct this figure, we have assumed a base price of
e50 TennetNL (2019), but this serves only as a reference point, the dynamics are
more important. Additionally, a key assumption here is that we have multiplied the
installed capacity with an average capacity factor to derive the size of the MO effect.
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The average capacity factor is defined as the average of the capacity factor of solar,
Kies et al. (2016), onshore wind Kies et al. (2016) and offshore wind Fraunhofer
(2018).
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Figure 5: Illustration of the merit-order (MO) effect at different levels of aggregate
installed capacity (in GW). The size of the effect follows from our regression analysis.
An increase in capacity is associated with a decrease in wholesale prices due to the
price-suppressing merit-order effect. Wholesale prices for RES producers decrease by
as much as 10e/MWh if capacity expands from roughly 8.5 GW now to 60 GW in
the future. We have included a dashed vertical line showing the target for 2030 to
indicate that the aggregate installed RES capacities are not merely theoretical, but
highly relevant. Source: own calculations using a variety of data sources. For an
overview, please refer to 7 and appendix B.
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Dependent Variable: Price Model 1: Model 1: Model 2:
Variables Coefficients Arch-GARCH (1,1) Coefficients
L.price 0.7662692*** 0.7622390***

(-0.004) (-0.008)
RSI -0.8798113*** -1.1363439***

(-0.083) (-0.102)
iGDPQ 0.0525068 0.0034571

(-0.034) (-0.039)
RGNL -.0006035*** -0.0006936***

(0.000) (0.000)
RGG -0.0000553*** -0.0000720***

(0.000) (0.000)
MCgas 0.2382898*** 0.2122741***

(-0.011) (-0.014)
MCcoal 0.0646086*** 0.1200692***

(-0.022) (-0.027)
L.ARCH 0.0862508***

(-0.01)
L.GARCH 0.9125106***

(-0.01)
Constant -7.4085674** 0.2092115*** -2.3567693

(-3.295) (-0.044) (-3.697)
Observations 39,501 39,501 39,501
Adjusted R-squared 0.874

Table 4: Note: short version of the regression output (excluding demand dummies)
For full version, please refer to appendix F. Standard errors in parentheses. ***
p < 0.01, ** p < 0.05, * p < 0.1.
Model 1: The dependent variable is the hourly electricity price in e/MWh. The
following explanatory variables are included in the model: the one-period lagged de-
pendent variable (included after detecting autoregression, an index for the quarterly
change in GDP (iGDPQ), the Residual Supply Index (RSI), a measure of the de-
gree of anticompetitive pricing, two variables for the total Renewable Generation per
hour for the Netherlands and for Germany, estimates for the Marginal Costs of Gas
and Coal plants, and demand dummies to account for hourly, weekly and monthly
seasonal patterns. Finally, we have included ARCH-GARCH (1,1) effects in the face
of volatility clustering. Model 2: Same model, but excluding ARCH-GARCH (1,1)
effects and instead with White’s heteroskedasticity-robust standard errors. Source:
own calculations using a variety of data sources. For an overview, please refer to
appendix B.

Finally, we have added the discussion on the annual loss of revenues attributable to
the merit-order, as identified in section 5.1.2, in appendix D since including it here
would be a deviation from our main point here and could lead to confusion.
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6.2 Results value factor analysis

The results of the value factor analysis can be found in Table 5 below. As the table
clearly shows, value factors decrease as the percentage of electricity generated by RES
increases. This is in line with what we expect following the theory of the correlation
effect. In order to formally estimate the effect of a higher share of RES in total
electricity consumption on the average price that RES gets, we run the regression as
under regression equation 16. We find (see Table 6, model 3) that our estimate for the
RES generation variable is significant at 1% (p-value 0.0000), and hence interpret its
coefficient as the size of the correlation effect. Again, we would like to note that there
are limitations to this methodology since we do not control for demand fluctuations.
The coefficient is -0.0037, indicating that a 1 GWh increase in electricity generated
from RES results in a decrease of the value factor by -0.0037. Assuming this is a
linear relationship, and extrapolating it to a production of 60GWh, we summarize
the relationship in Figure 5. We have also controlled for demand fluctuations using
the specification under 18. Again, we find evidence for the correlation effect (Table 6,
model 4) as the coefficient for the share variable is significant at 1% (p-value 0.0000).
The coefficient is -.0006427, indicating that a 1% increase in electricity generated
from RES (as a percentage of total load) results in a decrease of the value factor
by -.0006427 (i.e. a 100% share of RES would decrease the value factor by 0.065, a
rather small effect).

Year Share Gen. VRES

2015 7.15% 917 1.067
2016 7.33% 960 1.065
2017 9.78% 1335 .994
2018 13.29% 1787 .992
2019 17.08% 1823 .989

Table 5: Where share is defined as renewable generation as a % of total load (both
in MWh), Gen. is the mean hourly RES generation in the Netherlands (in MWh),
and the value factors are calculated using the formulas in Section 5.2 and using data
taken from ENTSO-E (2019). This table shows clearly how the value factor decreases
over the years as the total generation by renewables increases, in line with what we
expect.
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Variable Model 3 Model 4

RGNL -.00379***
(0.00102)

Share -.0006427***
(.0001192)

Constant 1.003131*** 1.004911***
(.001724) (.0016442)

Observations 42,046 42,046

Table 6: Standard errors are given in the parentheses. *** denotes p < 0.01.
The model specifications refer to regression equation 16 and regression equation
18. Both models use the value factor of RES as a dependent variable, but the
models use a different explanatory variable. Model 3 uses RGNL, the generation
by RES (measured hourly, in GWh) as the independent variable, whereas model 4
uses the hourly share of RES as a % of total load as the independent variable (see
eq. 17. Source: own calculations using a variety of data sources. For an overview,
please refer to appendix B.

Additionally, we have calculated the value factors per RES source. The sources in
our sample are solar, onshore- and offshore wind. The results are in appendix F.
We find that the value factor for solar decreases with an increase in the penetration.
Contrary to what we expected, we find the opposite results for the value factors
of offshore- and onshore wind. This is likely due to confounding factors between
the three different sources. The value factor for onshore wind is also affected by
the generation of offshore wind and solar generation. On- and offshore wind will
be producing at the same time. In our subsidy analysis, we will use the combined
value factor, since these confounding factors disappear when we aggregate them.
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Figure 6: Illustration of the correlation effect. A higher generation by RES de-
creases the value factor for RES. The y-axis refers to the value factor of RES and
the x-axis to the generation by RES in MWh. Source: coefficient estimates are
taken from regression model 3, Table 6.
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6.3 Price effect

Before we can combine the results from our price effect analysis with the data from
the institutional background part to analyze the required subsidy, we need to first
combine the results from the merit-order and value factor analysis. For this, we can
combine the coefficients β̂5, the merit-order effect of renewables on price, and the
value factor for renewables. We have plotted this relationship in Figure 7 below.
We find that the price effect is both statistically and economically significant, with
wholesale prices for RES producers decreasing by as much as 15e/MWh if capacity
expands from roughly 8.5GW now to 60GW in the future.
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Figure 7: Illustration of the Merit-Order and Correlation effect at different levels of
aggregate installed capacity (in GW). The size of the price effect follows from our
regression analysis. We have assumed a base price of 50 (TennetNL, 2019), but this
serves only as a reference point, the dynamics are more important. Additionally, a
key assumption here is that we have multiplied the installed capacity with an average
capacity factor to derive the size of the MO effect. The average capacity factor is
defined as the average of the capacity factor of solar (Kies et al., 2016), onshore wind
(Kies et al., 2016) and offshore wind (Fraunhofer, 2018). An increase in capacity
is associated with a decrease in wholesale prices due to the price-suppressing merit-
order effect. Additionally, the price that RES technologies get is even lower since the
correlation effect implies that the value factor of RES decreases as capacity increases.
Source: own calculations using a variety of data sources. For an overview, please refer
to table 7 and appendix B.
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6.4 Required subsidy as a result of the price effect

Finally, we can use the results of our price-effect analysis to establish the relationship
between the required subsidy for renewable investment and the market penetration
of renewables. For this, we will now be referring to the LCOE, the time horizon
of investment, discount rates, production estimates, demand and demand growth
forecasts, green certificates and most importantly the renewable capacity targets. We
have used the baseline values from Table 1. The results can be found in Figure 8.
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Figure 8: Shows the required subsidy as a result of the price effects. This figure
does not yet take into account the base amount of subsidies that the government
already provides for RES producers Lensink et al. (2018). The subsidy required for
onshore wind increases more rapidly than the subsidy for offshore wind, which is due
to the fact that onshore wind has a lower price for green certificates. Additionally,
little additional onshore wind capacity will be built, and as such the huge increase in
offshore wind capacity (which has a higher capacity factor) will “crowd out” revenues
for onshore wind. Sources and inputs: see Table 7.

All results are in line with our expectations. Consider offshore wind investments: at
low levels of market penetration the price effect is not significant enough to make
investment unprofitable for Solar and Onshore wind. At an aggregate capacity of 19
GW, however, onshore wind will no longer be a profit-making investment without
subsidies. As Figure 8 clearly shows, the relationship changes after 2030. This figure
is based on the capacity targets set by the government. The target capacities for
2030 are high, the government sets even more ambitious targets for 2050, implying
that the growth rate of new generation capacity will go up after 2030. This, in turn,
implies that future revenues will go down at a higher pace (the price effect is stronger).
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However, aggregate installed capacity goes up even faster. The government reaches
higher levels of installed capacities in fewer years than compared to the situation
before 2030. Since the increase in the growth of installed capacity is higher than the
increase in price effect, we find that the slope flattens after 2030. Another way to
think about it is that the speed at which additional capacity will be built is lower in
the years leading up to 2030 than it is after. This implies that the required subsidy
will rise more slowly relative to the increase in extra market capacity. From this
discussion, we conclude that the speed of transition has a significant impact.

For another view, please refer to Figure 9, where we have shown the required
subsidy as a result of the price effect for three years: 2020, 2030 and 2050. We chose
2030 and 2050 because these are the years for which the government sets its targets,
and 2020 because it is the current year. Figure 9 also shows our estimates of the
LCOE of the different production technologies, which we will discuss next.

6.4.1 Levelized costs of electricity

Our estimate for the LCOE of solar parks is e33,40/MWh, on the lower end of esti-
mates from Fraunhofer (2018) and below the estimates in IRENA (2018). This is most
likely due to the fact that we have used a higher capacity factor (0.15 instead of 0.10-
0.12, which implies that future generation levels are higher and hence the costs per
unit of generation are lower. Our estimate for the LCOE of onshore wind is equal to
e43,50/MWh. This is in line with wind energy investments in Germany (Fraunhofer,
2018) and with the results for most cost-efficient projects globally in IRENA (2018).
To calculate the LCOE of offshore wind, we have used upfront investment costs of
e2.5 Million/MWh (Fraunhofer, 2018) and variable costs (in the form of operations
& maintenance) of e5/MWh (IRENA, 2018). Additionally, using the production
profile and discount rates defined in Section 4.1.4, we find our estimate of the LCOE
at e45.50. We believe this falls in line with the estimate by Rekenkamer (2019), since
the tender bids are the returns per MWh for which companies are willing to invest.
The difference, then can be explained by the discounted value of green certificates
for wind (e8/MWh, see Section 4.1.6 and a “healthy” profit margin. we will take
the price of e45.50/MWh as given, but will show how this assumption changes our
outcomes in the sensitivity analysis (scenario 5).
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(a) 2020 (b) 2030 (c) 2050

Figure 9: Shows the outcomes under the baseline scenario: LCOE, present value of
revenues and required subsidy. Sources and inputs: see Table 7. Assuming (baseline
scenario assumptions) the LCOE does not decrease, the decrease in the present value
of revenues implies a need for subsidies in order to break even. Revenue effects are
different between the different technologies as a result of capacity factors and value
of green certificates.

6.5 Total subsidy

The previous section has covered our estimates of the LOCE and has shown what the
price effect implies for the required subsidy in figure 8, ignoring the current amount of
subsidies for RES. This section then, will combine the required subsidy as a result of
the price effect with the baseline values (see 7 of the subsidies per RES technologies,
and show our baseline figure in 10. This is the key result of our paper. What it
depicts is the relationship between the aggregate installed capacity of RES (sum of
all three sources) and the subsidy required in e/MWh for the three RES technologies
separately. Different outcomes for the technologies can be explained mainly by the
difference in starting points as taken from Lensink et al. (2018). However, the slopes
are slightly different as well, which is a result of a difference in capacity factors between
the RES technologies. A higher capacity factor implies higher generation. This higher
generation, in turn, implies that the future expected revenues will be higher. However,
since we discount these with future generation levels, a higher capacity factor implies
a higher discount factor, and hence a lower present value of revenues per MWh. This,
then implies a higher required subsidy per MWh. This is clearly visible in the case
of offshore wind. Additionally, onshore wind and solar have a “flat” part in their
required subsidy curve. This implies that the composite price effect at low levels of
penetration is not significant enough to lower their present value of revenues below
their respective LCOE. The “kink” at 2030 is explained in the previous section.

43



0 20 40 60 80 100 120 140
0

20

40

60

80

100

←− Target 2030

Target 2050 −→

Aggregate installed capacity RES (GW)

S
u
b
si

d
y

re
q
u
ir

ed
(e

/M
W

h
)

Solar
Onshore
Offshore

Figure 10: Baseline scenario: total subsidies in eper MWh, where the starting values
represent the current subsidy amounts taken from Lensink et al. (2018) plus the price
effect, as in Figure 8. The horizontal part of the solar and onshore curve is due to the
fact that the price effects by themselves do not yet imply a need for subsidies, which
is why subsidies are composed only of the current subsidy amounts. Source: own
calculations using a variety of data sources. For an overview, please refer to table 7
and appendix B.

6.5.1 Sensitivity analysis

Since the results from Figure 10 are contingent on several assumptions, we will now
explore what relaxing those assumptions will imply for the required subsidy. We will
perform a sensitivity analysis by showing how our results differ if we change a few
of our assumptions. We will consider 7 different sets of assumptions, and refer to
these as scenarios. They are summarized in Table 7, and we will briefly introduce the
different scenarios here. We will also provide the results of the 7 additional scenarios
and compare them to the baseline, Figure 10.

The second scenario we consider is one in which our estimate of β̂6, or the merit-order
effect, increases. We have taken the value for 2015 (see the first table in appendix
E), the year where the merit-order effect per unit of RES generation was strongest
and multiplied its value by 2. This represents a merit-order effect similar to e.g.
Nieuwenhout and Brand (2013) in their recent study on the impact of additional
wind capacity in the Netherlands. As expected, the estimate of this parameter has
a significant impact on the required subsidy outcomes. More specifically, increasing
the merit-order effect also nearly doubles the slope of the required subsidy curve. For

44



offshore wind, the level of required subsidy, given its initial value, more than doubles
the required subsidy at 2050 capacity levels.

Similarly, the third scenario is one in which the correlation effect is stronger (twice
its baseline value). For this scenario, doubling the correlation effect is less significant.
This is likely due to the fact that our estimated coefficient, β̂1 of model 3 (table 6)
was rather low to begin with. Doubling its value then, still implies it is lower than the
estimated correlation effect found in the literature (see e.g. Hirth (2013) or Sensfuß
and Ragwitz (2011).

The fourth scenario refers to one where the government only adheres to its 2050
targets, and hence “smooths” the construction of additional capacity until 2050. (note
the contrast with the baseline scenario, where capacity expansions rise rapidly until
2030, but expand at an even higher rate after that time). This removes the “kink”
as we have seen in figure 8. Additionally, since renewable capacity increases more
rapidly, the need for subsidies will be earlier in time, but at a higher capacity. This
is in line with the somewhat counter-intuitive point as we discussed in section 6.4,
where the speed of transition matters. To recap, higher capacity targets imply that
future revenues will go down at a faster pace (the price effect is stronger). However,
aggregate installed capacity goes up even faster than the magnitude of the price effect.
Hence, the government reaches higher levels of installed capacities in fewer years than
compared to the old situation. Since the increase in the growth of installed capacity
is higher than the increase in price effect, we find that the slope flattens after 2030.
Another way to think about it is that the speed at which additional capacity will
be built is lower in the years leading up to 2030 than it is after. This implies that
the required subsidy will rise more slowly relative to the increase in extra market
capacity.

The fifth scenario refers to one in which the initial investment costs peremillion/MW
for offshore wind rise, whereas simultaneously the investment cost of solar falls. This
scenario is highly plausible. Even though windmills are getting bigger and hence more
efficient in emillion/MW terms, costs will rise since new offshore wind development
will have to be placed further out into the sea. We assumed additional investment
costs of 1 million eby 2025, spread out over the coming 6 years. Our assumption on
the fall in the investment costs of solar is 5%/annum until 2025, based on predictions
by Fraunhofer (2018). As is to be expected since the required subsidy is calculated
as the difference between the present value of revenues and present value of costs
(LCOE), we find this assumption to change outcomes significantly. More specifically,
we find that the cost reductions for Solar imply that the need for additional subsidies
will be less, and will only start to increase at high levels of penetration (≈ 70GW
under our assumptions. Conversely, the higher costs for offshore wind implies that
the need for subsidies will increase much more rapidly. After 5 years we expect this
effect to subside, after which the curve takes on its familiar form.

45



Subsequently, scenarios 6 and 7 determine the effects of a change in the discount
rate. Since this is a crucial assumption, we have decided to include both a higher
and lower scenario, and show the effects of changing the discount rate from 5% to
7% and 3%, respectively. The main difference in results can be accounted for by the
fact that future production will be discounted more (if 7%) or less (if 3%) (and hence
the present value of production falls (if 7%) or rises (if 3%) rapidly). This, in turn,
implies that both the present value of revenues and LCOE will rise (if 7%) or fall (if
3%). This is because both are defined as eper MWh. However, the effect on LCOE is
stronger than the effect on the revenues (as revenues decrease over time, but LCOE
is assumed to be constant. Hence, the appropriate discount factor is an important
parameter when estimating the required subsidy.

Finally, scenario 8 refers to a scenario where electrification is much more rapid, and
hence the electricity demand grows at a much faster rate (1.5 times its baseline value)
than the economy, such that prices increase (Note: in the baseline we used the fact
that since we did not find evidence of statistical significance of our iGDPQ regression
estimate, we failed to establish a link between demand growth and price growth,
contrary to e.g. Yoo (2005). However, since demand now grows even more rapidly
due to electrification instead of GDP growth, we assume this to exert an upward
pressure on prices. The 2.25% y.o.y. increase in wholesale prices implies that the
present value of revenues goes up rapidly. Hence, the required subsidy curve flattens
out at its initial value. At deep levels of market penetration however, the composite
price effect is still strong enough to lower prices enough to require additional subsidies,
so our conclusion still holds even in this scenario.

We would like to explicitly note a few assumptions we did not change. For example,
none of our scenarios feature a change in the variable costs of production. This is
because these costs are already negligible for RES compared to the investment costs.
For offshore wind, these costs are somewhat significant as they are still assumed to
be at e5/MWh, but since offshore wind parks will be located far offshore, the OM
costs are unlikely to decline significantly. Additionally, we have chosen to not include
scenarios in which we change the price of certificates. This is because the analysis
will be very similar to the subsidy analysis since both are a return in e/MWh.
Finally, we have not changed the capacity factors, as these will most likely not change
significantly. Consider e.g. solar technology- efficiency improvements can imply small
gains, but (unfortunately!) it is unlikely to get a lot sunnier in the coming 30 years.
Additionally, the capacity factors of wind are already very high and unlikely to further
increase significantly.
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Variable Unit 1: Baseline 2: Merit-Order 3: Correlation 4: Targets 5: Investment 6: WACCup 7: WACCdown 8: Electrification

Costs:
variable costs solar park1 e/MWh 2 2 2 2 2 2 2 2

variable costs onshore wind3 e/MWh 1 1 1 1 1 1 1 1
variable costs offshore wind1 e/MWh 5 5 5 5 5 5 5 5

economic lifetime RES2 years 25 25 25 25 25 25 25 25
cost of capital3 %/annum 5 5 5 5 5 7 3 5

investment cost solar4 emillion/MWh 0.6 0.6 0.6 0.6 -5%/a 0.6 0.6 0.6
investment cost onshore4 emillion/MWh 1.5 1.5 1.5 1.5 1.5 1.5 1.5 1.5
investment cost offshore4 emillion/MWh 2.5 2.5 2.5 2.5 3.5 2.5 2.5 2.5

Implied LCOE solar14 e/MWh 33.40 33.40 33.40 33.40 25.84∗ 40.18 27.22 33.40
Implied LCOE onshore14 e/MWh 41.50 41.50 41.50 41.50 41.50 49.98 33.78 41.50
Implied LCOE offshore14 e/MWh 45.50 45.50 45.50 45.50 60.89∗ 53.98 37.78 45.50

Capacity:
capacity factor solar5 % 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

capacity factor onshore5 % 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3
capacity factor offshore5,2 % 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
capacity target solar 20306 GW 12 12 12 12 12 12
capacity target solar 20507 GW 66 66 66 66 66 66 66 66

capacity target onshore 20306 GW 9 9 9 9 9 9 9
capacity target onshore 20508 GW 14 14 14 14 14 14 14 14
capacity target offshore 20306 GW 11.5 11.5 11.5 11.5 11.5 11.5 11.5
capacity target offshore 20509 GW 60 60 60 60 60 60 60 60

Revenue:
wholesale price10 e/MWh 50.07 50.07 50.07 50.07 50.07 50.07 50.07 50.07

β(Merit−Order)11 e/MWh -.00060 -.00163 -.00060 -.00060 -.00060 -.00060 -.00060 -.00060
correlation effect11 e/GWh -.00379 -.00379 -.00758 -.00379 -.00379 -.00379 -.00379 -.00379

green certificates solar12 e/MWh 3 3 3 3 3 3 3 3
green certificates onshore wind12 e/MWh 5 5 5 5 5 5 5 5
green certificates offshore wind12 e/MWh 8 8 8 8 8 8 8 8

demand13 TWh 119 119 119 119 119 119 119 119
demand growth rate13 %/annum 4.5 4.5 4.5 4.5 4.5 4.5 4.5 6.75

implied price growth rate13 ∗ ∗ %/annum 0 0 0 0 0 0 0 2.25
base subsidy solar15 e/MWh 85 85 85 85 85 85 85 85

base subsidy onshore15 e/MWh 60 60 60 60 60 60 60 60
base subsidy offshore16 e/MWh 25 25 25 25 25 25 25 25

Table 7: Shows the key parameters as inputs for the required subsidy analysis. Sources: 1: IRENA (2012) 2: Fraunhofer (2018)
3: IRENA (2018) 4: Fraunhofer (2018) 5: Kies et al. (2016) 6: Koelemeijer et al. (2018) 7: GasUnie (2016) 8: Netbeheer-Nederland
(2017) 9: EZK (2019) 10: TennetNL (2019) 11: ENTSO-E (2019)-regression 12: Hulshof et al. (2019) 13: CBS (2018a) 14: Own
calculations. 15: Lensink et al. (2018) 16: Rekenkamer (2019) * from 2025 onwards, ** because we fail to show a relationship between
economic growth and price growth, contrary to Yoo (2005). We assume that rapid electrification (scenario 8) will increase price.



(a) Scenario 1 : Baseline (b) Scenario 2: Merit-Order effect
stronger

(c) Scenario 3: Correlation effect stronger (d) Scenario 4: No 2030 Targets

(e) Scenario5: Investment costs (f) Scenario 6: Discount rate higher

(g) Scenario 7: Discount rate lower (h) Scenario 8: Higher demand growth

Figure 11: For explanation and interpretation refer to Section 6.5.1. For sources and inputs, see
Table 7.
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7 Conclusion

This paper has shown that the composite price effect, consisting of the merit-order
effect and the correlation effect, has a profound effect on wholesale electricity prices.
This implies that future revenues of electricity investment will go down significantly as
RES capacity increases. This, in turn, will make it difficult to recuperate investment
costs. The deeper the market penetration of RES, the stronger the price effect will be.
This implies that whereas e.g. offshore investment can now be performed subsidy-free
(Rekenkamer, 2019) from the perspective of private parties, this will not be the case
when market penetration of RES increases. We have shown that these outcomes hold
under a wide variety of assumptions in our sensitivity analysis. Therefore, our paper
has a clear proposition: there is a need for additional subsidies if the government
aims to reach its renewable capacity targets. The momentous investments in RES
capacity will require vast amounts of subsidies. For example, using the assumptions
of our baseline scenario, the annualized subsidy just for offshore wind in 2030 adds
up to e500 million.

Our results are contingent on a number of assumptions. Most importantly, significant
reductions in the LCOE of RES can mitigate the increase in the required subsidy.
However, we have shown that -even with significant cost reductions- at high levels
of penetration the price effect will make investment subsidy-dependent. Let us con-
sider the profitability prospects for the three RES technologies: Firstly, a significant
reduction in the LCOE for offshore wind is unlikely since upfront investment costs
are the bulk of the total costs. These investment costs are unlikely to decrease over
the coming years, as the wind parks will have to be located increasingly far offshore.
The prospect for onshore wind is slightly better, as the upfront investment costs are
lower, but due to a limited cost reduction potential this technology will also become
subsidy-reliant at high (≈ 30%) levels of RES market penetration. Furthermore, the
potential for investment cost reductions in onshore wind are limited due to size re-
straints (the biggest, most cost-efficient windmills will not be built on land in the
Netherlands). One candidate technology then, is solar energy, which has shown stel-
lar performance in cost reductions over the last 5 years, averaging roughly 13% y.o.y.
(IRENA (2018); Fraunhofer (2018)). Hence, according to our calculations, investment
in this technology will not need additional subsidies at low levels of penetration, but
due to the price effect it will not remain profitable unless the downward trend in
the reduction of LCOE by ≈ 13% can continue for decades. We deem this scenario
unlikely since most of the cost reductions have been in the module as opposed to
the infrastructure and installation costs Fraunhofer (2018). This implies that further
costs reductions in the module are limited, and installation and infrastructure costs
are unlikely to see significant decreases as they are more dependent on e.g. labour
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costs. Still, projections are that solar investment costs will decrease by up to 30%
until 2025, which would imply that investment in solar does not require additional
subsidies up to intermediate (≈ 65 GW aggregate installed capacity, half of 2050
targets) levels of penetration, as shown in scenario 5. However, at higher levels of
RES market penetration, the price effects still imply a need for additional subsidies.

We are the first paper to employ ARCH-GARCH (1,1) volatility modelling in an
AR (1) model to derive the size of the merit-order effect. In this sense, we are a
distinct improvement on past papers employing a simpler time series analysis, e.g.
Neubarth et al. (2006), Gelabert et al. (2011), Cludius et al. (2014) or Hirth (2013).
Additionally, we are an improvement on past papers using relatively simple electricity
market models such as e.g. Bode and Groscurth (2006) and Nieuwenhout and Brand
(2013).

All our regression coefficients (aside from a few demand dummies) are significant
and in line with the literature, except for the coefficient of the index for the business
cycle growth. We have thus failed to find evidence in support of a linkage between
economic growth and an increase in electricity prices as suggested by Yoo (2005).

For the 5 years in our sample, we have found the average size of the merit-order effect
to be equal to -.0006035 e/MWh. At first glance, this might seem rather trivial,
but if we consider the effect of e.g. the newest offshore wind development, Borssele
alpha and beta, with a combined capacity of 700MW, we find that this park alone
will decrease the average electricity price with 0.21e/MWh. The merit-order effect,
then, will become quite significant when aggregate installed RES capacity increases
rapidly over the coming years (≈135GW by 2050). Our coefficient implies an effect of
-0.60e/MWh per GWh of generation, which is in line with previous literature but falls
on the lower end. This is similar to e.g Bode and Groscurth (2006). One possible
explanation for this is that the magnitude of the effect is non-linear as generation
increases. Future literature might be able to provide conclusive evidence on whether
the magnitude of the merit-order effect is linear or if its marginal effect decreases
as generation increases. Another explanation could be due to our methodology. For
example, a) the magnitude of the merit-order effect might be different between off-
peak versus peak-hours, as suggested by Sensfuß (2008). In contrast, we have taken
an average value. Similarly, this has led to the simplifying assumption we have
made in our scenario analysis of defining an average wholesale price instead of taking
into account load-duration curves. Relaxing this assumption might be an interesting
avenue for future research. This represents a limitation to our methodology, but could
be solved in future literature by e.g. using a stratified regression (stratify our data at
different levels of demand), or employing a quantile regression. Additionally, we have
b) introduced more control variables than past time series analysis literature, which
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might have deflated our numbers by removing the effect of confounding factors. For
example, Neubarth et al. (2006), who found an average price effect of 1.89 e/MWh per
1 GWh of wind power generation. Our estimated magnitude is about 40% of theirs.
However, their study failed to control for load, fuel and CO2 prices. Additionally,
we have b) have used empirical data instead of a simplified model of the electricity
market, potentially yielding more accurate estimates.

Our value factor analysis, using a methodology similar to Hirth (2013), has found
that the value factor, i.e. the price RES producers get relative to the base price,
decreases by -.00379 with every GWh of additional generation. The value factor
at low levels of penetration start at around unity, similar to past literature by e.g.
Borenstein (2008) or Sensfuß (2008). Again, however, our order of magnitude is
quite small. As such, we have failed to find evidence of the steep drops in value
factors suggested by e.g. Mills (2012) or Lamont (2008). A likely explanation for this
fact is due to the difference in zonal vs nodal pricing. Contrary to nodal pricing in
the Netherlands with uniform prices within a zone, California (which features very
often in the value factor literature) uses zonal pricing. Zonal pricing uses different
wholesale prices at different locations as a result of transmission constraints, implying
that the value factor in a local area with a lot of RES generation is likely to drop more
significantly relative to the other areas. Another explanation is that when looking
at low levels of penetration (0%-5%), the value factor drops very steeply as market
penetration increases. Assuming a linear relationship, past studies have extrapolated
from this up to shares of 30% or 40%. However, our study has focused on increases
starting at slightly higher levels of penetration (from ≈ 5% to 17%), where value
factors might drop more slowly as penetration increases. Based on past literature, we
have also assumed a linear relationship. However, future literature might be able to
dive deeper and analyze a potentially non-linear relationship. As market penetration
of RES is bound to increase rapidly over the coming years, more data will become
readily available. This will facilitate empirical analysis as it allows to measure the
value factor at high penetration levels, instead of forecasting it or extrapolating from
data on low levels of penetration.

To conclude, we have found that the composite price effect significantly increases the
required subsidy to facilitate investment. To the best of our knowledge, our results
are unprecedented as we have combined both the merit-order and correlation effect
into one effect. Moreover, we have combined the results of regression analysis with
policy parameters related to published government targets to convert these results
into clear policy recommendations. Finally, we have shown that these outcomes hold
for a wide variety of future scenarios. As such, we believe our results have an obvious
societal relevance in light of the current discussion on the climate agreement targets.

51



References

Akerlof, G. A., 1978. The market for “lemons”: Quality uncertainty and the market
mechanism pp. 235–251.

Bahar, H., Sauvage, J., 2013. Cross-border trade in electricity and the development
of renewables-based electric power .
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Appendix

Appendix A: summary statistics Dutch electricity market

: Day ahead hourly electricity prices between 2015-2019. Source: ENTSO-E (2019).

: Installed capacity per type in the Netherlands, change between 2016 and 2019.
Source: own figure, using data from ENTSO-E (2019).
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Appendix B: data requirements for the merit-order regression

: Data requirements- inputs for the merit-order regression analysis.
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Appendix C: Econometric specification tests

(a) (b)

: Plots of residuals on lagged residuals. (a) signs of autocorrelation in the residu-
als. (b) Plot of residuals after including a lagged dependent variable. Source: own
calculations.
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Appendix D: annual merit order loss of revenues

In this appendix we would like to show the results of a deviation from the main em-
phasis of this paper and return to the merit-order analysis to have another application
of our results, as proposed in Section 5.1.2. At first glance, the coefficient sizes β5
and β6 seem rather trivial. However, note that the coefficient applies to the total sum
of production from RES on an hourly basis. The total loss of revenues then, becomes
quite significant. Using equation 12, we convert this into an annual financial volume
in e. Table 8 shows an overview of the Annual Merit Order size per year for the
Netherlands. The AMO value shows the loss in revenues (for both RES and fossil
fuel technology producers) attributable to the price-reducing merit-order effect in one
year (in emillions) The table also shows the total generation (in TWh) of RES per
year. One outlier here is the year 2019. This value is off due to the fact that we do
not have data for the entire year, but just up to and including November. Figure ??
presents the size of the annual loss in revenues attributable to the merit-order effect
between 2015-2018 in a bar chart (excluding 2019 because of incompleteness). Note
how the loss of revenues changes annually. This is due to a different coefficient for the
merit-order effect as well as an increasing generation by RES over the years in our
sample. Another visualization is presented in appendix E, which shows this non-linear
relationship between the annual sum of renewable generation (in TWh) and the loss
of revenues attributable to the Merit-order effect. The non-linear relationship is due
to the changing β6 coefficient.

Year β5 Generation AMONL

2015 -.00082 7.79 116
2016 -.00049 8.41 73.0
2017 -.00047 11.70 94.5
2018 -.00075 15.61 217

: The table shows how the total size (AMO, measured in millions of euro’s) of the
loss in revenues (for both RES and non-res producers) attributable to the price-
reducing merit order effect changes per year. This is caused by an increase in the
total generation of RES (RG, measured in TWh), times the merit-order effect of
renewables on price (bèta 6). We have excluded data for 2019 since we do not have
data for the entire year, and hence values would be uninformative. Source: ENTSO-E
(2019), own calculations.
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: Shows the annual loss of revenues attributable to the price-reducing merit-order
effect (in emillions) between 2015-2018. Note how the loss of revenues changes an-
nually. This is due to a different coefficient for the merit-order effect as well as an
increasing generation by RES over the years in our sample. Source: own calculations.
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: Shows the non-linear relationship between the annual sum of renewable generation
(in TWh) and the Savings attributable to the Merit-order effect (in emillions. The
non-linear relationship is due to the changing β coefficient. Source: own calculations.
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Appendix E: value factors and shares per RES source

Year ShareRES VRES ShareSol VSol ShareOff VOff ShareOn VOn

2015 7.15 1.067 0.84% 1.08 0.76% 0.989 5.64% 0.99
2016 7.33 1.065 1.22% 1.073 0.85% 0.984 5.07% 0.978
2017 9.78 0.994 1.51% 1.048 1.22% 0.984 7.04% 0.980
2018 13.29 0.992 2.63% 1.048 2.14% 0.986 8.52% 0.983
2019 17.08 0.989 5.21% 1.013 3.77% 0.988 7.81% 0.983

: Value factors and market shares (generation of RES as % of total load per renewable
source). Source: own calculations.
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Appendix F: Regression output

Dependent Variable: Price Model 1: Model 1: Model 2:
Variables Coefficients Arch-GARCH (1,1) Coefficients
L.price 0.7662692*** 0.7622390***

-0.004 -0.008
RSI -0.8798113*** -1.1363439***

-0.083 -0.102
iGDPQ 0.0525068 0.0034571

-0.034 -0.039
RGNL -0.0006035*** -0.0006936***

0 0
RGG -0.0000553*** -0.0000720***

0 0
MCgas 0.2382898*** 0.2122741***

-0.011 -0.014
MCcoal 0.0646086*** 0.1200692***

-0.022 -0.027
months2 -0.2264583* -0.6102921***

-0.135 -0.137
months3 -0.3292347** -0.4327107***

-0.132 -0.145
months4 -0.5229289*** -1.0898770***

-0.136 -0.133
months5 -0.4893211*** -1.0266210***

-0.131 -0.136
months6 -0.1652278 -0.7467734***

-0.145 -0.139
months7 -0.4083188*** -0.8786525***

-0.135 -0.136
months8 -0.4878668*** -1.0777140***

-0.13 -0.134
months9 -0.2499112* -0.7381996***

-0.141 -0.146
months10 0.1933406 -0.4742291***

-0.175 -0.154
months11 0.3414841 0.1991781

-0.217 -0.176
months12 0.4472892** 0.0458918
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-0.199 -0.164
weekdays2 1.5705338*** 1.7573493***

-0.092 -0.111
weekdays3 1.5789193*** 1.8067923***

-0.091 -0.114
weekdays4 1.4569091*** 1.7779408***

-0.088 -0.111
weekdays5 1.5360206*** 1.7540273***

-0.09 -0.112
weekdays6 1.5475505*** 1.7333874***

-0.094 -0.108
weekdays7 0.5235169*** 0.6643971***

-0.101 -0.1
dayhours1 0.1969758* 0.1798814

-0.103 -0.142
dayhours2 0.2419876** 0.2086684

-0.102 -0.139
dayhours3 0.5547528*** 0.4841647***

-0.103 -0.137
dayhours4 1.6521850*** 1.4728997***

-0.108 -0.141
dayhours5 5.3174156*** 5.1253154***

-0.146 -0.167
dayhours6 7.3132358*** 7.7257874***

-0.145 -0.17
dayhours7 7.0539495*** 8.2395558***

-0.151 -0.191
dayhours8 5.2200951*** 6.8584425***

-0.154 -0.205
dayhours9 3.9242209*** 5.3831863***

-0.149 -0.207
dayhours10 3.7537776*** 4.6872284***

-0.143 -0.201
dayhours11 2.8538430*** 3.7783802***

-0.147 -0.2
dayhours12 2.8239423*** 3.4553706***

-0.141 -0.186
dayhours13 2.6023543*** 3.3444655***

-0.137 -0.175
dayhours14 2.6684697*** 3.1918810***
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-0.137 -0.166
dayhours15 3.7298816*** 4.5136414***

-0.134 -0.157
dayhours16 5.9482595*** 7.2035456***

-0.15 -0.177
dayhours17 7.5134190*** 9.4174719***

-0.154 -0.229
dayhours18 6.8002627*** 7.2288408***

-0.158 -0.221
dayhours19 4.0499812*** 3.6812498***

-0.157 -0.225
dayhours20 1.6576297*** 1.4209468***

-0.144 -0.198
dayhours21 1.9209121*** 2.0978271***

-0.142 -0.202
dayhours22 0.1987475 0.9049952***

-0.136 -0.172
dayhours23 -0.2609612* -0.1753973

-0.138 -0.184
L.ARCH 0.0862508***

-0.01
L.GARCH 0.9125106***

-0.01
Constant -7.4085674** 0.2092115*** -2.3567693

-3.295 -0.044 -3.697

Observations 39,501 39,501 39,501
Adjusted R-squared 0.874
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Standard errors in parentheses. *** p <0.01, ** p <0.05,
* p <0.1. Model 1: The dependent variable is the hourly
electricity price in e/MWh. The following explana-
tory variables are included in the model: the one-period
lagged dependent variable (included after detecting au-
toregression, an index for the quarterly change in GDP
(iGDPQ), the residual supply index (RSI), a measure of
the degree of anticompetitive pricing, two variables for
the total Renewable Generation per hour for the Nether-
lands and for Germany, estimates for the marginal costs
of gas and coal plants, and demand dummies to account
for hourly, weekly and monthly seasonal patterns. Fi-
nally, we have included ARCH-GARCH (1,1) effects in
the face of volatility clustering. Model 2: Same model,
but excluding ARCH-GARCH (1,1) effects and instead
with White’s heteroskedasticity-robust standard errors.
Source: own calculations, using data taken from a vari-
ety of sources specified in appendix B.
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