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On the levelised cost of energy of windfarms
Jan Emblemsvåg

Norwegian University of Science and Technology, Ålesund, Norway

ABSTRACT
As windfarms spread, so have the discussions concerning their economics.
Some argue from a basic definition of Levelised Cost of Energy (LCOE), that
wind energy is more cost effective than other energy sources. The
opponents argue that the LCOE must be estimated taking a systemic
view including opportunity costs, which changes the picture. The
opportunity costs are assessed in this paper using a novel approach
based on a simulation model to estimate the number of windfarms that
will achieve a certain nameplate output. Then, this is combined with the
LCOE of dispatchable energy sources to estimate the opportunity cost. A
Monte Carlo simulation is run to estimate the effects of uncertainty and
variations. The results are clear – windfarms are not cost effective when
a certain output must be guaranteed as major opportunity costs are
introduced. However, as a supplementary source of energy in specific
situations, windfarms can be useful.
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1. Introduction

The pessimist complains about the wind; the optimist expects it to change; the realist adjusts the sails. William
A. Ward

There is much debate among both laymen and academics, politicians and businesspeople as
to how windfarms fare economically compared to traditional sources of energy. This is, of
course, not just a question of costs but also of value. Despite the fact that an average American
consumes 50 times more energy than an average Bangladeshi and 100 times more than an aver-
age Nigerian, relatively poorer villagers in Mali and Uganda are willing to pay about ten times
higher price than the typical prevailing price in developed countries (Bazilian 2015). The villa-
gers therefore place much more value for the same commodity, which shows that this is not
just a question about costs. Indeed, the cost for an energy source can be the same mathemat-
ically while at the same time have very different net economic benefits. As Joskow (2011)
puts it:

In a nutshell, electricity that can be supplied by a wind generator at a levelized cost of 6¢/KWh is not ‘cheap’ if
the output is available primarily at night when the market value of electricity is only 2.5¢/KWh. Similarly, a
combustion turbine with a low expected capacity factor and a levelized cost of 25¢/KWh is not necessarily
‘expensive’ if it can be called on reliably to supply electricity during all hours when the market price is greater
than 25¢/KWh.

The value discussion is far too complex to address in a single paper as it depends on socioeconomic
development of the region involved, alternative sources of energy, financial strengths, political
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processes, other local issues and more. Given this generic qualification, this paper aims at shedding
light onto how to more correctly asses cost concerning windfarms on a conceptual level.

Crucial in this discussion is an approach called Levelised Cost Of Energy1 (LCOE), whereby the
total amount of power over the lifetime of an energy source is divided by the life cycle costs over the
lifetime of the same energy source (Joskow 2011). The problem is that it (1) ignores the additional
cost of integrating non-dispatchable energy sources into the grid, (2) the economic- and environ-
mental externalities and (3) it has an implicit focus on new energy source development and not exist-
ing source generation (Benes and Augustin 2016). Additionally, LCOE ignores the value of the
plant’s output to the grid (US EIA 2019).

For example, solar plants have much more attractive production profile relative to windfarms
because society needs most of the energy during the day when the sun is shining whereas wind
can come and go any time during the day. So, even though the LCOE of solar power is higher
than wind energy it provides electricity that is more economically valuable (see Joskow 2011).
Hence, ‘An LCOE comparison ignores the temporal heterogeneity of electricity and in particular
the variability of VRE [Variable Renewable Energy]’ (Ueckerdt et al. 2013). Therefore, the true econ-
omics can be very different than the once predicated by the LCOE numbers.

Recognising this issue, there are many attempts at amending the cost calculation approach, as dis-
cussed in Section 2, but there are still serious issues left to solve. On top, we have subsidies and
externality costs, such as the costs of carbon emissions, that make the calculations more difficult,
and we can end up with value laden estimates disguised in economic numbers (Emblemsvåg
2016). Note that, the carbon pricing today is insufficient to make any real change. According to
the World Bank Ball (2018), only four countries have priced carbon at or above the USD 40 floor
– a floor set by the High-Level Commission on Carbon Prices, a group of leading economists, as
a minimum price to achieve the emission cuts called for in the Paris climate accord.

Another issue often ignored is that when different technologies have different life-span the com-
parison can be difficult. Typically, a 20- or 30-year recovery period is chosen (see IRENA 2012; Stacy
and Taylor 2019), but when the competing technologies last half a century or more, a simple, direct
comparison is faulty as discussed later. Incredibly, the desire to actually use improved approaches is
not there – not even adjusting the life span in the LCOE calculation to match the real life-span – in
fact, Doemeland and Trevino (2014) state flat out that improved methods are not used in decision-
making.

Therefore, whatever improvements are made concerning the cost of energy calculations, they
should be as minimal as possible. This is an important criterium for this paper. Thus, entirely
novel approaches such as Levelised Avoided Cost of Electricity (LACE), see for example, US EIA
(2019), are not discussed in this paper. Rather, this paper addresses one of the most fundamental
questions – the ‘opportunity cost’.2 This cost is probably far greater than the differences produced
by using different, refined approaches for calculating the LCOE of a windfarm.

Merriam-Webster defines opportunity cost as

the added cost of using resources (as for production or speculative investment) that is the difference between
the actual value resulting from such use and that of an alternative (such as another use of the same resources or
an investment of equal risk but greater return).

In our context, the alternative arises from the fact that windfarms will produce no energy at times,
which requires a solution. This is evident from the simple fact that wind turbines typically start gen-
erating electricity at a wind speed of 3–5 m/s, reach maximum power at 11–12 m/s and generally cut
out at a wind speed of around 25 m/s (IRENA 2018).

This gives two possible solutions – (1) accept blackouts or electricity rationing at times, or (2)
have back-up energy supply that typically consists of dispatchable energy sources, improved grid
management or trading over wider geographical areas. This gives basis for two research questions,
that will be addressed in this paper:
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(1) Under what circumstances, if any, does LCOE provide a sufficiently correct cost estimate?
(2) How can the LCOE including opportunity costs be estimated in a simple and robust way?

Note that ‘sufficiently correct’ is an important qualification. LCOE will by default never be correct
if compared to reported annual cost accounts simply because the LCOE is a grand average. Actual
costs will virtually always be over or below; an issue further exacerbated by the fact that the open
domain data can be unreliable (Ederer 2015). Indeed, by using audited information from Special
Purpose Vehicle companies – which many windfarms are defined in order to manage risks – Alder-
sey-Williams, Broadbent, and Strachan (2019) find an accurate way to calculate the LCOE for given
years, which reveals that open domain data are unreliable. For example, they find that new wind
farms are achieving a LCOE of around 100 GBP/MWh which is still considerably higher level
than implied by the most recent CfD bids of 57.50 GBP/MWh.

Nevertheless, to find the answer to these research questions, we must first review the current
approaches, as presented next. Then, in Section 3 a novel approach is presented through a simulation
case, followed by a discussion in Section 4. Closure and future work are provided in Section 5.

2. Current approaches to calculating the cost of energy

The usage LCOE is widespread and used for policymaking worldwide (IRENA 2012) despite the
acknowledged shortcomings of LCOE. For example, Stehly, Heimiller, and Scott (2017), on behalf
of National Renewable Energy Laboratory, use representative utility-scale projects to estimate the
LCOE for land-based and offshore wind power plants in the United States with no other alternatives
explored. The same goes for Smart et al. (2016) in their project to provide the definition and rationale
for the Baseline Offshore Wind Farm established within IEA Wind Task 26 – Cost of Wind Energy.
This is sponsored by the International Energy Agency (IEA) Wind Implementing Agreement, an
IEA Technology Collaboration Programme, for Co-operation in the Research, Development, and
Deployment of Wind Energy Systems (IEA Wind). Both of these reports can therefore be viewed
as the current state of the art at least concerning policymaking even though the opportunity cost,
life-span and other issues are not discussed (see IRENA 2012; Smart et al. 2016; Stehly, Heimiller,
and Scott 2017). Such costs are inherently ignored in the LCOE since the standard formula used
for calculating the LCOE of renewable energy technologies is (IRENA 2012):

LCOE =
∑n

t=1
It +Mt + Ft
(1+ r)t

∑n
t=1

Et
(1+ r)t

(1)

Where LCOE, the average lifetime levelised cost of electricity generation; It, investment expenditures
in the year t; Mt, operations and maintenance expenditures in the year t; Ft, fuel expenditures in the
year t; Et, electricity generation in the year t; r, discount rate; n, economic life of the system.

The numerator is essentially the Life-Cycle Cost (LCC) while the denominator is the discounted
sum of energy/electricity generated over the life-cycle. Since the formula discounts both the numer-
ator as well as the denominator, we end up with an undiscounted number, a point also discussed by
Loewen (2019). If we simplify the formula and let the denominator basically become the sum of the
energy produced, then LCOE becomes more logical and basically a life-span, grand average. Never-
theless, from mathematics we know that this masks the true variation, and this is where the oppor-
tunity cost issue comes in. Indeed, Joskow (2011) is one of the early to discuss the question of
opportunity costs, and media such as The Economist (2014) picked it up later. However, there
are still many unsolved issues concerning LCOE for windfarms.

First, it is important to recognise that LCOE can be calculates in various ways. For example, for
offshore wind energy, two types of analysis are typically used (Smart et al. 2016):
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(1) A common cash flow model to explore the impact of market and policy factors on the delivered
cost of offshore wind in each country under constant assumptions about baseline technology
and site characteristics. The model used by Smart et al. (2016) is one developed by TKI (Top
consortia for Knowledge and Innovation) in The Netherlands.

(2) Bottom-up, engineering-based models (e.g. electrical infrastructure, O&M) under develop-
ment by various countries can be verified, first by exercising the models to define baseline
costs, and second, by conducting sensitivity analysis around the baseline project description
by varying technology assumptions and site characteristics relative to the baseline technology
description.

The same fundamental shortcomings persist. Hence, we need to look for new avenues to find bet-
ter approaches. Indeed, several authors have found in diverse settings such as the UK, California and
North-Western Europe that as the market share of VRE becomes large then the value drops render-
ing the LCOE useless for comparison (see Reichenberg et al. 2018; Ueckerdt et al. 2013) for more
information.

Another shortcoming is that current LCOE calculations penalise established power plants
(Stacy and Taylor 2019), and the ‘LCOE excessively penalises projects with longer expected
lives and with higher discount rates’ (Loewen 2019). This is actually found to be true in real
life also. By using the most recently available public data collected by the Federal Energy Regu-
latory Commission (FERC) in its Form 1 database to estimate LCOE-Existing, (Stacy and Taylor
2019) compare these estimates to the Department of Energy, Energy Information Adminis-
tration’s (EIA’s) most recent estimates of LCOE (New Resources), adjusted for today’s fuel prices
and capacity factors. From this they find that for all major dispatchable generation resources, the
LCOE from new plants would on average be higher than the LCOE from existing resources, see

Figure 1. LCOE from new and existing resources. Source: Stacy and Taylor (2019).
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Figure 1. Note that the data for existing solar- and wind power plants is too poor to be used,
which is why they are not included in Figure 1.

The reason for this penalty is that existing, dispatchable power plants have typically lower fixed
costs than relatively new, or new, power plants, and dispatchable power plants have longer lives than
the cost recovery period most LCOE calculations are based on. At a typical, existing power plant only
the component need be replaced if it is worn out, and not the entire plant. Such replacements can
continue indefinitely, in principle. When some of these plants have long lives after the typical 30
years used in LCOE calculations by US EIA (Stacy and Taylor 2019), the LCOE calculations do
not provide the right picture concerning existing power plants.

The International Renewable Energy Agency (IRENA) is an intergovernmental organisation that
aims at supporting countries in their transition to a sustainable energy future, but they ironically use
even shorter recovery periods; a 20-year cost recovery period (IRENA 2012). This means that their
analyses are skewed in favour of new technologies, and not longevity, and ignore the fact that a
nuclear power plant, for example, has a regulatory end of life currently defined to be 60 years, but
may be extended to 80 years.3 Similarly, hydro-electric power plants are on average 65 years old,
and the oldest in the US are from 1891 (nine small power plants at 3.9 MW in total). In Table 1
we see the entire US portfolio of power plants. As we see, 30 years is too short life-span for most
dispatchable technologies.

Basically, new technologies do not provide enough productivity gains to offset the advantage that
existing power plants have concerning lower fixed costs (Stacy and Taylor 2019).

Many have realised the shortcomings of LCOE, but not amended it. In the literature, there are two
main avenues of improving the LCOE – either refining the basic LCOE or create a System LCOE – as
discussed subsequently.

2.1. Basic improvements of LCOE

There are many ways of improving the basic LCOE. One approach is to keep the LCOE but allow for
price variations as discussed by Nissen and Harfst (2019). This will undoubtedly result is a more
accurate estimate, but the fundamental issues persist.

A second improvement is to use reference scenarios and provide a comparative LCOE analysis
(see Ebenhoch et al. 2015). This will eliminate the relative distortion as all cases are compared in
the same way with the same methodological shortcomings. However, when absolute numbers are
required this will not work. Furthermore, if the investment case is large enough to impact the market
then it will also fail because the opportunity cost is ignored as well as the life-span issues.

A third approach of improvement is to explicitly model the uncertainty, as advocated by Ioannou,
Angus, and Brennan (2017) amongst others. This is a basic requirement of any, realistic LCC
approach (Emblemsvåg 2003), so it is remarkable that LCOE analyses are even conducted without.
As Tran and Smith (2018) demonstrates, uncertainties in input data can significantly influence the
LCOE values, which will also be demonstrated later in this paper. For renewables, this situation is

Table 1. Age, number of operational years and number of power plants per energy source 2019.a

Energy source Number of power plants Operational years Average age

C gas 1935 8.7% 3,870,188 8.7% 18.9
Coal 697 3.1% 1,376,642 3.1% 43.9
CT gas 2265 10.2% 4,519,846 10.2% 23.5
Hydro-electric 4190 18.8% 8,186,234 18.4% 65.2
Nuclear 97 0.4% 192,103 0.4% 38.6
Solar 3576 16.0% 7,205,477 16.2% 4.0
Wind 1342 6.0% 2,696,650 6.1% 9.6
Other gas 1876 8.4% 3,726,579 8.4% 32.6
Other 6337 28.4% 12,634,823 28.5% 25.2
Total 22,315 100.0% 44,408,542 100.0% 28.9
aCalculated from US EIA Inventory of Operating Generators as of July 2019 found on https://www.eia.gov.
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exacerbated by both the lack of historical data and that renewable energy resources are geographi-
cally dependent (Tran and Smith 2017).

A fourth improvement is to include Power Purchase Agreements (PPA). Such agreements have
become important in the US, for example, because renewable energy is more expensive and utilities
have to buy certain amount of renewable energy according to the Renewable Portfolio Standards
(RPS). Since buyers in the PPA can create terms that limit the annual purchase of energy, they there-
fore also affect the actual LCOE. This shortcoming can be amended, and (Bruck, Sandhorn, and
Goudarzi 2018) show how.

Finally, we can take an investor’s view and assume investment positions and various ownership
stakes through different phases of the life cycle of a windfarm (see Ioannou, Angus, and Brennan
2018). They find that the most important parameters on the NPV are not related to the cost-side
of the case but to the revenue-side and the financial side. Specifically, the discounting factor, the
energy price used in the model and the energy production are the three most important parameters
overall. The latter two are a direct result of the issues discussed earlier – wind and market share. The
results in this paper supports their findings.

The problem with these approaches – even if they were combined into one improved approach –
is that the opportunity costs are ignored. One way to reduce this issue is to take a portfolio view
whereby the lack of production from one windfarm is offset by the production from another.
This makes sense not only because farm size matters, for example, Myhr et al. (2014) find that a sig-
nificant increase in the number of turbines can give approximately 10% reduction in the LCOE, but
also because many farms can have different weather conditions and a portfolio approach will reduce
the weather risk. As will be shown in Section 3, this is crucial, but difficult to achieve. Another way is
to create a Systems LCOE as discussed next.

2.2. Introducing system LCOE

An systems approach that does take a portfolio view is provided by Ueckerdt et al. (2013) as they
present a System LCOE defined as the sum of their LCOE and the integration costs per unit
VRE. Since there is no consensus on the definition of the integration cost (Milligan et al. 2011),
the authors assert that the integration costs are all additional costs in the non-VRE of the power sys-
tem when VRE are introduced, i.e. the opportunity cost as denoted in this paper. This cost is typically
decomposed into three cost components – (1) balancing costs, (2) grid costs and (3) adequacy costs,
or capacity costs. Balancing costs occur because VRE supply is uncertain. Grid costs occur as invest-
ments in transmission lines may be warranted and because the VRE output varies a lot – also
upwards so there may be congestion costs. These costs are relatively direct in nature and therefore
relatively easy to estimate and include into an opportunity cost estimate.

The adequacy costs, or capacity costs, traditionally reflect the cost of back-up capacity. This is,
however, not the full picture so (Ueckerdt et al. 2013) correctly add the overproduction costs and
full-load hour reduction costs to better reflect the adequacy costs – which they denote profile
cost. The overproduction costs arise because the VRE results in producing energy when it is not
needed due to its non-dispatchable nature, while the full-load hour reduction costs are caused by
the average utilisation of the back-up energy sources falling as VREs are introduced. This profile
cost is clearly an opportunity cost.

It should be noted that Ueckerdt et al. (2013) also discuss the flexibility costs associated with the
dynamics of ramping up and down dispatchable energy sources in response to the variability of the
VRE, but since this cost is negligible compared to the other costs (Hirst and Hild 2004), it is sensibly
ignored for simplicity. Using these definitions, Ueckerdt et al. (2013) develop a set of equations that
estimate the System LCOE. The result from their analysis is very interesting:

(1) At moderate and higher wind market shares (>20%), marginal integration costs are in the same
range as generation costs.
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(2) Integration costs significantly increases with growing market shares.
(3) The profile costs are the largest market share of the integration costs.
(4) Short-term System LCOE are larger than long-term System LCOE. This is due to capacity of

dispatchable energy sources need time to adjust, i.e. reduce to account for the introduction of
the VREs.

They also identify three integration options to reduce the System LCOE and hence reduce the
economic barrier that items 1 through 3 above result in. The first option is to adjust the capacities
in the grid to a mix with lower capital costs. The second is to increase transmission capacities – this
reduces integration costs strongly, they assert. The thirds option is to shift demand or supply in time
to better balance supply and demand something that can be achieved through storage or demand-
side management.

Building upon this, Reichenberg et al. (2018) improve the approach further by adding trade- and
storage capacities, and they study market share up to 100% – a level of market share they claim has
not been studied before. Trade is especially important for VRE technologies, and in particular wind
energy, since it enables variability smoothing (Mileva et al. 2016), and storage capacities is important
for high market share (Jägemann et al. 2013).

Not surprisingly, with these refinements Reichenberg et al. (2018) obtain somewhat different
results than (Ueckerdt et al. 2013). Noted shortcomings of the model from the authors is that (1)
some technical aspects are not accounted for, (2) the power system currently in place is not
accounted for, (3) transmission connections are limited to the necessary transmissions between
large regions ignoring what is required within those regions, (4) the time resolutions is 3 h and
not continuous and (5) the inter-annual variability of average wind speed is not accounted for. A
sixth limitation could be added – the model formulation is linear.

Nevertheless, the model is a solid attempt at modelling the integration costs, which is nowhere in
the literature well-defined (Ueckerdt et al. 2013). Furthermore, for a large electricity system such as
the European one it is not obvious how to define the integration costs of VRE (Ueckerdt et al. 2013).
With all the limitations such models inevitably will have, they find that the integration costs increase
linearly up to market share of 80% after which there is a sharp increase in the integration costs.

It is clear that the modelling of Reichenberg et al. (2018), Ueckerdt et al. (2013) require major effort
and is therefore not likely to take place in practice for most projects. However, they can serve well for
policy making and the longer term since those decision-makers are more willing to spend the time and
money for such a study. This said, there is a couple of assumptions in the modelling that is difficult to
defend, which must be rectified for their models to be worth the effort of making them.

First, they assume that trade can essentially create a diversification situation in which windfarms can
offset each other so that if one is not operational another one will be. This is difficult to argue since
high-pressure weather systems can easily affect very large geographical areas such as western Europe
and stop thousands of windfarms at the same time for days on end. With the increased volatility of the
climate, this situation is more likely to occur more frequently in the future. In the next section, it will be
shown how this assumption will fail. Second, and related to the first, storage is unlikely to handle the
enormous volatility high market share of VRE over large geographical regions can create.

3. Calculating the opportunity cost of windfarms

Somewhere between 0% market share and 100% market share of wind energy, there will be a point
where the true costs of windfarm energy start to deviate significantly from the LCOE. This is when
wind energy impacts the grid enough to keep, or lower, the energy prices to such an extent that
investments in dispatchable energy sources is being impacted. Thus, increasing market share of
wind energy will over time result not necessarily in less output of energy but in a more volatile energy
market with an increasing risk of energy shortage and a crowding-out of dispatchable energy sources
resulting in an even higher volatility. Overall, the energy system will become more costly.
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This occurs in real life where a significant amount of non-dispatchable energy resources have
been added to the grid, see Figure 2. Here we see the ‘duck curve’ created by the solar energy entering
the grid during a ‘typical spring day’ in California. Two major deviations from the average have been
highlighted, which illustrates the amount of variation we are talking about.

The cost of this ‘duck curve’ is substantial. Even with a market share as low as 1%–12%, the costs
(imposed cost because it is due to Solar PV energy) fall in the range of 20–26 USD/MWh (Stacy and
Taylor 2019), which compared to the LCOE in Figure 1 is roughly a 25% increase. This finding seems
highly at odds with the doubling of the LCOE of non-dispatchable energy resources reported in the
literature, see e.g. Reichenberg et al. (2018), as their market shares approach 100%.

Another example is the volatility in the German energy market, see Figure 3. The German VRE
production was record-high in the first half of 2019 with a market share of 44% as stormy weather
boosted wind power production on land and at sea, the utility association BDEW said.4 However, the

Figure 2. The duck curve; typical load per the hour of a typical spring day in California in the 2010s. Source: CAISO (2016).

Figure 3. 9 months daily production of renewable energy in Germany. Source: www.fraunhofer.de.
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daily fluctuations are enormous as Figure 3 shows. This is currently handled by trade, but what if all
of Europe relied on wind energy?

With just 13.6% of electricity in Europe being traded among countries (Batalla-Bejerano, Pania-
gua, and Trujillo-Baute 2019), a solution like this would not only require enormous investments in
transmission capacity, but also major changes in regulatory work in all the impacted countries. It will
also have major political consequences since this will result in price changes in various countries,
production capacities and ultimately employment. This comes as a result from the finding that ‘
… 1% increase in the exporter’s electricity price reduces energy trade by an average of 0.7%, whereas
a similar increase in the importer’s electricity price increases energy trade by an average of almost
1%’ (Batalla-Bejerano, Paniagua, and Trujillo-Baute 2019). Overall, this seems to be a farfetched sol-
ution for decades to come even if it makes sense concerning the weather conditions.

To address this, we should ideally build a model of the grid, including all major energy generators,
model the uncertainties in supply and demand, and estimate their impacts on prices and investments
over decades. Naturally, as USDE (2015) also points out, this will vary significantly from area to area
requiring detailed modelling. Such modelling would be a major undertaking far outside the scope of
this paper, and it is to the knowledge of this author not undertaken by anybody so far. The impact on
the LCOE will significant.

This paper therefore operates at a more conceptual level, and it aims to take an entirely different
route than so far chosen in the literature as far as this author is aware. The approach is to model the
LCOE of guaranteeing a certain nameplate output in total, and then run a simulation to assess the
impact of the variations. In a sense, this approach includes trading explicitly into the model instead
of assuming that it will fix itself. However, neither the costs of trading nor the required grid system is
included. As such, the model is still a basic LCOE model similar to the ones discussed in Section 2.1.
This means that the cost estimates will be understated to the true costs, i.e. the model is conservative.
The US market is chosen due to the good data availability.

3.1. Capacity and windfarms

The vision of USDE (2015) is to increase wind as a source of electricity up to 35% in 2050. This
means that they view wind energy as an addition to the current main sources, and not as a replace-
ment of all fossil fuel sources since they foresee growth in energy demand. This seems to be sensible
policy, and we can without further delay also conclude concerning RQ 1 that there are circumstances
where LCOE does provide a sufficiently correct picture to be useful, and that is when the impact on
the overall energy supply in the grid is negligible. This occurs in two possible cases. First, when VRE
mostly provides auxiliary energy for example by providing energy for an industrial plant that has
other energy solutions itself when wind energy is not available. Examples include the Nyhamna
gas processing plant in Norway that wants to use a 350 MW offshore windfarm to boost power
supply security (see Karagiannopoulos 2018).

Second, when VRE has negligible market share in the grid that it impacts neither energy prices
nor the investment appetite (as it relates to price levels) concerning non-VRE energy sources. Several
authors have found that when the market share of VRE becomes large the value drops (see Reich-
enberg et al. 2018; Ueckerdt et al. 2013) for more information. Understanding the market in each
case is therefore important and to utilise various technologies to minimise the impact of the output
variations from windfarms – specific cases require specific solutions.

The US electricity sector in 2019 was structured as shown in Table 3 with the respective LCOE
from 2018. If we include Hydro-electric as a dispatchable energy source, the weighted average is
59.64 USD/MWh. We see that wind has a modest market share, but it is rising. The US EIA
(2017) estimates that electricity use (sales plus direct use) will grow at an average of less than 1%
per year to 2050. Since this change is slow and modest, it is no doubt that more competitive wind
energy will result in lower prices, which in turn will result in less willingness to invest in other sources
of energy which means that the structure of the energy market will change over time. In fact, about
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83 GW of coal- and nuclear generation capacity have retired since 2011.5 The risk of energy
shortages will therefore increase. The question is, how much volatility can wind energy bring into
the energy market? It is beyond the scope of this paper to calculate this, but a simple illustration
is provided later.

Another key parameter is the Power Capacity Factors (PCF). The improvements in technology
and improved locations have given major improvements in PCF. The global weighted average
PCF for onshore wind increased from around 20% in 1983 to around 29% in 2017 (a 45%
improvement). Whereas the global the weighted average PCF for offshore wind increased even
more (56%) from an even higher starting-point (IRENA 2018). Both onshore- and offshore wind-
farms have today about 42%–43% PCF on average but with large variations depending on
location. For the purpose of this paper, 43% is used. Note that the nominal PCF can be well
over 50%, but due to several types of losses it ends up about 10 percentage points lower (see
Myhr et al. 2014).

A simple Monte Carlo simulation model is provided in Table 2 where the effects are calculated
on a monthly basis for a windfarm for any given year, and they are calculated independently for
all four farms (hence, four identical lines in the deterministic case). This is tantamount to assum-
ing that the weather systems are random/independent towards these windfarms, which is an ideal
case. Furthermore, the simulation should ideally have been on continuous basis, or at least hourly,
but the data are missing for that purpose. The fact that a windfarm only produces energy 43% of
the time globally, i.e. an Expected Capacity Factor (ECF) of 43%, and that historical Net Capacity
Factors (NCF) have varied from about 25% to 55% for onshore windfarms and 32% to 55% for
offshore windfarms in the US (Stehly, Heimiller, and Scott 2017), have huge impact on the oppor-
tunity costs.

The output coefficient in the model is the ratio between the number of hours with production per
month compared to the total number of hours per month, i.e. 730 on average. So, a coefficient less
than 1.00 means energy shortage. The maximum value indicates the best monthly ratio and the mini-
mum value the lowest monthly ratio of the same windfarms. From Table 2 we see that determinis-
tically speaking there is no difference. We also see that the four windfarms produce on average the
output equivalent to 1.72 windfarms. In other words, four windfarms would have to trade between
themselves to guarantee the output of less than 2. Furthermore, due to the weather conditions, these
windfarms must be located far apart so that we can assume that the weather conditions are random
towards each other.

Then we include uncertainty into the model. Triangular uncertainty distributions are used where
NCF varies from 25% to 55% with an ECF of 43%. The model is subsequently run 50,000 times, and
the results are shown in Figure 4.

Table 2. Simple Monte Carlo capacity simulation model on monthly basis.

Wind-
farm

Year
hours

ECF
Jan

ECF
Feb

ECF
Mar

ECF
Apr

ECF
May

ECF
Jun

ECF
Jul

ECF
Aug

ECF
Sep

ECF
Oct

ECF
Nov

ECF
Dec

1 8760 43% 43% 43% 43% 43% 43% 43% 43% 43% 43% 43% 43%
2 8760 43% 43% 43% 43% 43% 43% 43% 43% 43% 43% 43% 43%
3 8760 43% 43% 43% 43% 43% 43% 43% 43% 43% 43% 43% 43%
4 8760 43% 43% 43% 43% 43% 43% 43% 43% 43% 43% 43% 43%
Sum Monthly average 730
Output coefficient Min 1.72 Max 1.72

Wind-
farm

Total
hours

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

1 3767 314 314 314 314 314 314 314 314 314 314 314 314
2 3767 314 314 314 314 314 314 314 314 314 314 314 314
3 3767 314 314 314 314 314 314 314 314 314 314 314 314
4 3767 314 314 314 314 314 314 314 314 314 314 314 314
Sum 15,067 1256 1256 1256 1256 1256 1256 1256 1256 1256 1256 1256 1256
Output coefficient 1.72 1.72 1.72 1.72 1.72 1.72 1.72 1.72 1.72 1.72 1.72 1.72
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Surprisingly, perhaps, from the overlay chart to the left we find that we need four windfarms to
guarantee the nominal (nameplate) output of one windfarm even under the assumption that the
weather is not correlated. If we have only three windfarms, we see from the overlay chart to the
right that there will be blackouts. More accurate analysis of the model reveals that with three wind-
farms there is 20% probability of blackouts. Trade is the solution to this according to many (see e.g.
Mileva et al. 2016), but if large enough areas have high enough market share of wind and they are all
being impacted by the same weather pattern, this problem is not going away as discussed earlier con-
cerning trade in Europe.

Almost equally bad for the volatility of the energy prices, and hence investment appetite for other
sources of energy, is that the production of energy will become 60% above nominal output. In short,
three windfarms – each with a nominal output effect of 300 MWh – will produce anywhere from 0 to
480 MWh at random out of which 20% of the time the production is 0. From this we understand that

Figure 4. Ratio of actual production output to full-time nominal output for three and four windfarms assuming uncorrelated
weather.
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as windfarms constitute an even larger portion of the energy supply of a country, the more volatile
the prices will become and the duck curve in Figure 2 is instructive as is the situation in Germany
shown in Figure 3.

We have so far only analysed the capacity aspect of windfarms. To understand what this means in
economic terms, we need more information and this is discussed next.

3.2. The costs of windfarms

To build a simple model using publicly available information, we need installation costs, Operations
& Maintenance (O&M) costs, life-span estimates, discounting factors, inflation estimates in addition
to the capacity model just discussed. For simplicity, all other costs are ignored because they are very
case specific, such as local grid costs, the distribution/transmission costs, the costs of frequency man-
agement, which is challenging with non-dispatchable energy resources (CAISO 2016), special
environmental costs and more. These costs may also be partially included in the publicly available
numbers. Thus, omitting them is best to avoid double-counting.

Since wind is a relatively new energy source the widest possible database is important for the
model, and this is the IRENA (2018) database, which covers 85% of all onshore installations from
1983-2016. The fall of estimated global weighted average in total installed cost of onshore wind
farms between 1983 and 2017 was 70%, as installation costs fell from USD 4880 to USD 1477 per
kW. In our model, onshore costs of 1477 USD/kW are used. Since there is a significant spread,
including uncertainty is crucial. Note that offshore windfarms are more expensive due to larger foun-
dations, demanding location and more difficult grid connections (IRENA 2018). However, on aver-
age, offshore wind projects harvest more energy than onshore wind projects, notably in Europe, due
to the better availability of wind resources, less turbulence and overall steadier winds. This has led to
windfarms being placed further and further off shore with the result that the global weighted average
installed costs increased by 4%, up from 4430 to 4487 USD/kW between 2010 and 2016 (IRENA
2018). However, despite technological improvements and greater output, offshore wind still consti-
tutes a small portion of today’s global capacity. Offshore wind was 14 GW at the end of 2016, or just
3% of total installed wind capacity.

Concerning the O&M costs, MAKE Consulting (2017) finds that they ranged from 16 to 37 per
USD per kW per year in 2016 in the United States, while the weighted average was 27 USD per kW
per year. In our simple model, we therefore use 27 USD per kW per year. It should be noted that
O&M costs are also higher for offshore wind because of the complexity of servicing offshore wind
turbines due to the more challenging location requiring service ships, for example.

The opportunity cost can be readily estimated by using the LCOE of dispatchable energy sources
with the assumption that we are ignoring the long-term effects of less investments and less capacity.
We thereby ignore the crowding-out effect that the windfarms have on dispatchable energy sources
due to the duck curve effect and its deepening. Since the dispatchable energy sources must exist to
guarantee the energy output, we can calculate the weighted average LCOE for dispatchable energy
sources in Table 3, which is 59.64 USD/MWh, and use that to calculate the opportunity cost. The
model is therefore only capturing a given year, i.e. in the 2015–2019 range. Furthermore, the
model is extrapolating the current situation into the future. This is simplistic, but sufficient to
prove the point that the Total LCOE is much higher than most believe, and that the current calcu-
lation approach is highly distorted.

The resulting model is presented in Table 4, where the LCOE is calculated using Equation (1). The
uncertainty is modelled as triangular distributions with the min-, average- and max values from US
EIA (2019) except for the inflation, which is distributed as a normal distribution with an expected
value of 2.5% and a standard deviation of 0.25%, and a discounting factor6 of 10% with 1% standard
deviation. On average, these four windfarms will have an effect of 602 MW, or 5274 GWh/year.

The development for onshore windfarms can be tracked for longer due to better data availability,
which is why this paper uses onshore windfarms as case, and the global weighted average LCOE
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declined from USD 0.40/kWh in 1983 to USD 0.06/kWh in 2017, an 85% decline, but there are large
variances depending on country and locations, see Figure 5. The results from this simple model is
slightly lower – 0.05 USD/KWh. This is probably due to the fact that this model is presenting a rela-
tively ideal case. In comparison, the global weighted average LCOE of offshore wind, which from
2010 to 2016 decreased from USD 0.17 to USD 0.14/kWh despite total installed costs increased
by 8% during this period (IRENA 2018).

Furthermore, it might be surprising to find that the LCOE for the opportunity cost, i.e. the dis-
patchable energy sources in Table 4, is higher than in Table 3. This is due to the effect that the four
windfarms create less guaranteed output than 50% of the nominal/nameplate output. Hence, we
need the effect of 2.18 opportunity energy sources to guarantee the output from the 1.72 windfarms
that will always be producing energy. Vice versa, if the windfarm produced energy more than 50% of
the time, then the opportunity LCOE would be lower than in Table 3. However, this is deterministic
numbers.

To find out how uncertainty impacts we run a Monte Carlo simulation of the model. The results
are shown in Figure 6. We see that the LCOE for the windfarm itself is as expected, with a mean of
58 USD/MWh, but the problem comes as soon as the output is going to be guaranteed. This gives a
large opportunity LCOE, where the mean value is 93 USD/MWh, for the back-up dispatchable
energy sources and hence and even larger Total LCOE of 151 USD/MWh, or almost three times
the LCOE. This is under the ideal case of the windfarms having independent wind patterns. If the
wind patterns are highly correlated, the result will be even worse.

As we can see, this is substantially higher than many in the literature who report of doubling the
LCOE when the integration costs are included. For example, Reichenberg et al. (2018) estimate that
the LCOE for the entire system, which is similar to Total LCOE in this model, increases from roughly
40 EUR/MWh, or close to 50 USD/MWh, at zero market share to roughly 80 EUR/MWh, or close to
100 USD/MWh, at 99%market share. Many studies stop at 40%market share, such as Ueckerdt et al.
(2013). They estimate a system LCOE of approximately 105 EUR/MWh, or roughly 130 USD/MWh.

This differences in result is due to some key factors of the modelling. First, they build a model
and try to estimate the integration costs bottom-up. They assume that trade, or essentially a

Table 3. US market share by capacitya and LCOE.b

Electricity sources Market share by nameplate capacity LCOE [USD/MWh]

CC gas 25.4% 46.30
Coal 21.3% 58.60
CT gas 12.8% 89.30
Hydro-electric 8.5% 39.10
Nuclear 8.6% 77.50
Solar 2.8%
Wind 8.3%
Other gas 7.4%
Other 4.9%
Sum 100.0%
aMarket share are calculated from US EIA Inventory of Operating Generators as of July 2019 found on https://www.eia.gov.
bCalculated by Stacy and Taylor (2019) using numbers from US EIA.

Table 4. Estimating the LCOE of four onshore windfarms using 30 years life-span.

Wind-
farm

Nominal
effect
[MW]

Expected
energy

produced
[MWh/year]

Installation
costs

[MUSD]
Depreciation
[MUSD/year]

O&M
costs

[MUSD/
year]

Total
costs

[MUSD/
year]

LCOE
[USD/
MWh]

Opportunity
LCOE [USD/

MWh]

Total
LCOE
[USD/
MWh]

1 350 1,318,380 517.0 17.2 9.5 26.7 46.7 79.1 125.8
2 350 1,318,380 517.0 17.2 9.5 26.7 46.7 79.1 125.8
3 350 1,318,380 517.0 17.2 9.5 26.7 46.7 79.1 125.8
4 350 1,318,380 517.0 17.2 9.5 26.7 46.7 79.1 125.8
Sum 1400 5,273,520 2,067.8 68.9 37.8 106.7 46.7 79.1 125.8
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portfolio approach, will offset the non-dispatchable nature of wind. The simple model in this
paper avoids the complexities of bottom-up and rather try to estimate how much back-up capacity
is required to guarantee a certain nameplate output, and what the cost is. The weaknesses of this
simple model are obvious compared to the more refined models of Reichenberg et al. (2018),
Ueckerdt et al. (2013) – it is crude, simplistic and many costs are ignored or implicitly handled
through the public information. The cost of trade is also ignored. This means that the opportunity
cost is probably overstated in the short term, but as the crowding-out of dispatchable energy
sources picks up, the opportunity costs will grow substantially and probably end up somewhere
of what this model estimates.

Figure 5. Regional weighted average LCOE and ranges of onshore wind, 2010–2016. Source: IRENA (2018).

Figure 6. LCOE for the four windfarms, the LCOE of the Opportunity (back-up, dispatchable energy sources) and the Total LCOE for
all four windfarms.
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However, this simple model has one indispensable advantage – it does not assume that a portfolio
of windfarms can offset the fact that a windfarm produce energy less than half the time. Therefore,
this simple model illustrates a crucial point that seems to be either ignored or forgotten in the debate
surrounding windfarms – as soon as we promise a certain contribution to the grid, there is a large
opportunity cost. This cost will increase through the duck curve over time.

There is one more advantage of the model presented here, it can be adjusted so that the life-span
of the energy sources become the same. From Table 1 we see that 20 and 30 years are too short cost
recovery periods/life-span. The fact is that if we extend the life-span to 60 years, for example, a wind-
farm will have to be reinvested twice. To illustrate the effect on the LCOE, we assume for simplicity
that after 30 years the windfarm must be replaced by a new one. There is technological development
over 30 years both in costs and performance, but since onshore windfarms are relatively mature tech-
nologies it is unlikely to be substantial. Indeed, after 2004 the installed cost of wind increased steadily
with data for 2010 and 2011 suggesting a plateau in prices may have been reached (IRENA 2012).

The result is shown in Table 5, and we see that the LCOE for the windfarm increase as expected.
The Total LCOE after 60 years is approximately as with the 30-year outlook in Table 4 – a result that
does not alter itself by the introduction of uncertainty. This is because the relatively heavy discount-
ing in the model (10%) and that the main driver for the LCOE is the installation costs and the PCF.
This is exactly why the existing dispatchable power plants are so heavily penalised, as discussed
earlier.

Windfarms can therefore best serve as additional source of energy to specific energy consumers,
and not as a general contributor to the grid. Given that the literature significantly underestimates the
opportunity costs, as argued above, the level of 40% market share as suggested by many in the lit-
erature seems to be much too high because of the volatility wind energy creates in the market.

This will have major long-term repercussions for the energy market due to the crowding-out. This
evident from analysing the data for the period 2003–2015, as Burke and Abayasekara (2017) have
done. They conclude that the long-run price elasticity of electricity demand in the US is around –
1 for residences, between –0.3 and –0.6 for the commercial sector, –1.2 or larger for industry, and
around –1 in total (10 percentage points increase results in a 10% drop in price). Their model is
capable of explaining 98% of the variation in log electricity sales across US states, which is very
good and it is mostly due to population development and average energy prices.

The population variable is a proxy for economic development since it has been known for decades
that energy is one of the driving forces in socio-economic development (see Olsson 1994). Since the
US EIA (2017) estimates that electricity use (sales plus direct use) will grow at an average of less than
1% per year to 2050, it is the average energy price in the market that will introduce most of the price
impact. Thus, price volatility will not only introduce commercial risks for the customers, but it will
render investments in dispatchable energy sources more uncertain than today as discussed earlier.

In turn, this will increase the LCOE for the dispatchable energy sources and hence the Opportu-
nity LCOE for the windfarms as well. Naturally, this problem will grow as the market share of wind
energy increases as many notes in the literature. In effect, the overall cost of the energy system will
increase as the market share of non-dispatchable energy sources unless an economically viable way of
storing the surplus energy they create is found.

Table 5. Estimating the LCOE for four onshore windfarms using 60 years life-span.

Wind-
farm

Nominal
effect
[MW]

Expected
energy

produced
[MWh/year]

Installation
costs

[MUSD]
Depreciation
[MUSD/year]

O&M
costs

[MUSD/
year]

Total
costs

[MUSD/
year]

LCOE
[USD/
MWh]

Opportunity
LCOE [USD/

MWh]

Total
LCOE
[USD/
MWh]

1 350 1,318,380 517.0 17.2 9.5 26.7 49.7 79.1 128.7
2 350 1,318,380 517.0 17.2 9.5 26.7 49.7 79.1 128.7
3 350 1,318,380 517.0 17.2 9.5 26.7 49.7 79.1 128.7
4 350 1,318,380 517.0 17.2 9.5 26.7 49.7 79.1 128.7
Sum 1400 5,273,520 2,067.8 68.9 37.8 106.7 49.7 79.1 128.7
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In Section 4, a critical review of the research is provided, but next we must briefly discuss an inter-
esting case in more details because it pinpoints and supports the issues discussed in this paper.

3.3. What can we learn from sustainable energy efforts in remote locations?

The El Hierro Island sustainable energy system case ‘embodies the first major Megawatt-level energy
project by linking energy storage systems with wind power generation using water storage delivered
by the pumping system between two artificial lakes’ (Godina et al. 2015). In Frydrychowicz-Jastr-
zebska (2018), a thorough review is presented, along with many more cases, and the general
finding is that

Studies have demonstrated that in the majority of locations, the achievement of the full energy self-sufficiency is
an unrealistic purpose; the average annual percentage of renewable energy sources in the energy balance is esti-
mated at the level between 30 and 80%.

The El Hierro Island case is no exception although significant improvements were made over the old
energy system that relied solely on diesel generators, and the estimated share of renewable energy is
up to 75% (Godina et al. 2015).

This occurs despite the advantageous topography of the island guarantees high wind levels of
7.24–8.42 m/s, and the La Caldera crater is a natural (upper) reservoir of the hydro-electric power
plant located at 700 metres above sea level and can take 380,000 m³ of water.7 So, why did it happen?
First, there were some obvious mismatch between the water reservoir’s capacity and the wind tur-
bines’ energy production efficiency. This results in the necessity to limit the wind farm capacity to
ensure grid stability and hence requires supplementation of energy from the diesel generator (Fry-
drychowicz-Jastrzebska 2018). Furthermore, the design criteria were that the hydroelectric system
should be able to run for a maximum of 48 h when there was no wind. Overall the result was
that the cost of electricity became high due to the complexity of the system. The electricity costs
3.5 times more than on continental Spain, and the VRE share of the total production in 2016 was
40.7%, in 2017, the best results were obtained in July, namely 79.4% and the average share in the
first half of 2018 was 59.67% (Frydrychowicz-Jastrzebska 2018). This is very good results, but
they came at a cost.

Since the island is small, any amounts of windmills will have similar wind conditions. The port-
folio thinking will therefore not work, and the island is therefore reliant on a way to store the energy
and for this purpose the hydro-electric, pump storage solution is innovative and good. This therefore
boils down to risk and costs; the larger the water reservoirs, the more wind energy available to pump
the water back, the better, but this comes at a cost. As shown in this paper, it is crucial to take into
account the randomness of the wind and the uncertainty in the energy demand. This can be used to
calculate the reservoir sizes. This was probably done, but due to constrained financial resources the
reservoir was too little and the number of windmills was too little to fill up the upper reservoir fast
enough.

Could 100% be achieved? Certainly, but the LCOE for the entire system would be very high,
because the system had to handle natural variations with a safety buffer to avoid blackouts. For
the pumping storage to be cost effective, it would therefore have to be large enough to fill an even
larger reservoir. The windfarm would have to be dimensioned for even larger consumption. Unfor-
tunately, a pumping storage can only work where the topography is beneficial such as in mountai-
nous landscape so it would only work in special cases. In this case, the La Caldera crater has the
necessary elevation above sea, but it is too small to handle the combination of the random variation
in the weather and the demand.

If we translate this to a European level, the task would be even more daunting. Recall that only
13.6% of electricity in Europe is traded among countries (Batalla-Bejerano, Paniagua, and Tru-
jillo-Baute 2019). As noted earlier, a solution like this would not only require enormous investments
in transmission capacity, but also major changes in regulatory work in all the impacted countries.
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The policy implications are clear. An energy system built solely on VRE, including hybrid systems
where a pumped storage hydroelectric power plant serves as battery, will either be very expensive
and/or run the risk of blackouts unless there are dispatchable energy sources. Due to the randomness
of the wind, windfarms seem to be particularly problematic as source because the more randomness,
the more buffering and the higher the costs. Solar energy would probably have worked better. How-
ever, also in such a setup, there are extra risks and -costs as the situation in California discussed ear-
lier shows.

4. Discussion of research

This research was conducted using publicly available information, in particular US numbers from US
EIA databases and the IRENA (2018) database. This introduces risks to the accuracy since various
studies have various assumptions and are therefore not fully comparable, and public domain infor-
mation is found to be unreliable (Ederer 2015). This is particularly true as the LCOE is the only com-
mon thread through the statistics and this approach has its weaknesses as discussed earlier. Along the
same token, simplifications had to be made.

However, exactly because the numbers used in the example are from a large economy, and
location-specific costs are ignored, the paper gives basis for conceptual discussions, which is the pur-
pose. The modelling of the uncertainty, and simulation through Monte Carlo methods, reduce the
aforementioned shortcomings since the uncertainty is larger than the loss of accuracy. Indeed, the
introduction of Monte Carlo methods is an advantage in that a huge amount of model parameter
variations (50,000) can be assessed.

The results are clear. Regardless of how we look at it, it will take at least four identical windfarms
to guarantee the output of one under ideal/random weather conditions. Without providing any real
statistics, the literature assumes that this can be solved by trade. With weather patterns being capable
of impacting large geographical areas, and with increasing frequency as climate becomes more vola-
tile – this seems an imprudent assumption. Furthermore, the assumption leads to a large underes-
timation of the true opportunity costs. The duck curve effects are essentially ignored – particularly its
long-term effects.

The results also demonstrate the opportunity costs concerning windfarms and compared to the
literature, it seems safe to suggest that the literature underestimates these costs significantly. Unfor-
tunately, this simple model is incapable of dynamically modelling the log-term price impacts of
increased market share of wind energy into the grid, as well as the trading- and grid costs themselves.
Due to the large production variations of wind energy, this could have significant effects and
obviously in negative direction.

This simple model did offer some limited insights into what a 60-year life-span would look like,
and the importance of calculating the LCOE for the correct life-span for various technologies. When
comparing the LCOE for different energy sources, it is crucial to compare the same life-span also
because otherwise the investment perspective is skewed in favour of new technologies whereas the
reality is probably the opposite as shown in Figure 1.

In the future, it would be desirable to study concrete examples of how grid-integration is achieved
in specific locations with a major penetration of wind energy. This would allow more accurate mod-
elling that provided here and hence also better policy support.

5. Closure and future work

While the research has clear shortcomings as discussed earlier, the overall picture of windfarms in
terms of economics is clear. Windfarms can undoubtedly serve as additional source of in specific
circumstances. However, there are significant opportunity costs that can change a decision comple-
tely – particularly as the market share of wind energy approaches a level where the volatility of the
energy production significantly impacts the energy market through overproduction and lack of
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production. In turn, this will reduce the investments of dispatchable energy sources and create a
more volatile energy system with cost spikes and increasing probability of blackouts.

Future work concerning the economics of windfarms should therefore revolve around properly
calculating the Total LCOE for individual windfarms project under more realistic assumptions
than done so far. Otherwise, we may end up investing into a technology that never had the potential
of becoming a trustworthy source of energy except in special cases.

The policy implications are that an energy system consisting solely on VRE sources will either be
very costly or run major risks of blackouts. Policy should therefore revolve around finding a good
balance between VRE- and non-VRE sources where the variations of the different non-VRE sources
and the energy demand itself must be taken into account properly.

Notes

1. Some use Levelized Cost of Energy and others use Levelized Cost of Electricity.
2. Sometimes also referred to as ‘alternative cost’.
3. See U.S. Nuclear Regulatory Commission, Status of Subsequent License Renewal Applications, see www.nrc.

gov/reactors/operating/licensing/renewal/subsequent-license-renewal.html.
4. Reported in https://www.cleanenergywire.org/news/renewables-hit-record-germany-h1-2019-outlook-uncertain.
5. Calculated based on data from https://www.eia.gov/electricity/data/eia860m/.
6. A good discounting factor is the Weighted Average Cost of Capital (WACC). In this simple case, we merely

assume 10%, which is a relatively common discounting rate in real life. The WACC is often not far from 10%.
7. See Gorona del Viento at www.goronadelviento.es for details about the island (accessed on 20 November 2017).
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