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Abstract: The mass introduction of variable renewable energies, including wind and solar photo-

voltaic, leads to additional costs caused by the intermittency. Many recent studies have addressed

these “integration costs,” and proposed novel metrics that replace the traditional metric known

as the levelized cost of electricity (LCOE). However, the policy relevance of those metrics remains

unclear. In this study, the author investigates and re-defines the concept of system LCOE, referring to

prior studies, and proposes concrete methods to estimate them. Average system LCOE allocates the

integration cost to each power source, dividing that by the adjusted power output. Marginal system

LCOE revises the concept of system LCOE and value-adjusted LCOE proposed by prior studies, to

be clearer and more policy-relevant. These metrics are also applied to Japan’s power sector in 2050,

suggesting the necessity of aiming for a “well-balanced energy mix” in future power systems with

decarbonised power sources.

Keywords: levelized cost of electricity; system LCOE; variable renewable energy; power generation

cost; wind power; solar power

1. Introduction

1.1. Mass Introdcution of Variable Renewable Energies and Associated Challenges

With the increasing influence of anthropogenic greenhouse gas (GHG) emissions on
global climate change, the urgent necessity of reducing them has also become indisputable
in recent years. According to a report published by the Intergovernmental Panel on Climate
Change (2018) [1], limiting global warming above pre-industrial levels to 1.5 ◦C with no or
limited overshoot, and to below 2 ◦C, would require global carbon dioxide (CO2) emissions
to reach net zero levels by around 2050 and 2075, respectively. As the currently pledged
national plans for GHG emission reductions, called Nationally Determined Contributions,
are not sufficient to meet these reduction targets [2], stringent efforts for mitigating climate
change would be essential in the long term. Under such circumstances, the introduction of
variable renewable energies (VRE), such as wind and solar power, is experiencing rapid
progression, which has also boosted future targets for VRE expansion [3].

After the Russian invasion of Ukraine in February 2022, the situation regarding energy
systems changed drastically. Soaring energy prices reminded people once again of the
importance of a stable supply of fossil fuels and energy security. However, even in the
midst of this energy crisis, movements towards addressing climate change never stopped.
Rather, European nations are struggling to shift away from fossil fuels in the long run,
which would lead to a massive introduction of alternative energies. From this perspective,
we could expect a rapid progression of the diffusion of renewable energies, even after the
current chaotic situation.

The challenges facing a high penetration of VRE are usually proposed with reference
to the “integration cost.” This should include, at least conceptually, all the costs and benefits
related to the large-scale introduction of VRE, such as the costs of environmental and
ecological destruction by the massive construction of windmills and solar farms, and the
benefits for energy security with reduced use of fossil fuels. Although there are continuous
efforts to estimate the “full cost of electricity provision” in this sense [4], it is usually difficult
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to monetize all the costs and benefits, and even when it is possible, the estimated costs bear
significant uncertainties. Nonetheless, as assessing only the costs that can be estimated
clearly in monetized terms is still useful and policy-relevant, many studies address this
important issue.

Although there have been many studies addressing this issue, as shown later, most of
them calculate the integration costs for the power system with high or low VRE penetration,
but not for each technology. However, policymaking does require the estimation of power
generation cost by technology. Traditionally, the economics of the power sector have been
assessed using a metric known as the levelized cost of electricity (LCOE) [5], which repre-
sents unit power generation cost by technology. It calculates the net present value of all the
lifecycle costs related to a certain technology, from plant construction to decommissioning
and waste disposal, as a cost per unit of power generation. LCOE has proven to be a
powerful metric with strong and consistent theoretical backgrounds [6], although several
studies have been attempted to modify it in accordance with real energy markets [7,8].
One could understand this as a linear approximation of the changes in the total cost of
the power system caused by the substitution of power sources. Note that because of this
linearity, traditional LCOE can be regarded as representing both the “marginal” and the
“average” cost of a specific technology at the same time.

In contrast, the integration cost described above usually refers to the nonlinear rela-
tionship between the penetration of VRE and the total system cost. The required volume of
power storage systems, for example, does not increase proportionally to VRE penetration;
while it is almost negligible with low penetration levels, it increases nonlinearly with
increasing demand for balancing the intermittency of VRE. Although the cost structure of
storage systems can be assessed with a similar metric known, such as the levelized cost of
storage (LCOS) [9] or annualized life cycle cost of storage (LCCOS) [10], it cannot capture
the nonlinearity related to the substitution of power sources under a high penetration of
VRE. This suggests that the economic analyses of future power systems would require
novel metrics that represent the nonlinear nature of the integration cost, which remains
beyond the scope of traditional analyses using LCOE or LCOS.

Investigating the nonlinear nature of power generation should also be useful from
the perspective of energy system modeling. For example, calculations using large-scale
mathematical models, such as integrated assessment models (IAM), usually do not in-
corporate detailed representations of the power sector; however, they do employ some
simplification. Some studies exploit a method that uses residual load duration curves
(RLDCs) to calculate integration cost [11,12]. As this method estimates a part of the profile
costs with high penetration of VRE, other integration costs, such as balancing costs, grid
costs, and storage costs, cannot be estimated simply, although it may be possible to consider
some of these cost components by linking the model with another one [13]. Given that the
changes in the economics of the power sector caused by VRE can exert significant influence
on the estimation of future GHG reduction targets of a country, or of the whole world,
it should be of great importance to establish new metrics “beyond LCOE,” to provide a
simple representation of the nonlinear changes in the power sector.

In view of these situations, several new metrics have been proposed in the literature,
such as value-adjusted LCOE (VALCOE) by the International Energy Agency (IEA) [14,15]
and system LCOE by Hirth et al. (2016) [16], as shown later, although we should note that
they do not always have very clear definitions [17], and the relationships between them
can be ambiguous. Referring to these prior works, in the previous work [18], the author
attempted to propose two metrics named relative marginal system LCOE and average
system LCOE, to address these questions. However, the previous work had the following
unsolved issues: First, the metrics proposed were not presented with exact mathematical
formulations. For example, relative marginal system LCOE presented in the study may
not be defined uniquely, at least as it is. Moreover, although the metrics were defined as a
function of variables representing power generation of each technology, we could argue
that they should also be dependent on other factors, such as the type of policies to achieve
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high shares of VRE, because electricity prices, or “values” of power generation, should
be dependent on the type of policies, and the “values” in turn should affect the economic
feasibility of power generating technologies. These issues were not addressed in the
previous paper. Second, while we can compare the relative costs of different technologies in
one region using relative marginal system LCOE, this metric cannot present a comparison
between the costs of power generating technologies in different regions. To do this, we
would need another metric that is designed more elaborately. Third, the previous paper
tried to show that with high shares of VRE, their relative marginal system LCOE soar, which
leads to deteriorating cost competitiveness. However, as actual policies in many countries
aim to mitigate the negative impacts of high VRE shares by enhancing the flexibility
of power demand, using such advanced technologies as vehicle to grid (VtoG), simple
calculation of the metrics may not contribute to realistic policy making. Fourth, although
relative marginal system LCOE presented in the paper was a metric quite similar to system
LCOE presented by Hirth et al. (2016) [16], the difference between the two metrics has
never been discussed in detail.

Under these circumstances, in this article, the author identified the following research
questions: Considering all the situations, how should metrics “beyond LCOE” designed?
How should they be applied to real energy systems, and what policy recommendations do
they imply? As answering these questions is important from policy perspectives, as well
as from an academic viewpoint, the author has been engaged in studies in this field, and
accordingly refined the analysis in this article. Specifically, he revisited the concepts of the
metrics with full mathematical formulations and presented a discussion proposing another
metric called marginal system LCOE. He then illustrated these concepts and methods using
a simple linear programming (LP) model assuming two power generating technologies,
also applying them to a real system, namely Japan’s decarbonized power sector in 2050,
following previous works [19,20].

The study was conducted with the following research hypotheses: First, although the
various metrices presented in past studies are policy relevant to a certain extent, there is
supposed to be some confusion and misunderstanding. Thus, elucidating the mathematical
background and formulation should contribute greatly to academic and practical values.
Second, specific policy measures to enhance demand flexibilities are supposed to mitigate
cost hikes associated with a high penetration of VRE. Through quantitative analyses, we
should be able to measure the usefulness of those measures.

The relevance of system LCOE in actual policymaking is obvious. For example, the
Japanese government revises its estimation of LCOE of various technologies once in nearly
five years. In the latest publication [21], it presented the results of tentative calculation of
relative marginal system LCOE for five technologies (coal, natural gas, nuclear, solar PV,
and onshore wind) for the year 2030, referring to the author’s previous work [18]. Moreover,
the Japanese government has been engaged in the assessment of decarbonization pathways
through quantitative analyses using mathematical models that take into account those
metrics, as well as traditional LCOE and integration costs. Likewise, the UK government
presented “enhanced levelized costs” for five technologies (natural gas, natural gas with
CCS, solar PV, onshore wind, and offshore wind), resembling relative marginal system
LCOE [22]. As such, the estimation of marginal costs of power generation has been regarded
as useful for policymaking, complementing the conventional notion of LCOE.

The contribution of this work to the literature is three-fold. First, to the best of the
author’s knowledge, this is the first study to describe clearly a method to allocate the
integration cost to each power generating technology, and then estimate the average system
LCOE by technology consistently. As average costs and marginal costs can exhibit very
different pictures, estimating both costs should be important from policy perspectives. To
be more specific, estimation of marginal system LCOE would suggest realistic challenges
associated with achieving high shares of VRE, while average system LCOE would imply
that strong measures to promote the diffusion of VRE may not lead to very large economic
damages. Second, this study proposes a consistent method to estimate marginal system
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LCOE by technology. Although both system LCOE_HUE and VALCOE can be viewed
as indicating the marginal cost of a technology, the metrics presented in this study are
defined more consistently, for example, in that with those we can compare the costs of
different technologies in different regions and provide broader information considering
both “marginal” and “average” costs. Third, this work applies these metrics to real systems
to draw policy implications, and to give insights related to a simple representation of the
power sector, that can also be applied for use in IAM.

The remainder of this article is organized as follows: The following subsections are a
literature review. Section 2 overviews the proposed concepts, such as average system LCOE
and the allocation of the integration cost, relative marginal system LCOE, and marginal
system LCOE, and addresses the issues raised above, with exact definitions and detailed
discussion being found in Appendices B and C. The section also describes the methods to
conduct the calculation. Section 3 provides numerical calculation results and discussions.
Finally, Section 4 proposes conclusions and policy implications.

1.2. Literature Review: High Penetration of VRE and Integration Cost

The estimation of integration costs with high shares of VRE has long been recognized
as an important research topic with high policy relevance, with many studies published
after 2010. In many cases, integration costs are classified into three categories: balancing
costs, grid costs, and profile costs [4,23]. As it is usually difficult to encompass all these
costs with one mathematical model, many studies have investigated a part of these costs
for specific regions. Although earlier studies focused on cost increases with relatively lower
shares of VRE, after 2017, we find many studies that estimate the costs of achieving very
high shares over 50%, for many countries and regions of the world. While most studies
are by western researchers focusing on western countries, e.g., the United States [24,25]
and Europe [26,27], among many, some research groups [28,29] have continuously been
publishing related studies explicitly targeting almost all countries. Apart from them,
detailed analyses are also published with a special focus on non-Western counties, such as
China [30], India [31], and Japan [19,32].

Some studies have also tried to review the results of these prior studies. Hirth et al.
(2015) [33] concluded that with high VRE shares, profile costs become larger than balanc-
ing costs, and amount to 2.5–3.5 eurocents/kWh with 40% penetration. Heptonstall et al.
(2017) [34] also reviewed related studies to conclude that the cost increases are 0.5–2 pence/kWh
for 30% and can rise to around 4 pence/kWh for 50%. According to the Organization for
Economic Co-operation and Development (OECD)/Nuclear Energy Agency (NEA) (2018) [4],
the cost rise is 2–4 U.S. cent/kWh for 30%. However, these numbers are subject to large
uncertainties. For example, while an older study by the same organization [35] estimates the
integration cost at 3–8 U.S. cent/kWh for 30% penetration of solar photovoltaic (PV), another
study by OECD/NEA (2019) [36] proposes an integration cost of around 2 U.S. cent/kWh for
the same share of VRE, although the latter study is not a literature review but is based on origi-
nal model calculations. At least part of this uncertainty may result from the inappropriateness
of the methodologies, as highlighted by Heard et al. (2017) [37], to which rebuttals are also
published [38,39], forming ongoing discussions.

1.3. Literature Review: Costs/Values of Power Sources and Proposed Metrics “beyond LCOE”

As stated in Section 1, designing good metrics to represent integration costs by technol-
ogy is another challenge. To this end, several metrics, including system LCOE by Hirth et al.
(2016) [16], which is referred to as system LCOE_HUE throughout this article, VALCOE by
the IEA [14], levelized avoided cost of electricity (LACE) by U.S. Department of Energy
(DOE) [40,41], and levelized full system costs of electricity (LFSCOE) by Idel (2022) [42],
have been proposed to represent power generation cost by technology under high pene-
tration of VRE. Most of these new metrics feature the estimation of the “values,” as well
as the costs, of power sources. For example, system LCOE_HUE extends the notion of
traditional LCOE by adjusting it with deviation in values. VALCOE by the IEA also applies



Energies 2022, 15, 6845 5 of 39

similar adjustments, focusing on practical applications using market prices observed in the
real world. U.S. DOE refers more directly to the unit value as the levelized avoided cost
of electricity (LACE), comparing LCOE and LACE to estimate the cost competitiveness of
technologies. As suggested by this terminology, the cost and the value are both sides of one
coin; in this subsection, the author overviews how the cost, the value, and the proposed
new metrics are mutually related. Among these metrics, LFSCOE by Idel (2022) [42] is
different from other metrics in that it calculates the cost of VRE when the market is occupied
only by one power generating technology. For this reason, this metric is not discussed
much in this article, which aims to capture the economics of real power systems.

When VRE is massively introduced to a system, the wholesale electricity prices decline
significantly by a well-known “merit-order effect,” caused by the very small operating cost
of VRE. This effect has been analyzed extensively, focusing mainly on western countries,
which are experiencing rapid advances in VRE introduction [43–46]. However, other studies
propose similar analyses for Asian countries [47–49]. Several studies published in the first
half of the 2010s advocated that this effect can bring large benefits to consumers [50], while
more recent studies tend to regard this effect as an important challenge for the future
deployment of VRE, in which respect it is called the “cannibalization” effect [51,52], with
the “market values”, or the rewards to power generating facilities, declining considerably
along with the deployment of the same kind of power generating technology. Green
and Léautier (2015) [53] analyzed this effect for wind power in the United Kingdom, to
conclude that subsidies to VRE may never end even if its costs continue to decline rapidly
in the future.

In the context of economic analysis of power systems, we can think of “values of
supplies” and “values of demands.” The value Vi of a power supply technology i is defined
as the total annual revenue from power markets, such as the wholesale electricity market
and the capacity market. The value of demand VL is calculated as the total amount of
money to be paid to the market to satisfy the demand. This article uses lower-case letters
to denote unit costs and values, namely the costs/values divided by the power output; vi,
the unit value of technology i, is defined as the value Vi divided by the power output xi,
and the unit value of demand vL is the value of demand VL divided by the total annual
electricity demand E. Similarly, annualized costs and unit costs are denoted as C* and c*,
respectively. The unit cost ci is identical to the LCOE of technology i, which reflects the
load factor of the technology in the given energy mix. Note that in the linear programming
framework that is exploited to illustrate the metrics in this article, Ci and Vi are defined as
the part of the objective function C, that explicitly relates to technology i, and the sum of
all the shadow prices that relate to i, with regard to the constraints in the linear modeling
problem (see Appendix A). We should also note that the metrics presented in this study are
defined not only in a linear programing model, but in more general terms.

System LCOE_HUE is defined as follows [16]:

LHUE i
= ci − vi + vL (1)

System LCOE_HUE of technology (or “source”) i is defined as its LCOE, calculated
with the load factor in the energy mix (or the “state”), minus the unit value of i, plus the
unit value of demand. If technology i is not “constrained”, i.e., the annual power output of
i is not fixed, then the unit value vi equals the LCOE ci, and the system LCOE_HUE of i
is identical to the value of demand vL. In case all the technologies are unconstrained, the
system LCOE_HUE of all of them take the same value vL at the optimal point. As is shown
in Appendix A, system LCOE_HUE, as well as VALCOE which the author argues is a
metric essentially identical to system LCOE_HUE, measures the difference from the optimal
point with respect to each technology. This also holds true for relative marginal system
LCOE, of which the previous study (2021) [18] proposed a preliminary investigation, and
enhanced levelized cost by BEIS (2020) [22], which has been calculated with the dispatch
model owned by the UK government, although not all the detailed assumptions have been
disclosed. While these are attempts to combine the cost and the value into one metric, other
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attempts do not combine, but compare the cost and the value to assess cost competitiveness.
Levelized avoided cost of electricity (LACE) by the U.S. EIA [40] is essentially identical to
the unit value vi. If the deployment of technology i is smaller than the optimal level, the
value vi exceeds the cost ci, and additional deployment of i is profitable.

Note that the relationship between the concept of “integration cost” and these metrics
is not straightforward. For example, with high penetration of VRE, the load factors of the
conventional facilities in the system decline, leading to considerable cost increases. This
type of additional cost is usually regarded as part of the “profile cost,” which is in turn
a part of the integration cost [23]. However, when the IEA adjusts the LCOE of a power
source to calculate the VALCOE, the LCOE already includes the cost increase caused by
the decline in the load factor. Thus, although the “value adjustment” by the IEA should
be closely related to the concept of the integration cost, as VALCOE has been intended to
capture the non-linear nature of it, they do not refer to the same thing.

Another ambiguity is related to the distinction between the average cost and the
marginal cost. As described above, LCOE represents both of them at the same time, only
because it assumes linearity. Then, what about system LCOE_HUE and VALCOE, which
attempt to capture non-linearity? Obviously, we need to reinvestigate these concepts to
obtain a clearer understanding of the nature of the problem, which has not been undertaken
in the literature.

2. Theoretical Background and Methodology

This study adopted the following methodology: First, the author described a math-
ematical framework of the metrics “beyond LCOE,” taking into account the findings of
past studies. Although this is a purely theoretical work, it is an important part of the
whole study, as described in Sections 2.1 and 2.2, as well as in Appendices B and C. Then,
quantitative modeling analyses were conducted, using an optimization model exploiting
the LP method, following the methodology adopted in prior studies. The methods are
described more in depth in Section 2.3.

2.1. Metrics Proposed in the Previous Study

This section proposes the concepts of system LCOE, with reference to past studies.
Figure 1 illustrates the concept of integration cost for a simple system with two technologies,
that is, a conventional (thermal) power generation technology and a VRE. The LCOE,
denoted as Lconv and LVRE, respectively, of the two technologies, are defined as those
calculated with the maximum possible load factors (for example, 80% for the conventional
technology and 22% for VRE in the example shown in Appendix D). The integration cost I
is defined as the gap between the total annual cost C and the sum of Cconv and CVRE, which
are the annual power outputs multiplied by the LCOE.

Figure 1. An illustrative diagram of integration cost.
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In the prior study [18], the author proposed the concepts of relative marginal system
LCOE and average system LCOE. They are roughly described as follows, using the total
cost C and the integration cost I for calculation.

2.1.1. Relative Marginal System LCOE

Relative marginal system LCOE refers to the marginal change in the total cost C,
associated with the substitution of two types of power generation. In the case of the system
with two technologies illustrated by Figure 1, the slope of the total cost C = Cconv + CVRE + I
represents the difference in the marginal cost of the conventional technology and that of
VRE; if the former is larger, the slope is negative. Note that only the difference in the
marginal costs of the two technologies can be measured as the derivative of C.

More generally, suppose that in a power system, in which the annual power output of
technology i is denoted as xi, we increase xi marginally by dxi. This must be complemented
by decreases in outputs of other technologies. Here, we assume that it is complemented
by a decrease in x0, which is the annual output of a “reference” technology. For example,
suppose that technology i denotes solar PV, while coal-fired power generation is selected
as the reference technology 0. Then, Ridxi = −dx0 may hold with 0 < Ri < 1, and Ri may
be considerably smaller than 1, because of electricity losses related to power storage or
transmission. Mathematically, Ri can be calculated by Ri = (1 − ∂T/∂xi), with T being the
electricity losses caused by changes in the power generation mix.

Relative marginal system LCOE LRi of technology i is defined by the following equation:

LRi
=

1

Ri

∂C

∂xi
−

∂C

∂x0
+ LR0

(2)

Equation (2) implies that with a marginal substitution between xi and x0,
dC = −

(

LRi
− LR0

)

dx0. That is, the difference between the relative marginal system LCOE
of i and 0 indicates the marginal increase in C caused by the substitution between the
outputs of the two technologies by one unit. As the term “relative” implies, only the
difference between the relative marginal system LCOE of two technologies is meaningful.
In many cases, it would be convenient to define LR0 as equal to a constant value, e.g., the
LCOE of the reference technology, and calculate LRi by adding the estimated difference by
Equation (2).

2.1.2. Average System LCOE

We can also calculate the “average” cost, or the average system LCOE LAi, of power
source i by allocating the integration cost I to each technology and dividing it by the
power output. This allocation has methodological complexities. In a system with strong
non-linearity, the cost changes associated with different technologies vary depending on
the order of the introduction of the technologies. If we introduce solar PV to a system
only with conventional technologies, and then introduce wind power, the cost increase is
larger for wind power than for solar PV, and vice versa. In this regard, the author proposed
a method in which all the power outputs are increased equally from the origin of the
coordinate, using a straight integration path. Here, the “origin of the coordinate” represents
the zero-cost state, in which electricity is supplied with a hypothetical “costless” technology,
without any fixed and variable costs and with unlimited flexibility. This method meets
several fundamental requirements that such cost allocation policies must satisfy. Note that
the integration cost is allocated not only to VRE, but also to conventional technologies. As
an example, in a power system only with coal-fired power generation, the load factor is
usually lower than the maximum value, for example, 80% to meet the changing electric
demand. According to the definition, the cost increase originating from the lower load
factors should be viewed as part of the integration cost, caused by the inflexibility of
coal-fired power generation.
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2.2. Additional Definitions and Discussions over the Metrics

This subsection addresses several issues unresolved in the previous work [18]. They
include a comparison with similar metrics proposed in the literature, especially system
LCOE_HUE, proposing a new metric called marginal LCOE, and several important discus-
sions regarding mathematical formulation. This subsection presents only several important
points to be discussed, while Appendices B and C give full, detailed discussions.

2.2.1. Mathematical Formulation

Although the definition of relative marginal system LCOE shown in Section 2.1.1 looks
simple and straightforward, it is not mathematically appropriate. The largest problem is
that the definition of ∂C/∂xi in Equation (2) is not clear. Here, the total cost C is supposed
to be a function of annual power generation xi. However, we may think that this function
is not unique. For example, suppose we aim to achieve a high share of VRE. We can
promote VRE with subsidies, or limit the use of conventional technologies, which may lead
to different total costs. We will revisit this point in Section 2.2.4.

Another problem is associated with the partial differential ∂C/∂xi. This refers to the
marginal change in C, with an increase of xi, that is, the annual output of technology i,
under the condition that the annual outputs of other technologies are fixed. This means that
the total power generation E = ∑ xi also increases along with the increase in xi. However,
xi, as well as E, is not an independent variable, but is a sum of hourly power output with
regard to time t (1 ≤ t ≤ 8760). Thus, we cannot define how xi or E should be increased by
one unit.

What we can show here is that although ∂C/∂xi cannot be defined uniquely, the sum
of the first and the second terms of Equation (2), that is, ∂C/Ri∂xi − ∂C/∂x0, is defined
uniquely. This represents the increase in C with a decrease in the output of the reference
technology x0 by one unit, and with the increase in xi by 1/Ri. Detailed discussions are
given in Appendices B.1 and C.1, where relative marginal system LCOE is formulated
mathematically with a Lagrange multiplier.

We also need detailed discussions regarding average system LCOE. Before calculating
this metric, we have to allocate the integration cost I, or the total cost C, to each technology.
To do this, the author proposes to calculate integrals along a straight path from the origin of
the coordinate, as described in Section 2.1.2, which would require theoretical justification.
Actually, it is at least partly justified by the fact that it meets several symmetry criteria, as
shown in Appendix B.2.

Average system LCOE is calculated by dividing the allocated cost C′
i by the power

output. Here again, note that the total annual power output is not a constant, but increases
with VRE penetration; if we divide C′

i simply by the power output xi, to calculate the
average system LCOE, it can take unjustifiably small values, because of the large power
output. In this regard, all the power outputs have to be adjusted with respect to the
reference technology; suppose we replace one unit of the power output of the reference
technology, with 1/Ri unit of the power output of technology i. If i denotes a VRE which
requires large storage losses, 0 < Ri < 1. In this case, we can calculate the average system
LCOE Li by Li = C′

i /x′i , with xi being the annual output of technology i, and x′i being the
adjusted output satisfying dx′i = Ridxi. Full discussions on these points are presented in
Appendices B.2 and C.2.

2.2.2. A New Metric—Marginal System LCOE and “Separability”

As explained above, relative marginal system LCOE only shows the cost difference
of two technologies in an energy mix, and the absolute value does not indicate anything.
Therefore, strictly speaking, although we can compare the costs of two technologies in one
region, we cannot compare the costs of solar PV in different regions. To do this comparison,
we need to determine LR0 in Equation (2) somehow.
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One way to do this is to define LR0 by

LR0
=

∂C′
0

∂x0
(3)

using the cost allocated to the reference technology C′
0. We should note here that this

definition has to meet the criteria of “separability,” if it is to be consistent for interre-
gional comparison. That is, the marginal system LCOE of a technology has to be the
same whether it is calculated in a region, say in the Tokyo area, or it is calculated in a
broader region, including, e.g., Japan. We can show that marginal system LCOE defined
by Equations (2) and (3) actually meets this criterion. A detailed discussion including this
point is given in Appendix C.3.

At least four important points should be noted here: First, as shown later by modeling
results, as long as we select a flexible thermal power generation as the reference technol-
ogy, LR0 defined by Equation (3) does not deviate much from the LCOE of the thermal
power generation. For this reason, using relative marginal system LCOE for interregional
comparison may not deviate much from the reality, if we use the LCOE of thermal power
generation as LR0, although we should still say that, strictly speaking, it is not correct.

Second, in power systems, the optimal point with the smallest C is the point where
the marginal system LCOE (or relative marginal system LCOE) of all technologies take
the same value. In this sense, marginal system LCOE of technology i can be viewed as a
metric that represents the “distance” from the equilibrium point with regard to i. Third, at
any point other than the equilibrium point, the marginal system LCOE of unconstrained
technologies take the same value. For example, if the upper limit of nuclear power capacity
and the total output of thermal power generation are constrained, and if the installed
capacities of wind and solar PV are not constrained, the optimal solution exhibits the same
marginal system LCOE for wind and solar PV, and smaller ones for nuclear and thermal
power generation.

Fourth, the models presented in this paper assumes optimization, including long-term
investments, i.e., they minimize the total cost, including capital costs for the facilities. Al-
though this should be reasonable when we estimate the economics of the power generation
mix in the long-term, as attempted in this paper, it may not be appropriate for short-term
estimations, which would require additional discussion on the methodology. This is left as
a topic of future work.

2.2.3. The Effect of Demand Flexibility

As shown later, as the share of VRE increases, marginal system LCOE of VRE also
rises, and further deployment of VRE becomes difficult. This is one of the major challenges
for achieving high shares of VRE. We can think of various measures to overcome it, and
assessing their effects should be essential when we estimate the cost competitiveness of
VRE. For example, heat pump (HP) water heaters can shift the electricity demand flexibly
within a day. Moreover, if electric vehicles (EV) are deployed massively in the future, and
if consumers charge EV during the period when electricity prices are low, then effective
electric demands may adapt well to fluctuating power output. Moreover, if EV can be used
to store electricity to meet demands when VRE outputs are low (vehicle-to-grid: V2G), they
can contribute more proactively to stabilizing power systems. In this study, the author
analyzed these effects to obtain policy implications. The results are shown in Section 3.

2.2.4. Comparison with System LCOE_HUE

This subsection compares in depth the metrics that are proposed in this paper, espe-
cially relative marginal system LCOE and marginal system LCOE, with the similar metric
system LCOE_HUE, also discussing some important issues.
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2.2.4.1. Discussion over Separability

Here, the author raises a point related to “separability,” which he argues is crucial for
the interregional comparison of system LCOE, and shows a limit of existing metrics, that is,
system LCOE_HUE, or equivalently VALCOE.

The point is that the last term on the right-hand side of Equation (1), vL, can differ
depending on whether it is measured in Texas, or in the United States, or in the world.
One way to circumvent this problem would be to define that vL should be measured in
the smallest grid with independent power markets. In fact, vL is added here because if the
system has very small shares of VRE, the market value experienced by technology i, vi, is
supposed to be close to vL, so that the system LCOE_HUE is close to the LCOE ci. Thus, it
would be reasonable to define vL in the market experienced by technology i.

However, this definition does not determine system LCOE_HUE uniquely, as this
“minimal” system D can be divided into two (or more) subsystems D1 and D2, and vL

measured in D1 can be different from that measured in D. Suppose D is divided into two
subsystems in two ways, that is, D = D1 + D2 = D′

1 + D′
2. Suppose also that hourly demand

at time t is decomposed as d(t) = d1(t) + d2(t) = d′1(t) + d′2(t), corresponding to the divisions
of the system D, and that d1(t) differs from d′1(t) for many t. If the subsystems are connected
by transmission lines with positive costs, vL measured in D1 takes a different value than
v′L measured in D′

1. In the limit in which the transmission costs and losses get close to
zero, market prices in D, D1 and D′

1, converge to the same numbers. However, vL and v′L
converge to different numbers in this limit, as the demands d1(t) and d′1(t) remain different.
Thus, system LCOE_HUE does not have the property of separability, and we cannot define
it uniquely. This also means that even though we set vL in a region, e.g., in Texas, United
States, we cannot set vL in another region, e.g., in Hokkaido, Japan, in consistency with vL

in Texas. So, we cannot compare system LCOE_HUE in two different regions. Again, we
can prove that relative marginal system LCOE and marginal system LCOE defined in this
paper meet the requirement of separability, as shown in Appendix C.

2.2.4.2. Setting Constraints and Changes in the Total Power Generation

This subsection discusses another difference between marginal system LCOE and
system LCOE_HUE. As shown later, this is closely related to the way how we constrain the
energy mix.

Suppose in a power system, in which the annual power output of technology i is
denoted as xi, we increase xi marginally by dxi. Recall that vi, the unit value of i, represents
the “avoided cost” by a marginal increase in xi; that is, the total cost C decreases by vidxi,
also with an increase of cidxi, where ci is the LCOE of i. Moreover, we assume that it is
complemented by a decrease in x0, which is the annual output of a “reference” technology.
In this case, the total cost decreases by v0dx0, with dx0 < 0, and increases by c0dx0. If we can
suppose that dxi equals −dx0, then we have

dC

dxi
= (ci − vi)− (c0 − v0) = LHUE i

− LHUE 0
(4)

This implies that the difference in system LCOE_HUE denotes the marginal cost related
with the substitution between the output of technology i and the reference technology 0.

The problem here is that the relationship dxi = −dx0 does not always hold, as stated in
Section 2.1.1. Actually, Ridxi = −dx0 may hold with 0 < Ri < 1, with Ri being considerably
smaller than 1, because of electricity losses related to power storage or transmission. Thus,
Equation (4) does not hold if Ri < 1. Actually, in these cases, the difference between the
system LCOE_HUE represents nothing meaningful as it is. On the contrary, as relative
marginal system LCOE has been defined considering Ri explicitly, it satisfies a similar
equation as Equation (4). If the electricity losses are negligible and Ri is close to 1, the two
metrics are interchangeable.

Now the author presents the result of a simple modeling analysis, which investigates
the effect of different ways of setting constraints, to illustrate the difference between relative
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marginal system LCOE and system LCOE_HUE. Here, “constraint” refers to fixing the
annual output of a technology: subsidizing VRE can be regarded as equivalent to setting
high output constraints for VRE, while setting carbon prices, or limiting the construction of
thermal power plants, is equivalent to setting low output constraints for thermal power
generation. Even if the share of VRE is the same for both cases, electricity prices, or “unit
value of demands” vL, decline in the former case, while they hike in the latter case, as
shown in Appendix A. Therefore, system LCOE_HUE defined by Equation (1) is expected
to differ largely for these cases.

Here, a simple two-technology system model shown in Appendix D is used, in which
the LCOE of wind is cheaper at 4.5 U.S.cent/kWh than that of coal at 5.4 U.S.cent/kWh,
just as examples, to calculate and compare relative marginal system LCOE and system
LCOE_HUE, also calculating marginal system LCOE and average system LCOE. The
following three cases are set:

1. Case A: Constrain coal power output to achieve the VRE share.
2. Case B: Constrain wind power output to achieve the VRE share.
3. Case C: Constrain the VRE share itself.

Case A is a case in which coal power output is limited with carbon prices or construc-
tion limits, while in Case B, wind power is promoted by strong policy measures, and Case
C is an intermediate case. Detailed discussions for these cases are given in Appendix A. In
Case A, the value of demand, i.e., the total revenue to the power suppliers, is larger than
the total cost, while in Case B, the value of demand is smaller than the total cost, and the
gap is compensated by policy costs, such as feed-in-tariff (FIT) bills. As such, electricity
markets are in quite different situations for the three cases, but the obtained total cost does
not differ much as shown in Figure A3.

Figure 2 presents the system LCOE_HUE of coal and wind power generation for Cases
A–C. We can see large differences in system LCOE_HUE for different cases, although the
actual deployment of the technologies is very similar.

Figure 2. System LCOE_HUE.

By definition, in Case A, in which wind power is not constrained, the system LCOE_HUE
of wind is identical to the unit value of demand, which can be calculated by dividing the
total value (see Appendix A and Figure A1) by the total annual demand of 10,000 GWh.
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Similarly, in Case B, the system LCOE_HUE of coal equals the unit value of demand. In Case
A, because of the very high value of the coal, the system LCOE_HUE of coal can take even
negative numbers with high VRE shares. In Case C, system LCOE_HUE stands in between
Cases A and B, as this case exploits constraints for both coal and wind power output.

In contrast, Figure 3 shows relative marginal system LCOE for Cases A and B, selecting
coal power generation as the reference technology. The number for coal is constant by
definition, while that for wind rises sharply, with the increasing share of VRE. At the 90%
penetration level, wind takes a number 3.6 times and 3.3 times that of coal, in Cases A and
B, respectively.

Figure 3. Relative marginal system LCOE.

We can see both similarities and dissimilarities between system LCOE_HUE (Figure 2)
and relative marginal system LOCE (Figure 3). First, both metrics take the same numbers
for coal and wind at the optimal point of 22%. Second, the difference between coal and
wind expands rapidly along with the increasing share of VRE.

In contrast, we see a large difference for the gap between Cases A and B. In line
with the slight gap for the total cost (see Figure A3), relative marginal system LCOE, in
Figure 3, is slightly lower for Case B than for Case A. However, we find large discrepancies
for system LCOE_HUE, as is explicit in Figure 2. This is because system LCOE_HUE is
dependent on the value of demand vL, which differ largely for Cases A and B. At the same
time, from a mathematical point of view, we can also show that this is because this metric
does not consider the coefficient Ri.

Figures 4 and 5 show average system LCOE and marginal system LCOE for wind
and coal, for Cases A and B. Case B shows slightly smaller costs than Case A, in line
with the slight differences in the total system cost. Notably, the point where both sources
have an equal average system LCOE stands at around 50%, compared to 22% for relative
marginal system LCOE. Generally, if the cost of a technology increases with a convex
function with respect to VRE penetration, average system LCOE rises more slowly than
marginal system LCOE.
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Figure 4. Average system LCOE.

Figure 5. Marginal system LCOE.

These results would imply the following conclusions: As the increase in the average
system cost is relatively small, the net social impacts of achieving high VRE shares would
also be small, if it is achieved by adequate policy measures. In fact, Figure 4 implies that
we could promote VRE diffusion at least to 50% without any significant additional costs.

However, as is widely known, economic equilibrium is determined by marginal costs
rather than average costs. The calculation results would imply that strong policy measures
would be required to achieve VRE shares over 22%, and achieving very high VRE shares
could be very challenging. Therefore, we can see that the illustration of average and
marginal system costs shows very different pictures. Estimating both metrics would be
useful for realistic policymaking.
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2.3. Calculations for a Real System: Japan’s Decarbonised Power Sector in 2050

This subsection illustrates how the methods explained in previous sections can be
applied to actual systems, taking the example of Japan’s power mix in 2050 investigated
by previous studies [18–20]. These studies divided Japan, excluding Okinawa, into nine
regions and computed the total system costs using an LP model with a 10-min resolution.
The technologies assumed here include VRE (solar PV, onshore wind, and offshore wind),
dispatchable renewables (hydro, geothermal, and biomass), nuclear power, and a zero-
emission thermal power generation, which could be either thermal power using imported
hydrogen, or that with the carbon capture and sequestration (CCS) technology. The upper
limits of VRE are set according to the Ministry of the Environment (2019) [54]. Although
we can deploy a large amount of onshore wind and solar PV, in cases with little availability
of thermal power generation, these technologies reach the upper limits and offshore wind,
which is assumed to be more costly, also starts to be exploited. Existing nuclear power
plants are assumed to continue operation until their extended lifetime of 60 years, which
implies that we can assume a 25.5 GW nuclear capacity at the maximum. For exact details
of the assumptions, the reader is referred to Matsuo et al. (2018) [19].

For the current study, the model is simplified to calculate system LCOE in 2050 in
Japan as follows, primarily because of the large machine time required, especially for
computing the allocation of integration costs:

1. Japan is regarded as one region, or divided into three (Hokkaido, Tohoku, and other
areas) or five (Hokkaido, Tohoku, Tokyo, Western Japan excluding Kyushu, and
Kyushu) regions, rather than the nine regions in Matsuo et al. (2018) [19].

2. The calculations focus on five types of power generation: Zero-emission thermal,
nuclear, onshore wind, offshore wind, and solar PV. Power output from other tech-
nologies (hydro, geothermal, and biomass) are fixed and subtracted from power
demand in advance of the calculations. The zero-emission thermal power generation
in region 3, including Tokyo, with an LCOE of 11.2 JPY/kWh at the maximum load
factor of 80%, is adopted as the reference technology.

3. A model with an hourly resolution, rather than one with a 10-min resolution, is used,
only for simplicity.

4. The “lower” and the “medium” cost assumptions in Matsuo et al. (2018) [19] are used
for renewables and zero-emission thermal power, respectively. Hydrogen storage is
also allowed, along with lithium-ion batteries.

In addition, this study considers two types of demand flexibility. First, the effects of
electric vehicles (EV) have been considered, based on the literature. Specifically, driving
patterns of Japanese automobiles are estimated, and analyzed using a clustering method,
according to the “Road Traffic Census Vehicle Origin and Destination Survey” data. Then,
it has been assumed that EV can charge electricity when they stay in the house or in the
office, which leads to demand flexibility. Moreover, it is also assumed that EV can discharge
power to the grid to meet other power demands and minimize the total power system
cost including the EV. In all cases, a “single-day” constraint was set. That is, the state of
charge in the beginning of a day should be the same as that in the end of the day. We
should note that to achieve these full flexible operation, deliberate design of electricity
markets, as well as strong policies to develop the infrastructure, would be required. Here,
the model assumes that 44 million EV are introduced in 2050, which amounts in total to a
battery capacity of 437 GWh. For more details on EV modelling, the reader is referred to
Iwafune et al. (2019) [55].

This study also considers demand flexibility by heat pump (HP) heaters. Here, the
assumed water heating demand of 34 TWh can be changed flexibly within a day, with the
single-day constraint as described above.

Table 1 shows the case setting.
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Table 1. Case setting.

Case
Meteorological

Data
EV

Charge
EV

Discharge
Heat

Pumps
Battery

Cost
Hydrogen

Storage

1 W/o flexibility 2017 Standard ✓

2 Low battery cost 2017 Half ✓

3 W/o hydrogen storage 2017 Standard

4 EV flexibility 2017 ✓ Standard ✓

5 EV flexibility with VtoG 2017 ✓ ✓ Standard ✓

6 HP flexibility 2017 ✓ Standard ✓

7
Full flexibility
(EV and HP)

2012–2017 ✓ ✓ ✓ Standard ✓

Case 1 is a case in which demand flexibility is not considered, although the de-
ployment of Li-ion batteries and hydrogen storage systems are considered according to
Matsuo et al. (2018) [19]. In Case 2, the cost of batteries is assumed to decline to the half
of the standard case. Case 3 assumes that hydrogen storage systems are not allowed, to
explore a case with less flexibility. Note that in normal cases, batteries and hydrogen storage
systems are used for stabilizing short-term and long-term fluctuations of VRE output [20].

Case 4 assumes demand flexibility by EVs, and Case 5 considers VtoG as well. Case 6
considers demand flexibility with HP, and Case 7 considers full flexibility with EVs and HP.
In standard cases, meteorological data are taken from actual data for 2017, which has been
selected as a typical case from calculations using data from 2012 to 2017 for Case 7. Note
that as the exchange rate is around 126 JPY/USD as of early 2022, 1 JPY/kWh is roughly
equivalent to 0.8 U.S. cents/kWh.

3. Results and Discussion

3.1. Three- and Five-Regional Models

Figure 6 show the marginal system LCOE for the three- and five-regional models,
for Case 7 with demand flexibility (2017 data) [56]. Note that while previous Figures 2–5
present VRE share for the horizontal axis, Figure 6 adopt the annual output of zero-emission
technology (total of the three or five regions), following Matsuo et al. (2018) [19]. Thus, the
left-hand side of the charts exhibit higher VRE penetration. As the assumed total annual
power demand, including intraregional transmission and distribution losses, is 1044 TWh, a
thermal power generation of 200 TWh roughly corresponds to the thermal share of 20%. As
each technology has different marginal system LCOE for different regions, the maximum
and the minimum values are presented in Figure 6.

As emphasized in Section 2, marginal system LCOE take the same value, shown by
red circles, for all the technologies that are not constrained. Marginal system LCOE lower
than the equilibrium value indicates that the technology is constrained by upper limits
in the region, while that higher than the equilibrium value implies that the technology is
constrained by lower limits (only for hydrogen thermal power in this model), or it is not
introduced in the region because of the high costs. Thus, offshore wind is not introduced in
at least one of the three/five regions, as shown in panel a (maximum) of Figure 6. Panel b
(minimum) shows that offshore wind has not been introduced in any of the regions for the
three-regional model and is introduced in at least one of the regions with thermal power
output smaller than 200–300 TWh for the five-regional model. Overall, the maximum value
of marginal system LCOE is larger, and the minimum value is smaller, for the five-regional
model than for the three-regional model. This implies that higher regional resolution
enables us to estimate regional differences in market values more precisely. At the same
time, we observe that the equilibrium values are higher for the five-reginal model than
for the three-regional model; they intersect with the marginal system LCOE of hydrogen
thermal power at 200–300 TWh and 300–400 TWh for the three-regional model and the
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five-regional model, respectively. These points of intersection roughly correspond to the
power generation mix that minimizes the total cost C.

Figure 6. Marginal system LCOE (Case 7: 2017 data). (a) Maximum; (b) Minimum.

The marginal system LCOE of nuclear power also increases along with declining
thermal output, because of the lower load factors, and the relative inflexibility of nuclear
power, and exceeds thermal power below 100 TWh.

Figure 7 exhibits average system LCOE for each technology. As thermal output
declines, the average system LCOE of solar PV and onshore wind increase gradually.
Solar PV exhibits much smaller average system LCOE than wind power, implying that
the capacities reach the upper limits with relatively large thermal output. The rise in the
average system LCOE of nuclear power is even slower, because of high values of firm
capacities with high VRE penetration.
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Figure 7. Average system LCOE(Case 7: 2017 data).

The average system LCOE of VRE intersects with that of thermal power at points with
smaller thermal output. Solar PV is always lower than thermal power in the three-regional
model and intersects at around 50 TWh in the five-regional model, while onshore-wind
intersects with thermal power at around 200 TWh. The results imply that the total system
cost increases only moderately with very small thermal outputs (i.e., with very high VRE
outputs) under the assumption adopted here.

3.2. Effect of Demand Flexibility and Meteorological Condition

Table 2 shows marginal system LCOE (maximum and minimum) and average sys-
tem LCOE for Cases 1–7, with a thermal power generation of 50 TWh. Meteorological
condition (year 2012 to 2017) for Case 7 affects marginal system LCOE greatly, with that
for solar PV and onshore wind fluctuating with a standard deviation of 1–2 JPY/kWh
(0.8–1.6 cent/kWh). As shown in Matsuo et al. (2020) [20], the cost of achieving very high
shares of VRE is determined by the duration of “windless and sunless” periods within the
year. On the other hand, average system LCOE changes only marginally, with a standard
deviation of 0.2–0.3 JPY/kWh (0.16–0.24 cent/kWh).

The larger the number of regions (1, 3, and 5), the larger the maximum of marginal
system LCOE, and the smaller the minimum. This would emphasize the importance of
detailed geographical modeling, reflecting the feature of each region. Again, the difference
in average system LCOE is much smaller.

Compared to Case 1, in which demand flexibility is not considered, average system
LCOE is smaller for Case 7, in which demand flexibility is fully taken into account. This
clearly shows that demand flexibility can contribute to declines in the cost of VRE. Declines
in average system LCOE is larger for solar PV at 1.3 JPY/kWh (1.0 cent/kWh), than for
onshore wind at 0.4 JPY/kWh (0.36 cent/kWh). This implies that the demand flexibility
considered here, that is, HP and EV, adapts better to variation in solar PV output, which
fluctuates within a day. In Case 3, in which EVs are assumed to provide demand flexibility
but not supply stored electricity to the grid, declines in marginal system LCOE are much
smaller. In Case 2, in which the cost of batteries is assumed to decline more rapidly, declines
in average system LCOE are larger for wind at 1.6 JPY/kWh (1.3 cent/kWh) than for solar
PV at 1.2 JPY/kWh (1.0 cent/kWh), in contrary to Case 7.
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Table 2. Results with 50 TWh thermal power generation by case.

Case No. Meteorological
Data

No. of
Regions

Marginal System LCOE (Maximum) Marginal System LCOE (Minimum)

Thermal Nuclear
Solar
PV

Onshore
Wind

Offshore
Wind

Thermal Nuclear
Solar
PV

Onshore
Wind

Offshore
Wind

1 2017 3 11.5 18.8 22.3 25.1 33.8 11.5 13.5 18.0 18.4 26.3

2 2017 3 11.5 19.1 20.9 24.7 33.0 11.5 15.3 18.4 19.8 26.0

3 2017 3 11.4 16.8 22.1 28.3 44.1 11.4 13.2 19.8 20.8 31.3

4 2017 3 11.3 18.7 22.0 24.9 33.6 11.3 13.8 17.9 18.3 26.1

5 2017 3 11.5 18.4 21.2 25.3 35.8 11.5 14.0 16.8 17.9 26.3

6 2017 3 11.5 18.5 22.2 25.2 35.3 11.5 13.0 17.6 18.0 26.5

7

2012 3 11.6 17.3 19.8 24.1 34.5 11.6 13.1 15.5 17.9 25.0

2013 3 11.5 19.4 24.0 26.3 38.3 11.5 16.8 20.6 19.1 27.9

2014 3 11.5 17.4 22.5 27.8 40.6 11.5 13.5 19.1 18.9 28.0

2015 3 11.6 17.3 19.8 24.1 34.5 11.6 13.1 15.5 17.9 25.0

2016 3 11.6 18.2 21.6 24.8 34.3 11.6 13.2 19.0 18.6 26.2

2017 3 11.6 18.5 21.7 25.3 35.2 11.6 14.6 18.4 18.6 26.4

2017 1 11.8 16.1 20.2 24.0 31.2 11.8 16.1 20.2 24.0 31.2

2017 5 11.6 21.8 24.9 27.8 36.3 11.6 14.0 17.1 17.9 26.5

Case No. Meteorological
Data

No. of
Regions

Average system LCOE

Thermal Nuclear
Solar
PV

Onshore
wind

Offshore
wind

1 2017 3 11.1 9.9 11.1 13.9 –

2 2017 3 11.5 9.7 9.9 12.4 –

3 2017 3 11.3 9.7 11.6 14.2 –

4 2017 3 11.0 9.9 11.0 13.7 –

5 2017 3 11.4 10.0 10.1 13.7 –

6 2017 3 11.4 9.7 10.5 13.9 –

7

2012 3 11.6 9.9 9.5 13.8 –

2013 3 11.4 10.0 9.9 13.5 –

2014 3 11.3 9.9 10.0 13.6 –

2015 3 11.6 9.6 9.6 13.8 –

2016 3 11.5 9.9 10.1 13.0 –

2017 3 11.5 9.9 9.8 13.5 –

2017 1 11.9 9.6 9.3 13.7 –

2017 5 11.5 10.0 10.1 13.1 21.4

Changes in marginal system LCOE are more complex. In Case 2 with low battery
costs, marginal system LCOE of VRE are significantly smaller than Case 1, which implies
that low battery costs facilitate the diffusion of VRE. On the contrary, in Case 3, in which
hydrogen storage is not considered, marginal system LCOE are larger. The effects of
demand flexibility, such as EV and HP, are mixed. For example, in Case 7, marginal system
LCOE for solar PV is slightly smaller than Case 1 by 0.6 JPY/kWh (0.5 cent/kWh), while
that of onshore wind is slightly larger by 0.2 JPY/kWh (0.16 cent/kWh).

Slight increases in marginal system LCOE does not mean that demand flexibility
hinders VRE diffusion. Figure 8 plots the objective function (total system cost) versus
thermal power generation for Cases 1 (no demand flexibility), 2 (no demand flexibility with
low battery costs), 5 (demand flexibility by EV), and 7 (demand flexibility by EV and HP).
We can see that cost declines are the largest for Case 2, while we also observe cost declines
for Cases 5 and 7. However, the slope of the curve at thermal power generation of 50 TWh
is steeper for Case 7 than Case 1, which may lead to higher marginal costs for Case 7. As
the cost hikes under very high penetration of VRE are mainly caused by the duration of
windless and sunless periods which can extend to several days or weeks [20], the effects
of EV and HP may be smaller with extremely high VRE shares, because of the single-day
constraint. However, we should note that this does not mean that demand flexibility does
not contribute to reducing the total cost.
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Figure 8. Total cost for Cases 1, 2, 5, and 7.

4. Conclusions

In this article, the author proposed several metrics to estimate the economics of power
sources under a high penetration of VRE, after reviewing past studies presenting similar
metrics. He then illustrated these metrics using simple LP models. An important point
to note is that, although average and marginal costs measure the economics of the power
sector from quite different perspectives, and yield complementary implications, prior
studies did not make a clear distinction between these two notions, or instead considered
only one of them [5,14,16,17]. In the examples in this study, the average system LCOE of
VRE intersects with that of thermal power generation at relatively high VRE shares, namely
50% for the two-technology model and 50–60% (thermal shares of 10–20%) for the Japan
model, which would imply that high VRE shares could be achieved without very large net
economic damage. In contrast, the marginal system LCOE intersects at significantly lower
shares, at around 20% for the two-technology model and around 30% (thermal shares of
30–40%) for the Japan model, which highlights the difficulty, or the necessity, of strong
policy measures, to achieve high VRE shares. With the Japan model, the difference in the
marginal system LCOE between thermal and VRE (onshore wind or solar PV) expands
to 6–16 JPY/kWh (5–13 cent/kWh) for the case with a thermal output of 50 TWh, which
shows a sharp contrast with the difference in the average system LCOE of 1–2 JPY/kWh
(0.8–0.16 cent/kWh).

The metrics presented in this study are more precise and policy-relevant than similar
ones in past studies, given that marginal system LCOE can be regarded as an extension
of system LCOE_HUE by Hirth et al. (2016) [16] to more general cases with storage and
transmission losses. It also has the property of “separability”. Therefore, it can be used for
the comparison of marginal costs in different countries/regions.

Despite these significant differences, the most important implications of this work are
similar to those already implied by Hirth et al. (2016) [16] and other related studies, with
possible underestimation of the marginal costs of VRE by system LCOE_HUE, in special
cases as shown in Figure 2. At the optimal point, all the unconstrained power sources
take the same marginal system LCOE. In other words, different marginal system LCOE
indicates that the sources are constrained differently. As such, we can say that marginal
system LCOE is a metric that measures the value of constraint, or the distance from the
optimal point, caused by natural, political, temporal, or locational constraints.

This sets forth the necessity of conceiving new notions of power generation costs by
technology. No single value exhibits the cost of a technology. However, the “cost” of the
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technology changes depending on the actual energy mix. Generally, the cost of a technology
is low when it is not deployed much, and it increases with penetration into the system. In
the examples shown in this study, these cost increases are caused by such effects as declines
in load factors, declines in unit values because of the cannibalization effect, and increases in
storage and transmission requirements. In cases that are more realistic, many other factors,
such as the rise in construction costs because of siting limitations, or public acceptance
issues, could also boost the cost of the technology.

We can think of multiple measures to reduce the total cost associated with mass
introduction of VRE. If the cost of batteries, or more generally, the costs for securing
grid stability, are reduced, then the average and marginal system LCOE of VRE decrease.
Demand flexibility, such as EV and HP, can also reduce the total cost. However, the
calculation results also suggest that their effects on marginal system LCOE are mixed, and
even in case it decreases, the gap between VRE and flexible thermal power may not be
filled. These results underscore the importance of pursuing demand flexibility measures.
Moreover, the mitigation of the LCOE of VRE itself can contribute greatly to reducing
integration costs, and to enhancing the cost-effective introduction of non-carbon energies.
At the same time, the results would also imply the unexpectedly high hurdles to achieve
very high shares of VRE, because marginal system LCOE may not be reduced much, even if
we deploy demand flexibility measures to a considerable extent. If this is the case, utilizing
other types of low-carbon energies, such as zero-emission (or low-emission) thermal power,
should also be an important option to achieve carbon neutrality.

We should also note the limitations of the metric designs and the calculations presented
in this work: As for the metrics, they are designed to capture the economics of “greenfield”
markets. To simulate real “brownfield” markets, different frameworks might be needed.
Although several studies have investigated brownfield markets for 2030 [57], we must say
that the theoretical framework has not been sufficient.

In addition, demand side modeling also has a great room for improvement. The
rapid development of energy systems, e.g., digitalization and electrification, may have
unexpected effects that have not been covered in this study. Identifying relevant issues and
estimating their impacts should be an important part of future works.

The insights obtained in this study would imply the necessity of aiming for a “well-
balanced energy mix” regarding decarbonized power systems in the future. Traditionally,
the term “energy mix” has been related to the optimal deployment of dispatchable power
sources, such as thermal, nuclear, and hydro power. The new “energy mix” would refer
to the optimal mix among multiple decarbonized power sources, including various types
of dispatchable and intermittent renewable energies, nuclear power, and zero-emission
thermal power. Depending on only a small part of them would lead to higher marginal
costs, or larger risks related to energy security or public acceptance issues. From this
perspective, differences in LCOE only partly represent differences in the distance from
the optimal point, which is also affected by how rapidly the marginal cost increases with
the penetration. In this regard, while LCOE is a metric that shows the initial level of cost
competitiveness, we may be able to design another simple metric that indicates the velocity
of cost increases. However, such changes in costs are supposed to be heavily dependent on
specific power systems, and the actual designs of such metrics are beyond the scope of the
current study.
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Appendix A. Additional Discussion on System LCOE_HUE: Costs and Values

This Appendix illustrates the concept of system LCOE_HUE in a system defined by
the simple model shown in Appendix D. This model assumes that an annual demand of
10,000 GWh is met by a conventional technology (coal-fired power generation) and VRE
(wind power generation) and calculates the cost optimal mix of the two technologies using
the LP method. It also assumes a storage technology and selects between two options,
i.e., power storage or curtailment, when the wind output is larger than the demand. As
we assume electricity storage to cause energy losses, the following equation holds: (Coal
power output) + (Wind power output) − (Wind power curtailment) = (Total demand of
10,000 GWh) + (Storage losses). Note that the calculation in this Appendix A does not
consider the costless technology z, which will be introduced in Appendices B and C.

In this model, by multiplying the energy balance constraint (Equation (A51)) by
its shadow prices pet , and taking the summation with respect to t, we obtain the balance
equation of values, VeL = Ve_x +Ve_y −Vcharge +Vdischarge, where VeL = ∑ pet lt, Vx = ∑ pet x,
and so on. Then, by multiplying the capacity constraint (Equation (A58)) by its shadow
price pc, we obtain another balance equation of values, (1 + r)VcL = Vc_x + crVc_y + srVs,
where VcL = pcmaxlt, and so on. At each energy mix obtained by the LP simulation, the
duality theorem assures that the total cost is equal to the total value:

C = VL + VT + VR = VeL + VcL + VT + VR (A1)

where C is the total cost, or the sum of the fixed and the variable costs of all the technologies,
which is equal by Equation (A1) to the sum of the total value of demand VL, the value
of grid interconnection VT, and the value of the energy mix constraint VR, which is the
shadow price of the restriction constraint multiplied by the output of the source that is
restricted. As this model does not simulate grid interconnection lines, VT is equal to zero.
The total value of demand VL is decomposed into the values related to the wholesale and
capacity markets, denoted as VeL and VcL, respectively.

In case we disregard power storage systems, by dividing the balance equations of
values by the total output or the total capacity, we obtain equations that the average unit
value, veL, equals the weighted average of the unit values ve_i. In this case, the definition
of VALCOE by the IEA [14] coincides with that of system LCOE_HUE (Equation (1)). For
this reason, the IEA does not consider storage systems “outside” of power sources, but
considers complex technologies such as “solar PV + storage” to calculate the effect of
storage systems to VALCOE.

Suppose now that we constrain the output of some of the technologies, for example,
that of wind power (technology y) in the two-technology system shown in Appendix D.
For the unconstrained technology, which is technology x or coal in this case, the cost equals
the value in the optimal solution. Thus, subtracting the total cost, equaling the total value,
of coal, from Equation (A1), we have

Cy = Vy + VR (A2)

where Cy and Vy are the parts of technology y (wind) in C and VL, respectively. Dividing
Equation (A2) by the VRE output y,

cy = vy + vR (A3)

where vR is the shadow price (unit value) of the constraint. Putting Equation (A3) into the
definition of system LCOE_HUE, i.e., Equation (1), we have

LHUE y = cy − vy + vL = vL + vR (A4)

for wind power. For coal, as cx = vx at equilibrium, the system LCOE_HUE equals the value
of demand vL.
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Equation (A4) is important in understanding system LCOE_HUE; the system LCOE_HUE
of an unconstrained technology is always equal to the value of demand. For constrained
technologies, the system LCOE_HUE equals the sum of the value of demand and the value of
the constraint. This implies that system LCOE_HUE is a metric that measures the difference
from the optimal point with respect to each technology. This also holds for VALCOE by IEA
(2020) [14], which is a metric essentially identical to system LCOE_HUE.

The discussion here is based on Equation (A1), or the dual theorem of the LP method.
As the power system is not always a linear problem, this theorem does not always apply
to real markets. However, as long as the problem can be formulated in a differentiable
manner, a small fluctuation from equilibrium can be approximated as a linear problem,
and the shadow prices of the problem are equal to those of the original nonlinear problem.
Note also that the discussion presented in this article, holds true both for linear and non-
linear systems, although it is illustrated using linear mathematical models for the sake
of simplicity.

Figure A1 shows the costs and the values for the three cases in Section 2.2.4.2, using the
model defined by Appendix D. As indicated by Equation (A1), the total value of demand
and constraint equals the total cost. With VRE shares larger than the optimal level (22%),
Case A takes larger total values of demand than the total costs, with negative values of
constraint, while Case B sees larger positive values of constraint with larger VRE shares.
The former corresponds to a case in which thermal power generation is restricted with
carbon taxes, whereas the latter corresponds to a case in which the government promotes
VRE through strong policy measures, such as the feed-in tariff scheme. If the market is
complete and greenfield, the subsidy or tax compensate the gap between the costs and the
market values. Otherwise, i.e., if the market is brownfield, or some of the power sources
are subject to non-market constraints, the power producer cannot recoup the costs from
the markets (Case B), which is a simple mathematical representation of the well-known
“missing money” problem, or it receives larger revenues than the costs (Case A). Case C
stands in between Cases A and B. In this case, both coal and wind power generation are
constrained. Therefore, the value of constraint becomes zero.

Figures A2 and A3 show the total power generation x + y and the total cost C, for the
three cases. We can see significant differences between the cases, especially with high VRE
shares. For example, if we constrain coal power output at 8273 GWh in Case A, we obtain a
wind power output of 92,988 GWh, with total power generation of 103,322 GWh, energy
loss (storage and curtailment) of 3322 GWh, and wind share of 90%. In Case B, achieving
this 90% share requires a larger wind output of 111,475 GWh, in which case, coal power
output and the total power generation stand at 12,386 GWh and 123,861 GWh, respectively.
This difference comes mainly from the difference in the values of power sources. At high
shares of VRE, the value of coal is very high while that of wind is low. In Case A, which
constrains coal power output, the model solves the substitution between wind power
output and storage deployment, giving results with small wind output and small losses.
In contrast, in Case B, which constrains wind output, the model solves the substitution
between coal and storage, to produce results with large coal output and large losses. At
the optimal point calculated without power generation constraints, which has a 22% wind
share for this model, Cases A and B produce the same result; otherwise, the two cases lead
to different states. Case C, which constrains the wind share itself, produces similar results
to Case B, as the model can exploit large coal power generation with high values. Thus,
Cases B and C result in smaller optimal costs than Case A, as shown in Figure A3.

Figure A4 exhibits the results of the allocation of the total cost according to the method
using the costless technology, as explained in Appendices B.2 and C.2. Although the largest
part of the integration cost is allocated to wind power, a smaller part is also allocated to
coal, which implies that the cost increases because of the declines in the load factor of coal
power generation to meet the changing demand should be mainly allocated to coal. With
high VRE shares, the total cost is slightly higher for Case A than for Case B. In Case B,
the LCOE part of wind is larger than in Case A, reflecting the difference in wind power
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generation, while the integration part is smaller in Case B because of small requirements for
storage systems. Note that a primary aim of introducing VRE is to mitigate carbon dioxide
emissions. Given that Case A, which directly constrains coal power generation, emits
less carbon dioxide than Case B with the same VRE share, Case A should be considered
more policy-relevant.

Figure A1. Total values and costs. (a) Case A; (b) Case B; (c) Case C.

Figure A2. Total power generation by case.
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Figure A3. Total system cost by case.

Figure A4. Allocation of the total cost. (a) Case A; (b) Case B.

Appendix B. Re-Defining System LCOE—A Simple Case with Two Technologies

This appendix defines and discusses the concepts of marginal and average system
LCOE, for a special case with two technologies, and without explicit consideration of
electricity losses. Then, Appendix C proposes more general definitions.

Appendix B.1. System LCOE and Optimization of the Power Sector

Suppose a simple system with two technologies, in which x and y denote the annual
output of a conventional (coal-fired) technology and VRE (wind), respectively. Assuming
that the total annual demand is a constant E, we have

x + y = E (A5)

Let C(x, y) denote the total system cost, which can be calculated by LP, or by the
mixed integer linear programming (MILP) method, or by any other mathematical optimiza-
tion. Under condition A5, we try to find x and y that minimize C. This can be achieved
by minimizing

L = C − λ(E − x − y) (A6)
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in which λ is a Lagrange multiplier. This leads to the following three equations:

∂L

∂λ
= x + y − E = 0 (A7)

∂L

∂x
=

∂C

∂x
+ λ = 0 (A8)

∂L

∂y
=

∂C

∂y
+ λ = 0 (A9)

Equation (A7) is identical to Equation (A5). Eliminating λ from Equations (A8) and
(A9), the optimum condition is

∂C

∂x
=

∂C

∂y
(A10)

If we could regard ∂C/∂x and ∂C/∂y as the system LCOE, or the LCOE with an
addition of the marginal integration cost, Equation (A10) would mean that the optimal
point is where the system LCOE of both technologies take the same value. The problem
here is that these partial differentials cannot be calculated uniquely; ∂C/∂x refers to the
increase in C with a small increase in x, under the condition that y is constant. This assumes
that E in Equation (A5) also increases by dE along with x. However, the way in which we
increase E is not unique. For example, we can multiply hourly demand et by a constant
for all t, or add a constant to et. We can think of many ways to increase the total annual
demand E. We should also be aware that the actual states of interest are only those under
condition A5, and that varying E is a pure mathematical requirement.

Suppose two cost functions CI(x, y) and CII(x, y), which satisfy CI(x, y) = CII(x, y) = C(x,
y) if Equation (A5) holds, and can take different values otherwise. We have

dCI =
∂CI

∂x
dx +

∂CI

∂y
dy (A11)

for CI and a similar equation for CII. Putting Equation (A5), or dx + dy = 0, into Equation
(A11), we have

dCI =

(

∂CI

∂x
−

∂CI

∂y

)

dx (A12)

Similarly, for CII, we have

dCI I =

(

∂CI I

∂x
−

∂CI I

∂y

)

dx (A13)

As dCI = dCII under condition A5, by comparing the coefficients of Equations (A12)
and (A13), we have

∂CI

∂x
−

∂CI

∂y
=

∂CI I

∂x
−

∂CI I

∂y
(A14)

This equation implies that although ∂C/∂x and ∂C/∂y cannot be calculated uniquely,
the difference between them is defined uniquely. Therefore, if we interpret the optimum
condition (A10) as ∂C/∂x − ∂C/∂y = 0, this condition is unique.

This is a natural extension of the discussion by Ueckerdt et al. (2013) [23]. To illustrate
this, let LC and LV denote the LCOE of the conventional source and VRE, and

C = LCx + LVy + I (A15)

where I is the integration cost, which is defined as the total system cost minus the cost
components that are proportional to LCOE. With these variables, the optimum condition
A10 can be rewritten as

LC = LV +

(

∂I

∂y
−

∂I

∂x

)

(A16)
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Eliminating x using Equation (A5), I = I(x, y) = I(E − y, y) can be regarded as a function
of y. Taking the differential of I with respect to y, we have

dI

dy
=

∂I

∂y
−

∂I

∂x
(A17)

We denote the value of Equation (A17) as LINT. Then Equation (A16) can be rewritten as

LC = LV + LINT (A18)

Equation (A18) is essentially identical to the Equation (8) of Ueckerdt et al. (2013) [23],
which implies that the system LCOE, defined as the sum of the LCOE of VRE and the
marginal integration cost, equals the LCOE of the conventional technology at the optimal
point (Figure 1). This is a special case of what is referred to as the “relative marginal system
LCOE” in Appendix C. The term “relative” here implies that we can define the marginal
system LCOE uniquely if and only if we deform the optimum condition with respect to
one technology, as in Equation (A16). Subtracting LINT from both sides of Equation (A18),
we have the optimum condition with respect to VRE, and both representations are mathe-
matically interchangeable. However, in many cases, it would fit our intuition better to have
a constant system LCOE of the conventional technology and an increasing system LCOE of
VRE, than to have a constant system LCOE of VRE and a decreasing system LCOE of the
conventional technology.

Appendix B.2. Average System LCOE: Allocation of the Integration Cost

Here, we introduce a hypothetical technology, denoting its annual output as z. Then,
we denote the one-dimensional space of x and y, which satisfies Equation (A5), as S1, and
denote the two-dimensional space of x, y, and z, which satisfies

x + y + z = E (A19)

as S0. S1 is a subspace of S0 satisfying z = 0. As S0 is a two-dimensional space, we can
define the cost function C(x, y) on S0, which depends on the cost structure of z. Note that
this arbitrariness of the selection of z does not affect the economic assessment in the real
space S1, as long as we discuss the differences in partial differentials, as in Equation (A16).

For later discussion, it is convenient to assume that z is a “costless” technology, which
has zero fixed and variable costs, with unlimited flexibility. Although this is quite a
hypothetical assumption, it is fairly easy to add this type of technology to mathematical
models to define C(x, y) on S0.

I now define the “absolute marginal system LCOE” as follows, although a more
general formulation will be given later.

LAx
=

∂C

∂x
(A20)

LAy
=

∂C

∂y
(A21)

An exact formulation would be to define the cost function C(x, y, z) in a three-dimensional
space, including S0, without condition (A19), and define LAx

= ∂C/∂x − ∂C/∂z uniquely fol-
lowing the discussion in the previous subsection. We then obtain Equation (A20), regarding
C as a function of x and y on S0.

Using the absolute marginal system LCOE, we can decompose C(x, y) into two parts,
namely, Cx and Cy, which represent the contribution of the conventional technology and
VRE, as follows:

C =
∫

dC =
∫

(

∂C

∂x
dx +

∂C

∂y
dy

)

=
∫

∂C

∂x
dx +

∫

∂C

∂y
dy ≡ C′

x + C′
y (A22)
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The LCOE of each technology can be denoted as L0x and L0y , but before that, we
must define LCOE without ambiguity; the LCOE of a technology can take different values
depending on the load factor. I define the LCOE of a technology as calculated assuming the
highest possible load factor. In the model shown in Appendix D, for example, it is defined
as the value calculated assuming load factors of 80% for the conventional technology and
22% for VRE (wind power). Thus, the total system cost C is decomposed into the part
proportional to LCOE, and the remaining integration cost part denoted as I:

C = L0x x + L0y y + I (A23)

The absolute system LCOE LAx
is also decomposed as

LAx
=

∂C

∂x
= L0x +

∂I

∂x
≡ L0x + LIx (A24)

where LIx is the absolute marginal integration cost. Similarly, as in Equation (A22), I can
also be decomposed into two parts:

I =
∫

∂I

∂x
dx +

∫

∂I

∂y
dy ≡ I′x + I′y (A25)

and the equation C′
x = L0x x + I′x holds.

Dividing the allocated cost C′
x by the annual output x, we obtain the “average system

LCOE” Lx:

Lx ≡
C′

x

x
= L0x +

I′x
x

≡ L0x + LIx (A26)

where LIx is the average integration cost. As Equations (A24) and (A26) show explicitly,
both the absolute marginal system LCOE and the average system LCOE are expressed
as the sum of LCOE and the marginal/average integration cost. These equations will be
re-formulated again in a more general manner in Appendix C.

Although Equation (A23) is formally quite similar to Equation (A15), our formulation
here defines the LCOE more strictly in terms of the assumed load factor. Figure A5 shows
C and I calculated by the model presented in Appendix D, with the condition x + y + z = E
(that is, without any deployment of the storage system and without any energy losses). In
these charts, the two-dimensional plane parameterized by x and y corresponds to S0, and
the line x + y = E on the plane represents the set of real states S1.

Figure A5. Illustration of the total cost C and the integration cost I. (a) C; (b) I.

Figure A6 illustrates C in two subspaces of S0, that is, as a function of x with y = 0 and
as a function of y with x = 0.
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Figure A6. Total cost C and the integration cost I on subspaces y = 0 and x = 0. (a) y = 0; (b) x = 0.

As described above, the LCOE of a technology is defined as the levelized cost cal-
culated with the maximum load factor. In case we supply the system only with the
conventional technology (that is, y = z = 0), the load factor takes a somewhat lower value.
The storage system may also be introduced to cause additional costs. As illustrated in the
left-hand side chart of Figure A6, the LCOE of the conventional technology is shown as
the slope of the cost function near x = 0, and the difference between C and the dotted line
proportional to the LCOE represents the integration cost I.

LCOE depends heavily on the load factor. For example, OECD/NEA and IEA (2020) [5]
proposes a sensitivity analysis assuming different load factors, for example, 80% and 50%,
to illustrate the effects of operational conditions. In contrast, our definition of LCOE here
implies that the cost increases caused by lower load factors are classified as part of the
integration cost, rather than of the LCOE. In this context, the integration cost is recognized
as the additional cost caused by the inflexibility of each technology. LAx

is the change in
the total cost with the substitution of 1 kWh of conventional power output with that of
the absolutely flexible costless technology, which includes the differences in the values,
not only of energy, but also of capacity and flexibility. For this reason, LAx

is called the
“absolute” marginal system LCOE. As any technology in the real world, whether it is a
conventional technology or VRE, has a certain level of inflexibility, I, LIx , and LIy always
take positive values in real systems. As illustrated in Figures A5 and A6, I is usually close
to zero with small x and y, and increases rapidly as the state moves closer to real systems
on S1.

There are at least five important points that must be mentioned here. First, the LCOE
of a conventional technology L0x equals the limit lim

x→0
∂C/∂x|y=0. That is, the integration

cost of a conventional technology is close to zero, and the absolute system LCOE is close
to the LCOE around the origin of the coordinates. However, for VRE, this is not always
the case. This is because of the capacity constraint, including reserve margins. Should the
power demand be met only with VRE and the costless technology, without any real stable
technology, the capacity constraint may not be met without additional costs; see Equation
(A58) for the model presented in Appendix D. For this model, while lim

x→0
∂C/∂x|y=0 equals

the LCOE of the conventional technology at 5.44 U.S. cent/kWh, lim
y→0

∂C/∂y|x=0, equaling

4.84 U.S. cent/kWh, is larger than the LCOE of VRE at 4.50 U.S. cent/kWh, which is
dependent on the assumption of the capacity credit of VRE, and which can be regarded as
the marginal integration cost that exists even near the origin of the coordinates.

Second, in Equation (A22), the decomposition of C into C′
x and C′

y is not determined
uniquely but depends on the path of integration. This is exactly the problem of allocating
costs to each source; if we adopt Path I in Figure A7, we have small C′

x (very small I′x) and
large C′

y. This path corresponds to the allocation in which we have a system only with x
in the first place, and then add y, to allocate the related cost increases only to y. On the
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contrary, if we take Path II, most of the integration cost is allocated to x. Here, I propose a
simple linear Path III to allocate the costs to each technology equally.

Figure A7. Integration paths for cost allocation.

Through several tests, we can examine that this path yields a fair allocation, without
contradicting with our intuition. For example, let us suppose a symmetric case, as shown
in the left-hand side chart of Figure A8, in which both x and y represent conventional
technologies, or both represent VRE. Our intuition tells us that at point x = y = E/2, C′

x

should be equal to C′
y, and Lx should be equal to Ly. While it is obvious that the linear

path from the origin satisfies this condition, other paths do not satisfy it, except for very
special winding paths. Moreover, if C is convex in S1, as shown in the left-hand side chart
of Figure A8, Lx is larger than Ly if x is larger than y, which also satisfies our intuition.

Figure A8. Test shapes of the total cost C.

Another important test is the case in which x and y have exactly the same cost structure,
i.e., the same fixed and variable costs, capacity credit, and flexibility. In this case, Lx = Ly

must hold at any point on S1 because of the symmetry. Here, I prove that this is the case
with Path III in Figure A7:

As x and y have exactly the same cost, C(x, y) can be written as a function of x + y,
namely, C(x + y), as shown in the right-hand side chart of Figure A8. This leads to the
equation ∂C/∂x = ∂C/∂y. As the path is linear, we can assume that y = αx or dy = αdx,
with a constant α. From the definition (Equation (A22)), for a point (X, Y) = (X, αX) on S1,
we have

C′
x(X, Y) =

∫ X

0

∂C

∂x
dx =

∫

αX

0

1

α

∂C

∂y
dy =

1

α
C′

y(X, Y) (A27)

This yields

Lx =
C′

x

X
=

C′
y

αX
= Ly (A28)
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This supports the appropriateness of adopting the linear Path III; if the shape of the
cost function is convex, as shown in the right-hand side chart in Figure A8, Path IV in
Figure A7, which takes larger x than Path III, yields smaller C′

x and larger C′
y, and Path V

with smaller x yields larger C′
x and smaller C′

y. Thus, these other paths would not yield a
reasonable allocation.

Third, can we use other types of hypothetical technologies than costless ones, to
calculate the allocation using Equation (A22)? I use the costless technology here because it
allows us to measure cost increases caused by the inflexibility of real-world technologies in
full range. In fact, LAx

in Equation (A24) on S1 take the largest value if we use the costless
technology, which is why it is called the “absolute” marginal system LCOE. Moreover,
the function C, as shown in Figures A5 and A6, takes the smallest values if we adopt
the costless technology for z, and for other technologies, the function C exhibits a larger
path than the line with the slope identical to the LCOE. This would imply that with other
technologies, we could not decompose C properly into the integration part and the part
proportional to the LCOE.

Fourth, as Equation (A10) shows, all the absolute marginal system LCOE take the same
number, or more precisely, the differences between the absolute marginal system LCOE
of different technologies become zero, at the optimal point. However, average system
LCOE does not take the same number at the optimal point, except for special cases, such
as that shown by Equation (A28). This follows the general principle of economics that the
optimal point is determined by marginal costs, rather than by average costs. In our case, if
the LCOE of VRE is smaller than that of conventional sources, the average system LCOE
usually take smaller numbers for VRE than for conventional sources at the optimal point.

Fifth, although it may be theoretically appropriate to discuss with absolute marginal
system LCOE, it can take very large values, as it measures cost increases caused by in-
flexibility in full range. Realistically, in many cases, it would be more reasonable to use
the LCOE part and the difference in the integration part, as in Equation (A16). In the
current two-technology system, we can choose the conventional power generation as the
“reference” technology, and define the “relative marginal system LCOE” as

LRx = L0x (A29)

LRy = L0y +

(

∂I

∂y
−

∂I

∂x

)

(A30)

Again, although LRx and LRy can be calculated using the costless technology, or using
any other hypothetical technologies, the values do not depend on this arbitrariness. The
relative marginal system LCOE defined here is essentially the same as the marginal system
LCOE defined by Reichenberg et al. (2018) [17], with a slight difference from our definition,
in that Reichenberg et al. (2018) [17] adopt their “thermal LCOE,” which is the total system
cost without VRE, divided by the total power generation, as the constant in the right-hand
side of Equation (A29).

LRx equals LRy at the optimal point. Although we can choose any power source as the
reference technology, it would be reasonable in many cases to select a technology with high
flexibility, because of several reasons as described in Appendix C.

Appendix C. Re-Defining System LCOE—General Case with Multiple Technologies

and Electricity Losses

Appendix C.1. Relative Marginal System LCOE

When we extend the discussion in Appendix B to more realistic systems with multiple
power sources, we must consider the changes in the total power output due to energy
losses. With high penetration of VRE, we generally have large excess electricity, which
is partly curtailed. This results in smaller power output after curtailment than the total
power generation. We must also consider transmission and charge/discharge losses that
would enlarge the need for power generation. For these reasons, we generally have larger
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power generation with higher VRE shares. Equation (A5) is a special case without these
energy losses.

Let us assume a system with n technologies. Denote the annual power output of
technology i (i ∈ [0, n]) as xi, and the total annual energy loss as T. Unlike Equation (A5),
xi can vary relatively unrestrictedly, because it is at least possible to assume a state with
very large power generation and very large storage losses. We assume here that all xi can
be determined uniquely by optimization calculations.

Another important point is that the state of the system can vary depending on how
we constrain it, as exemplified in Section 2.2.4.2. For example, if we fix xi as xi = x̂i for
i ∈ [0, n − 1], xn is also determined by optimization. We can calculate the optimal state
fixing xi for i ∈ [1, n], only to obtain x0 that is different from x̂0. This corresponds to the fact
that subsidizing VRE and levying a carbon tax on thermal power would produce similar,
but not the same situations in the real world.

We assume here that we can define the total cost C, as well as the energy loss T, on
a n-1-dimensional space of real states S1, by choosing one unconstrained technology i0,
and optimizing the system fixing xi for i other than i0. C, T, and any other function on S1

are primarily defined as functions of xi for i other than i0. However, we can also regard
them as functions of any n − 1 combinations of xi, other than xi* with one i* ∈ [0, n], as it
is possible to calibrate xi* so that xi0 takes any intended x̂i0 . As stated above, the selection
of i0 is dependent on the policy measures to realize the state and can exert non-negligible
effects on the costs of power sources.

Now, without loss of generality, we select x0 as the annual output of the “reference”
technology, regarding x0, C, and T as functions of annual output of other sources, that is, x1,
x2, . . . , xi. The unconstrained technology i0 may or may not be identical to 0. Here, instead
of Equation (A5), we have

∑
i≥0

xi = E + T (A31)

The set of xi that satisfies Equation (A31) makes the real-state space S1. Considering
the annual output of the costless technology xCL, we can think of a space S0 that satisfies

∑
i≥0

xi + xCL = E + T (A32)

As Figure A9 shows, S1 forms a curved surface in S0.

Figure A9. Case with electricity losses.
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Similarly, as the discussion in Appendix B.1, using a Lagrange multiplier, we can
formulate the optimum condition in S1 as

∂C

∂xi
−

(

1 −
∂T

∂xi

)

∂C

∂x0
= L′

i − RiL
′
0 = 0 (A33)

for all i, where Ri = (1 − ∂T/∂xi) and

L′
i =

∂C

∂xi
= L0i

+
∂I

∂xi
≡ L0i

+ LIi
(A34)

for all i ≥ 0. We re-define absolute marginal system LCOE LAi as

LAi
=











L′
0 = L00

+ LI0
for i = 0

L′
i

Ri
=

L0i
+LIi
Ri

for i > 0

(A35)

so that the optimum condition (A33) is translated as LAi
= LA0

for all i. The former definition
of LAi

, Equations (A20) and (A21), is a special case with Ri = 1 without any energy losses.
As in the case of Equation (A10), LA0

and LAi
cannot be defined uniquely, although

we can calculate that assuming special conditions, such as in space S0 with the costless
technology xCL. Importantly, we can prove that, similar to the discussion in Appendix B,
we can define LAi

− RiLA0
and LIi

− RiLI0
uniquely. Thus, we define

LR0
= LA0

− LI0
= L00

(A36)

LRi
= LAi

− LI0
= L00

+
(

LAi
− LA0

)

=
L0i

Ri
+

(

LIi

Ri
− LI0

)

(A37)

to translate the optimum condition (A33) as LRi
= LR0

for all i. This is a more general
definition of relative marginal system LCOE, as defined by Equation (A16). Note that it
is only the difference between two relative marginal system LCOE, and not the absolute
value of them, that can be regarded as meaningful.

In Equations (A35) and (A37), the differential coefficients L′
i, L0i

, and LIi
are adjusted

with the coefficient Ri. If we choose a flexible thermal power generation as the reference
technology, Ri usually stands between zero and one, and thus, the adjusted differential
coefficients are smaller than those before the adjustment. In this situation, the power output
of technology i increases by one unit, and a part of the output is consumed as transmission
and storage losses. Thus, the net power increase is smaller than one. This effect becomes
more significant with the rise in the VRE share.

If we select VRE as the reference technology, Ri can take values larger than 1. Specifi-
cally, the conversion coefficient RCV for VRE with the selection of a conventional technology
as reference, and the conversion coefficient RVC for the conventional technology with the
selection of the VRE as reference, satisfy the relationship RCV = 1/RVC. That is, if we select
VRE as reference, the total adjusted power output can be considerably larger than the
power demand, which leads to lower unit cost of electricity. In this regard, it would be
more reasonable to select a flexible power source as reference, so that the adjusted total
output does not differ much from the total power demand.

Note that the absolute marginal system LCOE defined by Equation (A35), and relative
marginal system LCOE defined by Equation (A37) do not depend on whether we use VRE
power output before or after curtailment as xi. Assume xi is the power output of i after
curtailment, and the output before curtailment is expressed as x′i = rixi, with ri being a
function of xi that takes values larger than 1. The increase in the total power output before
curtailment is

T′ = T + ∑
i

(ri − 1)xi (A38)
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which implies R′
i =

(

1 − ∂T′/∂x′i
)

= (1 − ∂T/∂xi)/ri and
(

∂C/∂x′i
)

/R′
i = (∂C/∂xi)/Ri.

In sum, relative marginal system LCOE refers to the change in the total cost, with the
substitution between the power output of a certain technology xi and that of the reference
technology x0. We can calculate it by estimating the total cost fixing xj for j other than i
and 0, and decreasing x0 by one unit, and increasing xi by 1/Ri units. The change can
be negative, if the technology i is cheaper or more flexible than the reference technology.
Unlike the average system LCOE described later, calculating the relative marginal system
LCOE is straightforward and usually does not consume much machine time.

Now we compare the concepts of relative marginal system LCOE and system LCOE_HUE
defined by Equation (1). We increase xi by one unit from a state, obtaining an optimization
result with xi0 decreasing by 1/Ri,i0 units. The unit value vi is equal to the decline in the
total cost related to the part of the system other than technology i. The cost increase related
to the technology i part is equal to the LCOE ci by definition. Therefore, ci − vi equals the
change in the total cost by increasing xi by one unit. Following the notations adopted above,
ci − vi = L′

i − L′
i0

/Ri,i0 . Thus, we have

LHUEi
= L′

i −
L′

i0

Ri,i0

+ vL (A39)

As indicated by Equation (A39), system LCOE_HUE is a metric quite similar to relative
marginal system LCOE; the difference between the unit cost of technology i and that of the
unconstrained technology i0, that is, the total cost change by their substitution, plus the
unit value of demand. Relative marginal system LCOE (Equation (A37)) is the difference
between the unit cost of technology i (LAI

) and that of the reference technology 0 (LA0
), plus

the LCOE of the reference technology (L00
). We can observe some important differences

between the two metrics as follows:
First, relative marginal system LCOE measures the difference in the unit cost with

respect to the output of the reference technology, while system LCOE_HUE measures it
with respect to the output of technology i. For this reason, while the difference between
the relative marginal system LCOE of two technologies i and j represents the difference in
their unit costs, the difference between the system LCOE_HUE of i and j does not represent
anything meaningful. If we defined the metric

L′
HUEi

=
L′

i

Ri
−

L′
i0
+ vL

R0,i0

(A40)

with R0,i0 = RiRi,i0 , instead of Equation (A39), the difference in system LCOE’_HUE would
be equal to the difference in relative marginal system LCOE, so that the optimum condition
would be LRi

− LRj
= L′

HUEi
− L′

HUEj
= 0. If we can ignore electricity losses, Ri and Ri,i0

equal one, which leads to the same number for system LCOE_HUE and system LCOE’_HUE
for all technologies. Another important point to note is that system LCOE_HUE does not
meet the requirement of separability as described in Section 2.2.4.1.

The notion of relative marginal system LCOE could also provide a guideline, when
applying the integration costs as calculated by power sector models to other models, such
as IAM. The point is that the LCOE and the difference in the total cost should be adjusted
by Ri, as shown in Equation (A37). It should be easy and straightforward to implement
this in a two-technology system. In a more general case with n technologies, the problem
is more complex. Exactly, it would be required to express the relative marginal system
LCOE of each technology as a function in the n-1-dimensional space S1. However, in
some cases, it may be possible to use some indexes, such as the share of VRE, to define a
lower-dimensional space of interest as a subspace of S1.
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Appendix C.2. Average System LCOE

In this subsection, we extend the notion of average system LCOE described in
Appendix B.2 to more general cases. With high shares of VRE, the total power gener-
ation increases with large system losses. Thus, if we simply divide the cost by the power
output, as in Equation (A26), the result can take unjustifiably small values. Clearly, we
need to adjust the power output somehow.

Given the discussions above, it is straightforward to think of adjusted power gener-
ation x′i of technology i, which is measured with respect to the reference technology 0,
and satisfies

dx′i = Ridxi (A41)

Relative marginal system LCOE (Equations (A36) and (A37)) can be regarded as the
differential of C, not with respect to xi, but to x′i. Once all the outputs are thus measured
with respect to the reference technology, their total, that is, E0 = x0 + ∑ xi, is a constant.
Taking the total differential of Equation (A31), we have

∑
i>0

(

∂x0

∂xi
+ Ri

)

dxi = 0 (A42)

Appling Equation (A41) and dx0 = ∑(∂x0/∂xi)dxi to Equation (A42), we obtain

dx0 + ∑
i>0

dx′i = 0 (A43)

As the left-hand side of Equation (A43) equals dE0, E0 is a constant. In particular,
we can calculate E0 by calculating the output of the reference technology x0 under the
condition xi = 0 for all i > 0.

The adjusted power output x′i can be calculated by taking the integral as shown in
Equation (A44).

x′i =
∫

dx′i =
∫

Ridxi (A44)

Note that the value of this integral depends on the integration path. Suppose we have
one conventional (reference) technology and two kinds of VRE, e.g., onshore wind and
solar PV. Ri takes small values only if the VRE ratio is very large. Starting from a state with
only the reference technology, if we increase solar PV output first and then increase wind
output, x′PV takes larger values and x′wind takes smaller values than otherwise, for the same
xPV and xwind.

Starting from a state with only the reference technology (x0 = E0), which path should
we adopt for the integration? Is the simple linear path, similar to Path III in Figure A9,
appropriate? However, note that unlike the cost allocation case, the order of deploying
power generating technologies is determined by the constraints they are subject to. Suppose
the cost of technology k is cheap, but the upper limit of xk is set at a very small level due
to natural constraints. k is introduced well before other technologies, and it affects the
stabilization of the grid only very marginally. However, if we adopt the linear path, Rk can
take very small numbers depending on the penetration level of other technologies, so that
the average system LCOE of k can take large numbers, which does not fit our intuition.
A more natural path is the one starting from the state x0 = E0, with declining x0, and for
each state other power outputs xi are determined subject to the constraints assumed in the
model. We denote this one-dimensional path parametrized by x0 as P0.

Once we set P0, we can define average system LCOE at each point on the path. First,
the total cost is allocated to each technology using the costless technology and the linear
Path III, as shown in Figure A9.

C = ∑
i≥0

C′
i = ∑

i≥0

∫

∂C

∂xi
dxi (A45)
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Note that this decomposition of the total cost has the property of separability as
discussed in Section 2.2.4.1. Suppose two systems F1 and F2, where the power output and

the total cost are denoted as x1i
, x2j

and C1

(

x1i

)

, C2

(

x2j

)

, respectively. If we regard F1 + F2

as one system F, where the total cost is denoted as C
(

x1i
, x2j

)

= C1

(

x1i

)

+ C2

(

x2j

)

, the

decomposed cost C′
i calculated on F1 equals that calculated on F. This property is essential

for defining C′
i uniquely.

We then define average system LCOE as

Li ≡
C′

i

x′i
(A46)

using adjusted output x′i.

Appendix C.3. Marginal System LCOE

The natural path P0 also allows us to define marginal system LCOE, by fixing the
arbitrariness in the definition of relative marginal system LCOE. An observation here is
that using the allocated cost defined by Equation (A45), we could calculate the marginal
system cost of technology i as

L′
i ≡

dC′
i

dx′i
(A47)

along the path P0.
A problem here is that the marginal cost defined by Equation (A47) does not fully

reflect changes in the total system cost. If xk has already reached the upper limit, we cannot
calculate the marginal cost using Equation (A47) because dx′k is zero. More importantly,
although xk does not change, C′

k can change with the decrease in x0. Suppose that at a state
on P0, solar PV has already reached the upper limit, while onshore wind is not constrained.
With a small decrease in x0, not only the cost allocated to onshore wind, but also that
allocated to solar PV, can increase, because solar PV can be more costly with smaller flexible
generation in the system. Therefore, if we calculate the sum ∑ L′

idx′i using L′
i defined by

Equation (A47), it does not equal the total cost change dC.
The change in the total cost dC is closely related to relative marginal system LCOE.

Actually, dC/dx0 equals the difference between the relative marginal system LCOE of
the reference technology and that of unconstrained technologies. This suggests a way to
calculate the marginal cost by technology, as follows: At a given state on P0, we calculate
the marginal system LCOE of the reference technology by Equation (A47). We then set the
numbers for other technologies, by adding the difference in relative marginal system LCOE
to the number for the reference technology. That is,

L0 =
dC′

0

dx0
(A48)

Li = L0 −
∂C

∂x0
+

1

Ri

∂C

∂xi
for i > 0 (A49)

Unlike Equation (A47), Equation (A49) can define the marginal costs of the technolo-
gies subject to constraints. This corresponds to calculating the cost changes with small
changes in the constraints. I refer to Li defined by Equations (A48) and (A49) as simply
“marginal system LCOE,” as long as it is not confusing. With these definitions, we can
assure that the change in the total cost C along the path P0 equals the weighted average of
the marginal system LCOE Li, with respect to the changes in the output of each technology.
Although L0 equals L′

0 by definition, Li does not always equal L′
i for i other than 0.

As described above, only the differences between the marginal costs of different tech-
nologies can be calculated without arbitrariness. However, we must set a reference point to
calculate the absolute numbers. While relative marginal system LCOE defined by Equations
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(A36) and (A37) sets the number for the reference technology at L0i
, marginal system LCOE

sets it at L0, defined by Equation (A48), for consistency with average system LCOE.
The definition of average system LCOE Li and marginal system LCOE Li depend

on the path P0. They can be calculated only if such a path can be defined reasonably. In
contrast, relative marginal system LCOE LRi

can be defined irrespective of the path P0.

Appendix D. A Simple Model with Two Technologies

This appendix presents a detailed explanation of the mathematical model used for
illustration purposes in this article. It is a simple LP model assuming conventional (coal-
fired) and VRE (wind) power generation, as well as a storage system (battery), intentionally
neglecting several constraints to present the essence. Table A1 shows the endogenous
variables, with t ∈ [1, 8760] denoting time within a year.

Table A1. Endogenous variables.

Symbols Description

x = ∑t xt, y = ∑t yt,
z = ∑t zt

Annual and hourly electricity output of the conventional
technology, VRE, and the costless technology

ut VRE curtailment at time t
ct, dt, st Electricity charge, discharge, and stored electricity at time t

Kx, Ky, Ks
kW and kWh capacities of the conventional technology, VRE, and
the storage system

Exogenous variables and constants are presented in Table A2.

Table A2. Exogenous variables and constants.

Symbols Description

dt Electricity demand at time t
wt Output ratio of VRE at time t

lf = 0.8 Maximum load factor of the conventional technology
ef = 0.85 or 1 Cycle efficiency of the battery

cr = 0.3 Capacity credit of VRE
sr = 0.5 kW/kWh ratio of the battery
r = 0.08 Reserve margin

Hourly demand dt is set by multiplying a constant to the historical data in the Tokyo
area for the year 2012, so that the total annual demand equals 10,000 GWh. wt is set based
on actual wind profiles in Japan, with an average of 22%.

Table A3 presents the cost assumptions.

Table A3. Cost assumptions.

Symbols Description

VCx = 0.03 Variable cost of the conventional technology, USD/kWh
FCx = 171.01 Fixed cost of the conventional technology, USD/kW/yr
FCy = 86.74 Fixed cost of VRE, USD/kW/yr
FCs = 9.17 Fixed cost of the storage system, USD/kW/yr

Here, the fixed costs assume the investment costs of 2000 USD/kW, 1400 USD/kW, and
100 USD/kWh for the conventional technology, VRE, and the storage system, respectively,
and are annualized with a real discount rate of 5% and with lifetimes of 40 years, 30 years
and 15 years, respectively. A fixed O&M cost of 60 USD/kW/yr is added to the annual
fixed cost for the conventional technology. Under the assumptions of the load factor at 80%
and 22%, the LCOE of the conventional technology and VRE stand at 5.44 U.S. cent/kWh
and 4.50 U.S. cent/kWh, respectively.
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Under these assumptions, the model minimizes the total system cost C defined by

C = ∑
t

VCxxt + FCxKx + FCyKy + FCsKs (A50)

under the constraints described as follows:

1. Supply and demand balance constraint

For all t,
xt + (yt − ut) + zt + e f dt − ct = lt (A51)

yt ≥ ut (A52)

2. Power charge and discharge balance constraint

For all t,
st+1 = st + ct − dt (A53)

3. Capacity limitation

For all t,
xt ≤ Kx (A54)

yt = Kywt (A55)

st ≤ Ks (A56)

4. Load factor limitation

∑
t

xt ≤ l f Kx (A57)

5. Capacity credit constraint

Kx + cr Ky + sr Ks ≥ (1 + r) max
t

(lt − zt) (A58)

The optimal solution with these constraints is trivial, with xt = yt = 0, zt = lt, and with
the objective value C = 0. However, by fixing the annual output of some technologies
further, we can calculate the optimum cost C for different states. Real states have to be
calculated with zt = 0 for all t.
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