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Abstract

Levelized cost is a life-cycle cost measure that aggregates investment
expenditures and operating costs into a unit cost figure. So far, most
applications of this concept have originated in relation to energy tech-
nologies. This paper describes the role of the levelized cost concept in
cost accounting and synthesizes multiple research streams in connection
with electricity, energy storage, hydrogen and carbon capture. Finally, we
sketch multiple potential future applications of the levelized cost concept.

Keywords: Levelized cost, Full cost, Levelized cost of energy, Levelized cost
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2 Applications of the Levelized Cost Concept

1 Introduction

The concept of levelized cost has a long history in the field of energy, frequently
referred to as Levelized Cost of Energy (LCOE) (Farrar and Woodruff, 1973).
The main use of this concept has been to provide a unit cost measure, e.g.,
euro per kilowatt hour (kWh), to compare alternative energy sources in terms
of their cost competitiveness. As a life-cycle cost measure, LCOE aggregates
a share of the capital expenditures required for the initial capacity investment
with operating expenditures required for the periodic energy generation. Thus,
the unit cost of capacity is not a cash outflow, but an allocated cost. For many
energy sources, e.g., nuclear, solar, and wind power, this cost component is in
fact the dominant part of the overall LCOE.

A commonly accepted verbal definition of the LCOE dates back to a study
by MIT on the future of coal (Massachusetts Institute of Technology, 2007,
Chapter 3). In their study, LCOE is calibrated as the break-even value that
must be achieved on average by the energy sold in order to adequately com-
pensate a project’s suppliers, employees and investors for their contributions.
This article adopts the formal and generic Levelized Cost (LC) concept in
Reichelstein and Rohlfing-Bastian (2015). Accordingly, LC is calibrated as the
average unit revenue that allows an investment project to break even (achieve
a net present value of zero) over its entire life cycle.

Earlier studies have shown that the LC exceeds the measure of full cost,
as usually defined in the cost accounting literature. The reason is that the
standard definition of full cost does not include charges for interest, nor those
that arise from corporate income taxes. In contrast, these types of expenditures
are included in the LC metric in order to make the cost metric compatible with
the net present value criterion. Here, we show that even if interest charges are
accounted for in an approximate manner, as advocated in some cost accounting
textbooks (Friedl et al., 2022), the resulting full cost metric will again be
consistently below the levelized product cost.

Conceptualized as a life-cycle cost measure, LC is generally not the relevant
cost for short run decisions, such as pricing or production volume decisions.
Once an investment decision has been made, the LC metric carries significant
sunk cost components. Under certain conditions, however, LC emerges as the
relevant unit cost measure for long run decisions such as irreversible capacity
investments. In the context of electricity generation, LCOE does allow for an
“apples-to-apples” cost comparison of any two similar generation technologies,
e.g., nuclear versus coal-fired power plants. In order to assess the competitive-
ness of electricity obtained from renewable energy sources versus that obtained
from fossil fuel sources, however, the LCOE metric is by itself not sufficient.
Instead, it must be supplemented with other metrics that effectively summarize
the pattern of power generation and power pricing in real time.

Moving beyond electricity, we review multiple applications and variants
of the levelized cost concept. In particular, this article covers unit cost mea-
sures that have been used to assess improvements in the economic viability of
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emerging technologies such as energy storage, hydrogen, and carbon capture
and sequestration.

The remainder of the paper is organized as follows. Section 2 presents a
formal LC framework and relates this metric to the incumbent cost accounting
literature. Section 3 reviews specific applications of the levelized product cost
concept in connection with different energy related technologies. Section 4
describes potential future applications. We conclude in section 5.

2 Levelized Cost Concept
2.1 Model Framework

The levelized cost of a product is a unit cost measure that aggregates the
expenditures resulting from an upfront capacity investment and subsequent
periodic operating expenditures. A commonly known verbal definition has been
provided in a 2007 study by MIT on the future of coal. The MIT study defines
LC as the constant dollar price that would be required over the life of the
inwvestment project to cover all operating costs, payment of debt and accrued
interest on initial project expenses and the payment of an acceptable return to
investors (Massachusetts Institute of Technology, 2007, Chapter 3). According
to this definition, LC is a break-even value insofar as it yields the minimum
price per unit of output that an investor would need in order to break even over
the life-cycle of an initial capacity investment. Importantly, the cost measure is
to be aligned with present value considerations, as the cost measure requires an
acceptable return to both equity and debt investors. While the above definition
does not explicitly mention taxes, in particular corporate income taxes, these
can be included in the category of operating costs.! Reichelstein and Rohlfing-
Bastian (2015) provide a formalization of the MIT (2007) definition. They
represent the levelized cost as the unit cost of a product associated with an
initial investment that allows k units of the product to be produced initially
and ¢ - k units to be produced in period t. Here, z; < 1 is a degradation factor
to reflect the possibility that the initial production capacity may diminish over
time. Formally,

LC(k) =w+ f(k)+c(k) - A. (1)
In this definition of the levelized cost, the time-averaged unit variable cost is
given by:

k- 23:1 wy-x- (147)""
L(k)

The numerator represents the total discounted future variable cost, assuming
x; - k units are produced in period t, with 1 < ¢ < T, w; represents the
unit variable cost in period ¢, and r denotes the applicable cost of capital. To
obtain the time averaged unit variable cost, the numerator is divided by the

w =

!Barlier studies have also adopted a simplified version of the levelized cost concept, for instance,
by calculating LC as the annualized initial investment and the total annual cost divided by the
total units of output. Clearly, this approach does not presume the payment of a return to investors
(Tegen et al., 2012; Brown and Foley, 2015).
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levelization factor L(k) =L -k = Zle 2y (14 7)"" - k. It measures the total
discounted output that is attainable from the initial capacity investment over
the entire planning horizon of T" periods.

The second component of LC is the time-averaged unit fixed cost, given by:

- —t
f) = = ﬂ(f{jzk)(l et

where Fi(k) is the total fixed operating cost in period ¢ that is required for a
facility scaled to size of k units of production capacity. Finally, the unit cost
of capacity is defined as:

with v(k) denoting the initial capacity investment expenditure for a facility
scaled to size of k units of production capacity. To reflect the payment of
income taxes, the LC needs to include a tax factor that acts as a multiplier on
the unit cost of capacity:

A= l1—a- ZtO (1+r)” t.
1l -«

Here, « represents the effective corporate income tax rate and dy is the share
of the initial investment that can be written off in period ¢ as a depreciation
expense for income tax purposes. The possibility of do > 0 reflects that the tax
code may allow for partial initial expensing. Assuming the d; sum up to one,
the tax factor will exceed 1, unless the entire capacity investment can be fully
depreciated in the initial year of acquisition. In general, a more accelerated
depreciation schedule will increase the depreciation tax shield and lower the
LC through a smaller tax factor A.

Suppose next that the firm produces z; - k units of output in period ¢
and furthermore sells each unit at the constant price p. This would result in
after-tax cash flows of CFLg = —v(k)[1 — a - do] and

CFL; = (p—wy) - x- k— Fy(k) —a- I
Here, I, denotes the firm’s taxable income:
I = (p—wy) - x- k — Fy(k) — dy - v(k).

When discounted at the interest rate r, the present value of the stream of
after-tax cash flows C'FL; from 0 to T becomes:

T
NPV (k) = —v(k)[1—a-do] + Y ((p—ws) @ -k — Fy(k) —a-I)- (1 +7) "
t=1
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By definition, LC is the unit revenue (p) that yields NPV (k) = 0. Solving the
above linear equation, one obtains p = LC(k), thus establishing LC(k) as the
critical price at which the investor breaks even on an investment in k units of
capacity that allows x; - k units of output to be produced in subsequent time
periods.

In concluding this section, we note that in the special case of a constant
returns to scale technology, i.e., v(k) = v -k and Fy(k) = F; - k, the levelized
cost measure, LC(k), reduces to a constant unit cost, denoted by LC, as it is
independent of the scale of the investment. A further simplification is obtained
in a stationary environment where F; = F', w; = w and x; = 1. In that case,
the above levelization factor, L, reduces to A(r, T'), where A(r, T) is the annuity
factor, which makes an investor (with cost of capital of r) indifferent between
receiving 1 Euro in each of the next T years, or receiving A(r,T") Euro today.

2.2 Relation to Full Cost

While the levelized product cost concept, as introduced above, is a comprehen-
sive life-cycle cost measure that aggregates fixed and variable costs incurred
over time, this cost measure can generally not be equated with the full cost
of a product, as commonly defined in the cost accounting literature. To estab-
lish the relationship between these two cost concepts, consider a setting with
constant returns to scale in a stationary environment. In such settings, cost
accounting books (Datar and Rajan, 2018) typically define the unit full cost
of a product, of which ¢; have been produced in period ¢ as:

fk n dy v+ k.
at qt

Here ¢; denotes the quantity of the product produced in period ¢ and {d;}I_,
denotes a depreciation schedule that the firm uses for internal, and possibly also
external, reporting purposes. Assuming full capacity utilization, i.e., ¢ = k in
a stationary environment, we note that if the initial investment is depreciated
according to the straight-line rule, that is d; = % for 1 <t < 7T, then LC >
FCy(k | k) for all ¢. This observation follows directly because the tax factor A
exceeds 1, and further:

v v

—_——— > —.
Z?:l (1+ T)_t T

The preceding inequality essentially reflects that the above measure of full
cost does not include interest expenses. To account for the time value of money,
it is useful to consider the following extended full cost measure:

Cc =

pop | (1-Siid)] v
FCl g | k) =w+ + N
ai qt
Once the cost of capacity includes interest charges on the remaining book
value of the capacity asset and the cost measure also includes the tax factor A,

the extended cost measure FC} (q; | k) becomes compatible with the levelized
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cost measure LC. Key to this compatibility is that the chosen depreciation
schedule reflects the intertemporal degradation of the asset, i.e., the pattern of
the parameters {z; }!=7 (Reichelstein and Rohlfing-Bastian, 2015). Specifically,
given a stationary environment (z; = 1) and the assumption of full capacity
utilization (q; = k), it follows that LC = FC}(k | k) for all ¢, provided the d;
are calculated according to the annuity method.? Furthermore, for any given
pattern of degradation factors {z;}!=7, there always exists a corresponding
depreciation factor such that LC' = FC}(k | k) for all ¢ (Rogerson, 2008).

Given an arbitrary degradation pattern {x;}!=T and depreciation schedule
{d; }1=7 | it is still true that the stream of extended full costs FC}(k | k) will be
equal to LC, on average. Specifically, it follows from the conservation property
of residual income (Preinreich 1938 and Liicke 1955) that:

T
S FCHE|k)-(1+7)" = LC.
t=1

Some cost accounting textbooks (Friedl et al., 2022) account for inter-
est charges corresponding to the initial capacity investment by adopting
straight-line depreciation and imputing an interest charge equal to half of the
initial investment in each period. This approach results in an unambiguous
relationship between LC and the full cost measure:

fk 1 r\ v-k
FC? = —+ - AL
Cilgt | k) =w+ " + T+2

Proposition 1 Suppose a stationary environment with constant returns to scale.
Given full capacity utilization, i.e., gt = k,

LC > FC?(k | k)
forall1<t<T.

The preceding result shows that while it is true that with straight-line
depreciation the asset’s remaining book value is, on average, equal to half of the
initial investment, the resulting approximation of the imputed interest charges
creates a systematic bias such that the resulting full cost measure FC?(k | k)
is less than the levelized product cost measure LC. The intuition for this result
is that the underlying approximation understates the applicable book value
for the first % years, yet the interest charges in these years receive relatively
large weights due to discounting.

2.3 Decision Relevance

Managerial accounting textbooks emphasize that for different types of man-
agerial decisions, pertaining, for instance, to investments, product pricing and

2Under the annuity method, the d; satisfy di41 = dy - (1 4+ r), and d;y is determined by the
balancing requirement that the sum of all d; is equal to 1.
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production volume, different cost measures are relevant. For short-run deci-
sions, for instance, managerial accounting textbooks recommend the use of
incremental costs rather than full cost measures, due to the fact that full cost
measures generally include sunk costs. For long-run decisions, most managerial
accounting textbooks do not point to a single unit cost measure, but instead
recommend a corporate finance approach that focuses on the discounted stream
of future cash flows (Hotelling, 1925; Schneider, 1961; Mahlert, 1976; Swoboda,
1979; Luhmer, 1980; Kistner and Luhmer, 1981; Kiipper, 1984; Schweitzer
et al., 2015; Datar and Rajan, 2018). In contrast, Mahlert (1976) and Swoboda
(1979) advocate for the use of unit cost measures that are consistent with a
corporate finance approach seeking to maximize the net present value of the
long-run decision under consideration. In that vein, Kiipper (1985) develops
guidelines for cost measures grounded in investment theory. A recent synthesis
is provided in Ewert et al. (2023).

As a unit cost measure, LC has been shown to be the relevant cost for cer-
tain long-run decisions involving capacity investments. Consider, for example,
a setting where a firm has to choose between two production technologies that
differ in both their required initial capital expenditures as well as their periodic
operating costs. The two technologies would result in the same capacity level, k
and be subject to the same degradation pattern {z;}!=7. Suppose further that
in each subsequent period, the sales revenue attainable for each unit of output
exceeds the variable cost and therefore the firm will always exhaust the avail-
able production capacity, that is ¢ = x4 - k. In such specific settings, the LC
measure then provides the relevant cost in the sense that the technology with
lower the LC always generates the higher net present value. This claim also
applies in environments where the decision maker faces uncertainty regarding
the attainable future sales revenues. The argument here builds directly on the
reasoning provided in Section 2.1 above, showing that the LC measure is the
effective unit cost measure in a net-present value calculation.

Earlier literature has pointed out that LC is not the relevant cost metric for
ranking the competitiveness of power generation technologies based on fossil
fuels, such as coal or natural gas, in comparison to renewable energy sources,
such as wind and solar photovoltaic (PV) installations (Joskow (2011) and
Hirth (2013)). While both technologies generate the same output (electricity),
they differ substantially in their cost structure. Renewable electricity requires a
relatively high upfront capital expenditure but, in contrast to fossil fuel based
generation, entails almost no variable cost. Nonetheless, a simple comparison
of the levelized costs would be misleading in evaluating the profitability and
competitiveness of these technologies. Contrary to the arguments provided in
the previous paragraph, the renewable power generation source is restricted
in producing electricity and revenues during those hours of the year when the
natural resource, i.e., the sun or the wind, is available. Electric power generated
from fossil fuels, on the other hand, is essentially dispatchable allowing the
plant to tailor its output to the revenues available at different hours of the year.
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To obtain a relevant cost measure for comparing dispatchable and inter-
mittent power sources, Reichelstein and Sahoo (2015) argue that the levelized
cost metric should be adjusted by a co-variation coefficient. As the name sug-
gests this coefficient captures the covariance between electricity generated and
the market prices available for electricity at different points in time. The co-
variation coefficient is always greater than zero and exceeds one only if there is
a positive correlation between the hours of high output generation and above
average market prices for electricity. Investment in a renewable power genera-
tion source is shown to be profitable, in the sense of a non-negative net present
value, if the average price of electricity is at least as large as the LC divided
by the co-variation coefficient.3

In the economics literature, marginal cost is arguably the most common
measure of relevant cost, at least in connection with decisions concerning pro-
duction volume and pricing. Under certain conditions, LC can be identified
with the long-run marginal cost of a product. Reichelstein and Rohlfing-
Bastian (2015) argue this point in a model setting of a competitive industry
in which a large number of firms have access to the same stationary con-
stant returns to scale technology. Demand in each period is subject to random
shocks. Given initial capacity investments, firms act as price takers with the
consequence that the product price in any given period is either equal to the
short-run marginal (variable) cost in case there is excess capacity, or, if the
industry’s aggregate capacity is fully utilized, the equilibrium price is equal to
consumers’ willingness to pay at the aggregate capacity level. The main result
then is that in equilibrium the initial aggregate capacity level will be chosen
such that the expected market price is equal to the LC in each subsequent
period. This finding identifies the LC as the long-run marginal cost to the
extent that in a competitive equilibrium the (expected) market price “must”
be equal to firms’ long-run marginal cost.

The LC concept presented here assumes one upfront capacity investment.
In the earlier literature on capital accumulation, e.g., Jorgenson (1963) and
Arrow (1964), firms make a sequence of overlapping capacity investments in
an infinite horizon setting.* In these models the cost of one unit of capacity
made available for one period of time can be identified unambiguously. It can
be shown to be equal to:

14

Y we- (1+7)7

which aligns with the definition of the capacity cost component of the LC in
Section 2.1 above. Some microeconomics textbooks, e.g., Carlton and Perloff
(2005), define the long-run marginal cost of a product as:

c

b

30ne implication of this result is that if electricity is sold at a constant price under a so-called
Power Purchasing Agreement (PPA), then the technology that has the lower LC is more profitable,
regardless of whether the generation technology is dispatchable or intermittent.

4More recent studies on capital stock accumulation by firms have examined the impact of the
choice of depreciation schedules on the relation between historical and long-run marginal cost
(Rogerson, 2008; Rajan and Reichelstein, 2009; Nezlobin, 2012; Nezlobin et al., 2012).
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LMC =w+v-(r+90),

where § is introduced as a parameter that reflects “economic depreciation”.
If economic depreciation is equated with capacity degradation, which further-
more is proportional to the remaining capacity in each period, then § =1 — =z
and x; = x*. Finally, if the planning horizon is set at T = oo, then

v
B Zfil zt - (1+ T)it

Thus, the microeconomic operationalization of LMC coincides with the lev-
elized product cost, subject to suitable parametric specification and the
absence of fixed operating costs and income tax effects.

LC can also be established as the relevant cost for a monopolist seeking
to determine an optimal expansion of capacity. Suppose, for simplicity, the
monopolist faces an identical demand curve in each of the next T periods, and
furthermore has access to a stationary constant returns to scale technology.
A central result in Reichelstein and Rohlfing-Bastian (2015) shows that the
optimal capacity level is such that the marginal revenue at the production
volume corresponding to full capacity utilization in each period is equal to
the LC for the product in question. Thus, this result extends the standard
textbook prescription of a monopolist choosing the optimal output level such
that marginal revenue is equal to marginal cost.

The preceding result can be extended to environments where demand in
future periods is subject to random shocks and therefore the monopolist will
not exhaust the entire capacity available unless the marginal revenue at the
capacity limit exceeds the short-run variable (marginal) cost. In such settings
with demand uncertainty it can be shown that the optimal capacity invest-
ment is such that the expected marginal revenue evaluated at the sequentially
optimal output quantity (given the optimal investment) is equal to the LC.
Uncertainty about future demand essentially entails a call option. This real
option becomes more valuable with a higher level uncertainty, thus resulting
in larger capacity investments.

¢ =v-(r+l—2a)=v-(r+9).

3 Energy Related Applications

Dating back to Rosenthal et al. (1965), the concept of levelized product costs
appears to have emerged from the literature on electricity generation. In the
intervening years, the Levelized Cost of Electricity has become a standard
metric approach for benchmarking the economics of different electricity gen-
eration technologies (Tran and Smith, 2018; Aldersey-Williams and Rubert,
2019). Variants of the original LCOE have been adapted and expanded in
energy subfields other than electricity. For instance, the Levelized Cost of
Energy Storage (LCOS) presents a life-cycle cost measure of electricity storage
services provided by batteries, pumped-hydro, or mechanical storage devices.
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For hydrogen, the Levelized Cost of Hydrogen (LCOH) provides a cost met-
ric that is increasingly used to assess the prospects for a hydrogen economy.
Since hydrogen offers multiple applications beyond energy storage, we view it
as a separate research stream in this section. Finally, we cover several recent
studies that have calculated a Levelized Cost of Carbon (LCOC) in connec-
tion with facilities that can capture and sequester COs. Figure 1 provides a
graphic overview of the history of these literature streams.

First mentioning of levelized
cost of electricity (LCOE) High number of publications, still
“Amodel for the of highly active research stream today'

optimal electric generating system Over 20,000 papers, over 7,530
expansion patterns” published since 2020
MIT Energy Lab (1973)

LCOE | First mentioning of

levelized cost of power

“Comparative Evaluation |
of Advanced Converters”

Rosenthal et al. (1965)

LCOH First mentioning of levelized cost of Most active phase starting
hydrogen (LCOH) after 2010
“An assessment of large-scale solar hydrogen Over 1,000 papers, 258 1,
production in Canada” published between 2010 and
) 2020 and more than 690
Bilgen and Bilgen (1983) since 2020
First mentioning of levelized cost of Most active phase
Lcos energy storage (LCOS) starting after 2015"
“Analysis of the Cost per Kilowatt Hour to Over 2,200 papers, 836 |5
Store Electricity” published between 2015
and 2020 and more than
Poonpun and Jewell et al (2008) 1,300 since 2020
First mentioning of levelized cost of carbon
LCcoC (Lcoc) Smaller, more recent
“Economics of CO2 Capture Using the Calcium | | research stream'
1. Incl. working paper, research projects etc., according to google scholar using the search term Cycle with a Pressurized Fluidized Bed Over 69 papers, 48
"Levelized cost of hydrogen®, “Levelized cost of electricity”, “Levelized cost of energy storage” / Combustor” published after 2020

“Levelized cost of electricity storage” / “Levelized cost of storage” or “Levelized cost of carbon”,

based on results from the 25t of Mai 2022 MacKenzie et al (2007)

t

Fig. 1 Emergence of the levelized cost metric for electricity, energy storage, hydrogen and
carbon

3.1 Levelized Cost of Electricity

The term “Levelized Cost of Electricity” goes back at least to the 1973 publi-
cation by Farrar and Woodruff (1973). Since then, the LCOE metric has been
widely relied on to compare and rank the cost of producing electricity with
alternative generation technologies (Short et al., 1995). Power generation pro-
vides a natural use case for a life-cycle cost concept that seeks to assess the
unit economics of alternative generation technologies that differ substantially
in terms of their fixed and variable cost structure; see, for instance, Reichel-
stein and Yorston, 2013; Hernandez-Moro and Martinez-Duart, 2013; Branker
et al., 2011; Massachusetts Institute of Technology, 2007.

As a unit cost measure, LCOE is usually expressed in terms of dollars (or
Euro) per kWh. The expenditure required for the capacity investment in power
generation is expressed in dollars per kilowatt (kW). Of critical importance for
the unit cost of capacity (the variable ¢ in Section 2) is the levelization factor
L, which in electricity related applications typically takes the form:
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T
L=> z-(1+r) " 8,760-CF,.
t=1

Here, 8,760 refers to the number of hours in the year, while CF; denotes the
average capacity utilization factor in year ¢t. For dispatchable power genera-
tion sources, C'F; could in principle be close to one, i.e., the power plant is
a base-load generation facility capable of running at full capacity around the
clock (except for select hours of scheduled maintenance). For renewable energy
sources, such as solar PV and wind power, the capacity factor C'F} is exoge-
nously determined by the availability of the underlying natural resource. For
these technologies, the capacity factors are usually below 0.5, and sometimes
as low as 0.15, thereby increasing the unit cost of the corresponding LCOE.

A fundamental drawback of wind and solar PV power is not only their
relatively low capacity factors, but also their intermittency, that is, the plant’s
inability to deliver energy during certain hours of the year. For this reason, it
would not be appropriate to conclude that a renewable energy source, which
has a lower LCOE than its dispatchable counterpart running on fossil fuels, will
also be more profitable in terms of a higher net present value (Joskow, 2011;
Hirth, 2013). Recent studies seek to provide a unified economic assessment
framework by introducing the concept of a levelized profit margin that takes
into account the correlations between hourly electricity prices and capacity
factors (Reichelstein and Sahoo, 2015; Glenk and Reichelstein, 2022a). The
study by Glenk and Reichelstein (2022a) concludes that in both California and
Texas the levelized profit margin of natural gas power plants has remained
roughly constant despite the tangible decline in the capacity utilization factor
of these plants. Yet, this effect has effectively been compensated by higher
sales revenues during hours of high electricity prices, typically when renewable
energy sources do not feed electricity to the grid. In contrast, both wind and
solar PV have seen improved levelized profit margins in large part due to falling
life-cycle costs.

For individual power generation technologies, the LCOE metric has been
used to gauge the magnitude of cost declines due to learning-by-doing. For
example, Herndndez-Moro and Martinez-Duart (2013) estimate the LCOE tra-
jectory of solar PV and concentrated solar power (CSP) using learning rates.
They find that in comparison to concentrated solar power, solar photovoltaic
power generation exhibited a stronger LCOE decline. In the context of wind
power, Glenk et al. (2021) find that for the years 1990-2020, the LCOE of
wind power has declined at a rate of approximately 23% with every doubling
of cumulative deployments. While the capacity acquisition cost of wind tur-
bines (the parameter v in Section 2) has not declined nearly that quickly, the
overall drop in the LCOE of wind power reflects a significant “denominator
effect.” Specifically, the capacity factor, C'F, of wind turbines has improved
substantially, owing to improved materials that entail lower frictions in the
rotation of the turbines.
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The LCOE metric has also been prominent in studies seeking to evalu-
ate the effect of new regulations, including subsidies and charges for carbon
emissions. These studies are important in the context of the global energy
transition as governments around the world seek to accelerate the expansion
of new low-emission power sources through targeted subsidies. For example,
Reichelstein and Yorston (2013) found that in 2013 the LCOE of solar PV in
the U.S. would have increased by approximately 70% in the absence of the
investment tax credit (ITC) and the availability of an accelerated tax depreci-
ation schedule. Taken together, these two incentive provisions lowered the tax
factor (the variable A in Section 2) from approximately 1.3 to 0.8.

Anticipating the reduction in the ITC for solar PV in the US from 30%
to 10%, as specified in the regulations at the time, Comello and Reichelstein
(2016) calculated a gradual step-down in the ITC that would leave the LCOE
unchanged, provided the investment cost in solar PV systems would continue
on its historical decline path. Similarly, Ouyang and Lin (2014) estimate the
LCOE for solar PV, wind and biomass in China in order to project the subsi-
dies required to support further expansion of renewables. Simsek et al. (2018)
conduct a related study in the context of concentrated solar projects in Chile.
Finally, Comello et al. (2018) examine solar PV’s competitive position in the
U.S. and its potential evolution through technological advances and supportive
public policies, including federal ITCs.

In concluding this subsection, we mention several papers that have sought
to embed the LCOE metric in a broader context. Xu et al. (2021) adopts a
modified LCOE approach in evaluating policies for additional offshore wind
production in six Chinese provinces. Darling et al. (2011) focus on highlighting
sensitivity and uncertainty in LCOE calculations by proposing a new method
for solar PV that relies on parameter distributions of instead of point estimates.
Bruck et al. (2018) introduce an expanded LCOE framework, which considers
penalty payments for violating contractual minimum or maximum purchase
limits.

3.2 Levelized Cost of Energy Storage

The intermittency of renewable electricity generation has created a growing
need for energy storage, in particular the storage of electric power. The Lev-
elized Cost of Energy Storage (LCOS) is a generic unit cost measure that
allows for a comparison of alternative energy storage services that can be pro-
vided, for instance, by a battery, a closed loop pumped hydro system or a
mechanical storage device. In terms of the system acquisition, every energy
storage system requires both a power and an energy storage component. The
power component relates to the amount of energy that can be charged or dis-
charged at any given point in time. Its capacity is typically measured in kW.
The size of the energy storage component, in contrast, is measured in kWh.
It indicates the total amount of energy that can be charged and discharged in
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one cycle. Combining these two system components, Comello and Reichelstein
(2019) decompose the overall levelized cost of energy storage as follows:”

LCOS = LCOEC + 5 -LCOPC.

Here, LCOEC represents the levelized cost of the energy storage component
and LCOPC the levelized cost of the power component. The power compo-
nent is multiplied by the inverse of the duration, D, which indicates the time
required to fully charge or discharge the storage device, assuming the charge or
discharge function is performed at maximum capacity. Formally, the duration
of the storage device is given by:

-

P
D= o

where k,, and k. represents the size of the power and energy component, respec-
tively. To illustrate the duration concept, batteries that are sold off-the shelf
for residential applications frequently have a duration of either two, four or six
hours.

The LCOS metric is calibrated as the minimum service fee per unit of
energy discharged that an investor will need to receive in order to break even
on the initial acquisition of the storage system. This calculation is critically
dependent on the number of charge and discharge cycles per year and the
round-trip efficiency of the storage device. The round-trip efficiency factor
(denoted by 7, with 0 < n < 1) gives the percentage of the energy that can
ultimately be discharged. Conversely, 1 — 7 is the percentage of the energy lost
in the charge and discharge process. If the service fee per kWh discharged is
p°, the overall net present value of the investment becomes:

NPV (ky, k) ZN P ay ke (L47) " — vk — ve - ke

Here, the variables x; and T are as introduced in Section 2, N is the number
of annual charge and discharge cycles, while v. and v, represent the unit
acquisition costs for the energy storage and power component, respectively.
Setting the above equation for the NPV (k,,k.) equal to zero, Comello and
Reichelstein (2019) show that p® = LCOS is the break-even service fee per
kWh for a storage device that initially can store at most k. kWh of energy in
N cycles per year, subject to the device (dis)charging at most k, kW of power
at any given point in time.

The above definition of LCOS as the break-even service fee per unit of
energy discharged is consistent with existing studies (Jiilch et al., 2015; Pawel,
2014; Smallbone et al., 2017; Rodby et al., 2020). In addition to LCOS, several
papers discuss related metrics (Belderbos et al., 2017). Lai and McCulloch

5Comello and Reichelstein (2019) abbreviate the levelized cost of energy storage as LCOES.
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(2017) proposes a metric labelled levelized cost of delivery for a combined solar
PV and energy storage system. In connection with battery storage, Rodby et al.
(2020) construct a model that allows for storage capacity degradation with
the possibility of rebalancing. They find that investors can reduce the overall
resulting LCOS by oversizing the battery in the first place. In connection
with behind-the-meter battery installations, Comello and Reichelstein (2019)
examine the optimal size of a battery system for households with a solar PV
rooftop system. Storing the electricity generated by the rooftop system allows
the household to economize on grid electricity purchases. An optimally sized
battery must balance the benefits of reduced electricity purchases against the
LCOS of the battery system.

As a generic unit cost measure, LCOS allows for a comparison of compet-
ing storage technologies that can be deployed for alternative use cases. While
multiple factors ultimately shape this cost comparison, recent studies have
focused on roundtrip efficiency, discharge cycles per period and recycling costs
(Mostafa et al., 2020; Rahman et al., 2020; Schmidt et al., 2019). In terms of
alternative storage technologies, recent studies have compared li-ion batteries,
lead-acid batteries, vanadium redox flow batteries, flywheels, supercapacitors,
pumped hydro-storage, pumped heat, power-to-gas (hydrogen), liquid air and
compressed air (Jiilch et al., 2015; Poonpun and Jewell, 2008; Schmidt et al.,
2019; Steckel et al., 2021; Smallbone et al., 2017; Xie et al., 2019).

3.3 Levelized Cost of Hydrogen

In the transition towards a decarbonized energy economy, hydrogen is increas-
ingly viewed as a potentially valuable energy carrier. The list of potential use
cases for hydrogen comprises fuel for transport (Jones, 2012; Van Renssen,
2013; Goodall, 2017), energy storage for industrial heat and power (Jacobson,
2016; Zakeri and Syri, 2015; Evans et al., 2012; Energy, 2016), or a feedstock for
chemicals processing (Schulze et al., 2017). At the same time, some observers
question the economic viability of hydrogen on account of its considerable
primary energy requirements and its high production cost.

Recent discussions about the emergence of a hydrogen-based energy econ-
omy have focused on electrolytic hydrogen, where the Hy molecule is obtained
by infusing electric current into water. In contrast, traditional “gray” hydrogen
is obtained from natural gas (methane) through a steam methane reforming
process. If the C'O; emissions that arise in connection with steam methane
reforming (amounting to about 2% of global emissions) are captured and
sequestered, the resulting hydrogen is usually labeled “blue”. In subsidizing
the production of “green” hydrogen, the European Union mandates that the
required electricity come from renewable power sources. Regardless of the
applicable color scheme, the levelized cost of hydrogen is usually defined as
the break-even value per kilogram of Hs that an investor would need to obtain
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in the marketplace in order to recover the expenditures associated with the
initial capacity investment as well as all subsequent operating costs.’

Parkinson et al. (2019) calculate the LCOH of twelve different hydrogen
production technologies. Their research indicates that while fossil-fuel-based
hydrogen production remains the most affordable option, it only provides
a modest level of carbon reduction. Grimm et al. (2020) use the LCOH
to compare the production costs of two solar-assisted hydrogen production
technologies. Minutillo et al. (2021) investigate the costs of different water
electrolysis plant sizes and electricity configurations to re-fuel hydrogen with
smaller on-site production units. Franco et al. (2021) rely on the LCOH met-
ric to assess the costs of different offloading pathways for hydrogen production
with offshore wind farms. Glenk and Reichelstein (2019) demonstrate that the
economics of green hydrogen improves considerably if the initial investment
is structured as a hybrid system that combines electrolyzer capacity with a
renewable energy source. With electricity prices fluctuating increasingly across
the hours of the year, electric power obtained from the renewable power source
can then be dispatched to the grid during hours of relatively high prices, or
alternatively converted to hydrogen through electrolysis during off-peak hours
for electricity prices. The key to favorable LCOH values is that the size of the
electrolyzer is chosen optimally in relation to the size of the power generation
facility. Such hybrid energy systems will be eligible for significant subsidies
under both the Inflation Reduction Act in the U.S. and the green hydrogen
initiative of the EU.

Electrolyzer technologies have also experienced significant learning effects
in recent years. These gains have resulted in both substantial savings on the
system prices for electrolyzers and higher conversion efficiencies for electrolytic
processes. So-called reversible fuel cells have seen particularly steep learning
effects (Glenk and Reichelstein, 2022b). A significant advantage of reversible
fuel cells is that they can run bi-directionally, that is, they can either convert
water and electricity to hydrogen, or, in the opposite direction, hydrogen and
oxygen can be converted back to water and electricity. As a consequence, these
types of electrolyzers can achieve particularly high capacity factors result-
ing in lower LCOH values. A recent study by (Glenk et al., 2023b) projects
that, assuming continued learning effects for electrolyzer technologies, the vari-
able cost of electricity will account for almost 80% of the overall LCOH of
electrolytic hydrogen by the year 2030.

3.4 Levelized Cost of Carbon

There is widespread agreement that in order to slow, and ultimately stop,
climate change, economies around the world will not only need to reduce their
CO4 emissions but also need to deploy negative emission technologies by means
of COy removals from the atmosphere. Carbon Capture and Sequestration
(CCS) technologies enable the capture of CO5 from point sources, e.g., power

6Some studies have considered closely related life-cycle cost measures; see, for instance, Guerra
et al., 2019; Khzouz et al., 2020; Lee et al., 2009.
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plants and manufacturing facilities, or alternatively from the ambient air, e.g.,
direct air capture and photosynthesis by trees. The levelized cost concept has
been applied to comparing alternative CCS technologies in terms of a Levelized
Cost of Carbon (LCOC) metric that yields the minimal price per ton of COs
that would be required in order for a particular capture technology to deliver
an acceptable return to investors.

For CO4 capture from point sources, Psarras et al. (2017) break the over-
all levelized cost of capture into three components corresponding to flue gas
separation, compression and transport to the ultimate carbon sink, e.g., a geo-
logical storage site. As one would expect, higher concentrations of CO5 in an
industrial flue gas is known to decrease the cost of separation. This concen-
tration tends to be relatively high in manufacturing processes such as ethanol,
fossil fuel power generation or Portland cement (Rubin and Zhai, 2012; Psarras
et al., 2017). Several alternative point source capture technologies are prin-
cipally known and understood today, including Calcium Looping, Oxyfuel,
and Amine Scrubbing (i§legen and Reichelstein, 2011; MacKenzie et al., 2007;
Friedmann et al., 2020; Glenk et al., 2023a). However, because relatively few
large-scale CCS systems have been deployed to date, there is no consensus
on which one of these technologies achieves the lowest levelized cost per ton
captured.”

In the context of the cement industry, Glenk et al. (2023a) conclude that a
future C'O3 emission charge of around €100 per ton would be required in order
for cement producers to have incentives to install the so-called LEILAC capture
technology. LEILAC, which stands for Low Emissions Lime and Cement, refers
only to the capture of the process emissions that arise when calcium carbonate
is converted to clinker, the main ingredient in Portland cement. In order for
cement manufacturers to have incentives for comprehensive decarbonization
through other CCS technologies, such as calcium looping, the prevailing C'O5
price would have to be at least in the range of €160 per ton of COs.

Direct Air Capture (DAC) is one prominent negative emissions technol-
ogy. It has the obvious disadvantage that the concentration of COy in the
atmosphere is (still!) relatively low in comparison to that of industrial flue
gases. At the same time, DAC facilities are entirely flexible in terms of their
location, allowing them to economize on both energy costs and C'Os trans-
portation costs. While early studies put the corresponding LCOC in excess of
$300 per ton (Simon et al., 2011), more recent projections by European and
North American companies suggest that a unit cost in the range of $ 95-240
per ton might be attainable once additional DAC plants experience the antic-
ipated effects of learning-by-doing (Keith et al., 2018). Finally, the emissions
that result from decomposing biomass can be avoided (and therefore yield neg-
ative emissions) if the biomass is combusted and the corresponding emissions
are captured and sequestered (Lehtveer and Emanuelsson, 2021; Cheng et al.,
2021). Alternatively, the biomass is directly sequestered before it decomposes

"McCoy and Rubin (2009) analyze the variability and impact of storage costs on the LCOC.
They find that the type of storage reservoirs has considerable impact on the required capital
investment and the resulting LCOC.
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and emits C'O,. With carbon removal of biomass still at an early stage, the
levelized cost of these processing technologies appears to be still relatively
high Clifford (2023). Nonetheless, corporate buyers are willing to pay for these
removals in order to acquire carbon offsets in the voluntary carbon markets.

3.5 Other Environmental Applications

In addition to the research highlighted above, the LC concept has been applied
in other environmental contexts. For instance, LC has been employed to assess
the unit cost for heating (usually measured by thermal energy output) in
order to compare the cost competitiveness of different technologies. Gabbrielli
et al. (2014) compare the levelized cost of heat from solar collectors with heat
from natural gas, Welsch et al. (2018) and Tian et al. (2018) analyze and
optimize district heating systems, Kim et al. (2019) conduct an economic and
environmental assessment of a hybrid renewable energy system. Finally, Yang
et al. (2021) calculate the levelized cost of heat that is stored as thermal energy.

Similarly, as air conditioning or cooling become more widespread, a devel-
oping research stream investigates and utilizes the levelized cost of cooling.
Most papers in this field conduct economic analysis of different cooling tech-
nologies. For example, Bellos and Tzivanidis (2017), Li et al. (2017) and Altun
and Kilic (2020) conduct economic analysis of solar cooling systems and Sadi
et al. (2021) calculate the LC of a biomass-based cooling system for buildings.

With globally decreasing freshwater resources, a new research stream inves-
tigating the levelized cost of water emerged. For example, Loutatidou and
Arafat (2015) and Behnam et al. (2018) calculate the levelized cost of water
in combined power, heating and desalination systems. Chong et al. (2019)
assess the economic feasibility of specific desalination technologies. It should
be noted that all these authors focus on desalination. However, the levelized
cost, of water can also be applied in other contexts, such as water purification.

In the context of mobility and transport, Comello et al. (2021) have intro-
duced the Levelized cost per X-mile (LCXM) concept. This cost metric is
closely related to the total cost of ownership (TCO) model, which has been
widely used in transportation studies (Lebeau et al., 2015 and Lajunen and
Lipman, 2016). The “X” in LCXM refers to alternative cost objects, for
instance, ton- or passenger miles. In contrast to the TCO metric, LCXM is a
unit cost measure aimed at the cost of transporting one ton of cargo or one
passenger for one mile on a particular route. Comello et al. (2021) apply the
LCXM metric to optimize the composition of a fleet of transit buses that can
either be equipped with Diesel or battery electric transit buses.

4 Potential Future Applications

In addition to energy-related applications, the LC concept may gain traction in
several other contexts. In this section, we sketch potential future LC applica-
tions in settings with competing generation technologies or managerial options
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that may differ in both their required initial capital expenditures as well as
their periodic operating costs.

Agricultural commodities: Climate change, supply shocks, and tech-
nological advances affect the global agricultural sector. The LC concept can
support decisions concerning competing agricultural food commodities by con-
ducting a comparison of the per-unit nutritional value. In addition, LC can
support managerial decisions regarding different production technologies for
one agricultural product, for example, by comparing traditional food pro-
duction methods, such as genetically modified crops, vertical farming, or
investments in automated farming vehicles and artificial intelligence solutions.

Network industries: Friedl and Kiipper (2011) show that adequate cost
measures based on the annuity method for calculating depreciation and capi-
tal costs can improve the efficiency of investments in regulated markets such
as network markets. The LC of network usage could help companies to deter-
mine the long-term unit prices in network industries with different production
technologies, for example, by comparing the LC of internet access in different
regions between a physical fiber network, cell phone towers, and satellite-
based solution. In addition, in cases of monopolistic power, LC calculations
can determine optimal capacity and output levels.

Cloud storage and computing: Tech companies such as Amazon,
Alibaba, Alphabet, Microsoft, SAP, and Tencent generate increasing revenues
from cloud storage and computing solutions. In this competitive field, com-
panies need to choose between in-house sourcing or purchasing storage and
power. LC can support this decision between a high-upfront investment in in-
house capacity or purchasing storage and power on a predominantly variable
cost-based structure.

Patent licensing: Intellectual property for patents is associated with
ongoing R&D costs or high upfront investments to purchase patent portfolios
externally. However, the usage and licensing of intellectual property itself do
not require any significant variable costs. From the perspective of an investor
deciding between buying or developing a portfolio of patents to use and license,
the LC provide a metric to assess which option yields lower life-cycle costs.
Historically, licensing fees for patents have often been calculated based on rev-
enues from the associated products (Friedl and Ann, 2018). However, there is
an ongoing discussion about whether cost-based valuation approaches for intel-
lectual property rights could be a valid alternative (Parr, 2018 and Gamarra
and Friedl, 2023). LC could be a suitable metric to implement as a cost-based
approach.

Other potential applications: In addition to the aforementioned poten-
tial applications of LC, there is a wide range of other fields where LC could
be used, e.g., E-Commerce, FinTechs, or DNA sequencing. For E-Commerce
companies, LC can be used to evaluate the size and geographical spread of
CAPEX investments in new facilities. In the case of FinTechs, LC can support
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technological investment or in-sourcing decisions. Lastly, for DNA sequenc-
ing, different production technologies determining the order of nucleotides in
a DNA can be compared based on their LC.

5 Conclusion

Levelized cost is a generic life-cycle cost product metric that aggregates capac-
ity related investment expenditures and ongoing operating costs into a unit
cost figure. Essential to the economic interpretation of this concept is that
the allocation of upfront fixed costs to individual product units is consistent
with the net present value criterion. Provided this allocation is made judi-
ciously, the LC can be interpreted as the long-run marginal cost of a product,
or alternatively, as a break-even product price at which the required invest-
ment becomes marginally profitable. This calibration makes the LC the unit
cost measure metric relevant for long-run decisions.

As of today, most applications of the levelized product concept have origi-
nated in relation to energy technologies. This paper has synthesized multiple
research streams relying on levelized cost measures in connection with electric-
ity, energy storage, hydrogen and carbon capture. The widespread use of the
LC metric in energy related fields suggests multiple other future applications.
In general, we envision future potential for this cost concept whenever decision
makers seek to capture the unit economics of projects with a long planning
horizon.
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Appendix A Proof of Proposition 1

Proof of Proposition 1 Given the assumptions of constant returns to scale, station-
arity and full capacity utilization, we have

LC—FCE(kM)—y.A.(l__l_T)

Hence, it remains to be shown that m
the sum of the geometric series, we can rewrite
1 r-(1+ r)T

S a+nT A+nT -1

and
1 1 r (4nT (- T—2)+247r-T

ShiaenT T2 e [aenT -]

(A1)

Since 2 - T - [(1 +r)T = 1] > 0, the right-hand side of equation (A1) is positive if

the numerator is positive. We define g(T) == (1+ )T - (r-T —2)+2+r-T and
h(r,T) = =1 —7-T 4 (14 )T We note h(r,T) > 0 because h(0,T) = 0 and
2hr,T)y=1+r)" +T- [(1 +)T - 1} > 0. For T + 1, it follows that

gT+1)=0+n" @ (TH+1)=2)+247- (T+1)
=9(T) +r-[9(T) + h(r,T)].

Thus ¢(2) > g(1) = 72, and more generally g(T + 1) > g(T) > 0, yielding the claim
that LO(k) > FC? (k). O
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