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Abstract

Problem definition: Power systems account for nearly 40% of global emissions. As the world
tries to reduce emissions by increasing renewable penetration, storage technologies are playing
an increasingly important role in matching variable renewable supply with demand. In addition
to the already-popular Lithium-Ion batteries, alternative technologies are being experimented
with, like hydrogen or compressed-air storage. This paper investigates capacity co-investment
and usage of two distinct storage technologies and its impact on costs and renewable penetration.

Methodology/results: In our model, a utility can invest in up to two distinct storage tech-
nologies - an energy-limited, high-efficiency technology like batteries, and a power-limited, low-
efficiency technology like hydrogen - to serve demand while minimizing costs. We introduce the
concept of conflict states - times when there is not enough excess solar energy to fully utilize
both technologies, and one must take priority - and study the impact of operational priority
on renewable penetration. When storage capacities are given, prioritizing batteries maximizes
renewable penetration, due to hydrogen’s lower efficiency. However, when the priority is set
before storage capacities are chosen, e.g., by a regulator, we identify conditions under which the
result is reversed, and renewable penetration is maximized when hydrogen is prioritized.

Managerial implications: Based on real-world calibrations, we: (i) find that utilities can
profitably use hydrogen not just for seasonal storage, as so often evoked, but also for diurnal
storage; (ii) find that prioritizing hydrogen during its early adoption may increase demand met
through storage by up to 19%; and (iii) identify cases when a dual-tech storage strategy leads to
no benefit compared to a single-tech strategy, when it can lead to lower costs, by up to 25-30%,
and when it can even lead to renewable penetration levels that are simply unattainable with a
single technology.



1 Introduction

In the last decade, the energy sector has experienced a paradigm shift, with a remarkable rise in
investments in renewable energy, notably wind and, even more so, solar power. This surge is not
merely a trend, but a manifestation of a global commitment to tackle the urgent challenges posed
by climate change. In fact, many countries around the world have pledged ambitious renewable
electricity targets well beyond current levels. To mention a few examples: The US is aiming
to generate 100% carbon-free energy by 2035 (Donohoo-Vallett et al. 2023); the EU’s goal is to
increase its renewable share from 22.5% in 2022 to 42. 5% in 2030 and 100% in 2050 (Parliament
of European Union 2023); and China plans to triple its renewable capacity between 2023 and 2030
(Howe 2023).

Among renewable energies, solar energy has seen massive cost reductions: installation prices
went from $5,124 to $876 per kilowatt between 2010 and 2022 (IRENA 2023) making it the cheapest
way to generate energy in many markets. This cost advantage, combined with supportive govern-
ment policies, has propelled solar power to become by far the single largest new source of non-fossil
energy —85% of newly built energy capacity in 2022 was renewable, with solar alone accounting
for more than half at 56% (Haegel and Kurtz 2023).

Yet this rapid transition towards renewables also creates its own set of challenges. The intermit-
tent nature of solar power makes it increasingly difficult to match electricity supply with demand.
Looking at markets characterized by a high solar penetration reveals some of the issues: California’s
struggle with high daytime solar generation followed by peak load (demand) after dark has become
so pronounced that it has received its own name - the duck curve, named after the shape that
the net load graph resembles on sunny days (Denholm et al. 2015). Further south, Chile’s solar
curtailment increased by 86% between 2022 and 2023, following continued growth in the country’s
renewable capacity (Molina 2023), while Ireland curtailed 7-10% of all renewables each year since
2020 (IEA 2023).

To help integrate the growing amount of renewables while mitigating operational challenges,
investments in energy storage technologies have soared in recent years!, with lithium-ion batteries
leading the way due to their high energy density, falling costs, and versatility in applications.
According to Soltani and Skaug (2023), global battery capacity additions for grid storage have
quadrupled from 6GW to 25GW between 2020 and 2022. The synergy between storage and solar
is straightforward - charge in the sunniest hours and discharge when needed, typically after sunset.

Although batteries have become the storage technology of choice, energy storage firms, poli-
cymakers, and researchers have been exploring several alternatives. A popular technology that is
gaining traction is hydrogen storage, with both the US and EU formalizing long-term hydrogen
strategies (Satyapal et al. 2023, Commission of European Union 2020) with billions earmarked for

infrastructure investment. Hydrogen storage uses electrolyzers to convert electrical energy into

! Additional options to help renewable integration are transmission expansion and demand response programs
(Denholm et al. 2021)



chemical energy, storing surplus renewable energy in the form of hydrogen gas, which can later be
converted back into electricity. An approach for large-scale hydrogen storage that has gained a lot
of momentum is the use of underground salt caverns, which provide a safe storage environment at
a low cost (Caglayan et al. 2020).

Comparing hydrogen storage with battery storage reveals a fundamental difference in energy
management. For batteries, the typical constraint is in how much energy they can hold (expressed
in kilowatt hours, kWh), which can be increased by buying more battery cells, while their power
—how much energy can be transferred per unit of time (expressed in kilowatts, kW) is quite high,
enough for most applications. For hydrogen, it is the reverse: The typical constraint is in power
(kW) which can be increased by buying more electrolyzers, while the amount of energy that can
be held (kWh) is quite large if hydrogen is stored as a gas in salt caverns. This limitation in power
is shared by several other technologies, like compressed-air, or various forms of chemical storage
(ammonia or synthetic gas), henceforth referred to as hydrogen-like technologies.

To investigate how this fundamental difference in storage operations impacts technology invest-
ments, we build a model where a firm, e.g., a utility, must decide how much energy storage capacity
to build in order to store excess solar generation during the day and serve demand at night. The
firm can simultaneously invest in two storage technologies, which differ in their cost of adding one
unit of energy storage capacity (kWh) and power capacity (kW) —a stylized way of capturing the
aforementioned difference between batteries and hydrogen-like technologies. In addition, we also
account for the fact that hydrogen-like technologies are typically less efficient than batteries,? and
that solar output is stochastic during the day - see Section 3.2.1 for the details.

Our model yields several results. We begin by studying diurnal load-shifting operations - when
excess solar energy is used to serve demand the following night - a setting that, at the time of writing,
frequently occurs in many states in the world. We are able to derive closed-form solutions for the
firm’s storage investment decisions. Based on these, we develop two adjusted cost parameters,
one for each storage technology, with the property that a technology is never invested in when
its adjusted cost is above one - a quick way of gauging profitability and succinctly relating the
key model parameters. Interestingly, we are able to show that even over this diurnal time-frame
hydrogen can be a profitable investment due to its different way of operating than batteries. This
is in contrast to much of the literature, press, and policy proposals that portray hydrogen as a
primarily long-term, seasonal storage solution —see for example Reuf et al. (2017), International
Energy Agency (2019), Uniper (2024).

We then discuss the role played by operational priority - that is, the need to decide which storage
technology takes precedence over the other. This choice matters during what we call conflict states
- i.e., moments when there is not enough excess energy to fully utilize both storage technologies -

and studying the role played by operational priority is one of the objectives of this study. As we

2For example, hydrogen’s efficiency is about 45%-50%, and compressed-air storage’s is around 70%, while lithium-

ion batteries’ efficiency is about 90%.



are going to demonstrate, operational priority plays another important role in driving profitability,
capacity investments, and how much demand is met via storage.

For example, we show that when operational priority is set, e.g., by a regulator, before capacities
are chosen, prioritizing hydrogen over batteries can maximize renewable penetration under certain
conditions. This occurs despite the fact that hydrogen loses more energy than batteries in the
charge-discharge process due to its lower efficiency. The increase in renewable penetration in these
cases is not because the utility reduces hydrogen capacity to minimize energy loss; in fact, quite
the contrary. We show that the utility builds more hydrogen capacity when it is given operational
priority, not less, and despite increasing the share of the more inefficient technology, renewable
penetration increases. These results highlight the importance of operational priority, which can be
a valuable lever for policy makers not only to promote investments in a given technology in addition
to (or in place of) costlier subsidies, but also as a way to help increase renewable penetration.

We then expand our diurnal model to study seasonal load-shifting - when excess energy is stored
to serve demand weeks or even months later. This lets us answer the question of how batteries and
hydrogen investments will develop over time. In particular, we identify two important technology
tipping points for hydrogen investment and show that its adoption could vary starkly across markets
even when technology costs in said markets are the same.

In the last section of the paper, we calibrate our model with data from three European markets
and their 2030 renewable targets. In line with our analytical results, our numerical analyses show
that before hydrogen is used for seasonal load-shifting, the use of hydrogen is typically called for;
its use will become profitable for diurnal load-shifting —as early as 2027/2028. We also find that,
depending on the cost trajectory, giving hydrogen priority may increase the demand met with
renewables by up to 19%. Lastly, we compare single-technology and dual-technology scenarios.
We identify settings in which having access to both technologies gives no advantage compared to
investing only in one. Conversely, we also show that investing in both techs can reduce costs by
up to 25-30% and, perhaps surprisingly, even allow the utility to reach higher levels of renewable
penetration.

Our paper uses a stylized model to shed light on the combined usage of different storage tech-
nologies. To the best of our knowledge, it is the first paper in the operations literature to study
this topic. Our model allows us to (i) solve for the optimal investment decisions in closed form
for both diurnal and seasonal load-shifting regimes; (ii) identify which parameters are key, like
our adjusted-cost terms, in driving investment choices; (iii) show how operational priority affects
renewable penetration and capacity investments; (iv) identify and characterize two tipping points
for hydrogen adoption; (v) quantify the magnitude of our effects via calibration with real data;
and (vi) obtain high-level insights about the penetration of both technologies in various markets
and the potential (or lack thereof) for reducing costs and increasing renewable penetration when
employing both technologies as opposed to a single one.

Overall, our results inform players in the energy space - utilities, technology companies, and pol-



icy makers - on the potential advantages of combining different storage technologies, the conditions
under which these advantages materialize, their operational drivers, and how much the benefits

amount to.

2 Literature Review

Our work relates to several streams of literature: It draws on a long history in operations man-
agement in making inventory and capacity decisions under uncertainty, connects with the rapidly
expanding body of sustainable operations, and relates to work in other fields like energy policy,
economics, and electrical engineering.

At a high level, the dynamics of renewable energy storage resemble inventory decisions under
uncertainty, with the caveat that in our setting, uncertainty comes mainly from supply in the form
of intermittent renewable generation, while in the canonical inventory model, uncertainty comes
from consumer demand. Within this vast literature, we want to mention the seminal work of Arrow
et al. (1951) on how to choose the optimal stock-up level under fluctuating demand. For a broad
review of studies on optimal capacity decisions under uncertainty, see instead Song et al. (2020).

In our model, the firm considers to invest simultaneously in two different types of storage
technologies, which is reminiscent of several decisions in the operations literature where a firm has
to optimize inventory or capacity of different kinds, or that differ along one or more attributes.
In this vein, Goyal and Netessine (2007) study the choice of a firm to build capacity of two types
- flexible and dedicated. They show that flexible capacity is not always the optimal choice, and
that both types can coexist. Allon and Van Mieghem (2010), in a dual-sourcing context, show
that the optimal capacity investment is a combination of base-production and surge-production
capacities. Li and Debo (2009) compare the value and capacity impacts of second sourcing versus
sole sourcing. Wu et al. (2023) study when storage inventories should be centralized or decentralized
across multiple locations - where location can be thought of as the differentiating attribute. Our
paper extends the literature by introducing a model where a firm optimizes over two types of
(storage) capacity that differ along three dimensions - cost of storage space (energy), cost of transfer
speed (power), and efficiency.

Among the larger operations literature, there is a growing body of work in sustainable and energy
operations specifically studying questions on renewable power and storage investment that our paper
draws upon. Atasu et al. (2020) provide a great review of the sustainable operations literature at
large, so we focus our attention here on the specific energy operations sub-field. With renewable
power reducing in cost over many years, a lot of attention in the field has been dedicated to
understanding under which circumstances to invest in renewable power, and how the intermittency
of renewables impacts said decision. Drake et al. (2016) and Aflaki and Netessine (2017) study the
investment and operation decision for technologies with heterogeneous emission intensity, comparing

solar or wind power vs. gas generation under carbon pricing. Wu and Kapuscinski (2013) focus



on how increasing renewable power in a grid can lead to increased curtailment, why it might
decrease emissions, and under which circumstances it can help reduce overall system cost. Going
from grid-level analysis to residential decision making, Sunar and Swaminathan (2021) shows that
households’ investment in their own solar panels can both increase renewable adoption and even
increase the profitability of the utility serving said customers; Babich et al. (2020) investigates
how different subsidy policies accelerate solar investment by households; and Okafor et al. (2023)
uses an analytical model to make the case for a servicizing business model as a way to efficiently
deliver renewable energy to households in developing countries. Beyond the capacity investment
angle, many papers have studied the question of how a shift towards renewable energy affects
market participants. Agrawal and Yiicel (2022) and Fattahi et al. (2022) study how to increase
the responsiveness of demand to more volatile generation, while Singh and Scheller-Wolf (2021),
Alizamir et al. (2016), and Guajardo (2018) investigate how utilities have to adapt their tariffs and
business model in response to rooftop/solar energy investments.

Within the energy operations field, the stream of work our paper is most closely related to is that
of stylized modeling of storage operations. Wu et al. (2012) derive a policy to operate a (natural gas)
seasonal energy storage under variable prices by incorporating the future uncertain value of energy
in the focal period’s operational decision; they show how this logic can be applied to multi-day or
multi-season setups. More recently, energy storage is mostly studied in the presence of renewable
generation, as in Zhou et al. (2019), who study the optimal inventory decisions for a battery under
transmission constraints; they show that the profit from operating the storage is concave with
respect to the level of energy stored in the battery. Kaps et al. (2023) studies the joint investment
of renewables and energy storage, identifies lower and upper bounds for the optimal solution, and
shows that solar and batteries can become strategic substitutes at high levels of investment in either
- aresult which Peng et al. (2024) confirms and expands upon by characterizing the different modes
of charging/discharging pairs that a battery can operate in, which can be used to approximate its
value. These method insights are expanded on by some empirical papers, such as Karaduman
(2021), which show that storage may be unprofitable in certain market settings from a large-scale
investor perspective even if it increases consumer welfare. Kaps and Netessine (2023) focus on the
aforementioned decentralized case, where households invest in solar and batteries and show that in
Germany, households with such investment reduce their grid demand by nearly half.

Despite the many different facets that the storage operations literature has covered, to the best
of our knowledge, our paper is novel in that we study the investment in two storage technologies.
Additionally, we explicitly model their different power (speed of charge/discharge) vs. energy
(amount of storage) capabilities - a distinction that much of the previous literature has simplified
away. Kaps et al. (2023) only analyzes one storage technology for which they only consider the
energy dimension as they focus on the solar-plus-storage investment dynamic. Hu et al. (2015)
show that considering duration matters in the renewable context, and Peng et al. (2024) highlights
the variability of battery charging and discharging throughout the day, but ours is the first paper



to explicitly study the power and energy trade-off with multiple storage technologies. The study
of multiple storage technologies has been undertaken in other fields, for example the long-duration
energy storage (LDES) field, but these studies rely on simulations or optimization frameworks,
which are good tools when it comes to incorporating lots of details in the analysis, but lack the
transparency of analytical models, and the understanding that comes with them. Examples of such
papers are the techno-economic optimization models used by Penev et al. (2019), Mayyas et al.
(2022), comparing the cost (savings) of operating batteries and fuel cells in different grids, and
Pellow et al. (2015), analyzing how much energy a reference system of batteries and electrolyzers
could store in a year - both papers consider capacity as exogenously set. In electrical engineering,
some papers have numerically optimized specific configurations of hybrid storage systems for micro-
grid or mobility applications, although typically focusing on e.g., voltage or grid-stability impacts
of an installation, taking again capacities as given. See Hajiaghasi et al. (2019) for a review of
the field. Another area of research studying multiple storage technologies is within the energy
policy field, where large integrated models are used to predict, e.g., decarbonization pathways - but
are based on numerical equilibrium analysis without tractable results, see Bussar et al. (2016) for
an analysis of a hypothetical 2050 European power system with large-scale renewable penetration
relying on batteries, pumped hydro, and hydrogen as storage technologies, or Jafari et al. (2022)
for a review of studies in the energy policy field.

The closest paper to our setup is Giinther et al. (2018), who model how two storage technologies
with different power and energy costs can be combined to achieve a given amount of combined
capacity, a process they call hybridization. However, they take this combined capacity goal as given
and focus more on power flow optimization, rather than the longer-term renewable penetration and
cost objectives we study.

In sum, to the best of our knowledge, our paper is the first to develop and solve an analytical
model where a firm optimizes over two types of storage technologies that differ along three dimen-
sions - cost of storage space, cost of transfer speed, and efficiency. We use this model to showcase
several new findings on the optimal storage capacity levels, on the impact of operational priority of
storage on renewable penetration and capacity investments, on the adoption path of hydrogen, and

on the advantages of combining two distinct storage technologies instead of relying only on one.

3 Model

3.1 Preliminaries

We study a setting with the following characteristics: (i) during the day, there is an excess of solar
energy generation (energy generated is higher than demand), the extent of which is stochastic due
to, e.g., variable weather conditions; (ii) at night, due to the absence of solar energy generation,
fossil-fuel backup plants must be run to help meet demand; (iii) there are two distinct, non mutually-

exclusive storage technologies available in the market, with different performance profiles, that can



be charged in the day and discharged at night to replace fossil-fuel backup generation.

An example of such a setting would be a grid comprised of base-load generation (e.g., nuclear,
geothermal, biomass, hydro), a substantial amount of intermittent renewables, solar in particular,
and gas-peaking plants. For storage, two plausible technology options could be lithium-ion batteries
and hydrogen. As discussed in the introduction, this setting is close to what many countries target

for their electricity systems in the mid-term future.

3.2 Setup

In our model, a utility must decide how much energy storage to build, for the purpose of shifting
energy from times with excess generation to times with excess demand. The utility must serve all
demand over T consecutive, 24-hour periods, minimizing overall costs. Before we can formalize the
utility’s problem, we need to introduce a few key components of the model. We begin by describing
how energy generation and demand evolve over time in the next section; then, describe the two
available storage technologies in Section 3.2.2; and finally, introduce storage allocation policies and

the model timeline in Sections 3.2.4 and 3.2.5.

3.2.1 Enmnergy Generation and Demand

Define the Net Energy Profile as a function that, at any point in time, measures the difference
between all non-fossil energy generated and demand - positive net energy means that energy supply
exceeds demand, negative net energy means that demand exceeds supply.® Figure 1 shows how
input data (panel a) translate into a net energy profile (panel b), for an average day in Germany

using 2030 projections.
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Figure 1: Visualization of Excess Solar Generation in Future Grid with High Solar Penetration.

Net Energy Profile in Panel (b) equals Demand minus Baseload minus Solar from Panel (a).

To keep the analysis tractable while preserving the essence of this pattern, we impose structure

3For readers familiar with the concept of net load (e.g., in the context of California’s duck curve), the net energy

profile can be thought of as being equal to base-load generation minus the net load.



on the shape of the net energy profile. In any period, we assume that there is a 12-hour interval
(day) during which the net energy profile is weakly positive, followed by a 12-hour interval (night)
during which the net energy profile is negative. More specifically, during the day, excess energy
generation is variable, and it assumes the shape of an isosceles triangle, which captures in a stylized
way the solar generation pattern - low and rising in the morning, peaking in the middle of the day,
waning in the afternoon.* On the sunniest possible day, the height of the triangle is equal to @Q,
and its base spans L hours, with L < 12 - see Figure 2. On any given day t, the height of the
triangle is ¢ ~ U [0, Q], with the base of the triangle shrinking proportionally to its height (it is
equal to qté); the varying size of the triangle can be thought as capturing variations in weather or
seasons.

During the night, we assume that the net energy profile follows an upside-down triangular
pattern, with a negative peak of magnitude D shortly after the sun sets. In a stylized manner, this
pattern captures the high energy needs that most electricity grids face in the early evening hours,
due to high demand but no solar generation, and the lower energy demand later in the night.> Total
energy demand at night is D * 12/2 = 6D. The chosen net energy profile is stochastic during the
day and deterministic overnight because inter-day variation in solar output is typically much larger
than inter-day variation in demand. For simplicity and WLOG, we will henceforth set the value
of D to 10; one can think of the available excess renewable power ) as being scaled by the peak
excess demand D —we show in Appendix B.1 how to perform this calibration based on real-life
data.

Net Energy

Time

Day 1 Night 1 Day 2 Night 2
Figure 2: Example of Net energy profile in the model

3.2.2 Enmergy Storage Technologies

A defining feature of our model is to consider two distinct storage technologies. Such technologies
differ along three dimensions: (i) round-trip efficiency (henceforth simply efficiency), which repre-

sents the fraction of energy that is not lost during a charge-discharge cycle;® (ii) module cost, which

4Empirically, daily solar generation resembles a smoothed triangle, see as an example Figure 12 in Appendix B.2.

®The peak in the early evening is chosen for realism, but our results hold regardless of the time of the nightly
peak.

5An efficiency of 90% means that whenever 1kWh of energy is charged, only 0.9kWh can be discharged.



is the cost of increasing the maximum amount of energy that can be stored in a given technology by
one unit, measured in dollars per kilowatt-hour ($/kWh); and (iii) power cost, which is the cost of
increasing the maximum amount of energy that can be exchanged (charged or discharged) per unit
of time by one unit, and is measured in dollars per kilowatt ($/kW). As a reminder, the relation
between energy and power is that energy is the integration of power over time.”

More specifically, technology B is a high-power, high-efficiency technology: We assume that
this technology has unlimited (or high-enough), free power, perfect efficiency, but costly modules -
each unit of storage capacity (kWh) costs cg > 0. Technology B approximates the characteristics
of lithium-ion batteries: Their power is so high to never be a constraint for load-shifting operations;
their efficiency is extremely high, in the 85-95% range; and higher storage (i.e., energy capacity)
comes at a higher cost - one has to buy more battery cells. By contrast, H is a high-storage, lower-
efficiency technology: We assume that this technology has unlimited (or large-enough) free storage
capacity, less-than-perfect efficiency, e < 1, but costly power - each unit of power capacity (kW)
costs cg > 0. Technology H approximates the characteristics of several existing technologies, such
as compressed air storage, but most notably hydrogen storage: As mentioned in the introduction,
hydrogen can be stored in salt caverns at a very low cost (Papadias and Ahluwalia 2021, Talukdar
et al. 2024); its efficiency is in the 45-50% range; and the expensive aspect of hydrogen are the
electrolyzers that allow the conversion from energy to hydrogen and vice versa. In our model, this
means that for hydrogen-like technologies, higher power capacity comes at a higher cost.

The characteristics of the two technologies in our model have been chosen to approximate
existing storage technologies that are either already popular or considered very promising, and yet
feature fundamentally different characteristics, making the question of their optimal combined usage
both theoretically interesting and practically relevant. Henceforth, we will refer to technologies B
and H simply as batteries and hydrogen, with the understanding that the model can also hold for
other technology pairs. We will continue to use B and H to refer to the installed capacity of the
two technologies (storage and power capacity, respectively).

Having introduced the two storage technologies, we want to note that they interact with the
net energy profile in different ways because of their different characteristics. Technology H, having
limited power, is employed by charging/discharging all excess energy up to its power capacity. This
means that H operates at the base of the triangle - see Figure 3, panel (a) for a charging example.

Technology B, on the contrary, has unlimited power but limited capacity, so in principle the
utility can use it to charge (discharge) any amount of energy at any point in time, so long as its
storage capacity is not full (empty); in our model, technology B is operated to charge energy (serve
demand) at the peak of the triangle; see Figure 3, panel (b), for a charging example. By doing so,
the utility maximizes the energy jointly charged/discharged by both technologies by minimizing
the possibility of overlap - see Figure 3, panel (¢). This is what the utility would want to do if

"For example, if an empty storage technology with efficiency 80% and power equal to 1kW continuously charges
for a full hour, it loads up 1kWh of energy, and can discharge 0.8kWh.
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L,

(a) Hydrogen Charging (b) Battery Charging (¢) Combined Charging
Figure 3: Operational Difference In Charging Behavior For Both Storage Solutions

it knew the realization of ¢; at the beginning of period ¢, which is realistic given that in practice

day-ahead forecasts are very reliable.

3.2.3 Back-Up Generation

Following the literature, we assume that any demand not met through solar or storage is met
through conventional back-up plants (e.g., gas peakers) at a marginal cost g per unit of energy
(Kaps et al. 2023, Peng et al. 2024). We do not model price variability to keep the model tractable.
While this is a simplification, it looks increasingly plausible that in the near future, which our
model aims to capture, price variability will be less prominent. This is because backup plants will
increasingly rely on the same energy source - natural gas - which has the lowest environmental
impact among all other fossil fuels,® is present in large quantities on the planet, and unlike other
energy sources (e.g., nuclear), can be fired up with relatively short notice. In such a scenario with
a single dominant conventional technology, the shape of the merit order curve will be considerably
flatter compared to the current situation characterized by a diversity of energy sources (nuclear,

coal, lignite, gas, oil), leading to smaller variability in prices.

3.2.4 Operational Priority

For any installed storage capacity pair (B, H) there can be conflict between the two technologies,
that is, there can be some energy that either technologies can charge. This is best explained with
the help of Figure 4, which focuses on charging examples (discharging examples are analogous).
In panel (a), a lot of solar energy is generated during the day, so that capacity of both storage
technologies is fully utilized and there is even some energy that cannot be charged —there is no
conflict. Panel (b), by contrast, shows an example of conflict, that is, when solar energy in the
day is not enough to fully utilize both technologies, and some energy can be captured by either

technology —we call this contended energy. In such cases, it must be decided how the contended

8E.g., natural gas is the only fossil fuel that is considered green by the 2022 European Commission Taxon-

omy(Council of European Union 2022).
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energy is allocated between the two technologies. In some cases, this decision could be made by the
utility, while in other cases, a regulator could pass a regulation to rule that one technology must
take precedence over the other, as an attempt to affect the utility’s investment decision - a scenario
that our paper aims to investigate. To allow for the study of both cases and their implications, we
assume that said priority is set before the utility makes capacity decisions, abstracting away from

who sets the priority,? as discussed next.

Contended
Energy

(a) No Conflict (b) Conflict
Figure 4: Distinguishing cases without conflict (when excess renewables > storage capacities) and

with conflict in storage operations

3.2.5 Model Timeline

The model is organized around three stages.

Stage 1: Operational priority is set. We distinguish between two storage priorities: battery-
first and hydrogen-first, where the technology being given priority is always charged and discharged
first.10

Stage 2: The utility decides how much capacity to build of each technology, with the objective
to serve all demand at the lowest expected cost. Storage capacity B will be measured in kWh and
power capacity H will be measured in kW. Demand and renewable capacity are exogenous.

Stage 3: Charging/discharging operations are executed for T, 24-hour consecutive periods,
following the priority determined in Step 1. Any demand at night that cannot be met through

either of the two storage technologies is met through conventional back-up generation.

3.3 Diurnal Load-shifting

Having introduced the main elements of the model, we now proceed to solve it, that is, find the

optimal investment decisions (Stage 2) that minimize the cost of serving demand over the 7' 24-hour

9The case in which the utility decides on priority before it makes capacity decisions is equivalent to the utility

deciding both priority and capacity at the same time.
0These allocations are appealing in practice due to their simplicity, transparency, ease of implementation, and

verifiability.
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periods (Stage 3) plus the cost of investment, taking operational priority (Stage 1) as given; then,
we will investigate the impact of operational priority.

It is known that multi-period storage problems are very challenging to solve (see e.g., the recent
works of Kaps et al. (2023), Peng et al. (2024), Lauinger et al. (2024)), and studying investment
in two different technologies makes the problem even more challenging. In this paper, we will deal
with this inherent source of complexity by separately studying two settings. Following terminology
by Twitchell et al. (2023), we begin by studying diurnal load-shifting, that is, the case in which all
energy stored during the day can be discharged at night (and is thus never carried to the following
day). Formally, for this case we set Q < Q' = D12/L = 120/L. This setting is studied in the
present section. The second setting, seasonal load-shifting, deals with the possibility that energy
may need to be carried beyond the first night, and will be studied in Section 3.4.

Under diurnal load shifting, the system is somewhat easier to study for two reasons. First,
because all T' periods become stochastically equivalent (no energy is left in storage at the beginning
of each day), which implies that the optimal investment decision is the one that minimizes the
average cost per period. Second, because the amount of energy that can be charged is always lower
than the amount of energy that can be discharged, which allows us to simplify certain expressions.

Formally, the problem of the utility is:
e {6y, [er(Blar) + e - (Hla)] — B — ey HY, B>0,H>07€{1,2}, ()

where E is the expectation operator, c¢.(B|q;) and c3—-(H|q:) measure the energy charged (and
discharged) in period ¢, when sunlight realization is ¢, by technology B and H respectively, the
priority of each storage technology being identified in the subscript, with 7 = 1 corresponding to
battery-first priority. Expected demand met via storage is multiplied by g to measure its cost-
saving impact, since every unit of demand met this way saves g in the cost of burning fossil fuels

in backup plants. The terms above take the following form (see Appendix A.1 for details):

L(q + (q — min |H, g — /229
cz(H\Qt):emin[H,Qt— 2BQ} i mm[ - L}))

o 2 | @)
C1(H\qt) =e min[H’ Qt] L(Qt + (Qt géﬂln[H, Qt])) ’
_ 2
e2(Blgy) = min B, W}

3.3.1 Optimal Capacity Investments

Having introduced the problem, we turn to studying the optimal capacity investments. We denote
with X the optimal capacity investment in technology X if it has operational priority w - e.g., B}

represents the optimal battery capacity under battery-first priority.
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Proposition 1. OPTIMAL CAPACITY INVESTMENTS - DIURNAL

Under diurnal load-shifting, the optimal capacity investments are:
L +1 2
=% ((-%) )
cB 2\t
=e(t- s+ (1-%) )
% ((y-3) )
2 geL/2 g ?

+
H=Q (1 - gecf/Q) , with (a)T = maz (0, a).

Battery 1°¢

B} =
Hydrogen 1%

The importance of Proposition 1 is twofold. First, it provides closed-form solutions for optimal
capacities - tractable investment results which are an important building block for many subsequent
analyses. Second, the expressions themselves are revealing of several interesting properties of the
optimal capacity choices.

To begin, remember that () defines the maximum possible amount of excess solar at any point
in time and L the longest possible duration of excess solar in a day. As it turns out, these two
parameters have very different impact on optimal capacities. Specifically, optimal capacities grow
linearly in @ - this holds for both technologies and both operational priorities. By contrast, optimal
capacities are not linear, and marginally decreasing, in L (with the exception of Bj). Thus, having
a higher peak of excess energy and having excess energy for longer play two very different roles in
storage sizing.

We also learn that optimal capacities depend on technology costs via two adjusted-cost terms,

hereby defined as c%dj = c;f and cad] = L /2 Both adjusted-cost terms contain the capacity unit

cost of the respective technology d1v1ded by the backup cost g. As one would expect, this means
that all capacities, irrespective of technology and priority, are increasing in back-up cost, however
the relation between capacities and back-up cost is highly non-linear, an effect that we will study
in more detail in Proposition 7. Hydrogen’s adjusted cost, cadj is obtained by further dividing cg
by (i) hydrogen’s efficiency e, thereby inflating hydrogen’s unit cost (since e < 1) to account for
the round-trip energy lost; and (ii) the average duration for which excess solar is available L/2,
thereby lowering hydrogen’s unit cost to account for the fact that hydrogen can work at full power
for up to L consecutive hours.

Lastly, we learn that @, L, c%dj , and c‘;}ij are the only parameters one needs to consider to derive

optimal capacity choices.
Proposition 2. INVESTMENT CONDITIONS

o When batteries have priority, the two technologies are invested in under the following iff

conditions:
By >0 iff cadj
“df>1:» Bf =0 A &Y <1, (4)

H: >04
? 7 A <1= Br>0 A G <2kl — (592,
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o When hydrogen has priority, the two technologies are invested in under the following iff con-

ditions:
Hi >0 dff 47 < 1,
AV >1= Hf =0 A &Y <1, (5)

adj * adj adj adj _  cy adj
¢y’ <1= H{>0 A cg’ <\y/cy’', wherecy’ = el 72 CB =cp/g.

B3 >0 iff

We continue with our result in Proposition 2, which lays out conditions for technologies to be
invested in. Specifically, investment in storage is undertaken when a technology’s adjusted cost
is low enough. That is, when the unit cost is low enough and the backup cost is high enough
—remember that both c?{dj and c%dj relate to those two costs. This also means that hydrogen
is more likely to be invested in when excess solar duration, L, is large. Interestingly, a large
excess solar duration L may rule out investment in batteries when hydrogen has priority (see B2),
highlighting the interdependence between the two storage technologies.

At least as interesting is what investment conditions do mot depend on: In Proposition 2
there is no sign of ). Thus, while the duration of the excess renewables, L, plays a role in
promoting (hydrogen) or even deterring (battery) storage investments, () does not play any role.
Managerially, this means that hydrogen storage will likely be first invested in those markets where

excess renewables are available for longer hours, not necessarily in those with the most renewables

as common wisdom would suggest.

1.2
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Figure 5: Conditions under which none, one, or both storage technologies are invested in under

the different priorities. Backup-cost g normalized to 1.

We condense these insights from Proposition 2 into the graphical representation of Figure 5,
which provides a quick way to assess where a given technology pair is located within the capacity
investment-space. In Figure 5, we normalize the backup cost to 1, so that the technology costs

are expressed relative to the backup cost. The x-axis plots the adjusted battery cost, c%dj and
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the y-axis plots the adjusted hydrogen cost c?fj . The graph shows six areas. The first thing to

note is that adjusted costs determine simple and effective adoption thresholds above which storage
technologies are not adopted: Specifically, when a technology’s adjusted cost is higher than 1, no
investment is made in that technology, regardless of its operational priority.

When adjusted costs are less than 1, we can identify three areas of interest: Battery Dominant,
Both Techs, and Hydrogen Dominant. In the Battery (Hydrogen) Dominant area, hydrogen (bat-
teries) are only invested in if they have priority. Only in the Both Techs area are both technologies
invested in under both prioritization schemes, which happens when the adjusted battery cost and

the adjusted hydrogen cost satisfy these conditions: (caij )2 < c‘;}ij < QC%dj — (c‘;dj )2,

3.3.2 The Impact of the Operational Priority

Having characterized the optimal capacity choices, we now turn to studying the role of operational
priority. As discussed in the introduction, many countries have set goals to vastly improve the
share of demand met with renewable energy in the near future. Thus, we want to study the impact
of operational priority on renewable storage penetration, henceforth simply renewable penetration,
defined as the percentage of nightly demand being met with renewable generation. We begin by
studying this question for the case in which storage capacities are given (i.e., exogenous). Let
cp=1(B,H) = Elci1(B|¢t)] + Elca(H|q)] be the expected energy charged in a day under battery-
first priority for a given storage capacity pair (H, B). Let cg—; be the analogous amount under

hydrogen-first priority. We have the following result:

Proposition 3. EFFECT OF PRIORITY ON RENEWABLE PENETRATION (EXOGENOUS CAPACITIES)
For a fized capacity pair (B, H), prioritizing battery technology always results in higher renewable

penetration compared to prioritizing hydrogen technology. Formally, cg—1(B,H) > cy=1(B, H).

Proposition 3 establishes that prioritizing batteries over hydrogen always leads to higher renew-
able penetration. The reason is that batteries are more efficient, and therefore, the more energy
is charged into batteries, the less energy is lost in the charging-discharging process and the more
demand is met with renewable energy.

This can be seen mathematically by looking at Equations (6), where we express the amount
of demand served under battery-first and hydrogen-first priority, respectively, for a given set of
investments, as the sum of three terms,'! which capture demand met via batteries using non-
contended energy (left term), via hydrogen using non-contended energy (right term), and via the

prioritized technology using contented energy (term in the middle).

see Appendix A.3 for a formal definition of all terms and the derivation of the expressions.
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We see that while the amount of non-contended energy charged is the same regardless of oper-
ational priority (left and right terms), the amount of contended energy charged (middle term) is
strictly lower when hydrogen has priority (bottom expression) due to its lower efficiency reducing
the energy used to meet demand through storage.

Managerially, the implication of Equations 6 and Proposition 3 is that if capacities are fixed,
batteries (i.e., the more efficient technology) should always be prioritized if one aims to maximize
renewable penetration.

The next proposition investigates the case of endogenous capacities, that is, when operational
priority is set first, for example, by a regulator, and then storage capacities are chosen by the utility

to meet all demand at the lowest cost.

Proposition 4. EFFECT OF PRIORITY ON RENEWABLE PENETRATION (ENDOGENOUS CAPACI-
TIES)
When capacities are chosen after the operational priority has been set, prioritizing the less efficient

hydrogen technology results in higher renewable penetration if e > € and cg € (¢cg,¢p). Formally,
—54+6 /l_cadj+ ad]+4 adj

cp=1(BY,Hy) < cu=1(B3,HY) , if e>¢e A cp € (¢cp,Cp), where € =

)
14/ el +c‘}f’ﬂ

CB—\/\/62 adj _ ad]—kcadj—%—%(cgj—}—l—e—cﬁf e), cp € ( \/1—0}1;!] ), \/ ¢y ), and g is

normalized to 1.

Proposition 4 shows that considering the impact of operational priority on investment can flip
the result of Proposition 3, and prioritizing batteries can actually decrease renewable penetration
(it does so when e > € A cp € (cp,¢p). To better understand this result, we need to understand
how operational priority affects investment decisions. On the one hand, prioritizing hydrogen could
prompt more investment in hydrogen since everything else being equal, hydrogen ends up being used
more often. On the other hand, prioritizing hydrogen could prompt less investment in hydrogen
precisely because hydrogen is used more often, as this means wasting more energy due to its lower
efficiency (recall Equations 6).

The next proposition determines which of these two effects prevails by establishing a clear

relation between operational priority and capacity levels.
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Proposition 5. OPERATIONAL PRIORITY: IMPACT ON CAPACITY
Capacity investment in a given technology T is always greater when it has operational priority,

irrespective of its efficiency. Formally, 77 > 75, where T € {H, B}.

Proposition 5 shows that one of the two effects discussed above is always stronger, and priori-
tizing a technology always increases its investment amount. In particular, this means that, given
the right technology parameters, a regulator who wanted to increase investment in hydrogen - to
increase renewable penetration, or for strategic reasons like diversification of the energy portfolio -
could mandate operational priority of hydrogen over batteries instead of spending taxpayers’ money
on subsidies. This also means that the result shown in Proposition 4 - that hydrogen priority can
increase renewable penetration - is not caused by a decrease in hydrogen investment, but rather,
by an increase. This effect occurs especially when hydrogen capacity is very low if not prioritized
(H3 =~ 0, see Appendix A.4 for more details). Conceptually, the initial unit of hydrogen, on average,
can be used L/2 hours per day, leading to eL/2 units of nightly demand being met through renew-
ables, while a marginal unit of battery is used at most 1 time per day. If the hydrogen capacity
that is added when shifting from battery to hydrogen priority (Hj — HY) is used often enough, the
net effect is an increase in renewable penetration, despite hydrogen’s lower efficiency (and batteries
being invested in and used less).

This result is important for policymakers, as it highlights the possibility that prioritizing a less
efficient, non-battery technology like hydrogen over incumbent lithium-ion solutions can actually
increase renewable penetration, in addition to boosting investments in hydrogen. This is particu-
larly likely to occur when utilization is a key factor in whether or not hydrogen is invested in. We
numerically investigate how close multiple hydrogen-like technology currently are to reaching this

condition in Section 5.2.

3.4 Seasonal Load-shifting

We now move to consider the alternative scenario case where renewable capacity is large enough,
Q > Q' = 120/L, so that excess generation during the day can exceed demand at night, meaning
that if enough capacity is built, stored energy can be used to serve demand weeks or even months
into the future. We call the days where excess generation in the day exceeds demand at night sunny
days, and the other days dark days.

Solving such a seasonal model poses challenges that make it analytically intractable, for the
reasons already discussed in Section 3.3. However, it is possible to use the model presented for
diurnal load-shifting and, with some changes, adapt it to create a scenario with seasons, where
shifting energy from a day to several weeks or months later is valuable, and expressions are still
somewhat tractable. To do so, we assume that within the span of a year, all sunny days occur
sequentially, and are followed by all dark days, thus forming a sunny season and a dark season -
yet, we retain stochasticity of excess generation during each day in each season. We achieve this

by drawing excess energy realization for each day (after investment decisions are made) and then

18



re-arranging the days so that all periods with ¢; > @ happen first (sunny season), followed by
all other periods where ¢; < @' (dark season). This is meant to capture real-life seasonality for
countries not close to the equator, where summer days have predictably longer days of sunshine
and higher solar outputs than the rest of the year, but the exact realization for a given day, and
to a lower extent the duration of a given season, are still uncertain - see Appendix B.3 where we
show real-world solar seasonality patterns to support this assumption.

We make two additional, mild assumptions. We assume that seasons are long enough that it is
not financially viable (or technically infeasible) for batteries to charge energy in the sunny season
only to discharge it in the dark season. > We also assume that hydrogen will be able to discharge

its energy across the year.!?

3.4.1 Optimal Capacity Investments

In the next proposition, we present closed-form investment solutions for seasonal load-shifting —we

use superscript S to denote the optimal capacities under seasonality (see Appendix A.6 for details).

Proposition 6. OPTIMAL CAPACITY INVESTMENTS - SEASONAL

Under seasonal load-shifting, i.e. @Q > @', the optimal capacity investments are:
4+ 2
BS = min [%( 1—%) ) ,60},

H (BI):Q(l—\/ggf/2+<1_c!]>2)+7 2'ch>9<1— %)7

Battery 1% I
Hy(BY) =

Hydrogen 1%

(7)

The optimal capacity investments shown in Proposition 6 are analogous in structure to the
ones originally introduced in Proposition 1. However, the added complexity of seasonality brings
with it two important considerations. First, battery capacity is limited by nightly demand. This
is because under seasonal load shifting consecutive days of excess generation mean that no charge
beyond nightly demand can be discharged.

Second, if battery has priority, the investment in hydrogen now is piece-wise continuous: If

cg > g(1— 4/ %), batteries operate as before and the optimal capacity is identical to the diurnal
load-shifting case; but, if cg < g(1 — 4/ %), batteries are sufficiently cheap - and solar sufficiently

12This simply rules out some unrealistic parameter combinations. Indeed, building extra battery capacity so it can
be charged once in the sunny season to hold that energy until it can be discharged once in the dark season would be

unprofitable even decades from now, as using batteries frequently is key to making them profitable.
13That is, yearly efficiency-adjusted charge is no greater than yearly unmet demand, which is realistic, as building

more hydrogen capacity would be hardly profitable.

19



available - that seasonality starts limiting the battery’s ability to discharge, which in turn increases
the relative investment in hydrogen'4. Importantly, this means that once renewable availability is
large enough to occasionally exceed unmet demand at night, the balance of storage technologies is
(weakly) tipped toward hydrogen due to its ability to accumulate charge across consecutive periods
at no extra cost. As such, Proposition 6 provides a possible analytical justification for why hydrogen

is frequently touted as a seasonal storage solution.

3.4.2 Comparative Statics of Investment

The seasonal load-shifting case brings about interesting effects that are worth discussing. For
this reason, we now turn to studying how investments change when the back-up cost increases.
Remember that the backup cost g shows up in the denominator of both c%dj and c‘}fj , which are
the sole parameters related to technology costs that affect capacity levels. Hence, an increase in
the backup cost can proxy for cost reduction in both technologies, in addition to proxy for a price
increase in electricity, of course, which are both interesting scenarios to discuss. In this section, we
focus on the case of battery priority, which is probably the more interesting case to study given the
large amount of battery capacity currently installed; we present comparative statics for the case of

hydrogen priority in Appendix A.7 for completeness.

Proposition 7. COMPARATIVE STATICS
If batteries are operated first, optimal capacity investments changes with respect to back-up cost g

as follows:

:O,ifg<CB,
OBy

T | =L ifen < g <en/(1-\/15).
=0,ifg>cp/(1— }:ﬁ),

( . cZel 8
= O ’ ng < 2636%—201.17 ( )
L(cg— . 2el
Jg g° \/GL (eL(CB*Q)QJFQCHg)

_ cnQ3/? ; ( _ /@)
V2g\/egL(cyQ+60eg) ’ ifg>cp/(1 LQ -

Two things are noteworthy from Proposition 7. First, the investment in batteries is marginally
decreasing as back-up costs grow and stops growing altogether (i.e., first derivative is zero) if back-
up cost become sufficiently large because the demand that batteries can serve becomes discharge-
limited when cp = g(l — %) At that point, further technology improvements will not spur
further investments, which is an interesting threshold to identify for long-term capacity planning.

Second, the impact of back-up cost on hydrogen investment is highly dynamic. Initially, if ¢ <

Y1f battery is not prioritized (i.e., for BS) for this to happen we need the following condition to hold H =
2
CB /% + % + C2BgL; see derivation in Appendix A.6.
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2
%, an increase in back-up cost exclusively benefits batteries. Afterwards, increases in back-
up cost lead to a (marginally decreasing) increase in hydrogen investment, and once batteries hit

their discharge-limit, there is a jump-discontinuity in the derivative and hydrogen investment grows
faster in back-up costs - which occurs at the threshold g(1 — %)

Together, these results can be conceived as two technology tipping points for hydrogen: The
first tipping point occurs when one marginal unit becomes profitable next to batteries - which is
not impacted by the degree of seasonality (the condition does not depend on Q). As long as markets
have similar costs, this predicts approximately similar initial adoption of hydrogen across regions.
The second technology tipping point occurs when seasonality limits battery discharge - which varies
across markets, in part depending on their level of renewable investment and determining the scale
of hydrogen adoption.

In Figure 6, we present the different investment regions under seasonal load-shifting, as an
extension to Figure 5 for the diurnal load-shifting case. The two figures are identical for a substantial

portion of the parameter space, but seasonality impacts capacity decision at the limits!®.
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Figure 6: Conditions under which none, one, or both storage technologies are invested in under
the different priorities.

Figure 6 contains a lot of details. The main insights from the non-seasonality result carry

over, but in this figure, beyond checking whether capacity is positive or not, as done in Figure 10,
we also cover the case when the batteries hit the discharge limit, something unique to seasonal
load-shifting. The main change from Figure 5 is that, under seasonality, there are more cost
combinations where hydrogen is invested in - see regions Both Techs and BT Cap compared to
the Both Techs region from Figure 5. Because of the cap, if battery costs cp are lower than the
threshold 1 — \/W , battery capacity Bls hits the discharge cap, which in turn accelerates

5For the conditions that depend on Q, we assumed Q = 20 - the plot has the same structure for other values of

Q > @', but the relative magnitude of areas shifts, see Appendix A.7.1 for an introduction of the cases
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hydrogen’s adoption. Additionally, in the top left corner, there is a range of parameters where
batteries are so cheap that even de-prioritized batteries reach that cap BQS = 60.

Having studied the seasonal case, it is useful to reflect on what drivers move markets towards
seasonality, as this will impact storage operations. First, having a higher renewable availability
(higher @), naturally increases the degree of seasonality, as this increases the odds that excess
energy exceeds the nightly demand. However, a second element to consider is the backup cost,
as countries with higher back-up costs will be affected sooner by seasonality (remember that we
normalize everything by the back-up cost g, so graphically, a higher back-up cost is equal to moving
the vertical line (1 — /120/L/Q) further right). Importantly, this means that countries with the
highest resource availability won’t necessarily be the first who need to rely on hydrogen, as not using
excess solar in the summer may be optimal if electricity prices (g in the model) are low. However,
in countries where conventional generation is costly, and excess solar in the summer is valuable,
the effects of seasonality will be felt first - batteries reach their discharge cap and hydrogen starts

being invested in.

4 Data

Regions Data. We want to calibrate our analytical results based on current technology and
renewable data from different markets to understand how our analytical results translate into real-
life storage adoption. To do so, we use three sets of data for different regions: i) historical demand,
generation, and power price time-series, ii) future renewable capacity and demand targets, and
iii) storage cost estimates from current day and forecasts until the year 2030. First, we obtain
the demand and generation time-series from two different sources. For Germany and France, we
download 2023 demand, generation, and price data from the Furopean Network of Transmission
System Operators (ENTSO-E)6. For the Spanish island of La Palma, we obtain 2019 data from
Kaps et al. (2023). France and Germany both have ambitious renewable generation targets, but
while the former heavily relies on nuclear power to achieve those, Germany entirely phased out
this firm, non-emitting technology, and plans to scale up solar and wind. In contrast, La Palma’s
demand is largely served by diesel generation with only a little solar but the island is part of a
European Union (EU) initiative to accelerate the transition towards clean energies on islands!”.
We detail in Appendix B.1 how we translate the time-series data into our model estimates. We use
the average price in the year as the back-up cost estimates.

For future renewable and demand targets, we use the legislation targets that France (de Transi-
tion Ecologique et Solidaire (MTES) 2023) is reviewing and Germany (Bundestag 2022) has passed,
as well as a 100 MW solar capacity target for La Palma. We assume that newly built capacity of any

technology has the same capacity factor/utilization as existing capacity. We summarize the region-

https://transparency.entsoe.eu/
"https://clean-energy-islands.cc.europa.eu/countries /spain /la-palma
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specific estimates that we use in the model in Table 1. All variables are scaled to the respective

Table 1: Model Parameters and Price Data for Regions at 2030

Unit France Germany La Palma

Peak Excess (Q) MW 12.43 9.24 8.83
Max Excess Duration (L) h 12 12 11
Backup Cost (g) $/MWh 105 105 229
Days with Excess (f) % 70 56 100

regional average nightly demand. France has the highest peak renewable excess at 12.43 (meaning
that on the sunniest day, excess generation is 1.243 times as large as the average nightly demand),
in large part due to over 50 nuclear reactors providing base-load generation: Since demand in our
model is overall demand minus base-load generation, this means that the demand to be covered by
renewables/gas is lower. For comparison, Germany plans to have 215GW of solar by 2030 (France
plans for 60GW) but has lower peak renewable excess as the country has no equivalent non-fossil
base-load generation. Both countries had virtually identical average power prices in 2023 of $105'8.
By contrast, La Palma has significantly higher electricity cost, due to the high cost of getting fuel
to the island, and the smaller, less efficient oil power plant providing the energy.

While increased investment in renewables will lead to excess renewable generation most days
during the year, there will still be days in winter when there is no excess generation at all. Days
with Fxcess represents the fraction of days in a year in which there is excess generation, and it varies
by country. Our projections show that both France and Germany will have no excess generation for
several weeks in winter even in 2030, due to demand being higher than renewable generation. To
account for this, we employ an inflated cost of storage, obtained by dividing the real (un-inflated)
cost by Days with Fxcess, as storage won’t be discharged during those days in the year. La Palma
is closer to the Equator and, therefore, will have excess generation throughout the year. Please see

Appendix B.1 for a more detailed discussion of the parameter estimation.

Technology Data. For the technology cost estimates, we use the 2023 National Renewable
Energy Lab’s utility-scale lithium-ion battery forecasts (Cole et al. 2023) for battery cost prediction
from 2023 to 2030 and the reversible power-to-gas estimates from Glenk and Reichelstein (2022)
for solid oxide electrolyzer for the same time-frame and assume 50% efficiency in the conversion
process. While both technologies are expected to decline in cost over time, battery’s cost decrease
is expected to be less pronounced compared to hydrogen, due to the former being a relatively more
mature technology. We will mostly focus on hydrogen as a conversion-limited technology but also
provide cost estimates for compressed-air (from Hunt et al. (2023) with cost reductions based on

Dufek et al. (2023)), a more mature technology relative to hydrogen, with lower cost-reduction

1822 97€ converted at the 2023 average EUR:USD exchange rate
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potential but higher efficiency (70%). A summary of these estimates is provided in Table 2.

Technology Unit 2023 2024 2025 2026 2027 2028 2029 2030
Battery $/kWh 463 443 388 376 363 351 338 326
Hydrogen $/kW 2300 1,808 1,566 1,293 1,067 880 726 600

Compressed-Air ~ $§/kW 1,898 1,840 1,784 1,730 1,677 1,625 1,576 1,527
Table 2: Unadjusted Storage Technology Cost Projections from 2023 to 2030

5 Numerical Results

5.1 Capacity Investments Based On Priority

We begin the numerical section by investigating how the optimal investment results from Propo-
sition 1 look like, using estimates for storage costs in 2030 from Table 2, under different storage
priorities. In Figure 7, we show the optimal storage investment in Germany and La Palma, distin-

guishing between battery-first (left panel) and hydrogen-first (right panel) priorities.”
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Figure 7: Optimal Capacity Investments In Battery and Hydrogen as of 2030

In Germany, under battery-first priority, both batteries and hydrogen are profitable for load-
shifting and are invested in, but at moderate capacity levels (see y-axis), partially because winters
are relatively long. This is in line with the observed growth of investments in batteries and com-
mercial projects for hydrogen as of this writing.

Under hydrogen-first priority, results are quite different. With hydrogen operating first, its
optimal investment increases by 16%, while batteries in this setting are not invested in at all as
hydrogen uses most of the excess renewables. This finding underscores that operational priority

can have a decisive impact on whether there is co-existence of technologies (in this case with

19(See Appendix B.4 for the French results, which are similar to Germany’s)
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battery priority) or a winner-takes-all scenario (in this case with hydrogen priority), something
policy-makers should be well aware of.

In La Palma, depicted in Figure 7, panel (b), seasonality is virtually nonexistent and @ < @’
by 2030 (see Table 1) so we are in an empirical setting with near-perfect diurnal load-shifting
conditions. For battery-first, this translated into a ten-fold higher investment in Batteries compared
to Germany (relative to demand), also aided by the higher electricity prices. Hydrogen investment
are much lower under this priority, but still positive. When priorities are changed to hydrogen-first,
hydrogen investment quadruples and battery investment shrinks but remains positive.

Contrast these results to how press articles, as well as many academic studies, associate hydrogen
with seasonal load-shifting. Our analytical result from Proposition 1 and the numerical calibration
performed here both highlight that hydrogen can be profitably invested in even for diurnal load-
shifting and even when it is not prioritized. The reason for this is that batteries’ marginal value
does not change with the duration of excess renewable generation, giving hydrogen an edge during
days with long hours of excess solar. This can lead to hydrogen investments even before seasonal

load-shifting becomes feasible or profitable.

5.2 Operational Priority Effects on Charges

We now turn our attention to renewable penetration: In particular, we want to empirically investi-
gate the impact that prioritizing conversion-limited technologies, such as hydrogen or compressed-
air, can have on renewable penetration, as a follow-up to Proposition 4.
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Figure 8: Change In Renewable Penetration When Operational Priority Is Given to Hydrogen
(a) or Compressed Air (b)

In Figure 8, we plot the change in demand met through renewables when a conversion-limited
technology - hydrogen in the left panel and compressed air in the right panel - is prioritized over
batteries, as a function of storage costs. As with Figure 5, adjusted Battery costs are shown on

the x-axis and adjusted hydrogen/compressed-air costs on the y-axis, so that a cost of 1 for both
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technologies is equivalent to marginal profitability of the first unit with priority. We overlay cost
forecasts on both figures, in red, to highlight which part of the graph is relevant for our purpose.
For battery cost, we use the linear forecasts from Table 2, while for the largely immature hydrogen
technology, we use a range of rates to capture the higher degree of uncertainty around cost -
specifically, from 2026 onward cost declines at a range between 25% and 150% of batteries’ cost
decline. For compressed air, the chosen range is narrower given that the technology is more mature
relative to hydrogen - cost reduction is between 0 and 17%, where 17% is NREL’s highest estimate
for cost reduction by 2030.

Three things are worth commenting on from the analysis. First, we see that the effect size of
prioritizing hydrogen or compressed air can be substantial. In the upper right corner of the figure,
i.e., the area where both technologies are barely profitable, prioritizing hydrogen allows up to 19%
more demand to be met via storage. For compressed air, due to its higher efficiency, this area is
even larger, and so is the increase in demand being met - up to 24%.

Second, the range in which prioritizing hydrogen increases renewable penetration is relatively
small compared to the whole parameter space; however, it is exactly this range that matters in
practice today - the case where both technologies are barely profitable, and hydrogen is quite a
bit more costly than batteries. This can also be seen by the position of the red cones, which, as
explained, show how technology costs are expected to develop until 2030.

Having said that - and this is our third point - it remains difficult to make predictions: Whether
giving priority to a conversion-limited technology results in an increase in renewable penetration
(i.e., overlap between the red cone and the blue area) is highly dependent on which technology will
ultimately prevail (hydrogen, compressed air, or some alternative) and on the rate at which the
conversion-limited technologies become cheaper compared to batteries’ cost decline. Based on the
current cost-estimates, this likely holds true for compressed-air for many years to come, while for

hydrogen it is hard to say, given that there is more uncertainty in its cost forecasts.

5.3 Single vs Dual Technology: Implications on Cost and Renewable Penetra-

tion

We conclude our numerical results section by investigating how much of a difference it makes to
be able to jointly invest in two storage technologies, compared to investing only in one. More
specifically, we want to look at how the cost incurred by the utility to meet demand - storage
investment costs plus the cost of meeting demand with backup plants - changes as a function of the
level of renewable penetration targeted, comparing the two single-technology scenarios (battery-
only and hydrogen-only) with a scenario in which the utility can build both batteries and hydrogen.
To do this, we set the cost of running back-up generators (g) to $100/MWh - approximately the
average wholesale price for Germany and France (as per Table 1) for Figure 9 panels (a) and (b),
and to $200/MWh for Figure 9 panel (c).2°

29For the interested reader, Appendix B.5 considers a similar analysis, but only looking at storage investment costs.
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Figure 9: Average Storage + Backup Cost per MWh, as a Function of Renewable Penetration

Panel (a) in Figure 9 shows that, at 2024 technology costs and maximum excess solar equal to
peak demand (@ = D), load-shifting with any storage technology is not profitable (cost increases
in renewable penetration for all options) even at European wholesale-prices —and in fact, at the
moment, storage technologies are not yet employed for load-shifting purposes. This is in sharp
contrast to panel (b), where at 2030 technology cost and double the excess renewable power,
using energy storage to load-shift can lower costs (plots are below 100). However, the joint usage of
hydrogen and batteries does not lower costs much compared to the best single technology, hydrogen
in this case, if the objective is merely cost minimization. The advantage of dual technology becomes
instead important if the objective is to achieve a relatively high renewable penetration target, in
which case substantial cost reduction in the order of 20-25% can be achieved, although costs may
increase compared to no load-shifting.

Consider now the plots in panel (c), where renewable availability is highest at @ = 3D, and back-
up costs are also high - $200/MWh. Here, we note something new compared to the other panels:
A dual-technology strategy allows the firm not only to achieve lower costs than any single-tech
strategy, but also to reach renewable penetration levels that are simply unattainable with a single
technology (hydrogen stops at 50% and battery at 60%). The reason why no single technology can
obtain high penetration levels differs for each technology. Battery-only is constrained by its inability
to shift energy across seasons - something valuable when excess energy in a day can be higher than
unmet demand at night - as a battery large enough to do that would have a prohibitively high cost.
Hydrogen-only, instead, can shift energy across days, but is constrained by its low efficiency: When
operated in isolation, even for the high renewable generation setup, hydrogen cannot go beyond
50% renewable penetration because it cannot meet a high enough fraction of demand, as too much
energy is lost in the conversion process. By contrast, installing less capacity of both technologies
really works: Their combined strengths outweigh their respective weaknesses, achieving otherwise
unattainable levels of renewable penetration and lowering costs at the same time - an effect that

becomes more noticeable as the seasonality of solar availability increases.
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6 Discussion

Our paper provides a tractable approach to studying co-investment in a storage-constrained tech-
nology (like batteries) and a power-constrained technology (like hydrogen) in order to shift excess
renewable energy across time to replace fossil fuel generation.

To the best of our knowledge, this is the first paper in the operations literature to study
joint investment in two energy storage technologies. Our model allows us to solve for the optimal
investment decisions in closed form under both diurnal and seasonal load-shifting regimes. These
expressions allow us to define adjusted costs for both technologies, which can be used to guide
technology investment and adoption, and allow us to gain insights into the (at times unintuitive)
roles played by different parameters.

Our model also allows us to show the importance of operational priority, which can be set
preemptively by regulators to effectively promote investment in specific storage technologies and
lead to higher renewable penetration, sometimes even when the technology being prioritized is the
least efficient of the two.

Furthermore, we can identify and characterize two tipping points for hydrogen adoption and
quantify the magnitude of our effects via calibration with real data from three markets. Depending
on the cost trajectories, we find that giving hydrogen priority can increase renewable penetration by
up to 19%. We also identify cases when a dual-tech storage strategy leads to no benefit compared
to a single-tech strategy, when it can lead to lower costs, by up to 25-30%, and when it can lead to
renewable penetration levels that are unattainable with a single technology.

Our findings revisit commonly held beliefs around hydrogen storage, for example, we show that
it will turn a profit in diurnal load-shifting regimes years before its use for seasonal load-shifting will
break-even; and that hydrogen storage will likely be first invested in those markets where excess
renewables are available for longer hours, not necessarily in those with the most renewables.

While our model captures several important dimensions of the storage problem, it is a stylized
model designed to capture high-level dynamics, and it thus comes with some limitations. For
example, the model is limited to two technologies, it does not include variable energy prices (back-
up cost) or additional revenue streams for installed storage capacities like frequency regulation, and
it uses simplified assumptions to account for seasonality instead of e.g. empirical patterns or more
flexible distributions for demand and solar patterns.

At the same time, these challenges present ample opportunity for future research: Understand-
ing how merit order curves and variable prices impact the results, how a storage portfolio expands if
more than two technologies are considered, and how auxiliary services provisions shifts the balance

between power and energy limited storage are all relevant, challenging, and open questions.

28



References

Aflaki, S. and S. Netessine (2017). Strategic investment in renewable energy sources: The effect of supply
intermittency. Manufacturing & Service Operations Management 19(3), 489-507.

Agrawal, V. V. and §. Yiicel (2022). Design of electricity demand-response programs. Management Science.

Alizamir, S., F. de Véricourt, and P. Sun (2016). Efficient feed-in-tariff policies for renewable energy tech-
nologies. Operations Research 64 (1), 52—66.

Allon, G. and J. A. Van Mieghem (2010). Global dual sourcing: Tailored base-surge allocation to near-and
offshore production. Management Science 56(1), 110-124.

Arrow, K. J., T. Harris, and J. Marschak (1951). Optimal inventory policy. Econometrica: Journal of the
Econometric Society, 250-272.

Atasu, A., C. J. Corbett, X. Huang, and L. B. Toktay (2020). Sustainable operations management through
the perspective of manufacturing & service operations management. Manufacturing € service opera-
tions management 22(1), 146-157.

Babich, V., R. Lobel, and S. Yiicel (2020). Promoting solar panel investments: Feed-in-tariff vs. tax-rebate
policies. Manufacturing & Service Operations Management 22(6), 1148-1164.

Bundestag, D. (2022). Entwurf eines gesetzes zu sofortmafinahmen fiir einen beschleunigten ausbau der
erneuerbaren energien und weiteren mafinahmen im stromsektor. Berlin.= Drucksache 20, 1630.
Bussar, C., P. Stocker, Z. Cai, L. Moraes Jr, D. Magnor, P. Wiernes, N. van Bracht, A. Moser, and D. U.
Sauer (2016). Large-scale integration of renewable energies and impact on storage demand in a european

renewable power system of 2050—sensitivity study. Journal of Energy Storage 6, 1-10.

Caglayan, D. G., N. Weber, H. U. Heinrichs, J. Linflen, M. Robinius, P. A. Kukla, and D. Stolten (2020).
Technical potential of salt caverns for hydrogen storage in europe. International Journal of Hydrogen
Energy 45(11), 6793—6805.

Cole, W., A. W. Frazier, and C. Augustine (2023). Cost projections for utility-scale battery storage: 2023
update. Technical report, National Renewable Energy Lab.(NREL), Golden, CO (United States).
Commission of European Union (2020). Communication no 2020/301. https://eur-lex.europa.eu/

legal-content/EN/TXT/?uri=CELEX:52020DC0301.

Council of European Union (2022). Council regulation (EU) no 2022/1214. https://eur-lex.europa.eu/
legal-content/EN/TXT/?uri=CELEX:32022R1214.

de Transition Ecologique et Solidaire (MTES), M. (2023). Stratégie francaise pour 'énergie et le climat.
programmation pluriannuelle de I’énergie.

Denholm, P., D. J. Arent, S. F. Baldwin, D. E. Bilello, G. L. Brinkman, J. M. Cochran, W. J. Cole, B. Frew,
V. Gevorgian, J. Heeter, et al. (2021). The challenges of achieving a 100% renewable electricity system
in the united states. Joule 5(6), 1331-1352.

Denholm, P., M. O’Connell, G. Brinkman, and J. Jorgenson (2015). Overgeneration from solar energy in
california. a field guide to the duck chart. Technical report, National Renewable Energy Lab.(NREL),
Golden, CO (United States).

Donohoo-Vallett, P., N. Ryan, and R. Wiser (2023). On the path to 100% clean electricity. Department of
Energy.

29



Drake, D. F., P. R. Kleindorfer, and L. N. Van Wassenhove (2016). Technology choice and capacity portfolios
under emissions regulation. Production and Operations Management 25(6), 1006-1025.

Dufek, E. J., V. Durvasulu, T. M. Rowe Mosier, W. H. Balliet, N. Bakhatian, and M. Willey (2023). Tech-
nology strategy assessment: Findings from storage innovations 2030 lithium-ion batteries. Technical
report, Idaho National Laboratory (INL), Idaho Falls, ID (United States).

Fattahi, A., S. Dasu, and R. Ahmadi (2022). Peak-load energy management by direct load control contracts.
Management Science.

Glenk, G. and S. Reichelstein (2022). Reversible power-to-gas systems for energy conversion and storage.
Nature communications 13(1), 2010.

Goyal, M. and S. Netessine (2007). Strategic technology choice and capacity investment under demand
uncertainty. Management Science 53(2), 192-207.

Guajardo, J. A. (2018). Third-party ownership business models and the operational performance of solar
energy systems. Manufacturing € Service Operations Management 20(4), 788-800.

Giinther, S., A. Bensmann, and R. Hanke-Rauschenbach (2018). Theoretical dimensioning and sizing limits
of hybrid energy storage systems. Applied energy 210, 127-137.

Haegel, N. M. and S. R. Kurtz (2023). Global progress toward renewable electricity: Tracking the role of
solar (version 3). IEEE Journal of Photovoltaics.

Hajiaghasi, S., A. Salemnia, and M. Hamzeh (2019). Hybrid energy storage system for microgrids applica-
tions: A review. Journal of Energy Storage 21, 543-570.

Howe, C. (2023, Nov). Explainer: The numbers behind china’s renewable energy boom. Reuters.

Hu, S., G. C. Souza, M. E. Ferguson, and W. Wang (2015). Capacity investment in renewable energy

technology with supply intermittency: Data granularity matters! Manufacturing & Service Operations
Management 17(4), 480-494.

Hunt, J. D., B. Zakeri, A. Nascimento, D. A. de Jesus Pacheco, E. R. Patro, B. Djurin, M. G. Pereira,
W. L. Filho, and Y. Wada (2023). Isothermal deep ocean compressed air energy storage: an affordable

solution for seasonal energy storage. Energies 16(7), 3118.

TEA (2023). Renewable energy market update. Organization for Economic Co-operation and Development
(OECD) Publishing.

International Energy Agency (2019). The future of hydrogen. IEA, Paris.
IRENA (2023). Renewable power generation costs in 2022.

Jafari, M., A. Botterud, and A. Sakti (2022). Decarbonizing power systems: A critical review of the role of
energy storage. Renewable and Sustainable Energy Reviews 158, 112077.

Kaps, C., S. Marinesi, and S. Netessine (2023). When should the off-grid sun shine at night? optimum

renewable generation and energy storage investments. Management Science 69(12), 7633-7650.

Kaps, C. and S. Netessine (2023). Residential battery storage-reshaping the way we do electricity. Available
at SSRN 4219247.

Karaduman, O. (2021). Economics of grid-scale energy storage in wholesale electricity markets. MIT Center

for Energy and Environmental Policy Research.

Lauinger, D., F. Vuille, and D. Kuhn (2024). Frequency regulation with storage: On losses and profits.

FEuropean Journal of Operational Research.

30



Li, C. and L. G. Debo (2009). Second sourcing vs. sole sourcing with capacity investment and asymmetric

information. Manufacturing & Service Operations Management 11(3), 448-470.
Mayyas, A., A. Chadly, S. T. Amer, and E. Azar (2022). Economics of the li-ion batteries and reversible fuel

cells as energy storage systems when coupled with dynamic electricity pricing schemes. FEnergy 239,
121941.

Molina, P. S. (2023, Jul). Chile posts record levels of solar curtailment. PV Magazine.

Okafor, J., R. Barton, P. Letizia, and G. C. Souza (2023). Renewable energy servicizing for residential homes.
Working Paper.

Papadias, D. D. and R. K. Ahluwalia (2021). Bulk storage of hydrogen. International Journal of Hydrogen
Energy 46(70), 34527-34541.

Parliament of European Union (2023). Directive - EU - 2023/2413 - EN - EUR-LEX. https://eur-1lex.
europa.eu/eli/dir/2023/2413/0j.

Pellow, M. A., C. J. Emmott, C. J. Barnhart, and S. M. Benson (2015). Hydrogen or batteries for grid
storage? a net energy analysis. Energy € Environmental Science 8(7), 1938-1952.

Penev, M., C. Hunter, and J. D. Eichman (2019). Energy storage: Days of service sensitivity analysis.
Technical report, National Renewable Energy Lab.(NREL), Golden, CO (United States).

Peng, X., O. Q. Wu, and G. C. Souza (2024). Renewable, flexible, and storage capacities: Friends or foes?
Manufacturing € Service Operations Management.

ReuB, M., T. Grube, M. Robinius, P. Preuster, P. Wasserscheid, and D. Stolten (2017). Seasonal storage
and alternative carriers: A flexible hydrogen supply chain model. Applied energy 200, 290-302.
Satyapal, S., N. Rustagi, T. Green, M. Melaina, M. Penev, and M. Koleva (2023). U.s. national clean

hydrogen strategy and roadmap.
Singh, S. P. and A. Scheller-Wolf (2021). That’s not fair: Tariff structures for electric utilities with rooftop
solar. Manufacturing & Service Operations Management.
Soltani, S. and L. Skaug (2023, Sep). New battery storage capacity to surpass 400 gwh per year by 2030.
Song, J.-S., G.-J. Van Houtum, and J. A. Van Mieghem (2020). Capacity and inventory management:
Review, trends, and projections. Manufacturing & Service Operations Management 22(1), 36-46.
Sunar, N. and J. M. Swaminathan (2021). Net-metered distributed renewable energy: A peril for utilities?
Management Science 67(11), 6716-6733.

Talukdar, M., P. Blum, N. Heinemann, and J. Miocic (2024). Techno-economic analysis of underground
hydrogen storage in europe. Iscience 27(1).

Twitchell, J., K. DeSomber, and D. Bhatnagar (2023). Defining long duration energy storage. Journal of
Energy Storage 60, 105787.

Uniper (2024). Uniper to develop hydrogen storage capacities by 2030. https://www.uniper.energy/news/
uniper-to-develop-hydrogen-storage-capacities-by-2030.

Wu, O. Q. and R. Kapuscinski (2013). Curtailing intermittent generation in electrical systems. Manufacturing

& Service Operations Management 15(4), 578-595.

Wu, O. Q., R. Kapuscinski, and S. Suresh (2023). On the distributed energy storage investment and
operations. Manufacturing & Service Operations Management 25(6), 2277-2297.

31



Wu, O. Q., D. D. Wang, and Z. Qin (2012). Seasonal energy storage operations with limited flexibility:
The price-adjusted rolling intrinsic policy. Manufacturing & Service Operations Management 14(3),
455-471.

Zhou, Y., A. Scheller-Wolf, N. Secomandi, and S. Smith (2019). Managing wind-based electricity generation
in the presence of storage and transmission capacity. Production and Operations Management 28(4),
970-989.

32



A Proofs of Propositions

A.1 Proof of Proposition 1

We first show the optimal capacity investment for batteries, assuming batteries have priority. Fol-
lowing Equation (2), we start with the expected amount of charge. Throughout the appendix, let
qo = % denote the realization of ¢ beyond which Battery cannot store all excess generation.

2B Q + H as the level of renewable capacity beyond which both

We furthermore denote ¢ =
technologies can be fully charged.

Note that in diurnal load-shifting energy discharge is never higher than nightly demand - that
is, we are always charge-constrained. For this reason, we henceforth focus on charging operations

only. As a reminder, cg—1 refers to the energy charged in a day when Battery is prioritized.
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Conditional on the battery capacity B and its operational priority, we then optimize the hydrogen

capacity and use ¥ (h,q) as a shorthand to denote the area of a trapezoid of height h with base
Lq;/Q, which is equal to (hLg;)/Q — h?>L/(2Q).
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We now turn to the case with the opposite operational priority, where hydrogen has priority
and proceed analogously to before.
H 2 Q
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Conditional on hydrogen capacity H and its operational priority, we optimize battery capacity.
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A.2 Proof of Proposition 2

In this section, we analyze under what conditions, hydrogen and Battery would be invested in and
compute how such investments change with respect to model parameters of interest. We start with

the case where batteries have operational priority.

1 ¢p 2\
B* = [ (, _z 73)
1 Q 92 g + 292
0if g <cp,i.e., if c%dj < 1. (15)
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Note that because Q < @', whenever c%dj < 1,i.e.,g > cp, Battery charge will never exceed nightly

demand.
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We now perform the same analysis of the optimal capacity w.r.t. electricity cost g and renewable

generation capacity @) for the case where hydrogen has priority.
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A.2.1 Separating Parameter Space Into cases
After having analyzed the capacity investments, we want to introduce the idea of how different

combinations of cost parameters lead to different cases of investments. For subsequent parts of the
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paper, it will be interesting to study under which circumstances the four capacities B}, B, H{, H5
are positive. We will normalize the back-up cost g = 1, so all other costs are expressed relative to
the back-up cost.

We repeat the result from Proposition 2 for B} and HY,

N 1
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To begin, we note that if a technology is not invested in when it has priority, it is also not
invested in if it does not have priority. Formally, B} = 0 = B3 = 0 and Hf = 0 = H; = 0.
Moreover, we know that both technologies will be invested in only if cg < 1 and 2 < %

In this space where both technologies can be invested in, it is interesting to distinguish the cases

when only one technology is invested in, or both technologies are.
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Above, we showed that if the efficiency-adjusted cost of hydrogen cg/(eL/2) = is higher than
2cp — czB, hydrogen is not invested in if batteries have priority. We now perform the same analysis

for battery investment when hydrogen has priority.
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If the efficiency-adjusted cost of hydrogen cgr/(eL/2) is lower than ¢%, batteries are not invested in if
hydrogen has priority. Taken together, the conditions we established can be graphically represented

in Figure 5 (which we repeat below in Figure 10) and give rise to the following cases:
1. No Tech as Bf =0,B5 =0,H] = 0,H5 =0,
2. Battery Only as B > 0,B5 > 0,H{ =0,H; =0,
3. Hydrogen Only as Bf =0,B5 =0,H{ > 0,H; >0,
4. Battery Dominant as BY > 0,B5 > 0, H] > 0, H5 =0,
5. Hydrogen Dominant as Bf > 0,B5 = 0,Hy > 0, H5 > 0,

6. Both Techs as BT > 0,B5 > 0,H{ > 0,H; > 0.

No Tech
Battery Only B ::) :|C=o|
B,>0,H,=0 | B,>0, H,=0 o H
1 2=0|B, 1 B,=0, H,=0

Battery Dominant /
B,>0,H,=0 | B,>0, H,>0 /

o
©

M = /

Hydrogen Adjusted Cost ci¥

o /
06 N /k BothTechs Hydrogen Only
f‘z’ < BROH0| B0.H.50|
v B,>0, H,>0, B,=0, H,>0
0.4 S/
021 , o
ca‘“\?’ _.~~ Hydrogen Dominant
S T B50,H,20|B,=0, Hy>0
90 o2 04 06 08 1.0 12

Battery Adjusted Cost c3¥

Figure 10: Conditions under which none, one, or both storage technologies are invested in under

the different priorities. Backup-cost g normalized to 1.

A.3 Proof of Proposition 3 (and Equation (6))

Depending on the sunshine realization, ¢;, we can be in one of two situations. When ¢, is large
enough that excess renewables exceed both storage technologies’ ability to shift energy - see Figure
4, panel (a) - both technologies can be used at their maximum potential: B is fully charged, H
uses its full power whenever possible. This happens when ¢?L/(2Q) > ¢(B|q) + ¢(H|q) = ¢ >
H+ \/W and in these cases, the priority is inconsequential because there is plenty of excess
energy. As introduced in Appendix 1, we denote this threshold with ¢’ £ H + \/W and it
will be useful below. By contrast, when the sunshine realization is low (¢ < ¢') - see Figure 4 b) -

excess energy is limited, the technologies are in conflict, and there is contended energy - i.e. energy
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that could be charged by either technology. In these cases, the priority is consequential, because it
decides which technology is charged and which one is not.

We now write the expression for expected charge (hence discharge) for the case when battery
has priority, for given positive capacities of B and H. We do isolate the case when there is conflict,
ie. ¢ < ¢ =, and then further sub-dividing it into contended and not contended energy. As
defined in Appendix A.1, we use ¥ (h, g;) as a shorthand to denote the area of a trapezoid of height
h with base Lg;/Q, which is equal to (hLg;)/Q — h*L/(2Q).

Bler(Bla) = 5 /qQOmm[qgQ Blan) = ([ Lo+ /Q: 2 ).

q

q0 2 q QB
q; L B
= d d d 24
(/0 2Q2q+q0th+/th), (24)

q
Bleatlan) =5 ([ vl — /7% 0 da + [ w00 an)
qt= q=q

H 2 Q
Ele1(H|g,)] = (/ gl dg: + Hw(H, @) dqt>,

é qt=0 2Q qt=
e 21 ¢
- Gz g )d (H, q) d 25
Q</0 20 dut ¢ . qt) Qt‘*'/q/ @) Qt (25)
. (Qt—H)QL (7 (- H?L Q B
slestlan) = (], wnl g ) = |, wth+/qt:q/ Q"

From here, we use the assumption of H < gg for the bounds of integration. The alternative

case, H > qq, is analogous and leads to the same simplification.

Cle(B,H) =
L @ "B B
Ele1(Blge) + c2(Hlar)] =</0 2Q2d t+/H thquH-/ 6 / ad(h) (26)
9
Q
¥(

e ¢ 2B
(/w(qt—\/ ) th+/ H,q) th
Q q0 q’

CHzl(B,H) =

H 2 q Q
Bler(Hla) + co(Bla)) =g ([ %5 dai+ [ witt.a)da + / U(H g)dg; + / U(H, 1) dat)+

© (¢ — H)’L (q¢
/H e th+/(ZO dqt+/ o
(27)
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We can then rearrange terms to obtain:
2

© (g — H)’L “(@—-H?L, [H@L w0 gL © gL,
/ 2 dq”/ e d(h_/o 2@2dq'f+/H 22 /o 2qz % and

Q>
) q q
Y(qr — \/ / “~ dg + H¢(H,Qt)th+/qo¢(HaQt)th+/q/¢(H,Qt) th—/qO Bdg;.
(28)

And we can group the terms into three groups - battery, hydrogen, and contended energy, which
in principle may go into either storage technology depending on the operational priority chosen,

but that in this case goes into (and out of) batteries since they are given priority.

1/ [9¢2L 1
Cle(B,H):</O i th‘|‘/ Bd%)"@ quf%ef th \/ aQt)th"‘ @DHQt)dqt)
q0 q0

Q 2Q
Battery Contended Hydrogen
1 ¢’ Q
A
a ([T hizg Bdg,)
CBattery 0 (/0 20 qr + // qt
1 /

CContended - a Bth

CHydrogen — 22( w(Qt \/ QiQ7Qt) th + /w(H Qt) th>

1 qt q
- Q</o 20 2 dgy + Hw(H, qt)dg: + qow(H Gt dqt+/¢ (H,q)dq; — /qo qut)
(29)

When hydrogen has priority, expected charge (hence discharge) can be rewritten using the same
terms as above - non-contended energy is the same by construction, and contended energy is also
the same, except that now is being multiplied by e, due to hydrogen’s losing 1 — e fraction of energy,

inevitably lowering the total amount of demand met through renewables.

1/ [©giL 1 [
cuma (B H) = o [ dai+ /qut ¢ & JBdare wqt Vo uyiact /wH )da.)
0

Q a0

Battery Contended Hydrogen
(30)

So, conditional on having a certain pair of capacities (B,H), it is always better to run the more

efficient technology (battery) first.

A.4 Proof of Proposition 4

We want to analyze under which conditions
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CH:1(B§,H1*) > Cle(BT,HS), (31)

that is, hydrogen-first leads to a higher charge - hence higher renewable penetration - than
battery-first.

To start, we use the insights from Propositions 1 and 2 (summarized in Figure 5) and distinguish
the cases where out of the four capacities (B}, Hy, B3, H1*), at least three are positive. The cases
where no technology or only one technology’s capacities are positive are not relevant to this analysis
as it is trivial to show that in these cases the charge is identical, e.g., cy=1(B;,0) = cp=1(B7,0),
as Bf = B3|(H} =0).

We proceed in in the following four steps:

1. Step 1 - We differentiate 3 relevant sub-cases of capacity investment for which the expression

of the charging difference takes a different form.
2. Step 2 - We show the existence of a set of parameters for which (31) holds.

3. Step 3 - We identify the lowest battery cost under which condition (31) holds, for any other

given set of parameters.

4. Step 4 - We identify an upper bound to the highest battery cost under which (31) holds, for

any other given set of parameters.

Step 1 - Differentiating three Cases of Capacity Investments
We define A, Ar, Ap as the difference in charge between battery-priority and hydrogen-priority
across the three different cases as shown in Equation 32. The case Ap occurs when hydrogen is only
invested if it gets priority, the case Ay occurs when battery is only invested in if it gets priority and
A7 when both technologies are invested in irrespective of their priority. Throughout this analysis
we normalize g to 1, hence all costs are expressed relative to that. As derived in Appendix A.2.1,
we are only interested in the technology cost space cp < l(c%dj < 1) and cpy/e < L/2(c?;lj < 1), as
only then at least three of the capacities are positive.

Collectively, the three cases cover the entire cost parameter space of interest as shown in Equa-
tion 32. For notational convenience, we write Ag(cp, ¢p, e, @, L) as Ap - all functions are dependent

on the model primitives, but not the capacity choices.
Ap = cp=1(B},0) — cg—1(B3, HY), if ciy/e > L(cg — 0.5¢%),

Ar = cp—1(B}, H) — cg=1(Bj, Hy), if L/2¢% < cy/e < L(cg — 0.5¢%), (32)
Ay = cp—1 (B}, H}) — cy—1(0, HY), if cpy/e < L)2c%.
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Step 2 - Show the existence of a set of parameters for which (31) holds.

We start by showing that under a certain condition, hydrogen priority can lead to higher renewable
discharge, by studying a particular subset in the parameter space. This subset is ¢y /e = L(cp —
0.5¢%), i.e. when Ag = Ay - see Equation 22. This is the set of points where, if hydrogen is

not-prioritized, there is no investment in hydrogen, but any marginal cost reduction in will lead to

(_
Hj(cu=Le(cg—0.5¢%)) 0 H} (cu=Le(cp—0.5¢%))
Do =0 and Derr <

positive investment in hydrogen. Formally,
0. 3 and 8 indicate the directional derivatives from the left and the right respectively.
We start at cgr/e = L(cg — 0.5¢%), because it is the lowest set of values of ¢y /e for which Hj

equals zero, leading to a large difference between H} and Hj.

WTSAp < 0,
%(CB ~1)%*(2cp +1)LQ—
<3\ch\/@eL ZCBeL cBeL 2v2¢cgv/emel + 2cp — 2\[03/2( 3) + 65/2L3/2>
6VelL
Q <—4CH <\/czBeL — 2v/2¢gVegel + 2cy + 303\/(37)) + 4v/2¢p \/cHeL (02B€L — 2v/2¢cgv/egel + 2CH) —>
VoL <0,

_l’_

Replacing ¢y /e with L(cg — 0.5¢%),
Ap(cg = eL(cp — 0.5¢%)) =

%LQ (203 (2\/203 —2y/—(cp —2)ch + /(2 — cp)epe — 3v/(2 — cB)cB> — ( —(cg —2)cy + 1>e —4ch+
(9 - 4\/5\/((;3 - 2)(\/m— 1))(:23 + 1) <0,

UL 2 2cp (2\/203 — 24/ —(c5 —2)c% + /(2 — cp)epe — 31/ (2 — cB)cB> - <\ [—(cB —2)cy + 1>e — 4+
(9 - 4\/5\/((:3 - 2)(\/—(03 ~2)ep — 1)>c23 +1<o.

(33)

If, for example, cg = 0.5 and e = 1, the last expression in Equation 33 (henceforth called
UL) is approximately -0.1005, i.e., hydrogen priority results in more demand being met through
renewables than battery priority. We have thus shown that the result holds for some parameter

combinations. We continue by analyzing where (31) holds in this set of ¢y /e = L(cp — 0.5¢%). For

41



that, we take the derivative of UL w.r.t. e to show that it is decreasing in efficiency.

oUL 3
e = —1+2cpv/(2—cB)cp —cBy/(2 — cB)cy,

oUL
—— < 0if
9o <01,

34

(203—623)\/(2—63)63 <1, (34)
(2cp — %) <1 Y0<ecp<l,
(2—63)6331 VOSCBS 1.

Clearly, the derivative is negative for any value of ¢g < 1 - hence the difference in charge is
decreasing with e. This means that (31) holds (Ap becomes negative) on the considered set of
points for a sufficiently high e. We thus try to identify this threshold & beyond which (31) still
holds.

WTS UL =0,

2cp (2\/203 — 24/ —(cp —2)ch + /(2 — cB)epe — 3/(2 — CB)CB> - (\/—(CB —2)cy + 1)6 —4ch+

(9—4\@\/(@3 —2)<\/m— 1>>CZB +1=0,
ch (4\/2(33 —2,/(2 - cp)c, + cn (—403 - 4\/5\/((33 ~9) (m— 1) + 9) - 6@) +1

(2—cp)ch —24/(2—cp)epep + 1

e =

(35)

If hydrogen’s efficiency is higher than €, at least on the set cgy/e = L(cg — 1/2¢%) (31) holds
- i.e., in that case hydrogen priority results in higher overall renewable penetration than battery

priority when capacity investments are made taking into account the operational priority.

Step 3 - Identify the lowest battery cost under which condition (31) holds, for any
other given set of parameters.

After having shown the existence of storage technology parameters under which hydrogen-priority
results in a higher renewable penetration (hence charge) than battery-priority, we now want to
characterize the range for which (31) holds in more detail. To do this, we study how Ap changes

as cp changes and start by looking at cg = 0 - i.e., the left-most area of the Graph in Figure 5.

Q (2v26}* (e = 1) + /2 (~L3/2) + LVL)
AB(CB = 0) = 2 07
6VedL

—2\/50%2(1 —e)+ L3232 (1 —e) >0,
L/2 > cp/e.

(36)
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Clearly, at cg = 0, Ap is always positive, i.e. (31) never holds. We thus aim to study the

derivative of Ap w.r.t. ¢g, because we know that (31) can hold on the critical line where cgr/e =

_ 2cm

L(cg — 0.5¢%), which, after rearranging terms is equal to cg = 1 — =L,

0Ap 1, 1 _
e = 3(e8 =1)’LQ + 5 (25 + 1)(ep — LQ+

Q <6C2BC?;L{2€L — 2\/50125, <\/CZB€L — 2\ 2¢pvegeLl + 2cy + 303\/6L> + c%eLﬁ)
+
cpe (cB (cBeL — 2\/§\/cHeL) + 2cH) (37)
Q( —cpey <ﬂcBeL <3\/c2BeL — 2v/2¢g/egel + 2¢i + eV €L> - 6\/5> + 40%2)
cme (cB (CBeL — 2\/§\/CH€L) + QCH) ’
where z = cyel (cB (cBeL — 2\/§\/CH6L> + 20H> .

Despite the expression for A being simpler than the ones for the other A’s, the sign of 0Ap/dcp

is not readily discernible - we need to find other ways to study it. We thus analyze 92Ap/dcgoe.

92Ap 2\/20H\/0236L — 2V 2¢gvegeL + 2¢y + V2epy/egel — 4ey

Ocgde 2e2 ’
_ 2y/2ch(V2cH — cgVeL) +\2cpv/egel — 4cg (38)
- 2¢2 ’
—2cpv2cyel + cgy/2cyeL
= 52 <0

Note that 32?51 < 0, hence the derivative w.r.t. cp is decreasing in e. If we set e to its lowest

possible value e = 2¢y /L (we need cy/e < L/2 for hydrogen to be invested in) and show that

even then the derivative w.r.t. cp is non-positive, i.e., (%%;3 < 0), then we can conclude that the

derivative is non-positive for any e > 2cg /L.

0Ap(e=2cy/L)
Ocp

=(1—cp)eplQ + %(1 —¢)2LQ — %(263 +1)(1 —¢p)LQ, (39)

=0.

Thus, even for the lowest possible value of e, the derivative is non-positive and for any lower
values of e, we have previously shown that it will be negative. Thus, %ﬁ—; < e for the entire
considered space.

So far we know that Ap > 0 when the battery cost is zero cg = 0 and as the battery cost cp
increases, Ap decreases. For suitably large values of efficiency, (e > €), Ap then becomes negative.
We now want to find the value ¢p from which onwards, it becomes negative, i.e. the lower bound
of battery cost for which (31) holds.
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To help with tractability, we combine cg, e and L terms wherever possible to c(}de , which as ¢

is normalized to 1 is equal to cg/(eL/2). With this simplification, we check when Ap is zero.

adj C
WTSAR(cHi(g=1) = BL%) =0,

%LQ (3023 (\/@ - 1> Y (e—1) ((cj;;’j)?’/2 - 1)) —0,
<3c23 O/@ ~ 1> F(e—1) ((cjﬁldj)?’/2 - 1)) —0,

We know cp > 0,

1 : : 1 : :
cp = \/3\/@2ng — 2ec 4 49 g(e(—cjﬁfj) —e+ Y1),
(40)

So far, we have shown that Ap > 0 if e < € holds, or, if both e > € and cp < cp hold. We
have also shown that there exists an € > 0 such that Ap < 0if e > € and cp € (cp,cp + €).
This concludes our proof to identify the lowest battery cost such that (31) holds. However, we can

increase that e by noting that Ap is defined until ¢y /e = L(cg — 0.5¢%). Re-organizing terms, this
isequaltocg =1—4/1— ca}}ij. Because we know that the derivative of A w.r.t. cp is decreasing,

this means that Ap < 0if e > & and cg € [cg, 1 — /1 — 29].

Step 4 - Identify an upper bound to the highest battery cost under which (31) holds,
for any other given set of parameters.

To obtain the result in Step 3, we analyzed Ap, which has a simpler expression for charge than A,
as in the Ap parameter space hydrogen is not invested in if batteries have priority, i.e., H3 = 0. To
find an upper bound for the range for which (31) holds, we need to investigate the more challenging

expression Ap, as hydrogen capacity H; becomes positive for values of cg beyond the critical value

ofie.,cg>1—14/1— c‘}fj = H3 > 0. We know that at the critical point cg =1 —1/1 — c‘}fj both

expressions are the same and are negative i.e., Ap(cg = 1—4/1 — ci}ij) =Ap(cp=1—4/1— c?;lj) <

0. However, analyzing Ar is intractable due to third/fifth degree polynomial expressions for the
optimal capacities.

We thus turn to Ag. As shown in Appendix A.2.1, if cg > c?;lj, we are in the parameter
space for Ag. We now investigate its sign.

In particular, we will show that (31) does not hold if C2B > c?fj, i.e., we are in the hydrogen

dominant case.
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WTSAyx >0,
CB:l(BTaH;) - CH=1(07 Hik) > 07

Q(cg — 1)%eL(2\/eL((cg — 1)2eL + 2cp) +2cgL+L (41)
6eL
Q2cir\/eL((cg — 1)2eL + 2cx) + (=3(cp — 2)ep — 2)e2L 1 2v/263°
GeL “gQel - — =) >0

We proceed by showing that at the highest value of battery cost ¢p for which the function is
defined cp = 1, the difference is 0, and then, by showing that the partial derivative w.r.t. cp is

negative for all values cg € (0,1).

-2 L (2cy) + e2L? 3/2
AH<cB=1>=Q( cn 666(LCH) e )_(15@<6L_2\/f%>:0>0. (42)
(&

Here we have shown that at ¢g = 1, the difference in charge is exactly zero. Next, we want to show

that 0Ap/dcp < 0, to proof that the charge difference for smaller values of cp is always positive.

0Apn

T
w S@cB

<0,

(cg —1)LQ (—e\/eL (1 —cp)2eL + 2cy) + cp\/eL ((1 — cp)?eL + 2cy) + (1 — cp)?e®L + cHe>

VeL (1 —cp)2eL + 2cp)
(—e\/eL ((1 —cp)?eL +2cy) + CB\/eL ((1 —cp)?eL +2cy) + (1 — cp)?e’L + cHe> >0,

If cg > e, this trivially holds, we thus investigate the case cp < e,
(1 —¢B)?e®L + ce > (e — cg)v/eL((1 — ¢g)2eL + 2¢p),
(1 —cp)te'L? +2(1 — ep)?e3Ley + c4e* > (e — 63)2(62L2(1 —cp)* + 20H6L>,

(1-— 03)463L2 +2(1 - cB)ZechH + che > (e — 03)2 (eLQ(l — 03)2 + 20HL).

(43)
To show that this holds we need to separately analyse different cases. For the first case:
2(1 — eg)?e®Ley > 2eyLie — ep)?,
1—cp)’e® > (e — cB)?, (44)

(
(e —ecp) > (e — cB).

Where we can take the root, as we know all terms that get squared to be positive and which holds
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as we know 0 > e > 1. We continue with the second case.

(1 )4 ir? + cHe > (e — 63)2 2L2(1 63)2,

(1 )4 4L2 ( . CB)2€2L2(1 . CB)27 15
(1—cp)?e® = (e —cp)?, )
(e —ecp) > (e — cB).

By showing that (31) never holds for the Ay region, we have identified a value of battery cost,
\/;, beyond which (31) does not hold. Thus, if e > €, we know (31) holds if ¢ < ¢ < ¢ép, for
some g € (1 — /1 — &b, \/ca?)

To conclude, we established the existence of a set, identified by a lower bound on efficiency
(e, closed form, tight), and a lower bound (cp, closed form, tight) and an upper bound (¢p, not
tight) on the cost of batteries, such that (31) holds - in that set, operating hydrogen with priority

increases the amount of demand that is met through renewables (relative to battery priority).

A.5 Proof of Proposition 5

To understand the impact of operational priority on capacity investment, we compare the invest-
ments in both technologies under each prioritization - see Appendix A.1 for a derivation of the
optimal capacity results.

We start by comparing the capacity results for Battery. From Proposition 2, we now that if
g < c¢p, both capacities are 0 and if g > ¢ but ¢y /e < L/QCQB, B3 (HY) = 0, thus in those cases, the
result holds trivially. Hence, we have to check the result for the case of g > cp and cp /e > L/2c%,
for which we know that Bf > 0 and B;(H7) > 0. Lastly, we need cy/e < L/2, so that Hi > 0, as
otherwise both capacities are identical B} = B5(H{ = 0).

* 1 cB CQB +
Bi=Q(y =g )

BQ(Hl) = @(\/ 2CHg — CB@) s
WTS By > B5(HY),
2
e(g — cB)2L > (\/2cHg — cB\/J) ,
2
e(l— cB)zL > <\/20H — CB@) ,

cHy L cg

AR
A< % is the condition for H{ > 0, while cZB% < “Z is the condition for H5 > 0, i.e. this holds

whenever both battery capacities are positive.
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=

2 +
:Q(1—1/%> ) where ' = 120/L,
ge

13(57) = Q(1- \/ j+§§))+,

WTS H; > Hj(B}),

(47)
2
QCH §267H+(1_207B+073)7
geL ~ egL g g
2
g g
cg <g.

We know that if cg > g, B] = 0 in which case H{ and Hj are identical. Combined with what

we showed in Equation 47, H{ > Hj irrespective of the relation between cp and g.

A.6 Proof of Proposition 6

We present the optimal capacity investment by building on the results from Proposition 1 and
Appendix A.1. We use the superscript S to denote the capacity investment under seasonality. We

formerly had the following expression for charge and optimal battery investment:

cp=1(B) = (612 /{jomm[q;Q B]dqt>

LQ( p -y 265) (48)

L 2
oy
2 g
As we are now discharge limited if B > 60 (i.e., battery capacity exceeds nightly demand), we

adjust the optimal battery investment analogously:

Q
&S (B) = (22/ Omin[qté B,GO]dqt>,
qt=

BS = min [% ((1 - C;]B>+)2,6O].

While the investment in hydrogen is not directly impacted by the limitation of the battery,

(49)

because of the discontinuity of battery capacity investment if Bf = 60, we have to take into
account how this change in battery investment impacts hydrogen capacity. For that, we first check

when this condition is met.
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BY =60,

1 (6] CZB .
LQ(5 - s @) = 60, (50)

CB :g<1— 226(2))

Thus, if cp > g(l — 4 /m) the battery capacity investment expression is unchanged and thus

the hydrogen capacity expression remains unchanged. If cg < g(l — ,/—) then B1 = 60 and

hydrogen capacity is adjusted. To verify, one can plug-in cg = g( A / ) ( A /QﬁToﬂ) into
the hydrogen capacity equation.

sy | =1 g (10 B)) oo VB)
H§(60)=Q(1— geL/2+QL/2) ,ichgg(1_ %),

We now turn to the case when hydrogen has priority. As hydrogen is not affected by the

seasonality, its expression does not change:

CH )+

Hf:H{:Q(1— iy (52)

But for the battery we have to check, as before, under which circumstance it reaches the

discharge-limit of 60:

B (Hy) = % (( gelIL{/2 ?)+)2’
(V2o —emVeL)

By (Hy) =

2eg?
Check when B3 (H7) = 60,

¢ 120L 60 AL
X —ep e et AT el
e Q Q 29

60 c3
120L + g + B

(53)

Thus batteries have second priority and if <& < cp

the battery capacity is

= Q Q

the same with and without seasonality BS (H; ) = B2(Hl) But if, > cpy/10L 4 89 4 CQBg
*
=

(while cgr/e/g < L/2, so that at least some hydrogen is profitable), B;(H

+
B*(H*):@(( cH _Cj) )7 if S < ep 120L+609+ ’
BQS(HF) _ 2\ 2 geL/2 g e 29 (54)

B (HY) = 60 if <& > cp [ B0F +

Q
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A.7 Proof of Proposition 7

We present the comparative statics of the investment amounts w.r.t. the back-up cost g by building
on the results from Proposition 6 and Appendix A.6. If not specified otherwise, we assume that
g < cB(cBJ < 1) and cy/e < gL/2(c}; “J < 1), i.e., that the first marginal unit of each technology
would be profitable.

We commence by analyzing the battery investment that operates with priority for which we
have to distinguish the three cases where Bf capacity is zero, less than nightly demand and equal

to nightly demand:

BY =0, ifg < ¢p,
B =60 ,ifg > cp/(1-1/ 75 ): (55)

=0,if g <cp,

E)Bf _ cg(9g—cB) /120
879 —LQT,lfCB§g<CB/<1— m),
=0,ifg>cp/(1— %)

From there, we go to hydrogen if it operates second (Hég ) and also test, when it is not invested

in and also how the investment changes as battery capacity Bf reaches nightly demand, i.e., 60.

el
0 lfg < 2cBeBL 2cy?
+
S/ nS . L
Hy(By) = 1_‘[\/egL *_*JFCB)) lfﬁ—g<03/<l— %)
( f egL+LQ) ’ifCB/(l—’/m>Sg-
. c2el
0 ) lfg < 203@%—201{7
_ . 2 el
oHs (Bf) _ | —lenctlenmaltens) _ it B < g < en/(1- /1),
89 - gQ\/eL(eL(cBg)2+2cHg)
cn@3/? ( _ @) <
V2g+/egL(cy Q+60eg) ’ ifep/(1 Q) =9
(56)
In particular, we want to compare the two derivatives at the point of g = cp/ (1 — %) <y,
where the battery capacity becomes capped.
S S o N @ CHQ*26Q(\/%'\/LQ*60)
0H2 (Bl )(CB - 9(1 LQ)) _ \/ﬁg\/egL(cHQ—f—GOeg)/Q’ (57)
dg cH@ )
V2g+/egL(cy Q+60eg)/Q

We want to show that it is possible for the derivative of hydrogen capacity w.r.t. backup cost
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(0H3 (BY)/9g to be higher when batteries become capped, i.e.,:

cn@ — 2eg (V30y/LQ — 60) cn@
V2g+y/egL(cyQ + 60eg)/Q xfg\/egL (ci@Q + 60eg)/Q’

enQ — 2eg (V30y/LQ — 60) < e, (58)
~2eg (V30V/LQ - 60) < 0.

Hence, if back-up cost is sufficiently high, that batteries become capped - the marginal effect of

wrTs

back-up cost on generation is increasing.
From here, we turn to the case where hydrogen has priority and commence with hydrogen

priority, which is not affected by the seasonality.

i =Q(1-v2 C—H)+

QCH
Hy if
T >0,itg < — oL’ (59)
oHS | =0, if g < %,
dg =Q 2€g3 7 otherwise.

For battery investment without priority, we have to distinguish the three cases where Bg ca-

pacity is zero, less than nightly demand, and equal to nightly demand:

2
32 (Hl) min [2(?92(\/20}1g—03\/671> 760},
BS(HY)=0,if = < B,

e 120L 609 AL
B§(Hf):60,1f5203\/j+629+597

2
=0, 1fCH < B
2g°

OBS (HY) _ B 3\ B — cm 120L | 60g
769 = —Q(cp(2cpel — 3v2\/cggVel) +2crg)/(2eg?) , if e <G <cB\ Gt + £ 29,
=0,ifcp 120]“ + 609 + CQBg < e
(60)

A.7.1 Extending the Separation Of the Parameter Space

Here, we expand on the results from Figure 5 and Appendix A.2.1 by also considering the seasonality
threshold at which the battery is capped. As before, we normalize all costs so to ¢ = 1 so that
battery and hydrogen cost are expressed relative to back-up costs.

As shown in Proposition 6, if cp < g(1 — \/% ), the battery capacity Bf reaches its discharge

cap, which in our normalized case equals the case of cg < 1 — }:23 - note that this is a condition
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irrespective of the cost of hydrogen.

HE (60) :Q<1 V2 Z—Iz+ 1(,523>+’

Lo, 60
2 el LQ’
61
o Lo o
e 2 Q
Because our y-axis in the graph is ¢4 dj = ¢y /(geL/2):
L 120
e /Ly 120
e’ 2 LQ
2
Furthermore, if & = cp % + % + ch, then Bg reaches its cap as well.
¢ 120L 60 %L
a = CB —_—+ =+ 37,
e Q Q 2
Considering again the y-axis scaling: (62)

ey L [0 120
6/2—63 LQ+LQ+CB'

These will be the conditions that further subdivide the parameter space. Subsequently we re-
introduce our previously shown case-separation (see Appendix A.2.1), but further split out those

cases when batteries are capped:
1. No Tech as Bf =0,B5 =0,H{ =0, Hy = 0.
2. Battery Only as Bf > O,BQS > O,Hf = O,HQS = 0.
3. Hydrogen Only as BIS =0,B5 = O,Hig > O,HQ9 > 0.
4. Battery Dominant as BY > 0,B5 > 0,H{ > 0,Hy = 0.
5. Hydrogen Dominant as BY > 0,B5 =0, H{ > 0, H5 > 0.
6. Both Techs as BY > 0,B5 > 0,H} > 0,H5 > 0.
7. BD Cap as BY = 60,60 > By >0, H{ >0, Hy = 0.
8. HD Cap as By =60,B5 =0,H{ >0,H5 >0,
9. BT Cap as BY = 60,60 > By >0, Hy >0, Hy > 0.

10. BS Cap as BY =60, BY =60, Hy > 0,H5 > 0.
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Graphically, this divides the parameter space as shown and discussed in Figure 6 that we

reproduce here in Figure 11. To the right of 1 —/120/L/Q, the capacity results are as before, but
we are left with the changes cases to the left of the line - the area where Bj reaches the discharge
limit.

1.2

Battery Only No Tech
120 adj\2 , adj [480 B,>0,H,=0| B,=0,H,=0|
120 + 480
o T (€8 )+ o0 B,>0, H,=0 B,=0, H,=0
1.01+—5 -
B3Cap  ‘BatteryDominant .- 7
B.=60,H,=0." | B.>0,H,=0|B,>0, .\ /
120,Hy 270, & /
Sz B2=60:H1>'_O H>0 @9\ ,/
o8 e /
é 0 ,/
S o /X Hydrogen
3 SR
9 06l & BD Cap . BothTechs / &‘b Only
g : __A~-'B1=60,Hz=0| S BPOH0| B,=0,H,>0 |
g f B,>0, H,>0 .- B0, H>0 B,=0, H,>0
[=2] //
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Figure 11: Conditions under which none, one, or both storage technologies are invested in under

the different priorities. Backup-cost g normalized to 1.

B Additional Results

B.1 Translating Time-Series Into Model-Parameters

We obtain an hourly time-series h € {1,..., H} of generation for each technology i in a region,
where we denote the hourly generation by technology with 73 ; and the vector of all observations
of a technology with ;. Demand in each period equals the sum of all generation technologies
dn, =Y, vin We require each region to have at least one generation technology but if a certain
technology does not exist in a region (e.g. nuclear power) we treat it as if its generation was 0 in
each period.

To calculate the excess generation during the day and demand at night, we categorize generation
into three types - i) baseload, ii), intermittent, iii) firm. As baseload, we categorize generation
technologies that cannot be adjusted quickly in their output - notably nuclear, biogass and run-
of-river. We categorize solar and wind as intermittent. All other technologies are firm - i.e. the

adjustable fossil fuel technologies like e.g., gas, coal, and oil plants. We proceed in the following

steps to calculate the parameters.

1. We scale the technologies’ generation and demand to their expected future outputs, by mul-

tiplying available generation vectors by the ratio of future capacity estimates with today’s
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capacity (we denote future values by superscript F), e.g. %;F = 7} « Cap¥ /Cap;. This step
is optional; we use 2030 estimates for future capacities in our empirical section. Implicitly,
this assumes that future capacity additions will generate electricity in comparable patterns

as currently installed capacity.

. We obtain residual demand d” by deducting all firm generation and expected wind output
from demand d" = d¥ — Y icfirm 7F = D oheH VWind /H. Effectively, this reduces the demand
by the baseload generation that is hard to adjust in the short-term and removes the stochastic

nature of wind - which has no predictable diurnal pattern like solar.

. We obtain excess power dj by deducting the residual demand from the solar generation.

w— oF  _ gr
d = Ysolar dr.

. We split d* into sub-periods day d*? (7am-7pm) and night d*" (7pm-7am), by summing over
the hourly demands in each sub-period - t € 1,2,..T indexes days. Let Dy = > di"/T
denote the average (across all dates in the year) cumulative demand in a nightly-subperiod.
Because our model assumes a triangle shape for nightly demand and has a base of 12 (hours),

the empirical height of the nightly triangle hy is equal to hy = Dy /12 x 2.

. We obtain @) as the 99.9th percentile value of d* that we then scale by hy, to account for
the fact that demand and generation in our model is scaled so that average nightly demand
is -10. Q = Pyg g (d})/hN x —10, where Pyg 9 stands for taking the 99.9th percentile of a series

of values.

. We obtain L by finding the day ¢ € T that has the maximum number of hours with excess
sunshine, i.e., 1d?? > 0. That maximum is L, i.e., the maximum available duration of excess

solar power.

. Lastly, we calculate the fraction of the year for which our model is applicable - as there may
be consecutive weeks/months in winter during which no excess is reached during the day - a
fraction of time we want to account for in our model. To do that, for a given year we find
t' = ming, s.t.d¥% > 0 and ¢ = max,s.t.d?® > 0 for t = {1,2,...365} starting on January 1
(July 1 on the Southern hemisphere). The fraction of days with excess equals (t” — t)/365.
We use this fraction to adjust the storage cost accordingly as the technologies can only be used
if there is some excess. This way our model can be applied to markets with lower renewable

penetration or high seasonality while only requiring the adjustment of storage costs.
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B.2 Intraday Solar Generation Patterns

In this Appendix, we plot the intraday pattern of solar generation in Germany and France to support
the triangle shaped excess energy profile during the day - comparing sunny (95% percentile of solar

generation), average, and dark (5% th percentile of solar generation) days.

Hourly Solar Values with 95th Percentile Range - Germany
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Hour Hour
(a) Germany (b) France

Figure 12: Intraday Generation Patterns in Germany (a) and France (b). Mean, 5%th and 95th%

values plotted.

As shown in Figure 12, the intraday generation follows a predictable pattern, where it is in-
creasing in the morning, peaks a little after noon and then decreases in the evening - resembling
the triangle choice we made for the net energy profile and will subsequently investigate further.
Furthermore note that the highest generation days also have more hours of sun-shine, which will
translate into more hours of net-energy surplus.

We further compare the empirical pattern with our modelling choice of a triangle by juxtaposing
it to the cumulative solar generation across the day. In Figure 13 we plot the cumulative generation
per day, averaged across a year of Germany’s solar data. We compare this empirical data with the
cumulative excess energy that our triangle-based net energy profile model would predict. As we
can see, the model approximates the observed patterns well - from the flatter slopes in the morning
and evening to the steeper slope in the middle of the day. In combination, these tests make us
confident in our choice of a triangle model to capture the first-order effects of solar generation on

available net energy.
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Figure 13: Comparing Solar Generation Pattern Between Empirical Data and Triangle Model
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B.3 Seasonality of Solar Generation

In this Appendix, we plot the seasonality of solar generation in Germany and France to support the
way we treat seasonality in our model. As shown in Figure 14, the seasonality of solar generation
in both countries is such that despite considerable variation across days, the winter days have lower
overall generation, while the summer days feature the highest solar generation. This ”ordering” of
solar generation across the year with concurrent high levels of variability motivated our choice to
account for fraction f of days with excess to be able to accommodate low-generation days in winter.
The concentration of high-generation days in the summer further motivated our assumption that

if excess generation can exceed nightly demand (as in Section 3.4), it does so during the summer.
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Figure 14: Seasonality of 2023 Solar Generation in Germany (a) and France (b)

B.4 Additional Results For Section 5.1

We present the same analysis that we discuss in Section 5.1 (Figure 7) for the French data below
in Figure 15.

As can be seen, the dynamics are fairly similar to the one discussed for Germany, with joint
increases of capacity in the battery-first scenario and an inflection of capacities in the hydrogen-first

scenario.
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Figure 15: Optimal Capacity Investments In Battery and Hydrogen as Storage Costs Decrease

Over Time - France

B.5 Additional Results For Section 5.3

We expand on our analysis from Section 5.3 where we quantified how jointly investing in two storage
technologies compared to utilizing only a single technology changes electricity costs at different
renewable penetration levels. In this Appendix, we will focus on only the storage investment cost
needed to achieve a given target of renewable penetration. This is designed to capture a scenario
where the utility aims to reach a certain renewable penetration (e.g., due to a legislated renewable
portfolio standard) and tries to determine how much storage investment it will require.

In Figure 16, we plot how much meeting a certain fraction of nightly demand via renew-
ables (x-axis) would cost (y-axis) and distinguish among three investment options: ”battery-only”,

”hydrogen-only”, and ”both technologies”.
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—— Both Technologies —— Both Technologies
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=+ Hydrogen Only ===+ Hydrogen Only
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(a) Costs of 2024, Q=D (b) Costs of 2030, Q=D (c) Costs of 2030, Q=2D

Figure 16: Average Storage Cost For A Given Renewable Penetration, Single vs Joint Storage

Technologies.

In panel (a), we plot the result at 2024 technology cost and maximum excess generation equal
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to demand (@ = D), the situation many markets are in at the time of writing. We see that battery-
only is the dominant choice across the entire feasible renewable penetration range - as it is cheaper
and more efficient than the other investment option. Even if both technologies could be combined,
the optimal solution is still not to invest in hydrogen.

In comparison, panel (b) plots the results when costs decrease to the expected 2030 level. The
presence of cheaper electrolyzers leads to a situation where renewable penetration of up to 15%
is best reached by only relying on hydrogen. For renewable levels beyond that, combining both
storage technologies is the best choice, with a cost reduction of up to 20-25%, though using only
batteries becomes increasingly more cost-competitive, and as good as using both technologies at
around 35%. Beyond that level, cost increases too steeply to make it worth it.

Panel (c) considers the same costs as panel (b), but higher excess renewables (Q = 2D). The
dynamics mimic those from panel (b), with co-investing being the cheapest option for intermediate
renewable penetration targets. Two differences with panel (b) should be noted. First, higher
renewable penetration levels can be achieved (at a lower cost) due to higher availability of solar
energy in excess; and second, with battery-only it is not feasible to target penetration levels higher
than 55% due to load-shifting across seasons being prohibitively costly.

Overall, these plots highlight that co-investing in both techs can lead to substantial cost reduc-
tions, but also that the future mix of storage technologies will depend on many factors - costs of
storage technologies, of course, but also the available renewable power and the policy goals - e.g.
desired renewable targets. As such, energy markets with access to the same technologies may invest
in drastically different storage technologies, depending on renewable build-out, demand, renewable

generation patterns during the day, and the regulatory framework.
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