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Abstract

Microgrids with high shares of variable renewable energy resources, such as wind, experience
intermittent and variable electricity generation that causes supply-demand mismatches over multiple
timescales. Lithium-ion batteries (LIBs) and hydrogen (Hz) are promising technologies for short- and
long-duration energy storage, respectively. A hybrid LIB-H, energy storage system could thus offer a
more cost-effective and reliable solution to balancing demand in renewable microgrids. Recent literature
has modeled these hybrid storage systems; however, it remains unknown how anticipated, but uncertain,
cost reductions and performance improvements will impact overall system cost and composition in the
long term. Here we developed a mixed integer linear programming (MILP) model for sizing the
components (wind turbine, electrolyser, fuel cell, hydrogen storage, and lithium-ion battery) of a 100%
wind-supplied microgrid in Canada. Compared to using just LIB or H; alone for energy storage, the
hybrid storage system was found to provide significant cost reductions. A sensitivity analysis showed that
components of the H, subsystem meaningfully impact the total microgrid cost, while the impact of the
LIB subsystem is dominated by its energy storage capacity costs. As technologies evolve, the H
subsystem assumes a greater role (i.e., it is larger and receives/supplies more energy over more hours)
compared to the LIB subsystem, but LIB continues to provide frequent intra-day balancing in the
microgrid.

Highlights

= Hybrid LIB-H; storage achieves lower cost of wind-supplied microgrid than single storage

= LIB provides frequent intra-day load balancing, H; is deployed to overcome seasonal supply-
demand bottlenecks

= By 2050, the role of H; relative to LIB increases, but LIB remains important
= System cost is sensitive to the cost of all H, components and LIB energy storage capacity cost
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1 Introduction

Annualized cost

Capital Expenditure
Electrolyzer

Fuel cell

Hydrogen

Hydrogen storage
Lithium-ion battery
Lithium-ion battery energy
Lithium-ion battery power
Project or technology lifetime
Mixed-integer linear programming
Operating Expenditure
Single-layer

State of charge

Two-layer

Index of 8,760 hours in a year

Annualized cost of component i

Total annualized cost of the microgrid

Energy demand at hour ¢t

Efficiency of component i

Minimum/maximum state of charge of component i
Energy produced by one turbine at hour ¢

Capacity of component i (component capacities are positive
continuous variables, except Capr,, Which is an integer variable
representing the number of turbines)

Energy stored in storage component i at hour t

Binary variables used to choose the LIB energy-power ratio
An arbitrary constant

Power input/output by component i at hour t

Binary variables used to choose the LIB energy-power ratio

Binary variables that prohibit simultaneous LIB charge and
discharge

Microgrids, which currently provide electricity to 47 million people across 134 countries and
territories, are likely to play an increasing role in future power systems. By 2030, the World Bank
estimates that an additional 490 million people (of the 1.2 billion who will require electricity access by



then) could be supplied cost-effectively with microgrids. This potential is largely due to dramatic cost
reductions for the technologies that comprise “third-generation” microgrids, including distributed
renewable energy resources, energy storage, inverters, diesel generators, etc. [1].

Another driver behind microgrid growth is their ability to help power systems mitigate and adapt to
climate change. Microgrids support power sector decarbonization by enabling greater deployment of
distributed renewable energy resources. They also improve reliability and resilience for their direct end-
users and greater power systems, which is becoming especially relevant as climate change increases the
frequency and severity of extreme weather events[2]. For these reasons, policymakers are looking
towards microgrids as a solution for lowering power sector emissions and bolstering energy security [3],
[4] — most notably, the 2022 U.S. Inflation Reduction Act, which significantly expands
subsidies/incentives for distributed renewables, energy storage, and microgrid controllers [5].

Historically, diesel generators have been the primary resource for electricity generation in
microgrids[6]. And in the third-generation microgrids that the World Bank forecasts will dominate growth
going forward, diesel generators continue to play a role due to the intermittent and variable nature of
renewable generation. Unfortunately, these diesel generators produce greenhouse gases that undermine
the climate benefits of microgrids and air pollutants that have serious health consequences for users [7].
In Canada, where diesel generators supply up to 79% of electricity in remote communities, the federal
government has committed $300 million to ensure that all rural, remote, or indigenous communities with
diesel generators have the opportunity to switch to clean electricity by 2030 [8].

Energy storage has the potential to eliminate the use of fossil fuel in microgrids and enable
reliable, 100%-renewable systems. In addition to periods of underproduction, microgrids with
high shares of variable renewables experiences periods of overproduction in which energy is curtailed.
Hence, energy storage serves as a bridge between these periods of over- and under-production, ensuring a
reliable electricity supply for end users and reducing the uneconomical curtailment of renewable energy.
In systems with high shares of renewable, these mismatches take form over multiple timescales, from
minutes to years [9]. For example, a 100%-wind supplied microgrid may experience short duration
mismatches in which certain hours experience excess or shortfalls, as well as long duration mismatches in
which one season experiences overproduction and another underproduction. Therefore, a combination of
energy storage technologies suited for storage over different durations may be necessary to ensure
reliable, cost-effective operation.

Lithium-ion batteries (LIBs) and hydrogen (H.) have emerged as leading candidates for short- and
long-duration storage, respectively. LIBs are a proven alternative to the traditionally used lead acid
batteries, and “should quickly dominate isolated microgrid applications” given expected cost reductions
[10]. The components of a H, storage system are technologically proven. The International Renewable
Energy Agency (IRENA) forecasts up to ~86% for electrolyzers by 2050 [11], and the U.S. DOE has set
an ultimate target of 84-88% cost reductions for fuel cells' [12]. These dramatic cost reductions are
spurred by ambitious nation-level policies, including: 1) the U.S. DOE’s Hydrogen Earth Shot target for
80% cheaper green H, by 2030 [13]; 2) an estimated $13 billion for clean Hz by 2030 under the 2022 U.S.
Inflation Reduction Act [14]; 3) the European Union’s REPowerEu target for 10 million tonnes of
domestic renewable H; production and 10 million tonnes of imported renewable H, by 2030 [15]; 4)
China’s target for 100,000-200,000 tonnes of renewable H, by 2025 under the Medium- and Long-Term
Plan for the Development of Hydrogen Energy Industry (2021-2035) [16].

The key components of a microgrid with hybrid LI1B-H, storage — electrolyzers, fuel cells, H,
storage, batteries, and renewables — are expected to experience significant cost reductions and
performance improvement in coming decades. But the pace and magnitude remain uncertain. Previous
studies have explored the feasibility of such systems; however, to the best of our knowledge, no study has
conducted a comprehensive analysis of how cost and efficiency improvements for each component
technology will impact total system cost and composition going forward.

1 The DOE ultimate target is for fuel cells for transportation; however, achieving these targets for transportation applications
would likely coincide with cost reduction for stationary applications.



Existing works has explored methods for sizing and operating renewable microgrids with hybrid
energy storage[17]. Moretti et al. identified two main categorizes for approaches that have been applied
specifically to sizing off-grid hybrid renewable energy microgrids: two-layer (TL) and single-layer (SL)
[18]. TL methods are those in which design and operation are decoupled. In TLs, a ‘design identification’
algorithm generates a solution, which is then passed to a ‘dispatch strategy’ algorithm that simulates
operation and determines operating costs. Based on the ‘fitness’ of the proposed design solution, a new
design solution is proposed, and this process iterates until an optimal solution is found. Hannan et al. [19]
and Chauhan and Saini [20] surveyed common TL approaches and provided a list of their application in
different studies.

SL methods deal with design and operation simultaneously. SLs typically take the form of mixed
integer linear programming (MILP) models, with energy dispatch and component sizes being treated as
variables that are jointly solved. Studies comparing TL and SL MILP approaches have found that the SL
MILP provides lower cost solutions and improved system performance [18][21]. However, SL MILPs are
limited by high computational demands, which increases exponentially with more complex constraints
and longer timeseries. In contrast, the lower computational demands of TL methods allow for more
detailed models, which can also be non-convex, and therefore require multi-layer approaches [22], [23].
Several methods have been proposed to reduce computation time for intensive SL MILP problems,
including iteratively increasing the resolution of input data, aggregating ‘typical’ timespans, and
identifying ‘extreme’ periods that represent bottlenecks the system is size against [24]-[26].

In this study, we aim to identify which technological advancements (i.e., energy efficiency and
cost reduction of different components) yield the greatest benefits for microgrids, and to uncover
dynamics in the co-sizing and operation of hybrid energy storage systems and renewable resources. Based
on Marocco et al. [21], we developed an SL model for sizing a 100%-wind supplied microgrid with
hybrid L1B-H energy storage using a year-long time horizon to account for the season role of H; storage
with short enough timesteps (i.e., hourly) to account for the short-duration role of LIBs. We compared the
hybrid storage system with systems that have just LIB and just H- storage to assess the benefits of the
hybrid configuration. Then we conducted sensitivity analyses on the effect that individual component cost
and efficiency improvements have on system cost and composition.

This study will also contribute to the discussion on hydrogen development in Ontario, Canada and
Canada’s target of providing clean electricity for remote communities. In April 2022, the government of
Ontario released Ontario’s Low-Carbon Hydrogen Strategy: A Path Forward, detailing the province’s
ambitions and plans for achieving a “low-carbon hydrogen economy” [27]. The Strategy identifies the
Greater Toronto Area on its shortlist of possible hydrogen hubs, noting the high concentration of potential
hydrogen end-users. Therefore, we have chosen to analyze a hybrid LIB-H; storage in the context of a
hypothetical residential microgrid in the Greater Toronto Area, using residential demand and wind data
from the region. While the present study analyzes a more general system in Ontario, further refinement of
the problem statement and model could be used to provide specific and actionable insights for
policymakers in other jurisdictions.

2 Methods

2.1 Demand

This paper analyzes a completely grid-isolated microgrid in the Greater Toronto Area that is
supplied entirely by wind energy and serves 10,000 residential consumers. A Markov Chain Monte Carlo
model, similar to the one presented in Wilke et al. [28], was adopted to simulate the one-year electricity
demand data for 1,000 occupants in a medium apartment, which was then scaled to 10,000 consumers. To
start, conditional probabilities were generated based on a time use study of ~20,000 people in 2005 in



Canada (obtained from the Centre for Time Use Research [29]), which detailed each participant’s
activities throughout the day. Then, a Markov Chain Monte Carlo simulation was used to generate hourly
appliance use data for 1,000 different people. Power consumption for each appliance was then summed
hourly and added to the building’s heating/cooling load to create an hourly electricity demand (i.e.,
power). The simulated hourly power demand data can be found in the supplementary table, which has a
similar seasonal change profile with the residential electricity data of the City of Toronto generated by
eQUEST [30]. The average annual electricity demand was simulated to be 12,435 kWh/consumer, which
is similar to the reported average value of 7,200 — 11,135 kWh/household in Canada (excluding the
natural gas use in heating that could accounts for around 63% of annual household energy use) [31].

2.2 Supply

The microgrid is powered by wind energy only. Wind production data was calculated by first
simulating one year of hourly wind data with an adapted Markov Process based on 25 years of historic
wind data from the region provided by Environment and Climate Change Canada [32]. Historical wind
data was sorted by month and hour of the day, and the conditional probabilities of going from one value
to another according to month and hour of the day were calculated. Then, the power output of a Vestas
V90-2.0 MW turbine was generated using the open source windpowerlib Python module, which
calculates power output as a function of wind speed using a power curve specific to the turbine [33]. We
calculated the output of only one turbine and assumed that all turbines in the wind farm have the same
power output. Then the optimal number of turbines was decided by the MILP model described later in the
paper. The year-long hourly wind power output can be found in the supplementary file S2. Under the
simulated wind profile used in this study, each 2MW turbine produces 5,804 MWh of electricity a year, at
a capacity factor of 33.1%.

2.3 Hybrid energy storage system

In the hybrid-storage microgrid analyzed by this study, electricity demand is covered entirely by
local wind power resources, while a hybrid LIB-H; energy storage system bridges mismatches between
wind energy supply and electricity demand. In the H, subsystem, electricity is converted to H using a
proton exchange membrane (PEM) electrolyzer (EI). Hydrogen is kept in a storage system (e.g., above
ground tanks in the baseline scenario) and converted back into electricity using a PEM fuel cell (FC).
Alongside the H; subsystem, there is a LIB subsystem that is modelled using power conversion (LIBp)
and energy storage (LI1Bg). The capacities of battery power conversion and energy storage are
independent variables, but energy storage capacity is restricted to 2, 4, 6, 8, or 10 times of power
conversion capacity, in keeping with National Renewable Energy Laboratory (NREL) Annual
Technology Baseline cases for utility scale LIBs [34]. Cost and efficiency parameters of different
components in the microgrid in the 2020 Hybrid Base Case are shown in Table 1, which are consistent
with MIT’s 2022 “The Future of Energy Storage” study [35]. These parameters are projected to be
improved over time, and the improved values in the 2050 Hybrid Case are summarized in Table S1. Table
2 describes additional project parameters used in both the 2020 and 2050 cases.

Table 1: Cost and Efficiency Parameters of different components in the microgrid (2020 Hybrid
Base Case)

Technology? | Power Energy Fixed Replacement | Life Efficiency | Annualized
Conversion | Storage | Operation Cost? (years) | (%) Cost
CAPEX CAPEX | and ($/kW-year) ($/kW or
($/kw) ($/kwh) | Maintenance kWh)
(FOM)




($/kWh-
year)
Electrolyzer® | 1,785 [36] - 79.4 [36] 19.9/year 20 58 [35]¢ 267.79
[36]
Fuel Cell 2,864[37] - 120.2 31.9/year 20 45 [37] 422.44
H: Storage - 8 [35] 0.08¢ - Project | 96 [38] 0.835
Tank Life
LIB Power 257 - 14 * 10 92, each 25.66
Capacity' way [35]
LIB Energy | - 277 6.8 * 10 5% 32.95
Capacity (monthly
self-
discharge
rate)? [39]
Turbine” 2,924,000/ | - 86,000 - 25 - 362004.91/
2MW 2MW
turbine turbine

@ Cost parameters from all sources adjusted to 2020 USD using an online inflation adjustment calculator[40].

b Following the MIT Future of Energy Storage study [35], replacement costs are accounted for as fixed yearly
expenses. Fuel cell fixed operation and maintenance FOM and replacement costs are calculated as a fixed percentage
of Capital Expenditure (CAPEX) and assumed the same percentages as the electrolyzer — 4.2% and 1.1%,
respectively.

¢ There is an important difference in how we measure power capacity for electrolyzer and fuel cell. For the
electrolyzer, we report $/kWe, defined as the maximum power input — for example, running a 100 kWe electrolyzer
with efficiency 58% at full capacity for an hour will produce hydrogen with an energy content of 58 kWh. Fuel cell
capacity, on the other hand, is defined by the maximum power output. Running a 100kW fuel cell with efficiency 45%
at full capacity for an hour will produce 100kWh of electricity and consume 222.2 kWh equivalent of hydrogen.

dThe MIT Future of Energy Storage study assumes electrolyzer requires 5.2 kWh of electricity per cubic meter of
hydrogen, which has an energy equivalent of 3 kWh of electricity, meaning electrolyzer efficiency of ~58%.

€ It is assumed to be 1% of the CAPEX [41]

fLIB power and energy capacity data assume the 2020 current costs from the Future of Energy Storage study [35],
which are calculated using data from NREL’s 2020 Annual Technology Baseline (ATB) for Solar PV and Energy
Storage [42]. FOM costs include replacement due to degradation.

9 5% monthly self-discharge (95% efficiency) corresponds to a 0.999929% hourly efficiency, which is the value passed
to the model.

" Turbine parameters are from NREL’s 2020 Wind ATB [43].

Table 2: Project Parameters used to calculate the system cost

Lifetime | 20
(years)
Nominal | 0.07
Discount
Rate
Capitol 0.0858
Recovery
Factor

3 Methodology




Figure 1 outlines each step of the methodology. First, we compiled the input data, including
technology parameters (cost, efficiency, lifetime, etc.), hourly windspeed data, and hourly power demand
data. Then, we processed the data to produce the model inputs, including annualized technology costs, the
hourly power output of one turbine, and hourly load. This data was input to a sizing model (Step 1 -
Sizing MILP) that return the most cost-effective system configuration. This configuration (i.e.,
component sizes) is then passed as a set of fixed parameters to a second operation model (Step 2 -
Operation MILP) that generates an updated (i.e., improved) hourly operation profile. Figure 1 illustrates
these steps and the relationship between the sizing model and operation model.

The Step 1 sizing model is a single-layer mixed integer linear programming (SL-MILP) model
that finds the least cost configuration of the wind-supplied microgrid with hybrid LIB-H; energy storage.
It minimizes the total system cost subject to the constraints described in the following sections. The
decision variables are the sizes of the components of the microgrid (i.e., electrolyzer, fuel cell, H, storage
tanks, LIB power, LIB energy storage, and wind turbines). This model deals with sizing of the
components alongside managing hourly energy flows. Constraints are imposed to ensure that all load is
met all the time, and that the power flowing through/the energy stored in each component cannot exceed
that component’s power/energy capacity.

The Step 2 operation model is an adaptation of the Step 1 model that generates an updated
operation profile. This model returns hourly power flows to and from both energy storage subsystems, as
well as initial states of charge (SOC) of both subsystems. A new objective is implemented to maximize
the sum of energy stored in both subsystems over the year. Operating constraints are the same as Step 1,
but component capacities are now fixed parameters set according to the results of Step 1.

Step 2 is necessary because under Step 1 only the bare minimum amount of energy required to
make it through bottlenecks (i.e., the times with the largest difference between power demand and wind
power generation) is stored. By altering the objective function to maximize for energy stored, Step 2
guarantees that excess energy is stored whenever possible, which is closer to the actual operation of an
energy storage system. Note that the Step 1 sizing remains cost optimal for Step 1, because the system is
still influenced by the same bottlenecks — all that is changed is that the objective is rewarded for keeping
storage levels as high as possible. The energy flows returned by Step 2 are analyzed to understand roles
and interplay of the two storage subsystems in the yearly operation.

DATA STEP 1 (SIZING MILP) OUTPUTS

PROCESSING
Objective: min System Cost Constraints
= Alldemand met all the

time
Component Sizes = Hourly energy flows and

Technology Annualized
— N
Parameters > Costs = Energy infout of energy storagde levels canr:ot ]
storage systems e)(ceth componen Component Sizes,

= Initial Energy Stored capacity System Cost
Hourly Wind > Turbine / >
Speed Data QOutput

\4 ‘ Component sizes passed as parameters

Hourly Energy Yearly Operation
Load Profil
Usage Datz > oad Profile \ STEP 2 (OPERATION MILP) Profile (energy flows)
" >
Objective: max Energy Stored Constraints
= Alldemand met all the

time

= Hourly energy flows
and storage levels
cannot exceed
component capacity

Variables

Variables

= Energy infout of energy
storage systems
= Initial Energy Stored

Figure 1: Methodology Overview.



3.1 Cost-Based Objective Function

The objective function in Step 1 minimizes for total annualized system cost, Costac,system (2020
USD), which is defined as the sum of the annualized costs of each component technology, Costac,,
multiplied by that component’s capacity, Capi.

Costyc system = Z Costyc,; * Cap;
i
(1)

Here, i is the components in the microgrid system. The annualized cost of a component is the cost
it incurs over its lifetime spread equally over every year of the project lifetime. In this study, the
annualized cost accounts for the initial capital expenditure (CAPEX), operating expenditure (OPEX,
comprised of operation and maintenance costs and replacement costs), and salvage value?. Component
lifetimes are assumed to be fixed (shown in Table 1), as opposed to dynamic (i.e., dependent on system
operation). Annualized cost is calculated as:

Costyci = CFR x NPC

(2)
where CFR is the capital recovery factor, a ratio used to represent the present value of an asset in the
future, and NPC is the net present cost, a tally of all expenses and the salvage value associated with a
component over the project that is adjusted to the current currency. The exact process followed for
calculating NPC can be found on the HOMER webpage [44]. CFR is calculated using the real annual
discount rate, dr, and the project lifetime, LTeroject, aS:

_dr(1+ dr)ETeroject
CFR(dT, LTPrOject) = 1+ dr)LTProject 1

(3)
3.2 Demand Balancing Constraint
A constraint is imposed to guarantee that all power demand is met all the time:

Capry * Pry () — Pgi(t) — Ppyg,in(t) — Pe(t) = D(t) — Ef frc * Prc(t) — Ef fLip * PLipout (£)
(4)

where Capry is the number of turbines, Pr,, (t) is the power output of one turbine, D(t) is the power
demand of the microgrid community, and P, (t) is the amount of curtailed power at time t. Eff is the
power efficiency of each component.

3.3 Component Power Conversion Capacity Constraints

2 Salvage value allows for more balanced assessment of cost by accounting for the fact that the lifetimes of different
components will align different with project lifetime. In the case this study’s 20-year project, given a 25-year turbine lifetime
and no salvage value, the annualized cost for turbines will include 5 years of unused asset life. On the other hand, the fuel cell
(20-year system life) and battery (10-year replacement cycle) will have no unused value by the end of the project. Factoring in
salvage value reduces the penalty arbitrarily imposed on turbines for having a replacement schedule that is misaligned with
project life.



Power conversion constraints ensure that the power outputs of each energy conversion component
(battery, electrolyzer, fuel cell) do not exceed their power conversion capacity, Cap.

3.3.1 LIB Subsystem Power Conversion Capacity Constraints

Battery power capacity is defined as the maximum power input when charging or discharging.
The usable energy charged or discharged is defined as Ef f1,5 * Ppip,in/ous (£)- Battery charging (in) and
discharging (out) power constraints are:

Prigin(t) < Cappp p
(5)

Prigout(t) < Cappp p
(6)

where Pyjp i, (t) is power used for charging and Py ;p 4, (t) is power used for discharging (both as
defined as positive real numbers).

Since the LIB subsystem cannot physically charge and discharge simultaneously, two constraints
were included to forbid simultaneous battery charging and discharging. To formulate these constraints,
we introduce two vectors of binary variables, y; (t) and y,(t), and a constant, M, which is set to be
greater than the maximum possible value of Pp;p j,, (t) OF Ppip oy (t) for all t. For the following
constraints to work, M must be greater than all possible values of Pyg in /oy (t), Which cannot exceed
maximum power demand or maximum turbine capacity. Since the maximum power demand is 33MW,
and it was assumed that turbine capacity was highly unlikely to exceed 15 times of the maximum demand,
M was arbitrarily set to 500.

Pripm (&) —y1 () *M <0
(7)

Prigout () —y2(t) * M < 0
(8)

1M+ ¥y <1
(9)

The above constraints guarantee that at least one of Py;p 1, (t) < 0 0r Ppp oy (t) < 0 is true for
all hours t, making simultaneous charge and discharge impossible (since Py jn 0y are positive real
numbers, this constraint sets at least one equal to 0). However, the same constraints were not imposed on
the H, subsystem, because the fuel cell and electrolyzer are separate and can run simultaneously.
Regardless, simultaneous operation of the electrolyzer and fuel cell did not occur in any of the cases
whose energy flows were carefully analyzed.

The LIB energy-power ratio, X, is an integer value (either 2, 4, 6, 8, or 10), as described in Section
2.3. In our model, each x has a pair of two constraints (Equations 10 and 11), but only one pair from the
five is active, which is what determines the optimized x value.

Caprip g — uby * M < x * Caprig p
(10)

Cappip g + by * M = x xCapyp p
(11)



where x € {2,4,6,8,10}, ub, and lb,, are sets of binary variables standing for upper bound and lower
bound of the LIB energy-power ratio, respectively, and M is an arbitrary constant. By setting M arbitrarily
high, we can use ub, and b, to activate or deactivate pairs of constraints. If ub, and lb, are 1, the pair
of constraints are inactive (these constraints are always met). Setting ub,, and Ib,. to 0 activates the
constraint pair and the value x of the activated pair will be the optimized LIB energy-power ratio.

Additional constraints were used to guarantee that one and only one pair of energy-power ratio
constraints can be active. First, we impose that exactly two of the above constraints must be active (i.e.,
exactly one of ub, and one of [b, is 0).

(12)
Z Ib, == 4
X
(13)
This final set of constraints ensures that that active constraints are for the same energy-power
ratio — e.g., ub, = lb, = 0 would activate the constraints (Equations 10 and 11) that set the lower and
upper bounds of the energy-power ratio to 2, so the energy-power ratio equals 2.
ub, == lb,
(14)
3.3.2 Hydrogen Subsystem Power Capacity Constraints
Electrolyzer power capacity, Capg;, is defined as the maximum electrical power that the
electrolyzer consumes. Pg; (t) is defined as the power used at time t to produce and store H,, which
includes power consumption for H, compression:
PEl(t) = PElectrolysis (t) + PCompression (t),
(15)

where Pgompression (t) is the power required for H, compression, and is a fixed portion (1 — Ef fy) of
the energy content of the H, being stored (Ef fg; * Pgiectrorysis (t)) in that hour t. Hence, Equation (15)
can then be rewritten and simplify as:

PEl(t) = PElectrolysis(t) + (1 - EffHS) * (EffEl * PElectrolysis(t))

(16)
Since Capyg, is the maximum possible value of Pgjecrrorysis (t), We can substitute Capg, for
Priectrotysis (t) to derive the final electrolyzer power capacity constraint as:
P (t
E1(t) < Capey
(1 +Effer * (1 = Ef fus))
(17)

The capacity of the fuel cell, Capg., is defined as its maximum power output. Pp-(t), the energy
power equivalent of the quantity of H, consumed by the fuel cell, is thus constrained by the following
inequality:



Pec(t) * Ef frc < Cappe
(18)

3.4 Energy Storage Constraints

The quantities of stored energy in the LIB subsystem E;;z(t) and H. subsystem E(t) at each
time t are tracked as follows. The storage level at time t is equal to the storage level at time t — 1 plus the
amount entering storage (i.e., the H. output by the electrolyzer, or the LIB energy charged) and minus the
amount leaving storage (i.e., the Hz, consumed by the fuel cell, or the energy drawn by the LIB).

Eys(t) = Exs(t—1) + (EffEl * PElectrolysis(t) — Ppc(t— 1)) * 1 hour, t € (2,end)
(19)

Ep(t) = Ep(t—1) + (EffLIB_P * Pripm(t —1) — Pprip oue(t — 1)) * 1 hour, t € (2,end)
(20)

Note that these constraints begin at time t = 2. This is because the initial energy stored in both
subsystems, E; ;5 ,45(1), are variables independent of previous energy flows. The model ensures that the
final energy storage levels for both the H. storage tank and LIB are greater than or equal to their initial
energy storage levels, which guarantees sustainability year after year:

E;(1) < Ei(end), i€ {HS,LIB}
(21)

Two additional constraints are imposed on both the LIB and H; subsystems to keep energy
storage levels within predetermined bounds, defined as fractions of total energy storage capacity (30%-
90% for battery, 10.7%-100% for H,).

E;(t) = min_SOC; * Cap;, i€ {HS,LIB_E},
(22)

E;(t) < max_SOC; * Cap;, i € {HS,LIB_E}
(23)

3.5 Sensitivity Analysis

The Step 1 SL MILP was applied to conduct sensitivity analyses on the effect of component cost
and efficiency on total system cost and composition. Cases were constructed by incrementally
increasing/decreasing the cost of each technology individually as well as the components of the H, and
LIB subsystems together. Similar sensitivity analyses were conducted for component efficiency.

3.6 Updated Objective Function for Step 2 Operation MILP

The Step 1 sizing MILP is adapted to form the Step 2 operation MILP, which generates an
updated operation profile. This model returns hourly power flows to and from both energy storage
subsystems, as well as initial state of charge (SOC) of both subsystems. Component capacities determined
by Step 1 are passed to Step 2 as fixed parameters, and a new objective is implemented to maximize to
sum of energy stored in both subsystems over the year:



)

i € {LIB, HS}

(24)



4 Results and Discussion

4.1 2020 Hybrid Base Case

Table 3: Composition and Cost Breakdown of the Hybrid-Storage Microgrid, 2020
Hybrid Base Case
Capacity Annualize Cost
(million USD)
Electrolyzer 15.1 MW 4.8
Fuel Cell 18.7 MW 8.1
H; Storage Tank 4883.4 MWh 4.1
LIB Charge/Discharge Power 54.1 MW 1.3
LIB Energy Storage 324.7 MWh 9.7
Wind Farm 84 (42 turbines x 2 MW/ 15.2
turbine)

The hybrid microgrid is comprised of the wind farm and the hybrid storage system, which is
divided into the LIB and H; subsystems. The LIB subsystem consists of LIBs and can be described using
LIB power capacity and LIB energy storage capacity. The two parameters are related using the LIB
energy-power ratio. The H, subsystem is comprised of electrolyzer, fuel cell, and H; storage tanks. For
simplicity, we use ‘subsystems’ to refer to the LIB and H, subsystems and the wind farm. ‘Components’
refers to the technologies that comprise these subsystems.

Table 3 reports the most-cost effective composition of the 2020 Hybrid Base Case (i.e., using the
2020 baselines assumptions reported in Table 1), which is used as the baseline for the sensitivity analysis
in Section 4.4. The H, power conversion components — i.e., electrolyzer and fuel cell — are lower
capacity than LIB charge/discharge power, whereas H, energy storage capacity is significantly larger than
LIB energy storage capacity. Furthermore, there is significant oversizing of the wind farm, with the
maximum wind farm power of 84 MW far exceeding the maximum electrical power demand of 32.7 MW.
The annualized cost of the microgrid is USD $43.3 million, of which each subsystems accounts for a
meaningful share.

4.2 Operation
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Figure 2: Hourly Energy Flows Through All Components of the Microgrid (First 48 Hours of the 2020 Hybrid Base
Case). Positive values correspond to energy supply, and negative values correspond to energy consumption.

Figure 2 illustrates how the system operates hour-to-hour in the 2020 Hybrid Base Case. The full
set of data for the entire year can be found in the supplementary table. It can be observed that the energy
produced (wind generation + LIB discharge + fuel cell) and used (load + LIB charge + electrolyzer +
curtailment) are in balance. When the wind power generation is lower than the load (i.e., electricity power
demand), the fuel cell and LIB (discharge) produce energy to cover the difference. When wind power
generation exceeds the load, excess energy is directed to the electrolyzer and LIB. Energy is curtailed
when the energy storage systems are at their full capacity but there is still excess wind power, or when the
wind power exceeds the sum of the LIB charging capacity and the electrolyzer power capacity.

1500 - 1500 -
=

1000 - 1000 1
=
3
o 500 - 500 -
5
o of- C - 0 +-YaALA ==
> VV
o
@ -500- -500 -
c
w
@ -1000 ~1000 1 —— Hydrogen Storage
= —— LIB Storage

—~1500 —1500 -
0 10 20 30 40 50 0 10 20 30 40 50
Time (Week) Time (Week)

Figure 3: Weekly Net Energy for the Hz2 and LIB Subsystems. Net energy is calculated as the sum of energy entering
into storage (after efficiency losses) minus energy leaving storage (before efficiency losses). Values above zero
indicate that Hz or LIB is supplying energy to the system.



As seen in Figure 3, there are extended multi-week periods of positive or negative energy flows
for the H, subsystem. These periods correspond to periods of under/over-generation of wind power
relative to the load (see Appendix XXX) — in particular, there are periods of deficit at the beginning and
end of year (i.e., winter), with the stable middle period (i.e., summer) corresponding to wind
overgeneration and a full H storage. In contrast, the net weekly energy flow of the LIB subsystem does
not display obvious seasonal variation. This clearly illustrates that the H, subsystem is better suited to
address seasonal energy storage requirements, whereas the LIB subsystem is more effective for short-term
energy balancing. The weekly operating profiles of the LIB and H2 subsystems change only slightly from
2020 to 2050 while displaying the same seasonal patterns.

Load: 124,348

LIB Discharge: 65,048
LIB Storage: 65,190 H

LIB Charge: 70,859

®

Wind: 243,773 H2 Compression: 783 =— £ 0| cell: 19.575 I :
H2 Storage: 19,575 [ —

Electrolyzer: 33,577

B Efiiciency Loss: 36,566

Curtailed: 82,858

Figure 4: Annual Energy Flows, 2020 Hybrid Base Case. Unit is MWh. Total generation is 196% of the load, and 49%
of all generation is either curtailed (34%) or lost due to conversion/storage efficiency (15%). Load is met roughly
equally by the wind electricity directly (55%) and energy storage (45%). The LIB subsystem accounts for 88% of the
load met by energy storage and receives 68% of the wind electricity directed to energy storage.

Figure 4 shows the energy flow of the microgrid under the 2020 Hybrid Base Case. Slightly more
load is met using energy storage than is met directly by wind electricity. Comparing the two energy-
storage subsystems, substantially more of the load is met by LIB than H. (88% vs. 12%), despite the LIB
subsystem accounting for a slightly smaller portion of the microgrid cost (see Table 3). The higher energy
throughput for LIB reflects the fact that the LIB subsystem is constantly cycling on an hourly/daily
timescale to balance the system, whereas the H; subsystem is employed to cover seasonal demand-supply
bottlenecks (see Table 4). This illustrates the extra value in when/over what timescales H is able to
provide energy, as well as the importance of LIB for daily balancing. Annual flows for the 2050 Case can
be found in Figure S__.



Table 4: Annual Operation Data, 2020 Hybrid Base Case and 2050 Hybrid Case. The top half of the
table reports total operating hours and the share of the year that each component (plus wind
curtailment) was active. The bottom half reports the gross annual electricity throughput and annual
capacity factor of each component. LIB charge/discharge and electrolyzer totals are the electricity
inputs (since their capacity is defined by power input) and fuel cell is the electricity output. Capacity
factors were calculated by dividing annual energy by component capacity * number of hours in a
year.

2020 2050 2020 2050
Operating Hours Total Total Share of Year (%) Share of Year (%)
Electrolyzer 2,404 2,125 27.4% 24.3%
Fuel Cell 7,08 1,742 8.1% 19.9%
LIB Charge 3,992 3,769 45.6% 43.0%
LIB Discharge 4,598 4,111 52.5% 47.4%
Wind 6,548 6,548 74.7% 74.7%
Curtailment 3,023 2,110 34.5% 24.1%
Annual Capacity Total (MWh) Total (MWh) Capacity Factor (%) Capacity Factor (%)
Factor
Electrolyzer 33,577 41,181 25.4% 20.3%
Fuel Cell 8,809 20,691 5.4% 10.7%
LIB Charge 70,859 48,211 14.9% 18.6%
LIB Discharge 65,048 45,731 13.7% 17.6%
Wind 243,774 203,145 33.1% 33.1%
Curtailment 82,858 52,266 = =

The LIB subsystem operates for significantly more hours of the year than H, components in both
2020 and 2050. By summing up the charging and discharging hours of the LIB subsystem in Table 4, we
can see that the LIB subsystem runs 98.1% of the time under the 2020 base case. However, the LIB
subsystem has a low annual capacity factor of 28.6% (sum of charging and discharging), which is similar
to that of the H. subsystems in the 2020 base case. This indicates that the LIB subsystem is charging and
discharging more frequently but at lower capacities to balance daily energy mismatches, whereas the H,
subsystem operates less frequently but at higher capacities to cover weekly/seasonal mismatches.

Hours of operation and capacity factors for both the LIB and H subsystems are similar in the
2020 and 2050 cases, except for the fuel cell which operates significantly more frequently and at higher
capacity in 2050. However, the total energy throughput of each system changes significantly. Compared
to the 2020 base case, energy directed towards LIB charging and discharging decreases by roughly half in
the 2050 case, whereas total energy input to electrolyzer and fuel cell increases by 25% and 138%,
respectively. This is due to the technological improvements in the components in the H, subsystem.
Nevertheless, the LIB subsystem will continue to play an important role in frequent, intra-day energy
balancing, but H; receives and supplies more energy, possibly to make up for greater seasonal
mismatches resulting from the lower wind generation capacity in the 2050 case, and possibly because
lower costs and higher power conversion efficiencies enable H; to provide more short/mid-duration
functionality.



4.3 Core Cases Cost Comparisons
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Figure 5: Annualized Cost Breakdown for Core Cases. ‘Just LIB’ refers to a microgrid that uses only LIB for energy
storage (i.e., just LIB power and LIB energy storage components) with 2020 cost and efficiency parameters; ‘Just Hz’
refers to using only Hz for energy storage (i.e., comprised of electrolyzers and fuel cells for power conversion and
tanks for storage); ‘2020’ is the baseline hybrid system described in section 4.1; ‘2050’ is the hybrid system
assuming 2050 cost and efficiency targets/projections are achieved.

To identify the cost benefits of hybridizing LIB and H; energy storage, we also studied the costs
of the microgrids with only one storage technology, i.e., Just LIB or Just H; cases, using the costs and
efficiencies of the 2020 base case. Compared to Just LIB or Just Hy, the hybrid system provided
significant cost reductions (see Figure 5). Relying on only LIB for energy storage ($74.8 million) was
more expensive than relying on only H, ($59.2 million), and significantly more expensive than the hybrid
case ($43.3 million). The overall energy storage system accounts for the majority of cost in both Just LIB
and Just H» systems — 68.6% for Just LIB and 63.9% for Just H,, while the renewable generation
subsystem costs are similar in both cases (31.4% and 36.1%). In the Just LIB case, LIB energy storage
capacity drives costs (63.6%), whereas power conversion capacity (i.e., the fuel cell and electrolyzer)
drives costs in the Just H» case (54.7%). This is because LIB energy storage capacity is expensive,
resulting in high system costs when LIB energy storage capacity is sized to store large quantities of
energy over seasonal timescales. In contrast, H, storage capacity costs are relatively low but power
conversion capacity costs (i.e., electrolyzer and fuel cell) are high, so relying on H; to provide all short-
duration demand balancing is similarly inefficient.

The microgrid in the 2020 Hybrid Base Case required less expenditure on both wind generation
and energy storage than either Just LIB or Just H,. And costs are nearly evenly distributed among the
wind farm, the H, system (including both conversion and storage), and the LIB system.

We also analyzed a future microgrid with hybrid LIB-H, energy storage based on predicted
technological advancements and targets. By 2050, the cost of the hybrid-storage microgrid falls by 55.4%



to $19.1 million. The cost distribution between the energy storage and wind farm remains similar —65:35
and 57:43 in 2020 and 2050, respectively. However, the H, subsystem accounts for a greater share of the
cost of the energy storage system in 2050 compared to 2020 (74.9% versus 60.8%) and a much greater
share of total microgrid cost (42.5% versus 14.2%). This confirms that going forward, hydrogen can play

a significant role in a hybrid LIB-H; microgrid but will not completely displace LIB as an important
energy storage option.
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Figure 6: Breakdown of Annualized Cost Between CAPEX and OPEX, 2020 Hybrid Base Case

Figure 6 shows the breakdown of the annualized CAPEX and OPEX of the 2020 Hybrid Base
Case. CAPEX accounted for 75% of total annualized microgrid cost. Among all the components, the

wind farm accounted for the greatest share of CAPEX (35.7%). Within the hybrid energy system, LIB
energy storage accounted for a greater share of total CAPEX than any other single storage component —
24%, compared with 16.4%, 11.5%, 9.3% for fuel cell, H storage, and electrolyzer, respectively.
However, altogether, the H subsystem (36.9%) accounted for a greater share of microgrid CAPEX than
the LIB subsystem (27.5%). Regarding OPEX, the operation of the wind farm accounted for the greatest

share of any single component, while the H, sub-system has a significantly higher OPEX than the LIB
sub-system.

4.4 Sensitivity Analysis

In this section, results from the sensitivity analysis using the 2020 Hybrid Base Case will be
presented to identify the technological parameters that have the greatest impact on the microgrid cost and
configuration.



4.4.1 Sensitivity of Total Microgrid Cost to Component Technology Cost
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Figure 7: Impact of the Cost of Different Technologies and Subsystems on Total Microgrid Cost. Components of the
H:zsubsystem (left); Components of the LIB subsystem (middle); energy storage and wind farm subsystems (right).
To change subsystem cost, the annualized cost of each technology in the subsystem was changed by the same
percentage.

The total cost of the microgrid is similarly sensitive to each subsystem (the LIB and H.
subsystems and the wind farm) with the exception that higher LIB subsystem costs have a lower impact
than increases in wind farm or H. subsystem costs (Figure 7, right). Currently, the components of the H,
subsystem are less commercially mature than those of the LIB subsystem and wind farm. However, with
the manufacturing scaling up, there may be higher potential to reduce the costs of fuel cells, electrolyzers
and H, storage, which will reduce total microgrid costs.

The impact of the LIB subsystem on the total system cost is driven by the cost of energy storage
capacity ($/kWh). As shown in the middle panel of Figure 7, the cost of LIB power conversion capacity
($/kW) has a negligible impact on system cost, while the system cost varies significantly with the cost of
LIB energy storage capacity. At -90% and +90% LIB power conversion capacity costs, the cost of the
microgrid changes by -3% and +2.6%, respectively. In contrast, the impact of LIB energy storage
capacity cost on the microgrid cost ranges between 40.2% and +15%. Furthermore, reducing LIB energy
capacity cost yields increasing marginal returns; in other words, continued reductions yield increasing
benefits.

The component technologies of the H, subsystem have similar impacts on the microgrid cost.
When the unit costs of the fuel cell, electrolyzer, and H. storage are reduced by 90%, the microgrid cost
decreases by 16.2%, 15.8%, and 16.7%, respectively (Figure 7, left panel). However, the intermediate
gains from reducing fuel cell cost are greater than electrolyzer and H. storage. Reducing fuel cell cost by
45% reduced total microgrid cost by 8.3%, compared to 5.7% for the electrolyzer and 4.6% for H.
storage. Increased fuel cell cost had a greater impact than increases in electrolyzer or energy storage costs
— +15.9%, +6.3%, and +7.5%, respectively. Overall, lowering the costs of each component in the H;
subsystem has similar potential to reduce the overall cost of the microgrid.

4.4.2 Sensitivity of Total Microgrid Cost to Component Efficiency
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We analyzed how the performances of each component in the hybrid energy storage affect the
overall microgrid costs under optimistic and pessimistic scenarios. The optimistic performances were
assumed to be the targeted efficiency in 2050, while the pessimistic scenarios were taken from the lower
performances of current available technologies. These numbers are summarized in Table S2. Figure 8
illustrates that varying the electrolyzer or battery charging efficiencies has a modest impact on the
microgrid cost. However, higher fuel cell efficiency can significantly reduce microgrid costs. At the 2050
target fuel cell efficiency of 70%, the microgrid cost is reduced to $39.2 million. Decreasing electrolyzer
efficiency to the 2020 low estimate of 40% resulted in the greatest increase in system cost to $45.3
million. The efficiency of the H, system components (electrolyzer and fuel cell) had a greater impact than

the LIB system. LIB charge/discharge and LIB monthly self-discharging rate had negligible effects of
system cost.

4.5 Impact of Cost on Microgrid System Composition
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Figure 9: Impact of Subsystem Costs on Component Sizing and the LIB Energy-Power. The left, middle, and right
graphs show the impact of LIB subsystem, Hz subsystem, and wind turbine cost on system composition,



respectively. To change subsystem cost, the annualized cost of each component of the subsystem was changed by
the same percentage. Dashed lines are the power conversion components, and the solid line is the LIB energy-
power ratio.

As shown in Figure 9, the composition of the hybrid LIB- H; storage (i.e., component capacities)
is sensitive to the cost of the LIB and H; subsystems, and relatively insensitive to the cost of the wind
farm. Electrolyzer capacity is inversely correlated with LIB subsystem cost, and LIB power and energy
capacity are inversely correlated with H. subsystem cost. Fuel cell capacity is relatively stable except
when the LIB system is highly discounted. Wind turbine cost has a limited impact on the composition of
storage, with the exception that highly discounted wind turbines result in very low electrolyzer capacity,
likely because there is greater energy surplus from more wind electricity production that can be captured
at lower capacity over more hours instead of requiring higher capacity during fewer hours. Regarding
storage, the LIB energy-power ratio decreases as the LIB subsystem gets more expensive and increases as
the H; subsystem and wind turbines get more expensive. This suggests that as the H, subsystem and wind
farm get cheaper, the LIB subsystem specializes more in providing short-duration storage.
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Figure 10: Impact of Energy Storage Technology Cost on Sizing and LIB Energy-Power Ratio. The x-axis displays
percentage change in annualized energy storage capacity cost in S/kWh. The left and right panels show the impact
of LIB and H:z energy storage capacity costs on system composition, respectively. Dashed lines are the power
conversion components, and the solid line is the LIB energy-power ratio.

Energy is stored in the LIB or H; tanks. System composition is sensitive to LIB energy storage
capacity costs and insensitive to H, storage costs. As discussed in sections 4.1 and 4.3, LIB energy
storage capacity accounts for most of the LIB subsystem cost, suggesting that energy storage capacity
cost is the primary constraint on LIB subsystem sizing. Figure 10 (left panel) shows that as this constraint
is relaxed, both LIB power conversion capacity and the ratio of LIB energy-to-power increases. Thus, as
LIB energy storage capacity becomes cheaper, the LIB subsystem provides energy storage over longer
durations. Similarly, LIB energy storage costs are inversely correlated with electrolyzer and fuel cell
capacity, meaning that reductions in LIB energy storage capacity cost enable LIB to partially displace the
H> subsystem. Note that the impact on microgrid composition is modest up until a 45% decrease in LIB
energy storage capacity cost, after which the LIB power conversion capacity grows significantly,
indicating a possible tipping point to use LIB for longer-term energy storage.

In contrast, H, energy storage capacity cost has almost no impact on microgrid system
composition when its cost changes between -90% and +90% of the 2020 Hybrid Base Case value. The
LIB energy-power ratio is the same across the range of the sensitivity analysis, indicating that the LIB
subsystem’s role is largely unchanged by H; energy storage capacity costs. Fuel cell and electrolyzer



capacities are the same when H, energy storage cost changes in a wide range, suggesting that H, energy
storage capacity costs impose little constraint on the sizing of the H. power conversion components.
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Figure 11: Impact of Power Conversion Technology Cost on Sizing and LIB Energy-Power Ratio. The x-axis displays percentage
change in annualized power conversion cost in S/kW. The left, middle, and right panels show the impact of LIB power conversion
(i.e., charge and discharge), electrolyzer, and fuel cell cost on system composition, respectively. Dashed lines are the power
conversion components, and the solid line is the LIB energy-power ratio.

As the cost of LIB power conversion changes (Figure 11, left panel), only the LIB power
conversion and energy storage capacities are impacted. LIB power conversion capacity is relatively stable
as its unit cost changes, except once a certain threshold is passed and the LIB energy-power ratio changes,
which causes LIB power conversion capacity to sharply increase or decrease. This shows that LIB energy
storage capacity is likely constraining LIB power conversion capacity.

As the unit cost of the electrolyzer decreases (Figure 11, middle panel), electrolyzer capacity
displaces a certain portion of LIB power conversion capacity. This is in contrast with the trend observed
in the left panel of Figure 11, which shows that cheaper LIB power conversion does not result in lower
electrolyzer capacity. Fuel cell’s unit capacity cost has a limited impact on the composition of the hybrid
storage (Figure 11, right panel). The fact that fuel cell capacity is relatively constant across all sensitivity
analyses and changing fuel cell capacity cost itself has little impact, suggests that the fuel cell is sized
according to an operational bottleneck when there is a maximum deficit between the power demand and
the wind farm power output.

5 Conclusion

Microgrids enable the deployment of renewables with reduced need for new transmission and distribution
infrastructure. For microgrids with high shares of renewables, hybridizing LIB and H, storage can resolve
issues of renewable variability/intermittency across multiple timescales. In this paper, we developed a SL-
MILP model to study a wind-supplied microgrid with hybrid LIB-H; storage to 1) compare the cost
benefits of a hybrid LIB-H; storage technology versus using a single storage, 2) study the operation of a
microgrid with hybrid storage, and 3) conduct sensitivity analyses on the impact of component cost and
efficiency on system cost and composition. The conclusions are:

= The LIB and H, systems fulfill distinct energy storage functions. The LIB system operates for
more hours a year and at lower capacity factors and displays little seasonal variation. The H;



system provides significantly less total energy and operates over fewer hours, despite accounting
for a slightly higher share of cost, illustrating the value H; provides by supply energy during
seasonal bottlenecks.

Energy storage plays a substantial role in system operation. More than half of load is met using
energy storage, which coincides with significant overgeneration and curtailment of wind, as well
as efficiency losses. Overgeneration, curtailment, and efficiency losses decline substantially by
2050, while the role of energy storage increases.

Compared to the 2020 base case, in 2050 the H. subsystem receives/supplies significantly more
energy, likely because lower wind farm capacity exacerbates seasonal demand-supply bottlenecks
requiring more long-duration storage. The LIB subsystem receives/supplies less energy and
operates fewer hours. However, LIB’s capacity factor increases, and the LIB subsystem continues
to play an important role in frequent intra-day balancing.

Neither LIB nor H; storage alone achieve minimum cost for a 100%-wind supplied microgrid. A
hybrid-storage system offers significant cost reductions. In the 2020 baseline hybrid-storage
microgrid, total cost is distributed evenly among the three subsystems— Hz, LIB, and the wind
farm. Going forward, achieving 2050 cost and efficiency targets will reduce the LIB-H, system
cost by more than half compared to the 2020 baseline, and H;’s share of system cost increases
while LIB’s share decreases.

The cost of the microgrid is similarly sensitive to the cost of Hy, LIB, and the wind farm
subsystems. Each component of the H, subsystem — fuel cell, electrolyzer, and H, storage
tanks— have a meaningful impact on system cost. In contrast, the impact of LIB subsystem is
dominated by the cost of LIB energy storage.

Achieving 2050 efficiency projections/targets fuel cell has the greatest impact on system cost of
possible efficiency improvements. Conversely, at the 2020 low-efficiency range, electrolyzers
cause the greatest increase in system cost. The effects of LIB charge/discharge efficiency and
self-discharge rate are limited.

System composition is sensitive to cost of LIB and H; but not wind. LIB displaces H. only when
LIB energy storage costs decrease, whereas H; displaces LIB primarily when electrolyzer unit
costs decrease. Fuel cell and H; storage costs have limited impact on system composition, and
fuel cell capacity remains fairly constant across the sensitivity cases.
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