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Here, the following questions are addressed: 1) What are the financial requirements for energy storage in

resilient energy systems? and 2) How do different operational modes and market participation influence the

overall financial implications for ESSs?

In order to directly compare ESSs, a standardized economic assessment framework has been established to

evaluate the respective annualized life-cycles costs (LCCs) and annual revenues, shown in Figure 1. It

includes fixed costs (?/kW/year), variable costs (?/MWh), and accommodates revenue stacking options. An

economic assessment of ESSs includes the technology itself (i.e. round-trip efficiency, capital costs- fixed and

variable, and replacement costs) and exogenous factors related to the final ESS application (i.e. electricity

price, energy demand, and project time horizon) (Moseley and Garche 2014). Therefore, parameters

characterizing both the storage technology and storage application have been considered (National Grid ESO

2021).

Three capacity scenarios are used to highlight trends in opting for larger storage applications with longer

discharge times for all ESS in Figure 2. For the low-capacity scenario (Fig. 2 top), pumped hydro storage

results in the most economical ESS (?88/kW/year), followed by CAES with underground storage

(?121/kW/year) and liquid air energy storage (?130/kW/year). The cost of capital contributes to the majority

of the LCC for all systems and includes replacing batteries over the 30-year analysis period. In Scenario 1,

hydrogen systems can be seen to have relatively high capital costs and their low round-trip efficiencies result

in higher operating costs for scenarios with increased cycling.

The cost of hydrogen ESS capital dominates the LCC due to the high-power converter costs. Therefore, with

lower cycling, the levelized cost of storage (LCOS) for hydrogen storage decreases. Additionally, as the

capacity for hydrogen ESS increases, underground hydrogen storage LCOS decreases significantly compared

to above ground storage.

The LCOS stochastic analysis (Fig. 2 grey bars) show that all systems, except battery systems, produce a

lower LCOS with higher storage capacity systems despite capital costs increasing. This is due to less frequent

cycling in the Medium-Capacity scenario but greater overall load hours offsetting the increase in the cost of

capital.

These results conclude that low cycling and high-capacity results in the lowest cost of hydrogen storage,

whereas pumped hydro, CAES, or liquid air offer the lowest LCOS in a range of cycling and capacity

scenarios, which is necessary for resilient ESSs.
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Fig. 3 shows the dispatch profile of the hydrogen and CCGT system with underground storage, illustrating

how the model incorporates wholesale electricity prices (Fig. 3 top) when provided with foresight to UK

wholesale electricity prices. It allows for maximizing profitability by dictating charging and discharging

events (Fig. 3 middle) over 72 hours. Hydrogen systems are also given the option to discharge hydrogen (Fig.

3 middle) at a price of ?50/MWh, in-line with levelized hydrogen production estimates from steam methane

reforming (SMR) (International Energy Agency 2019). The accompanying cumulative profit plot (Fig. 3

bottom) shows the hourly profit or loss as bars, which the model seeks to maximize at the end of the specified

time length.

The inset in Fig. 3 (bottom) shows hydrogen-based storage systems to contribute to hydrogen energy systems

in the optimization model (blue bars), compared against revenues solely operating in electricity markets (white

bars). All stored electricity is also fully discharged at the end of the specific time length to ensure that the

model maximizes the total operating revenue rather than solely storage revenue.

Hydrogen systems increase their profitability when selling electrolyzed hydrogen into the hydrogen market,

avoiding the efficiency loss of converting the stored hydrogen back into electricity. Fig 3 (middle) shows the

difference in participation of stored hydrogen in either electricity markets (pink bars) or in hydrogen markets

(blue hatched). The model opts to participate in the hydrogen market at a much higher frequency than the

electric energy market due to the high cost of energy conversion of hydrogen to electricity. Only with high

wholesale electricity cost (Fig. 3 top) will there be a profit of selling stored hydrogen back to an electric

market.

The fuel-cell systems (categories 1 and 2 in Fig. 3 bottom insert) had a 120% increase in revenue for the

above-ground storage system, and a 130% increase for the below-ground storage system when participating in

the hydrogen markets. This limits the profitability potential of stored hydrogen, the energy markets it can

participate in, and the overall ability to contribute to a resilient energy market. This concludes that the

profitability potential of hydrogen storage systems, even with revenue stacking, is limited to restricted or niche

hydrogen markets. The potential for operating hydrogen energy storage systems profitably is low.
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