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Underground Hydrogen Storage (UHS) is regarded as a key solution for seasonal 

energy storage in variable renewable energy (VRE)-intensive systems. While 

UHS is often seen as complementary to short-term storage solutions such as 

Battery Energy Storage Systems (BESS), the true extent of their complementary 

or substitutive relationship remains an open question. This paper examines the 

interaction between UHS and BESS in a low-carbon German energy system in 

2035 using a multi-stage stochastic dynamic programming model solved by 

implementing the Stochastic Dual Dynamic Programming (SDDP) algorithm. 

Optimizing investment and dispatch over a year with hourly resolution, we 

compute the Morishima elasticity of substitution between the two technologies. 

Results show that UHS and BESS act as economic substitutes rather than 

complements. Notably, substitution is asymmetrical: a reduction in BESS costs 

leads to a proportionally greater shift toward BESS investment relative to UHS 

(elasticity of 3), whereas the effect of UHS cost changes on investment decisions 

is weaker (elasticity of 1). Consistent with prior studies, we also find that UHS 

revenues are highly volatile and heavily dependent on the concurrent 

development of hydrogen infrastructure. Adding to these two main shortfalls for 

UHS's business case in future energy systems, our findings thus highlight a third 

layer of uncertainty for UHS — competition from BESS, which can partially 

replace it and reduce its economic viability. In contrast, BESS investments are 

less dependent on external factors, making them a more attractive option. 
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Executive summary 

 

This study investigates the relationship between Battery Energy Storage Systems (BESS) and 
Underground Hydrogen Storage (UHS) in the context of a low-carbon German energy system 
by 2035. We assess how these two technologies act as substitutes or complements using a 
multi-stage stochastic dynamic programming model solved with the Stochastic Dual Dynamic 
Programming (SDDP) algorithm. The analysis reveals that BESS and UHS are economic 
substitutes rather than complements, with an asymmetric substitution effect: changes in BESS 
costs have a more significant impact on investment decisions than changes in UHS costs. 

Key Findings 

- BESS and UHS are imperfect substitutes. More precisely, they exhibit an asymmetric 
elasticity of substitution, and their optimal investment decision is three times more 
sensitive to BESS’s cost than to UHS's (elasticity of 3 and 1, respectively). This shows 
UHS may not be shielded from competition from short-duration storage. 

- UHS investment is highly dependent on developing hydrogen infrastructure, highlighting 
a "chicken-and-egg" problem where both UHS and hydrogen turbines are necessary for 
each other's viability. 

- UHS profits are very volatile. The investment in UHS is driven by a handful of years of 
very uneasy weather conditions (low PV and wind output with a bad correlation to 
demand). This creates a highly skewed profit distribution, with some years of very high 
profits and the majority with negative profits for UHS operators. 

Policy Recommendations 

- Our results show UHS will likely not develop on its own. This is partly due to market 
failures hindering the ability of project developers to trade risk. The State can help by 
stepping in and proposing derisking schemes like Contracts-for-Difference (CfDs). 

- Even with such tools, we find evidence that UHS may not be able to thrive due to 
competition from other storage technologies like BESS, which shows declining costs. 
Hydrogen-focused support schemes may thus distort the equilibrium. Technology-
agnostic measures are better suited to ensure all storage options are on the same level 
playing field. 

Conclusions 

The study concludes that while BESS and UHS serve distinct roles in the energy system, they 
are substitutes rather than complements. The asymmetric substitution effect and the 
challenges faced by UHS, such as profit volatility and infrastructure dependency, highlight the 
difficult business case of this technology. Future research should explore the interactions 
between these storage technologies and other flexibility options to inform energy policy and 
investment decisions further. 
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