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Overview
Recent works by Welsch et al. [1] and Niet [2] present two different approaches for incorporating storage into capacity expansion models. Recent studies have began to investigate the effect different storage formulations have on model results [3] [4] [5]. This paper will expand on that body of work by comparing storage equations formulated by Welsh et al. and Niet and examining their effect on model outputs and performance. This paper gives insight into when to use a particular method to model storage in an energy system as well as contributes a more rigorous examination of an energy system model’s sensitivity to different storage equations. Welsch et al. have formulated a storage equation that utilizes a pseudo-intra-day structure to increase temporal resolution but also makes this equation computationally more complex. An updated storage equation by Niet simplifies modelling storage by removing the pseudo-intra-day structure. We find that, when modelling long term storage such as a hydro dam, the version provided by Niet has no significant variation on the results from that of Welsch et al. while decreasing computation time. The savings in computation increases as more time slices are used to create a higher temporal resolution. Due to this, the equation by Niet is more well suited to energy systems with little intra-day variation. In contrast, the storage equation by Welsch et al. can accommodate long term models where intra-day variation may impact the results. As always, the method used should be carefully considered as to which equation’s strengths and weaknesess best fit a specific endeavour.
Methods
This work compares two equations for modelling storage within the OSeMOSYS Energy Modelling System [6] [7]. OSeMOSYS is an open-source modelling system widely used for energy planning and in academia. Welsch et al. implement storage for the OSeMOSYS system using a pseudo-intra-day structure, and using season types to define timeslices. This pseudo-intra-day structure allows a long term model to include considerations of the short-term dynamics of storage, with less complexity and computation time compared to increasing the number of time slices used to create a higher resolution model. The other storage equation, by Niet, uses sequential time slices to represent storage and does not create this pseudo-intra-day structure. The version by Niet also includes the option of implementing a storage refilling constraint rather than define a starting storage level. By comparing the operation, results, and computational efficiency of the two storage equations we can evaluate their relative strengths and weaknesses. 

[image: ]Two test energy systems are used to compare the operation of the two storage equations.  First, we use a simple existing test case which includes storage as a hydro power plant fed with riverwater. This scenario allows for a comparison of how the two storage equations by Welsch et al. and Niet model a long term storage facility with little short term variation. As a further comparison, another case study was created to model an energy system that uses battery storage in which daily variation is more influential in the system and a higher temporal resolution is required (Figure 1).[bookmark: _Ref30703348]Figure 1 - Diagram of energy system including battery storage used to compare effects of daily variation in storage modelling.


[bookmark: _GoBack]Choice of temporal resolution, or the number of timeslices used in one’s model, also has an impact on modelled storage operation. We examine the results for both storage equations for an increasing number of timeslices from 6 (two time slices per season with three seasons) to 8760 (hourly). Computation time is measured for each of these time slice variations to see how the time increases with the complexity of the model for both of the storage equations.

Results
[image: ]Figure 2 shows the storage level over a twenty-seven year time period, with storage being measured at each of the six time slices per year. When modelling for long term energy storage with no daily variation, both equations give very similar results for storage. There are two points in Figure 2 where the storage level differs for the two equations. This is due to technologies being swapped in at different times, but causes no net change in energy generation within a year, therefore these variations do not impact the operation of the model. The overall results, including cost and emissions for the system, are independent of which equation for storage is used.[bookmark: _Ref30703399]Figure 2 - Comparison of storage level for different storage equations


The storage equation by Niet is computationally more efficient, perfmorning 4% more quickly than that of Welsh et al. when six timeslices are used, with the percentage increasing with the number of timeslices. 

When modelling a system such as that shown in Figure 1, though the equation formulated by Niet remains computationally more efficient,  the structure by Welsh et al. is able to more accurately model the daily variation in storage. By including the pseudo-intra-day structure, Welsh et al.’s equations can better capture the dynamics of the storage system. 
Conclusions
This paper demonstrates that while the Welsch et al. storage equation can better model storage that requires consideration of daily variation, for a long-term storage system without intra-day variation this added resolution does not improve the operational aspect of storage. Niet simplifies the storage equation and increases computational efficiency. In choosing what storage equation is required for one’s model considerations will include the time scale and resolution required, as well as what type of storage is being modelled. While long term storage, such as hydro, might not require the pseudo-intra-day formulation, shorter term models that include battery technology are enhanced by the more detailed approach of Welsch et al. 
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