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Overview

Storage has the technical potential to increase efficiency of electrical systems significantly - especially in the context of integrating intermittent renewable technologies. This is achieved by shifting energy from periods of low demand to periods of high demand. Thus, the utilization of medium load power plants is increased and the utilization of peak load power plants is reduced. The full extent of efficiency gain is achieved if generation capacity is adapted to the “equilibrated” load situation - with a higher base load and lower peak load share. In this case, the installed fossil generation capacity falls below peak load level. Since the amount of energy stored is generally limited, there is a risk of outages in cases of prolonged demand peaks. This problem does not occur in perfect foresight based analyses that are still the paradigm of electrical system analysis. The subject of this analysis is to show how storage is operated optimally under renewable and load uncertainty in the system context.

Methods

We estimate a homogeneous Markov Chain representation of the residual load in Germany in 2014 on an hourly basis and design a very simple dynamic stochastic electricity system model with fossil generation technologies and storage (a Markov Decision Process). This model is solved for a stationary policy using numerical methods (linear optimization) and the optimal storage strategy is presented. This optimal strategy is compared to the optimal solution derived under perfect foresight of explicit drawings of the stochastic load process. Thus the perfect foresight "error" can be quantified.
Results

The modelling of the residual load as a first order homogeneous Markov Chain represents the load transitions and the load duration very well. With this interpretation, a stochastic energy system model can be formulated. Nevertheless, the order of load changes is random and does not reflect the natural daily, weekly and seasonal rhythms. Therefore, there is substantially more uncertainty about the future residual load development represented in the model than in reality. Thus the Markov approach to residual load modelling would be more appropriate for a scenario with a higher share of intermittent renewables. The order of the load transitions is relevant for the operation of the storage.
The optimal stationary strategy for the case of the residual load and a storage capacity of 300 GWh has been determined. The optimal capacity sums up to 70 GW with expected system costs of 556726 million euros. Therefore, the residual load of 80 GW cannot be covered without unloading the storage. If the state of charge is zero, it cannot be discharged any further and load is lost. This state is valued by the social planner with 100 times the marginal cost of the most expensive non intermittent technology.

Storage is used to equilibrate the residual load longer at higher levels by charging and discharging. This increases utilization of non-intermittent generation capacity and therefore efficiency. For this purpose the storage is charged below a residual load of 50 GW and discharged above – the stronger, the greater the deviation from 50 GW – except the storage is fully charged or has reached a lower limit of 50 GWh. Thus a load of 50 GW is achieved over a wide range of the grid, making an expansion of base load capacity profitable. Equilibration is limited by three forms of „stabilization actions“ to reduce the risk of losing load:

1. It is apparent that the storage is discharged below 50 GWh only at peak load. At lower residual load it is charged below this bound - even at the high load level of 60 GW. Thereby capacity is fully utilized. This "reserve" reflects in very low probabilities of staying in a state of charge below 50 GWh.

2. At peak load, the storage is discharged system-equilibrating above a state of charge level of 150 GWh in 30 GW steps. Below this level discharging is reduced to 10 GW steps thus contributing to keep the system at full capacity and thus delaying lost load.

3. Also below the peak load level - at 60 GW - system-equilibrating discharge is stopped below a state of charge of 100 GWh. Full load is thereby accepted to keep a higher „distance“ to lost load.

Under the perfect foresight hypothesis with the residual load for Germany in 2014, system costs can be reduced by 3.6% using 300 GWh storage capacity. This is achieved by a 10% expansion of the base load capacity and a halving average- and peak load-capacity. If - instead of the residual load data of Germany - 20 simulated time series from the residual load Markov modelling are used, then the storage option decreases system cost by 4.4% in the perfect foresight case. Again, the base load capacity is increased by 10%, peak load by about 1 GW and mean load is reduced to less than half.

Under stochastic residual load without storage, the installed capacity rises by 10 GW and thus system costs rise by 2.4%. Storage enables an extension of the base load capacity of 10 GW, a reduction in the mean load capacity and an abandonment of peak load capacity. Therefore system costs fall by 2.9%. Compared to perfect foresight modelling the relative reduction of system costs reduces by 50%. The consideration of unpredictable changes in residual load and thus holding reserves to avoid lost load seemingly reduced efficiency gains by energy storage. In fact, the gain in efficiency by storage of a perfect foresight modelling is overestimated.

Conclusions

It is shown that under uncertainty at high demand an increasing share of the storage is "frozen" in its charged state to avoid lost load (outages). Therefore the “buffer share” of the storage is not used for equilibration of load any more. Furthermore, this buffer state of charge is established, if necessary, even in periods of high demand, so that the storage operation stresses the system.

To implement the full efficiency potential of storage, generating capacities have to be reduced. Peak load can then exceed installed capacity. If this is the case, in the optimum under load uncertainty a storage buffer is created and maintained. This is not required in optimal storage operation under perfect foresight assumption. Therefore we show in a case that efficiency gains caused by the usage of storage are overestimated by 50% in analyses based on perfect foresight.
When using storage to prevent outages it has to be decided whether it is operated "inefficiently" with respect to “full” capacity adjustments, or “efficiently” and peak load capacity is not decommissioned “one for one”. This analysis refines the assessment of the economic potential of electricity storage, thus contributing to more effective planning of energy systems of the future, where outages are avoided.
