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Overview

Since electricity demand and the availability of output from Renewable Energy Sources (RES) are intermittent by nature, system operators have to resort to relatively costly measures such as reserve energy to maintain system stability. In the coming decade, back-up capacities are set to become more relevant with increasing shares of RES penetration. In this context, storage devices serve to store excessive electricity generation and feed-in missing energy in times of need. The alternative concept of better aligning demand and supply of electricity through two-way digital communication technology is commonly referred to as 'smart metering'. Measures to manage demand in an interconnected network include demand response and direct load control. Our work emphasises the latter.
The purpose of this paper is to analyze and compare investment options for cost reductions in electricity generation. We scrutinize load control and storage facilities as potential options. Direct load control and centralised storage are two competing or possibly complementary solutions which serve similar purposes from the perspective of a power distribution system operator. Besides, we test whether conventional grid reinforcements could alleviate the need for storage and load control.

Methods

We apply a direct current (DC) flow model adapted to a situation with demand-side-management (DSM) and storage technologies in a 5-node 10 kV medium-voltage grid. The model is designed as linear program under a cost minimization regime with hourly time resolution of two exemplary days (winter/summer). A vertically integrated system operator is considered as the cost minimizing agent. Investment into DSM and storage appliances is endogenous. 
The problem is decomposed into a two-stage stochastic optimization program, following Benders decomposition method [9] with conflicting variables being initial investment levels into a) storage, and b) DSM. We divide the problem formulation into a master investment and a recursive operational sub-program which are successively solved in loops until convergence of the upper and lower level objective is reached. In our case, the sub-problem objective represents the upper bound as a restriction of the initial problem and the master problem yields a lower bound as a relaxation of the initial problem. The solution algorithm stops if the difference between the minimum upper bound and the current lower bound is less or equal to a small number. Otherwise the algorithm continues. Benders optimality cuts are added to the problem set of constraints after each iteration. Moreover, feasibility cuts ensure that infeasibilities in the sub-problem due to misallocations in the master problem are ruled out, cf. Figure 1. The Benders approach reduces computation effort as compared to solving the extensive form expected-value-problem.

The execution of the presented model requires the creation of appropriate scenarios regarding the stochastic parameters determining demand and wind production. Simulated demand values are drawn from a normal probability distribution with time-varying mean and standard deviation, based on empirical realizations [8],[11]. Wind generation patterns are based on a Weibull distribution with parameters calibrated to a typical Northern German on-shore wind farm. A random sampling method is utilized for the simulation of realizations. Random sampling techniques are popular in risk analysis and have been used in previous research on electricity topics [6],[7]. We obtain a range of demand and wind profiles and assign a uniform probability distribution to the occurrence of each scenario. Subsequently, we implement the linear program in the software package General Algebraic Modeling System (GAMS).
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Figure 1:  Algorithm used for solving the two-stage problem. (Source: Own illustration)

Results

The model results indicate that grid reinforcements at 10 kV level are not necessary in any scenario. Storage devices are likely to be beneficial at capacity cost of up to 900 EUR/kWh in 2020. DSM proves hardly beneficial in any scenario, especially not in the deterministic model. Investment is beneficial up to an all-inclusive cost of ca. 200 EUR per consumer. This break-even point (tolerance threshold) boosts when consumers own electric vehicles (EV), implying that EV strongly encourage investment into load control systems. We also identify that investment into storage is likely to crowd out investment into DSM appliances.

Our analysis also shows that a stochastic treatment of wind and demand patterns significantly augments the case for the use of storage. It predicts the value of the stochastic solution to figure at around 0.5 % to 5% of total system costs, indicating a gain in efficiency when using the stochastic model as opposed to the deterministic model. The break-even point for investment decisions into storage increases from 350 to 900 EUR/kWh when uncertainty of wind and demand are taken into account. The deterministic model leads to considerable under-investment into storage. 
Conclusions

We have presented a DC load flow model applied to investment in storage and DSM facilities in a stylized medium-voltage grid. The model incorporates uncertainty in demand and wind output. Whereas storage turns out to be economic in our setting, we have demonstrated that DSM devices are little cost-effective at current cost levels.
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