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Overview
What is the value of intermittent renewable energy sources, such as wind and solar? These sources can reduce grid-level electricity generation costs and emissions. But their intermittency—both cyclical and random—can make it difficult to integrate them into conventional electric grids (Joskow, 2011; Baker et al., 2013). Electricity storage could facilitate this integration by allowing renewable electricity to be used at the times it is most valuable. But simply pushing storage capacity onto the grid could actually decrease welfare if intra-day storage arbitrage leads to a large increase in off-peak coal generation in place of cleaner, on-peak natural gas generation. Therefore, assessing the full value of intermittent renewables requires a dynamic framework that takes into account all private and external benefits and costs. This research assesses the dynamic value of intermittent renewable electricity in Texas, which is an early adopter of renewable generation.

I build a stylized welfare-maximizing dynamic model of the Texas (ERCOT) electricity grid to estimate the value of wind capacity and storage capacity and their impact on emissions (CO2, NOx, and SO2). I represent load and wind generation as cyclic stochastic processes and fossil generation as a static supply curve. The model renders total generation, emissions, welfare, and the value of wind generation as a function of storage capacity, wind capacity, and a policy to tax the external damages from emissions (or not). I find that storage capacity and emissions taxes are complements in driving the value of wind. However, adding significant storage capacity can increase emissions, even under emissions taxes. This work emphasizes that, to maximize the value of intermittent renewables and storage, it is critical to tax emissions, since doing so ensures that energy is allocated when it is most socially valuable. This first-best value should lead the economic and policy evaluation of investments in renewable energy and storage capacity.

Methods
I implement a discrete intertemporal dynamic programming tool that computes the fossil generation, storage, welfare and simulate emissions (CO2, NOx, and SO2) for the social planner problem for different storage and renewable energy levels in the ERCOT electricity market (Texas) under different scenarios combining storage availability and emissions taxes. Renewable energy is modelled as a cyclic stochastic process, which is a natural approach to wind and solar generation patterns. There are recurring distributions, and means, of VRE for each of the two periods in the day. The model is a partial equilibrium, short term, dynamic stylized representation of electricity dispatch which assumes perfect competition, no startup costs or dynamic frictions, no transmission externalities, no intermittency costs and fixed capacities for all generation types.

Electricity demand and generation costs are paremeterized with publicly available information for 2015 on hourly load, generation, fuel use and prices, from the US EIA and ERCOT; hourly CO2, NOx, and SO2 emissions from the US EPA and hourly wind power output from ERCOT. Storage efficiency parameters are taken from the literature (De Sisternes et al., 2016) and its initial levels are exogenously assigned based on ERCOT projections for 2020.
Preliminary results

Electricity storage and emissions taxes are complements since accounting for the external and intertemporal costs leaves no room for deadweight losses that could be exacerbated either by competitive storers or by the lack of flexibility in allocating energy when it is most valued. Their joint implementation delivers the highest net welfare and wind power value gains compared to a baseline of neither storage nor taxing. Implementing storage basically arbitrages coal offpeak power (hours 0-11) for natural gas peak power (12-23), and when adopted in large scale without environmental taxes, it increases NOx and SO2 emissions in comparison to a baseline scenario with emissions taxes but no storage. 

Taxing or implementing storage increases the dynamic value of wind power and their joint use leads to the largest increase. For 2015 wind power levels (average capacity  of 11,362 MW serving 11% of load), the average ideal arbitrage levels range between 6.600 and 6.681 MW for the scenarios without and with tax respectively. This represents almost twenty times the amount of the planned storage. Nevertheless, the optimal storage should be less given that its positive marginal value would equate the cost of technology. Assessing this value is a next step. Levying emissions taxes decreases the optimal storage/arbitrage level since it internalizes the damages entailed in arbitraging dirty for clean generation between the offpeak and peak periods. 

Conclusions
Assessing the full potential economic value of intermittent renewable energy requires considering the dynamics of electricity storage and its interaction with emissions taxes. Implementing both instruments leads to the most efficient outcome by properly accounting for the externality related deadweight loss and for the flexibility in allocating energy when it is most valued. This joint implementation is especially welfare enhancing at the initial stages of adoption of storage.

This work emphasizes that, to maximize the value of intermittent renewables and storage, it is critical to tax emissions, since doing so ensures that energy is allocated when it is most socially valuable. This first-best value should lead the economic and policy evaluation of investments in renewable energy and storage capacity.
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