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Overview

Higher penetration of Variable Energy Resources (VER) such as solar and wind increases the variability and uncertainty of net electrical load and therefore augments the need for dispatching resources with sufficient ramping capability (RC)  to adjust their power output and help strike a balance between demand and supply. Independent System Operators (ISOs) in the U.S. have explored alternate scheduling processes to ensure the provision of enough RC, including the implementation of look-ahead Unit Commitment (UC) and Economic Dispatch (ED) algorithms, and the creation of RC products. For example, the Midcontinent Independent System Operator (MISO) - serving 42 million people and containing over 175GW of total generation capacity, including 13GW of wind – has recently implemented a look-ahead UC algorithm close to real time that optimizes over the next several intervals. However, the current real-time ED algorithm does not look ahead to  ensure that potential future ramping needs are met, and as a consequence the system may not have access to sufficient RC in some real-time intervals. When shortages of RC are forecasted, MISO’s operators make out-of-market adjustments to the optimal schedules suggested by the UC and ED algorithms. In 2016, MISO plans to implement a modified UC/ED algorithm that directly accounts for the economic value of provisioning an adequate level of RC as represented by a demand curve of ramping. In the context of these modifications two new “products” arise: up ramp capability (URC) and down ramp capability (DRC). URC and DRC are different from other ancillary services. Generators will not separately offer RC; instead by submitting an offer to provide energy in the day-ahead, they offer to provide whatever combination of energy and RC the dispatch model finds most cost-effective to the system. Generators selected to provide RC will be paid based on their opportunity cost of doing so. Similar to reserves, the real-time dispatch may or may not deploy the RC procured in prior intervals. MISO’s plan is presented in two pieces by Navid and Rosenwald [1]-[2], in a cost-benefit analysis by Navid et al. [3], and in a proposal that has been conditionally approved by the Federal Energy Regulatory Commission [4]. 
The purpose of this work is to further explore the economic, environmental, and reliability costs and benefits of RC products in an analysis that differs from previous studies in: a) the detail of representation of MISO’s power generation fleet, b) the length and time-resolution of the period of analysis, c) the consideration of environmental benefits, d) the consideration of high wind penetration scenarios, e) the estimation of uncertainty margins for determining RC products as a function of factors known to affect net load, and f) the exploration of performance of ramp-capability products under different design parameters, system penalties for under/over generation, and scarcity pricing. 
Methods

We simulate 10-minute operations of a test system for three month intervals representing three seasonal load profiles and two scenarios with low(%) and high(%) wind penetration. Three baseline models were developed to represent the standard market clearing process (StdMC): day-ahead unit commitment (B-DAUC), day-ahead economic dispatch (B-DAED), and real-time economic dispatch (B-RTED). The two day-ahead models use day-ahead forecasts of load and wind generation to produce optimal hourly commitment, generation, and reserve schedules and market prices for a 24-hour period. A single iteration of the B-DAUC/B-DAED model optimizes over the full 24-hour period. The B-RTED model takes as inputs the commitment schedule from the day-ahead market and actual load and wind power levels, and produces the least-cost generation and reserve schedules and market prices for a single 10-minute interval (without considering future forecasts). A full one-day simulation consists of one iteration for each of the B-DAUC and B-DAED models and 144 (i.e. 6 intervals/hour [image: image2.png]


 24hours) runs of the B-RTED model. The market clearing process with RC products (RCMC) is represented with a second set of models that include the ramp capability products: RC-DAUC, RC-DAED, RC-RTED. We set up a baseline system that has 6% of MISO’s generation capacity and load and contains roughly the same proportion of coal, natural gas, nuclear, and wind power of MISO in year 2009 as reported in [3].  The low-wind penetration system has current levels of wind power capacity (i.e. 6% of total MISO capacity) while the high wind penetration system has 3 times as much installed capacity. The wind generators included in both the low and high wind systems correspond to wind sites included in the National Renewable Energy Laboratory’s Eastern Wind Integration and Transmission Survey (EWITS), selected from the MISO states. 
Results
RC products improve system reliability, particularly as wind penetration increases (Fig. 1). Energy and spinning reserve shortages in the real-time are reduced for the RCMC model.  Also, RCMC reduces system costs which we calculate by estimating generators’ revenue (equal to the market revenue –from energy, reserve, and RC sales- plus uplift payments which compensate generators when market revenue is insufficient to cover both fixed and marginal costs). There is a slight increase of $1.6 - $2.7/MWh in the real-time prices under normal (non-shortage) conditions but this is more than offset by a reduction in price spikes, leading to overall average real-time energy market clearing prices that are 15% to 35% lower ($74/MWh-$140/MWh) than under the StdMC (Fig. 2).
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Uplift payments are calculated daily and equal the difference in market revenue received and costs incurred – consisting of fuel, no-load, and startup costs- by each generation unit. Depending on the month and wind scenario, uplift payments are 2%-20% lower and total system costs are 12%-30% lower when RC products are included (Fig. 3). 
We expected that introducing RC products would cause fuel switching from coal generators to more flexible natural gas units. This expectation holds true for 4 out of 6 month/wind combinations. RC products reduce coal-fired generation by 0.02% to 0.19% except for the high wind scenarios of January and April when it increases by 0.05% and 0.11% respectively. Due in part to this increase in coal use and none or modest reduction in wind curtailment, operational CO2 emissions are higher with RC products relative to the baseline in high wind scenarios of January and April by 0.11% and 0.26%. There is also a small increase in emissions (0.05%) for January under low wind. For the rest of the month/wind scenario combinations RC products reduce CO2 emissions by 0.03% to 0.35%.
Conclusions

Within our scaled-down representation of MISO’s power system, we find that the introduction of RC products accomplishes the objective of facilitating wind integration while reducing system costs. Further, these benefits occur hand-in-hand with an improvement in reliability via reductions in the magnitude and frequency of intervals with energy or reserve shortages. We find that the RC products significantly improve system reliability, particularly as wind penetration increases. The occurrence of energy and spinning reserve shortages in the real-time is in general reduced for the RCMC model. Additional market clearing simulations to assess the effect of changes in the price caps assigned to URC and DRC, under and over generation penalties, and reserve scarcity pricing for the high wind scenario, demonstrate that a) if URC/DRC prices are lower, the cost and reliability advantages of RCMC over StdMC are reduced, and b) the superior cost and reliability performance of RCMC relative to StdMC holds and is sometimes enhanced when over/under generation penalties and scarcity prices are higher
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