Integrating Distributed Energy Resources into Electricity Markets 
Introduction

The electric power system is one of the most complex, interconnected engineering systems in existence.  As this system evolves under the combined influence of restructuring, technological advances and restrictions on pollutant emissions, distributed energy resources organized into microgrids will have an important role in the electric power system.  Nonetheless, there are significant obstacles that prevent distributed energy resources, DER, from achieving their anticipated potential.  In particular, these resources, including small-scale generation, renewable energy technologies, and demand response, are distinctly disadvantaged with respect to central generating facilities as a consequence of being excluded from most regional energy and ancillary services markets. This project proposes to develop a price-based signal to facilitate significantly increasing DER penetration in the power system by coordinating their participation in electricity markets.  This proposal addresses the critical need of developing a new strategy that will effectively integrate DER and microgrids into power system markets, recognizing that these technologies will be part of an industry that is increasingly competitive, decentralized and required to reduce greenhouse gas emissions.

The initial focus of microgrid research efforts [8] has been to develop the ability for a microgrid to island itself and then seamlessly re-synchronize in any situation in which it might otherwise cause harm (in terms of reliability or stability) to the high voltage grid.  The technology to operate and control microgrids as autonomous units within the power system and electricity markets does not yet exist.  What is proposed here, is (i) to expand the concept and design of a microgrid to include active demand response technologies, (ii) to develop a price-based signal that allows customers and suppliers within a microgrid to participate in electricity markets, both locally and at the high voltage level, and (iii) to demonstrate the ability of DER to help reduce overall power system greenhouse gas production.  The contribution of this project comes through the unique integration of power system operations, economic theory and agent learning to the design and demonstration of this price-based signal that incorporate distributed technologies into electricity and services markets, responding to society’s need for a clean, efficient and reliable electric power system.
Research Plan

The proposed research project will develop and demonstrate a market signal drawing upon the concepts of frequency droop and own price elasticity in order to create a proposed signal defined as price droop, which will act at any time scale from the secondary to the tertiary dynamics level (i.e., minutes to day-ahead markets, and possibly longer).  This proposed microgrid price signal framework, shown in figure 1, is designed to coordinate the local dispatch of demand and supply in order to sell electricity and ancillary services (A/S) both within the local microgrid and also to more distant customers, to the extent possible.  
Figure 1 illustrates the projected flow both of energy and information:  between individual DER, from DER to the microgrid coordinator, between microgrid coordinators, and from each microgrid to the system’s central control center (assumed to be operated by the independent system operator, ISO).  Though only one microgrid is shown in detail, all microgrids will have the same structure.  Details of the energy and data transmitted between entities are as follows:
· Flows between DER within a single microgrid

· Figure 1 shows basic power system parameters being shared between individual distributed resources, including real and reactive power (both generation and load) and bus voltage.

· Individual DER are assumed (initially) to not directly communicate additional information with each other, such as desired price droop values or marginal cost coefficients.

· Flows from individual DER to the local microgrid coordinator, located at the distribution substation
· Basic power system parameters – real and reactive power flow, voltage and frequency – are communicated to the microgrid coordinator either through direct communication from individual DER or through sensors located throughout the microgrid.

· The proposed price droop signal to be developed through this project will be communicated between individual DER and the microgrid coordinator.  This signal is highlighted in figure 1 and indicated with the symbol λi_droop.  With multi-agent models, each DER will communicate (and iteratively negotiate/learn) optimal values to be used in the coordinated price droop calculation.  
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· Flows from the microgrid coordinator to the ISO (and between microgrids)

· The communication and quantities transmitted from each microgrid coordinator to the ISO control center mirrors the communication from DER to the local microgrid coordinator.  In addition, there will typically be net power flows through each microgrid coordinator (substation), unless the microgrid is islanded.  The value ‘A/Snet’ indicates the supply and demand of ancillary services to, from and between microgrids.  

· The ISO control center will be able to transmit control signals to the microgrid, either in aggregate for the microgrid coordinator to assign among the DER, or directly to individual DER through the microgrid coordinator.

Task 1 – Months 1 to 12 – Develop coordinated price droop signal and Matlab models:  The basic market clearing dynamic in a competitive market relies upon the independent actions of customers and suppliers as they respond to price changes according to their own price elasticities.  Price elasticity is defined as the percent change in quantity (demand or supply) for a given percent change in price.  This is an open loop response, and within an isolated system could lead to instability if generators and responsive load act without coordination [6].  For example, a price increase would cause suppliers to increase their output, while customers would decrease their demand, resulting in an energy imbalance.  Distributed resource response based strictly upon own price elasticities is consistent with competitive markets, and acceptable for DG participation in bulk energy markets.  However, this dynamic would result in a net energy imbalance within a microgrid if resources respond strictly in an open loop manner, based on their independently determined elasticity.  

Building upon the concepts of frequency droop from power system operations and own price elasticity from economics, the proposed research project introduces the concept of price droop as a means for coordinating DER behavior and facilitating DER participation in the markets [6].  Patterned after the definition of frequency droop, price droop is defined to be the percentage change in price for a given percentage change in power supplied or consumed.  The inverse price droop is then used by each resource to determine its change in power in response to a change in price.
To calculate price droop in a centralized and coordinated manner, multiple runs of an optimal power flow are used to obtain the change, Δλ, in the system spot price from a specified load (or other) system disturbance.  Next, the ‘desired’ response in terms of power output or consumption from each resource, ΔPi, is calculated.  A first method to set each resource’s ‘desired’ ΔPi is simply for the central operator to determine each resource’s ΔPi based on the relative capacities of all participating resources.  Once each ΔPi value is determined, the price droop for each resource can be calculated according to
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where λ is the price, Pi_G,L represents either generator output or load consumption, respectively, and the subscript ‘0’ indicates the reference values (i.e., the initial price, or the maximum load or generating capacity).  These droop values are then used for a fixed period of time to determine each resource’s response to a system disturbance.  
As with frequency droop, use of the price droop ensures that distributed resources act together to maintain a local energy balance, rather than fighting against each other as they could when acting individually based upon own price elasticities.  This mechanism will be particularly useful in microgrids that are dominated by facilities interconnected via power electronics, and thus are without synchronized generators with large inertia to provide the traditional frequency droop response.  The development and demonstration of the price droop, and its use in performing the traditional function of frequency droop within a microgrid, is a major contribution of this proposed research project.
Note that the ‘desired response,’ ΔPi, introduced above, can be determined centrally through the ISO control center in a prorated manner.  Alternatively, this value can be the lever that each DER has in order to negotiate its own price droop with other participating DER.  The simple method of centrally determining an individual resource’s droop value from the perspective of the power system’s central control center is inconsistent with competitive markets, in which each resource would be able to decide its own droop value in coordination with other resources and a microgrid coordinator.  A scheme that better captures the competitive market dynamic and competing participants’ behavior and determination of each ΔPi is that of multi-agent modeling [2], [3], [9], discussed next. 

Multi-Agent Microgrid:  The increased intelligence in power system facilities suggests the use of intelligent agents when modeling these devices.  In addition, software running the devices that will be part of microgrids is increasingly itself agent-based, revealing the necessity of modeling and simulating microgrid facilities via intelligent software agents.  Intelligent agents are able to adapt, learn and act independently in order to achieve their goals [10]. 
For the proposed project, a multi-agent framework will be developed in which each distributed resource will negotiate its own price droop through interacting with other distributed resource agents and the microgrid coordinator.  It will be the microgrid coordinator’s responsibility to maintain given performance criteria such as energy balance, net substation flow (analogous to tie-line flow), and the voltage profile.  The agents will learn according to Q-learning techniques, a form of reinforcement learning.  This learning algorithm is readily accessible to Smith undergraduate researchers, who have access to three courses on artificial intelligence (two offered in computer science and one in engineering). 
Task 2 – Months 10 to 18 – Run models and analyze case studies:  The models developed for this project will focus on demonstrating DER and microgrid market performance, with an awareness of system reliability issues (as was done in [4], [5]).  MATPower [11] will be used for power flow and optimal power flow simulations, in order to establish the system operating point for different load levels and system configurations.  
The DER agents’ goal will be to maximize profit in the energy and ancillary services markets, while cooperatively (with the other agents) maintaining the required system performance measures such as energy balance and voltage profile.  These simulations will demonstrate the ability of DER and microgrids to participate in markets without being required to participate in a centrally administered control strategy.  
The simulations will be evaluated according to:

· The speed with which the system reaches steady-state following a disturbance (e.g., price equilibrium, desired voltage profile, 60Hz frequency).
· The speed with which the system returns to equilibrium as a function of the number of facilities.

· The effect of different time scales in which the DER are allowed to update their individual settings that are used to determine each resource’s price droop value.  

· The speed with which the system returns to equilibrium as a function of noise and delay in the communications network.

· The effectiveness of the price signal determined by the ISO operator versus the price signal being determined through multi-agent interactions. 

Once the modeling framework is developed, it will be used to analyze a variety of case studies, such as:  
· Reduce Emissions:  Though much of the decrease in greenhouse gas emissions will come from changes at the high voltage level, a significant amount of these reductions will also come from changes at the distribution level facilities and customer behavior (microgrids).  Potential case studies include analyzing the effectiveness and impact of (i) mandates from state level renewables portfolio standards, RPS, and (ii) the price based signals developed in this project to reduce customer demand and so reduce emissions.  
· Minimize Market Power:  As electricity market design progresses, significant effort is placed upon designing complicated rules to prevent market power abuse from large generating facilities while relatively little effort has been placed on removing the underlying problems – the lack of demand response and the relatively small number of competing suppliers.  This project offers a means to address both of these issues.  The price droop model will be used to demonstrate the effectiveness of integrating demand response into microgrid operations, grid operations and electricity markets.  The price droop models will demonstrate the ability of individual DER to aggregate via the price droop signal, and thus participate in bulk electricity markets as a unified resource.     
In summary, the proposed research project will help promote the evolution of the electric power system to a distributed utility architecture by demonstrating the effectiveness of distributed energy resources in meeting the demand for clean and reliable electricity through the use of distributed (including renewable energy) generators and demand response.  The distributed resources will be organized into microgrids, further verifying the importance of this concept for the future electric power industry, and will be integrated into regional system operations through expanded market structures.  
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Task


1) Develop agent modeling framework


1a) 	Identify characteristics of the different types of customers & generators


1b) 	Create agent models of individual customers, generators, microgrid coordinator, and ISO, incorporating the price droop signal and learning algorithms


1c) 	Integrate individual agent models into a system model and ensure convergence under price droop framework





2) Run models and analyze case studies


2a)	Verify model behavior with respect to economic theory and observed market behavior


2b)	Develop case studies in terms of agents’ objectives and constraints


2c)	Run and analyze case studies





3) Prepare publications and final report














Figure 2:  Research Task Timeline
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Figure 1:  Energy and Information Flows in a Distributed Utility
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