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Table 1: Result of continuous-time UC model for different values of modeling accuracy

Table 2: Result of discrete-time UC model for different values of modeling accuracy
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Fig. 1: Modeling fidelity of decision trajectories in electricity markets: (a) Day-ahead generation trajectory, (b) Realtime generation trajectories associated with net-load realizations, (c) up and down flexibility reserve capacity trajectories.
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· RES: Renewable Energy Sources
· ES: Energy Storage
· UC: Unit Commitment
· LVSE: Locational Value of Stored Energy
· MILP: Mixed-Integer Linear Programming
· LMP: Locational Marginal Price
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Large-scale integration of intermittent renewable energy sources (RES) is calling for additional flexibility resources as well as more advanced modeling and optimization techniques to account for the increasing uncertainty and variability in power systems operation. As the RES integration gains momentum, the magnitude and frequency of their variations increase, which may trigger ramping scarcity events in real-time power systems operation. This necessitates revisiting the present definition of power systems flexibility and reserve services to reflect their robustness and adequacy towards sub-interval variations of the load and RES, as well as adjusting the operation models to accommodate the new reserve services.
This project took a fundamental approach and aimed at developing continuous-time scheduling and pricing model that accurately models the continuous-time variations of load and RES and efficiently deploys the ramping capability of flexible resources to compensate the sources of variability and uncertainty in the market. In this regard, this project pursued the following goals: 
Developing stochastic multi-fidelity continuous-time optimization models for scheduling of energy storage (ES) systems and flexible loads in wholesale energy markets
Developing the theory and practices of continuous-time locational marginal pricing for valuating energy storage systems and flexible loads in wholesale energy markets
Developing function space solution approach to convert the proposed stochastic multi-fidelity continuous-time optimization models into tractable mixed-integer linear optimization models
Defining flexibility reserve as a new type of reserve in markets that would enable ultimate participation of energy storage devices in provision of services to compensate the variability and uncertainty of RES in electricity markets

This project successfully completed all five major tasks defined in the SOPO, and produced 8 high-impact journal papers, 6 conference papers, 3 published U.S. patents, and one web-based software for continuous-time operation optimization of power systems. The application of the proposed flexibility reserve and the stochastic multi-fidelity continuous-time operation scheduling models would modify the forward commitment and schedule of generating units, ES devices and flexible loads, and would line up the resources in such a way that the composition of available resources is better prepared to respond to the sub-hourly variations of the load and renewable resources in real-time operation. Therefore, this project paves the way to sustainable, reliable, and economic integration of renewable energy resources in power system, supporting the progress towards reaching the national targets on energy independence. Even if the proposed models offers a radically different point of view as compared to existing models, it does not alter fundamentally the architecture of power systems operations, nor the complexity of the scheduling problem, so the integration of this project in power systems is extremely practical.

[bookmark: _Toc513462903][bookmark: _Toc513463335]Objectives
Background and Motivation: Wholesale electricity market operation is a stochastic, continuous-time, mixed-integer optimization problem that is broken into different time scales, from several days ahead to the real-time market operation, each taking care of certain finite set of commitment status and operation schedules. Among the markets, it is in the day-ahead market that most of the electricity trading occurs. The day-ahead market is cleared through the solution of Unit Commitment (UC) problem, the objective of which is to determine a forward schedule that balances the electricity generation and load demand at minimum cost, while respecting the resources physical constraints that limit the evolution of feasible generation schedules in time, as well as the transmission network conservation laws and flow limits. Reserve capacity, whose availability is also co-optimized in the security-constrained UC, is used to cater for any residual error in the forward decision. 
Large-scale integration of intermittent renewable energy sources (RES) is calling for additional flexibility resources as well as more advanced modeling and optimization techniques to account for the increasing uncertainty and variability in power systems operation. As the RES integration gains momentum, the magnitude and frequency of their variations increase, which may trigger ramping scarcity events in real-time power systems operation. This necessitates revisiting the present definition of power systems flexibility and reserve services to reflect their robustness and adequacy towards sub-interval variations of the load and RES, as well as adjusting the operation models to accommodate the new reserve services.
Project Goals: This project took a fundamental approach and aimed at developing continuous-time scheduling and pricing model that accurately models the continuous-time variations of load and RES and efficiently deploys the ramping capability of flexible resources to compensate the sources of variability and uncertainty in the market. In this regard, this project pursued the following goals: 
Developing stochastic multi-fidelity continuous-time optimization models for scheduling of energy storage (ES) systems and flexible loads in wholesale energy markets
Developing the theory and practices of continuous-time locational marginal pricing for valuating energy storage systems and flexible loads in wholesale energy markets
Developing function space solution approach to convert the proposed stochastic multi-fidelity continuous-time optimization models into tractable mixed-integer linear optimization models
Developing flexibility reserve as a new type of reserve in markets that would enable ultimate participation of energy storage devices in provision of services to compensate the variability and uncertainty of RES in electricity markets
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The hypothesis guiding this project is that a crucial bottleneck lies in the representation of the actual continuous-time scheduling decision space in the scheduling problems in electricity markets. Thus, our focus was to improve the accuracy in representing the evolution of decisions and constraints of the scheduling problem over time. In fact, the dispatchable capacity of the resources and their commitment decisions are continuous-time variables and the generating units’ commitment and ramping limits are continuous-time inter-temporal constraints. Hence, the scheduling problem is a continuous-time optimal control problem in nature. The current discrete-time scheduling models approximate the continuous-time trajectories with hourly temporal samples, implying that units shall follow piecewise constant generation trajectories from one hourly schedule to the next. The piecewise constant generation trajectories are a zero-order approximation of their higher-order continuous-time counterparts that populate the actual decision space over time. This project proposed a novel stochastic multi-fidelity continuous-time scheduling model that offers a different approach to sampling the information and decision variables in the wholesale markets operation. The proposed stochastic multi-fidelity continuous-time scheduling model schedules the optimal continuous-time power trajectories of dispatchable generation resources and ES systems to balance the continuous-time variations of load and RES, respecting the transmission network constraints. The proposed model reduces the approximation error in describing the continuous-time ramping phenomena in the day-ahead operation, capturing more accurately the essential information available about the load and RES evolution in time, while revealing the potential operational flexibility of generating units and ES systems that have significant impact on the day-ahead market solution, but is not captured by current UC formulation. This project first formulates the day-ahead UC problem as a stochastic continuous-time optimal control problem, then discretize the continuous-time UC decisions and form a decision space with countable dimensions. We then recast the stochastic continuous-time UC problem into a mixed-integer linear programming (MILP) optimization problem, where coefficients of projecting the continuous-time decisions in the finite-dimensional function space represent the decision variables of the discrete-time optimization problem. The resulting MILP formulation of our proposed stochastic continuous-time UC is a two-stage stochastic optimization model, where the first stage decisions model the day-ahead commitment and continuous-time scheduling decisions while the second stage schedules the continuous-time flexibility reserve capacity to compensate the variability and uncertainty of RES and load forecast in real-time operation. The unique feature of the proposed approach is that the uncertainty of RES and load forecast is modeled by continuous-time power trajectory realization scenarios. Therefore, the scheduled flexibility reserve capacity not only compensates the real-time energy imbalance, but also covers the resulting extra ramping requirements, effectively minimizing the risk of ramping scarcity events in the power grid.
The details of the proposed models and theorems in this project are described next.
Defining the Flexibility Reserve in Power Systems: This project defined a new ancillary service in electricity markets, called up and down flexibility reserves as the reserve trajectories that are provided by generating units and ES system to compensate the variability and uncertainty of net-load (load minus renewable generation) trajectory in power systems operation. The up and down flexibility reserves are characterized by the “day-ahead capacity” and “real-time deployment” trajectories. The flexibility reserve trajectory combines the balancing reserve and flexible ramping products in current markets into a single reserve product, as it embeds flexible ramping trajectories as time derivative of the reserve trajectories. Thus, the flexibility reserve not only supplies the real-time energy imbalance, but also the real-time ramping requirements by a single reserve product. The Flexibility Reserve is not currently defined nor utilized in electricity markets around the world, but this project shows that incorporating this new reserve in electricity markets would enable the reliable and cost-efficient large-scale integration of renewable resources in the power grid. More details on this technical contribution is presented in [J4], [J5].
Formulating Market Scheduling Problem as Stochastic Multi-Fidelity Optimization Problem: This project pioneered the application of stochastic multi-fidelity continuous-time optimization models in day-ahead and real-time operation scheduling of power systems. The proposed model integrates decisions with different levels of fidelity in a single stochastic optimization problem: day-ahead energy trajectories, day-ahead flexibility reserve capacity trajectories, and real-time flexibility reserve deployment trajectories are modeled with Bernstein polynomials with three different degrees as required to match the variability and uncertainty of load and RES in day-ahead and real-time operations. 
The proposed multi-fidelity optimization models in this project involve using three Bernstein function spaces with different fidelity to model three sets of decision trajectories, shown in Fig. 1, with different fidelity requirements. The day-ahead generation trajectories of generating units and ES systems are modeled with the same fidelity as the day-ahead load and renewable trajectories (Fig. 1-(a)). The real-time deployment trajectories of up and down flexibility reserve and renewable spillage are modeled with the same fidelity as the real-time load and renewable realization trajectories (Fig. 1-(b)). The up and down flexibility reserve capacity trajectories, however, are meant to provide adequate fidelity to follow respectively the up and down uncertainty requirements of net-load, which undergo even faster changes. Thus, the flexibility reserve capacity trajectories of generating units are modeled on a function space of higher fidelity Q” = Q + β (Fig. 1-(c)).
This project then developed a novel function space method to solve the stochastic multi-fidelity continuous-time optimization problems, which is based on reducing the dimensionality of the continuous-time decision and parameter trajectories by modeling them in a finite-order function space formed by Bernstein polynomials. The proposed method eventually converts the continuous-time problem into a mixed-integer linear programming problem with the Bernstein coordinates of the trajectories as the decision variables. The proposed model includes as a special case the current discrete-time stochastic UC model by choosing Bernstein polynomials of degree 0 for modeling all decision variables. More detail on this technical contribution is presented in [J4], [J5].


[image: ]
Fig. 1: Modeling fidelity of decision trajectories in electricity markets: (a) Day-ahead generation trajectory, (b) Realtime generation trajectories associated with net-load realizations, (c) up and down flexibility reserve capacity trajectories. Adopted from [J1]

Stochastic Continuous-time Uncertainty Characterization of Load and Renewable Generation: This project developed a model for characterizing the variability and uncertainty of load and RES by continuous-time stochastic processes. A second-order moment matching method is proposed to reduce the dimensionality of continuous probability spaces and Bernstein polynomials of different degrees are used to model the day-ahead mean and real-time realizations with different fidelity. More detail on this technical contribution is presented in papers [J4], [C1].
Continuous-time Pricing of Flexibility in Power Systems: This project developed the fundamental theory of continuous-time locational marginal pricing in power systems with ES systems and flexible loads. Using the optimality conditions of the proposed continuous-time optimization problems, it was proven in this project that the Lagrange multiplier trajectory associated with the continuous-time power balance constraint is the locational marginal price of energy in the presence of flexible resources (generating units, ES devices and flexible loads). The continuous-time locational marginal price is calculated in closed-form, which reveals that in addition to the incremental cost rates of generating units, the marginal price embeds the financial bids of ES devices and flexible loads in the markets. The closed-form locational marginal price formulas show that when generating units, ES devices, or flexible loads reach their ramping limits, time derivatives of the Lagrange multiplier associated with the binding ramping constraints appears in the price formula, causing a price spike that reflects the shortage of ramping in the system. This project showed that the ES operation in power systems establishes a temporal dependence between the marginal prices during the ES charge and discharge states. More detail on this technical contribution is presented in papers [J1], [J2] and [C2].
Continuous-Time Look-Ahead Optimization of Energy Storage in Real-Time Balancing and Regulation Markets: this project developed a novel continuous-time look-ahead optimization model for scheduling balancing and frequency regulation services provided by ES devices and generating units in real-time markets. The proposed model implements rolling horizon optimal control approach, where the schedule of ES devices and generating units are co-optimized to adequately provide the services and minimize the real-time operating cost of system over each look-ahead rolling control horizon. The real-time load trajectory in each rolling horizon is drawn from a proposed continuous-time Gaussian process load model that captures the underlying variability and uncertainty of load in short-term horizon. The proposed look-ahead scheduling model enables making the informed real-time decision for charging and discharging ES systems considering the need for the limited ES energy to provide services in future times. The proposed model integrates a continuous-time model for operation of ES devices, which more effectively captures the fast-ramping capability of ES devices to eliminate real-time ramping scarcity events. In addition, the proposed continuous-time model enables accurate modeling of the relationship between energy, power, and ramping trajectory of the ES devices, thus ensuring the availability of ES energy, power, and ramping capacity to provide the services in the system. Furthermore, the availability of ES energy to provide regulation services is ensured by explicit modeling of the upper and lower ES energy trajectories that respectively represent the full deployment of regulation down and up services provided by the ES devices. A solution methodology is also proposed to deal with the computational intractability of the infinite-dimensional continuous-time model. More specifically, the dimensionality of the proposed continuous-time optimal control problem is reduced by modeling it in a finite-order function space spanned by Bernstein polynomials. Using the proposed solution method, the optimal control problem over each control horizon is converted into a MILP problem, using which the optimal trajectories are calculated as corresponding decision variables. More detail on this technical contribution is presented in papers [J8] and [C4].

[bookmark: _Toc513462905][bookmark: _Toc513463337]Accomplishments and Conclusions
The following tasks were accomplished as specified in the final project SOPO:
1- Developed Models for Continuous-time Scheduling and Pricing of Energy Generation and Storage in Power Systems: This task developed a fundamental model for continuous-time scheduling and marginal pricing of energy generation and storage in day-ahead power systems operation. This task first formulated the economic operation problem of power systems with generating units and ES devices as a continuous-time optimal control problem, where the Lagrange multiplier trajectory associated with the continuous-time power balance constraint is proven to be the marginal price of energy generation and storage. The marginal price is calculated in closed-form, which reveals that in addition to the incremental cost rates of generating units, the marginal price embeds the financial ES charging offers and discharging bids that are defined as incremental charging utility and incremental discharging cost rates. This paper shows that the adjoint function associated with the ES state equation establishes a temporal dependence between the marginal prices during the ES charge and discharge states. A function space method is developed to solve the proposed model, which converts the continuous-time problem into a MILP problem with finite dimensional decision space. The completion of this task is resulted in papers [J1] and [C6]. 
2- Developed the Theorem and Formulas of the Locational Marginal Price of Electricity Generation and Storage: This task proposed the fundamental theory and closed-form formulas for continuous-time locational marginal price (LMP) of electricity generation and storage, which accurately integrates the spatio-temporal variations of load and operational constraints of power systems in the electricity price calculation in the presence of ES systems. More specifically, this task formulated the dynamic operation of ES systems in power transmission networks as a continuous-time optimal control problem, where the Lagrange multiplier trajectories of nodal power balance constraints are defined as continuous-time LMPs. In addition, the adjoint functions associated with ES state equations are calculated in closed-form, which define the locational value of stored energy (LVSE) in ES devices. The notion of LVSE is, then, leveraged to define incremental charging utility and discharging cost rates of ES devices, which pass on the spatio-temporal values of ES devices to the continuous-time LMPs. The completion of this task is resulted in papers [J3], [J6]. 
3- Developing Models for Scheduling and Pricing of Load Flexibility: This task developed a fundamental approach for scheduling and pricing of load flexibility in power systems operation. An optimal control model is proposed to co-optimize the continuous-time flexibility of loads with the operation of generating units to supply the flexibility requirements of the net-load, while satisfying delay-based and deadline-based service quality constraints of the flexible loads. A function space-based solution method is developed to solve the continuous-time problem, which is based on reducing the dimensionality of the continuous-time decision and parameter trajectories by modeling them in a finite-order function space formed by Bernstein polynomials. The proposed method converts the continuous-time problem into a mixed-integer linear programming problem with the Bernstein coordinates of the trajectories as the decision variables. The proposed method not only allows for full exploitation of the load flexibility through higher order solution spaces, but also includes the traditional discrete-time solution as a special case. This paper proves that the Lagrange multiplier associated with the continuous-time power balance constraint is the continuous-time marginal price of electricity in the presence of flexible loads. The marginal price is calculated in a closed from, which demonstrates the dependence of the price on the incremental cost rates of generating units, on parameters of the flexible loads, as well as on ramping limitations of generating units and flexible loads. The completion of this task is resulted in papers [J2], [C2].
4- Developed a Stochastic Multi-Fidelity Continuous-time Optimization Model for Scheduling Flexibility Reserve in Electricity Markets: This task proposed a novel stochastic optimization model for multi-fidelity scheduling of energy and flexibility reserve capacity in day-ahead operation. The proposed model, formulated as a two-stage stochastic optimization problem, co-optimizes day-ahead decision trajectories in the first stage with higher-fidelity real-time decision trajectories in the second stage. The term fidelity refers to the modeling accuracy of parameters and decision trajectories in the optimization problem. The proposed multi-fidelity modeling approach enables integrating and optimizing different decision trajectories with different levels of accuracy in a single optimization problem. This task defines flexibility reserve trajectory that combines the balancing reserve and flexible ramping products in current markets, as it embeds flexible ramping trajectories as time derivative of the reserve trajectories. Thus, the flexibility reserve not only supplies the real-time energy imbalance, but also the real-time ramping requirements by a single reserve product. The variability and uncertainty of load and RES are characterized by continuous-time stochastic processes. A second-order moment matching method is proposed to reduce the dimensionality of continuous probability spaces and Bernstein polynomials of different degrees are used to model the day-ahead mean and real-time realizations with different fidelity. The proposed model integrates decisions with different levels of fidelity in a single stochastic optimization problem: day-ahead energy trajectories, day-ahead flexibility reserve capacity trajectories, and real-time flexibility reserve deployment trajectories are modeled with Bernstein polynomials with three different degrees as required to match the variability and uncertainty of load and RES in day-ahead and real-time operations. The proposed model includes as a special case the current discrete-time stochastic scheduling model by choosing Bernstein polynomials of degree 0 for modeling all decision variables. In a follow up work, this task was extended to include ES systems in the proposed model and schedule flexibility reserve for both generating units and ES systems. The completion of this task is resulted in papers [J4], [J5].
5- Evaluation of Accuracy and Computational Complexity of Stochastic Continuous-time Unit Commitment: This task developed an analytical approach for evaluating the accuracy of the proposed model given different levels of modeling fidelity for load profile and generation schedule. In this regard, the proposed model is implemented on the IEEE reliability test system and solved for different values of modeling accuracy as given by the degree of Bernstein polynomials. In addition, the discrete-time model is also tested for different values of time discretization. The results are shown in Table 1 and 2 below, respectively for the continuous-time and discrete-time models. The results in Table 1 indicates that as the degree of Bernstein polynomials increases, both day-ahead and real-time operation costs decrease, highlighting that the accurate modeling of decision and load trajectories, as well as the inequality constraints of the continuous-time UC problem could more effectively harvest the flexibility of generating units and leads to operation costs even less than the discrete-time models of very small granularity in Table 2 (e.g., 5-minute model). Additionally, all continuous-time models outperform discrete-time models in terms of quality of supply and the number of scarcity events, as the models of degree 1 and 2 respectively experience 3 and 1 scarcity events while the models of degree 3 and 4 do not experience any scarcity events. The continuous-time models are all computationally efficient and the highest simulation time attributed to the continuous-time model of degree 4 is still less than that for half-hourly model. 



Table 1: Result of continuous-time UC model for different values of modeling accuracy
[image: ]


Table 2: Result of discrete-time UC model for different values of modeling accuracy
[image: ]

The application of the proposed continuous-time operation scheduling models would modify the forward commitment and schedule of generating units, ES devices and flexible loads, and would line up the resources in such a way that the composition of available resources is better prepared to respond to the sub-hourly variations of the load and renewable resources in real-time operation. Therefore, this project paves the way to sustainable, reliable, and economic integration of renewable energy resources in power system, supporting the progress towards reaching the national targets on energy independence. Even if the proposed models offer a radically different point of view as compared to existing models, it does not alter fundamentally the architecture of power systems operations, nor the complexity of the scheduling problem, so the integration of this project in power systems is extremely practical.
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This project in total generated 8 high-impact journal papers, 6 conference papers, 3 published U.S. patents, and one web-based software for continuous-time operation optimization of power systems. These products are listed below:

Journal Papers:
[J1] R. Khatami, M. Parvania, P. Khargonekar, “Scheduling and Pricing of Energy Generation and Storage in Power Systems,” IEEE Transactions on Power Systems, vol. 33, no. 4, pp. 4308-4322, July 2018.
[J2] R. Khatami, M. Heidarifar, M. Parvania, P. Khargonekar, “Scheduling and Pricing of Flexible Loads in Power Systems,” IEEE Journal of Selected Topics in Signal Processing, vol. 12, no. 4, pp. 645-656, Aug. 2018.
[J3] R. Khatami, M. Parvania, “Continuous-time Locational Marginal Price of Electricity,” IEEE Access, vol. 7, pp. 129480-129493, 2019.
[J4] R. Khatami, M. Parvania, A. Narayan, “Flexibility Reserve in Power Systems: Definition and Stochastic Multi-Fidelity Optimization,” IEEE Transactions on Smart Grid, vol. 11, no. 1, pp. 644-654, 2020.
[J5] R. Khatami, M. Parvania, “Stochastic Multi-Fidelity Scheduling of Flexibility Reserve for Energy Storage,” IEEE Transactions on Sustainable Energy, vol. 11, no. 3, pp. 1438-1450, July 2020.
[J6] R. Khatami, M. Parvania, “Spatio-Temporal Value of Energy Storage in Transmission Net-works,” IEEE Systems Journal, vol. 14, no. 3, pp. 3855 - 3864, 2020.
[J7] A. Bagherinezhad, R. Khatami, M. Parvania, “Continuous-Time Look-Ahead Flexible Ramp Scheduling in Real-time Operation,” International Journal of Electrical Power and Energy Sys-tems, vol. 119, pp. 105895, July 2020.
[J8] B. Li, A. Bagherinezhad, R. Khatami, M. Parvania, “Continuous-time Look-ahead Optimization of Energy Storage in Real-Time Balancing and Regulation Markets,” IEEE Systems Journal, in press, 2020.

Conference Papers:
[C1] R. Khatami, M. Parvania, P. Khargonekar, and A. Narayan, “Continuous-time stochastic modeling and estimation of electricity load,” in Proc. 2018 IEEE Conference on Decision and Control (CDC), 2018, pp. 3988–3993. 
[C2] R. Khatami, M. Parvania, K. Oikonomou, “Continuous-time Optimal Charging Control of Plug-in Electric Vehicles,” in Proc. IEEE Innovative Smart Grid Technologies (ISGT) Conference, Washington, DC, Feb. 2018.
[C3] R. Khatami, M. Parvania, A. Bagherinezhad, “Continuous-time Model Predictive Control for Re-al-time Flexibility Scheduling of Plugin Electric Vehicles,” in Proc. 10th IFAC Symposium on Control of Power & Energy Systems (CPES2018), Tokyo, Japan, September 4-6, 2018.
[C4] R. Khatami, M. Parvania, P. Khargonekar, “Continuous-time Look-Ahead Scheduling of Energy Storage in Regulation Markets,” in Proc. 52nd Hawaii International Conference on System Sciences (HICSS), Maui, HI, January 8-11, 2019. (nominated for best paper award).
[C5] A. Bagherinezhad, M. Parvania, “Continuous-time Flexible Ramp Scheduling in Forward Power Systems Operation,” in Proc. 2019 IEEE PES General Meeting, Atlanta, GA, August 4-8, 2019.
[C6] R. Khatami, M. Parvania, “Optimal Coordination of Energy Storage and Generation Flexibility in Transmission Networks,” in Proc. 2019 IEEE PES General Meeting, Atlanta, GA, August 4-8, 2019. (best paper award).  

Patents: 
[J1] M. Parvania, R. Khatami, “Systems and Methods for Managing Power Generation and Storage Resources,” United States Patent 10509374, December 2019.
[J2] M. Parvania, “Systems and Methods for Managing Power Generation Resources,” United States Patent 10282687, May 2019.
[J3] M. Parvania, A. Scaglione, “Systems and Methods for Power System Management,” United States Patent 10296030, May 2019.

Websites:
Metis: An Online Software for Continuous-time Operation Optimization of Power Systems: https://usmart.ece.utah.edu/metis/ 
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