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Budget Constrained Planning to Optimize Power System Reliability Richard E. Brown, Member, IEEE, and Michael Marshall, Member, IEEE



Abstract—De-regulation and re-regulation are forcing electric utilities to become more cost conscious. At some utilities, this has manifested itself in drastically reduced capital budgets. At the same time, utilities are under great pressure to maintain (and even improve) system reliability. With reduced budgets, it becomes necessary to establish accept/reject criteria that best allocates the budget while obtaining the highest possible system reliability. This paper presents a Budget Constrained Planning method to handle this situation. This method formulates project approvals as a rigorous optimization problem and uses a marginal cost/benefit approach similar to economic dispatch. Budget Constrained Planning is applied to the 1999 discretionary projects fund at Ameren Corporation and results are discussed.



I. INTRODUCTION



E



LECTRIC utilities are beginning to radically change the way that they do business. This is due to a combination of government legislation and changing customer needs. The Public Utilities Regulatory Policy Act of 1978 (PURPA) and the National Electric Policy Act of 1992 (NEPA) have forced electric utilities into a competitive environment. At the same time, customers are utilizing more sensitive electronic equipment and are demanding higher levels of reliability. These two market forces are tugging in opposite directions—pricing concerns are pressuring utilities to spend less and reliability needs are pressuring utilities to spend more. In the past, utilities have operated on a cost-plus basis. This allowed utilities to fund “necessary” capital projects and then roll the cost of these projects into the rate base [1]. This allowed utilities to aggressively tackle capacity and reliability problems, but gave little incentive to reject projects with small value. Further, capital projects had a tendency to be “gold plated” since their was little incentive to keep costs low. This cost-plus system resulted in very reliable, but very expensive distribution systems. Such systems are a pleasure for engineers, but are not cost-effective in a competitive environment. In response to deregulation, nearly all investor owned utilities have undergone massive cost cutting efforts in recent years. These efforts have successfully reduced budgets, but have not allowed engineers and planners to maintain, upgrade, and expand the system as they have in the past. The impact of this is becoming apparent as the reliability of neglected areas begins to degrade. Manuscript received August 13, 1998. R. E. Brown is with Electric Systems Technology Institute, ABB Power T&D Company Inc., 1021 Main Campus Drive, Raleigh, NC 27606. M. Marshall is with Ameren Corporation, One Ameren Plaza, St. Louis, MO 63166. Publisher Item Identifier S 0885-8950(00)03832-3.



How can a utility improve reliability while cutting costs? Maybe it cannot, but it can assure that each dollar spent on the distribution system is buying the most reliability possible. It may seem obvious, but a competitive utility with a fixed budget must spend this budget in the best possible manner. This process is referred to as Budget Constrained Planning [2]. Budget Constrained Planning (BCP) is not magic. It simply states that budgets have a fixed ceiling, and spending must be reduced to be at or below these budgetary constraints. To do this, some projects that would have been approved in the past can no longer receive funding. Other projects will still be approved, but at reduced funding levels. Projects, in a sense, will compete for each other for funding. This was true for discretionary funding in the past, but is true for all projects of the future. The result of a Budget Constrained Planning process is an optimal budget allocation that identifies the projects that should be funded and the level of funding for these projects. This process allows service quality to remain as high as possible for a given level of funding—allowing electric utilities to be competitive, profitable, and successful in the new environment of de-regulation. This paper describes a new method of budget constrained planning and the implementation on this method at Ameren Corporation (formerly Union Electric and Central Illinois Public Service). It uses an economic dispatch approach to allocate project options based on a marginal cost/improved reliability measure. This method has been used to allocate the 1999 discretionary capital projects fund at Ameren Corporation.



II. PROJECTS AND PROJECT OPTIONS This paper applies BCP to the process of approving capital projects. Projects, however, are treated a bit differently than they have been treated in the past. For the purposes of BCP, a project is defined as follows: Project: a functional goal aimed at improving the reliability of a specific set of customers. This includes system expansions to new customers. Notice that a project addresses the reliability of customers, but does not address how to fix the problem. For example, if the area “Squirrel Valley” is experiencing poor reliability, a project might be “Improve the Reliability of Squirrel Valley.” System expansions are also considered projects since new customer connections will greatly improve the reliability of these customers (from a baseline of zero availability). Fundamental to BCP is the concept of Project Options. These options identify ways to address the functional needs of the
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project. These should range from low-cost, low benefit solutions to high-cost, high benefit solutions. Project Option: a method of addressing the functional goal of a project. Each project option has an associated cost and an associated benefit. Project options are the most critical component of BCP, and are also the most difficult to implement. This is due to the dominance of standard design practices at most utilities. Engineering is usually reluctant to submit project options that are “below standards.” This view is no longer relevant in the era of massive budget cuts—it may be better to address a project in a low-cost manner than to not address the project at all. For example, a utility may not have the budget to connect a new customer with a three phase, underground, primary selective system. It may also be undesirable to connect this customer with a single phase overhead system. Consequently, many project options should be identified so that the best option can be selected and implemented.



above the next cheapest option ( C) must buy its fair share of benefit above the cheaper option ( B). This additional value is referred to as marginal cost/benefit, C/ B. The maximum C/ B that will be tolerated is referred to as ( C/ B) . Knowing the objective function and constraints, BCP can be formulated as the following optimization problem:



III. PROBLEM FORMULATION



This problem formulation states that a utility wants to choose projects so that it can maximize its benefit without going over its budget. Further, it is not going to waste money by approving projects without good value or by gold plating projects, even if there is budget to do so.



Before any problem can be optimized, an objective function must be defined and constraints must be identified. For now, the objective function will be referred to as Benefit. Benefit is a function of the project options that are approved. Ameren Corporation defines “benefit” as reduced kVA hours of interruption (or kVA hours of service bought), but other definitions are equally valid. Additional revenue for expansion projects in areas of obligation to serve not considered a benefit. This is because the customers must be connected and this additional revenue will always be received. , Candidate projects will be referred to as where n is the number of projects under consideration. If project . If option q of project k is approved, k is rejected, then . These project values can then be combined into a then project vector, . Consider three projects, each with 5 options. If the 2 option of the first project is approved, the second project is rejected, and the 5 option of the third project is approved, then: Project 1 has option 2 approved Project 2 is rejected Project 3 has option 5 approved Project vector The first constraint considered in BCP will, of course, be the budget. This constraint simply states that the cost of all approved project options, Cost, must be less than or equal to the budget. It is important to note that Cost, like Benefit, is a function of . The next constraint that will be considered will put a lower limit on a project option’s value. This value will be measured by a cost to benefit ratio, C/B. If C/B is low for a project option, then the money spent on the option has good value. The max. Any imum C/B that will be tolerated is referred to as (C/B) will not be project option that has a C/B ratio above (C/B) considered for approval. Similar to C/B, BCP must ensure that a project option’s marginal value is good. This means that the additional money spent



BCP Problem Formulation



Maximize: Subject to: C/B



Budget C/B



IV. BCP PROJECT DISPATCH BCP operates on the philosophy that each additional dollar spent must be justified based on the value it adds to the project. To do this, each project must have options ranging from cheap to expensive. If a project is approved, its cheapest option is approved. A more expensive option will only be approved if its increased benefit compared to its increased cost is high compared to other projects and project options. More expensive options are allocated until constraints become binding. The BCP problem is roughly analogous to the Economic Dispatch (ED) problem of power generation facilities [3]. In ED, generators must be started up and increased in output until electric demand is satisfied. In BCP, projects must be approved and upgraded until budget constraints are satisfied. Because of these similarities, the following BCP methodology is referred to as BCP Project Dispatch. BCP Project Dispatch optimally allocates funding to projects so that the net benefit of these projects is maximized. Certain projects will be rejected, and certain projects will be approved. For those projects that are approved, a specific option associated with that project will be identified. Each option will consist of a cost and a benefit, and all options will be sorted from the cheapest option to the most expensive option. Each project starts with a “do nothing” option. This will typically have zero cost and zero benefit. An example of 4 projects, each with 4 options, is shown in Table I. The first thing to do when performing a project dispatch is to assign a “set point” to each project. This is analogous to the set point of a generator in the economic dispatch problem. The set point of each project should initially be set to “do nothing.” Exceptions occur when a project needs to be done for safety or legal reasons. In Table I, Project 4 must be done for safety
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TABLE I EXAMPLE PROJECTS AND PROJECT OPTIONS



reasons. Instead of “Nothing,” its initial set point is assigned to the cheapest option, “Cheap.” All other projects are initialized to a set point of “Nothing.” The next step in BCP Project Dispatch is to determine the marginal cost/benefit ratio ( ) of each possible “project upgrade.” This is simply the additional cost of moving to this option (as compared to the currently dispatched option) divided by the additional benefit of moving to this option. These marginal cost/benefit ratios are shown in Table I. Additional budget is now allocated by selecting the project upgrade with the lowest . In this case, the best option is to upgrade Project 3 from “Nothing” to “Moderate.” Notice that the “Cheap” option was skipped over. This illustrates that all possible upgrades must be considered—not just the next most expensive option. If a particular option has a low AC/AB and is not allowed to be skipped over, it will block other possible project upgrades and prevent the optimal dispatch from being identified. After the option with the lowest is identified, check to see if this option satisfies all constraints. This includes the budget constraint, the marginal C/B constraint, and the absolute C/B constraint. If no constraints are violated, update the project set point, re-compute for this project, update the remaining budget, and repeat the process until no additional upgrades are possible. A summary of the BCP Project Dispatch process is: BCP Project Dispatch Process 1. Identify all projects and project options 2. Identify the cost and benefit for all project options 3. Initialize the set point of all projects to the lowest cost option. This will be “Do Nothing” in most cases. 4. Determine the remaining budget 5. Compute for all potential project upgrades 6. Identify the project upgrade that has the lowest without violating any constraints 7. Upgrade this project and re-compute for potential future upgrades 8. Update the budget 9. Are their any upgrades that do not violate constraints? If yes, go to step 6. If no, end. This algorithm is not magical. It is a pragmatic way for utilities to address system reliability with constrained budgets. Unfortunately, a large problem with many projects and project



Fig. 1. Project Dispatch software.



options cannot easily be solved by hand. A software application has therefore been developed that allows utilities to easily gather project proposals from districts and identify the project options that should be approved. V. IMPLEMENTATION The Project Dispatch method described in the following section has been implemented in an easy-to-use software application. This software allows a utility to manage project proposals, perform a Project Dispatch, analyze results, and approve project options. The look and feel of the software is shown in Fig. 1. When the Project Dispatch process begins, projects and project options must be identified and entered into the program. This can be done manually, but manual entry can be tedious and prone to errors. An alternative is to have district engineers fill out a customized spreadsheet for each proposed project in their district. This spreadsheet contains all project information and all project option information. These spreadsheets are sent via e-mail to a central location and automatically loaded by the Project Dispatch software. When a project is loaded into the software, is it assumed to be a project proposal. When a project dispatch is performed, all project proposals are loaded into the vector. The software is then able to track the status of each project if, at a later time, it is rejected, approved, or completed. After all project and project options are entered, an analysis can be performed. The program will execute the dispatch algorithm and identify recommended project options to approve. In addition, the program will graphically display the results of the dispatch so that trends in marginal cost/benefit can be identified. The software does not automatically approve and reject projects. It only makes suggestions based on the information provided. It is up to the user to approve or reject each project. This gives the user the ability to override results based on other considerations. In addition, many projects can be approved
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at once or a few projects can be approved, the budget can be decremented accordingly, and the dispatch can be re-executed to look for further approvals. VI. COMPUTING PROJECT BENEFITS At Ameren Corporation, district engineers have been given guidelines and rules-of-thumb to determine the reliability benefits associated with various project options. As has been previously mentioned, this reliability benefit has been defined as the expected kVA-hrs of improvement associated with the project option. Reliability improvements can be gained from the following basic categories: Reliability Improvement Categories 1. Connecting new loads 2. Increasing system capacity to prevent load curtailment during heavy loading conditions 3. Reducing the failure rate of certain components (e.g., replacing old equipment) 4. Reducing the impact that component failures have on the system (e.g., adding automated switching to quickly isolate faults) Rough estimates of expected reliability improvements gained relatively easy to compute. For example consider a new 100-kVA load can be connected in two ways (radial and primary selective): Outage hours if not connected: Radial Connection: Primary Selective Connection: If the radial connection is chosen, the kVA-hrs saved is kVA-hrs. Similarly, if the primary selective connection is chosen, the kVA-hrs saved is kVA-hrs. The expected number of outage hours is chosen based on the historical performance of similar circuits. A similar process can be used for reliability improvement category 2. In this case, however, annual loading cycles are needed and power flows must be performed to determine how much load must be curtailed for each option. For reliability improvement estimates gained from categories 3 and 4, component failure rates must be known. These can be obtained from utility historical data or from published reliability data [4]–[6]. A host of system reliability assessment methods can then be used to determine the reliability improvements associated with each option [7]–[11]. VII. UTILITY APPLICATION The Project Dispatch software described in the previous section has been used to allocate the 1999 discretionary capital projects fund at Ameren Corporation (formerly Union Electric and Central Illinois Public Service). At the same time, the BCP approach is being used for all project types, whether or not they are they are subjected to ranking using the Project Dispatch software. It was important that the new system of project justification be such that it did not burden the planning engineers with a lot of



additional work. Like many other utilities, Ameren has reduced its staffing levels in this area and a labor-intensive system would be impractical and, as a result, would not be used properly. For this reason, only options that offer viable solutions are included with a project. Option 1 for a project is the least cost solution that meets the load and voltage requirements for at least 6 years (a “Do Nothing” option is implied). A 6 year planning horizon was selected to avoid options being submitted that only provide temporary (1 or 2 year) solutions. Rules of thumb and probabilities were developed based on historical outage data. These were in turn used to calculate the expected benefit of a given project and option. Benefit is quantified in terms of “kVA-hrs saved” and used along with the cost to develop a Service Availability Cost Factor, or SACF. The SACF, which is in terms of $ per kVA-hr saved, is what is used to rank projects and options. Districts submitted a total of 75 project proposals for discretionary budget funding. This is about 50% less projects that have been submitted in recent years. This is indicative of district engineers realizing that certain projects are not cost effective and have no chance of being funded. Some examples of project proposals are: Underground cable replacement Conversion of 4-kV system to 12-kV system New distribution substation Conductor upgrades Transformer upgrades Convert 1-phase line to 3-phase line Convert 2-phase line to 3-phase line Load transfer to adjacent substation Convert overhead feeder to underground Install SCADA controlled switches on feeder Substation expansion Pole replacement Replace bad/inoperable switches Construct new feeders Shunt capacitor banks at substation Shunt capacitor banks on feeder New substation Second supply to critical load Install shield wire Galloping prevention Aerial infrared inspection of subtransmission Install surge arrestors Install SCADA on rural substations As can be seen, a wide variety of projects were submitted for funding approval. In the past, it was quite difficult to make a value judgement as to which projects would be approved and which projects would be rejected. The BCP dispatch process eliminates this problem by valuing each project by the same metric: marginal cost/benefit. In addition, the engineers are forced to look at various methods to address problems since project funding requests with a single project option are highly discouraged. In recent years, the discretionary capital projects have been funded at levels greater than $30 million per year. For this reason, a project dispatch was performed based on a budget constraint of $30 million. Fig. 2 shows how the marginal
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Marginal price of reliability. Fig. 4.



Final recommendation.



Maximize: Subject to: C/B



Fig. 3.



How much reliability am I purchasing?



cost/benefit increases as the budget is spent. Initially, reliability improvements are inexpensive. After about $10 million is spent, the cost of improving reliability begins to drastically increase. In addition to the marginal price of reliability, it is essential to know how much total reliability you are purchasing with your budget. This will especially be true if a utility is subject to performance-based rates. Under performance-based rated, the reliability that a utility buys by funding projects directly translates into additional revenue (or penalties). The KVA-hours that are purchased for increasing budget levels are shown in Fig. 3. The curve reveals that nearly all of the reliability improvements are realized after the first $10 million are spent. Additional spending does not substantially improve reliability. The 1999 discretionary capital projects fund at Ameren Corporation has a budget constraint of $20 million. In addition, it has been established that the maximum value that they are willing to pay to improve reliability by 1 kVA-hr is $7. This number is also set as the maximum overall cost/benefit ratio of any approved project. Knowing this information, and knowing the project options associated with the 75 project submittals, the problem formulation becomes:



$7/kVA-hr $7/kVA-hr



The results of the optimization are shown in Fig. 4. It is interesting to note that the marginal cost/benefit constraint is binding and the entire budget is not spent. The software recommends that only $12.4 million of the $20 million budget be spent. In addition to not spending the entire budget, the optimal budget allocation approved different types of projects than in the past. In recent years, reliability-based projects were generally the first to be cut from the budget when reductions were made. With the BCP approach, which ranks projects based on added service availability, several reliability programs were funded. In the end, 36 out of the 75 projects had options that were approved and 39 projects were rejected. Of the 36 approved projects some of the reliability-based projects are: Infrared testing of distribution system using helicopters Identify and make reliability improvements on the 3 worst performing feeders Pole replacement on 34.5-kV system Replace bad 34.5-kV switches Other approved projects included a new substation, substation expansions, new feeders, and feeder upgrades. VIII. CONCLUSIONS Budget Constrained Planning and Project Dispatch are tools that are useful for assisting the utility in prioritizing expenditures as well optimizing reliability within a given budget. It should be noted that BCP does not in itself result in budget reductions, it simply shows how to spend within the defined budget. Although most utilities are experiencing severe budget reductions, BCP works to prioritize projects and optimize reliability at any budget level.
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The initial results of applying BCP to the capital projects budget at Ameren Corporation have been very encouraging and the next step will be to apply the same process to the O&M budget. It is anticipated this will also lead to more optimal spending in that area as well. REFERENCES [1] T. W. Berrie, Electricity Economics and Planning. London: Peter Peregrinus Ltd., 1992. [2] H. L. Willis, Power Distribution Planning Reference Book: Marcel Dekker, Inc., 1997. [3] A. J. Wood and B. F. Wollenberg, Power Generation, Operation, and Control: John Wiley & Sons, Inc., 1984. [4] D. O. Koval, “Transmission Equipment Reliability Data from Canadian Electrical Association,” IEEE Transactions on Industry Applications, vol. 32, no. 6, pp. 1431–1439, Nov./Dec. 1996. [5] M. Dussart, “Statistics on MV Network Incidents and the Average Amount of Time of Power Cuts,” in Proceedings from the 13th International Conference on Electricity Distribution (CIRED). [6] IEEE Recommended Practice for the Design of Reliable Industrial and Commercial Power Systems, IEEE Std. 493-1990. [7] R. Brown, S. Gupta, S. S. Venkata, R. D. Christie, and R. Fletcher, “Distribution System Reliability Assessment Using Hierarchical Markov Modeling,” in IEEE PES Winter Meeting, Baltimore, MD, January 1996. [8] R. Brown, S. Gupta, S. S. Venkata, R. D. Christie, and R. Fletcher, “Distribution System Reliability Assessment: Momentary Interruptions and Storms,” in IEEE PES Summer Meeting, Denver, CO, June 1996.
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