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1 Executive Summary

This report is the first in a series of studies to assist CREG is developing new regulations effective January 1, 2003 governing the loss of electric energy in the distribution, regional transmission and national transmission systems in Colombia.

The total amount of electric energy lost in the Colombian electric system during 2001 is estimated at between 5,300 and 10,500 GWh at a cost of 510 billion to 1,010 billion Pesos per year ($220 million to $440 million US per year).  For the purposes of a single point forecast, the estimated loss of electricity is 7,330 GWh/year, at a cost of 700 billion Peso, or $310 million US.  

The losses on the STN are estimated at 560 GWh per year at a cost of 55 billion Peso or $25 million US.  The majority of losses occur on the STR and SDL systems with energy losses of 6,770 GWh per year at a cost of 645 billion Peso or $285 million US.

The lost energy was priced at $42 US/MWh (96 Col Peso/kWh), which is based on discussions with UPME (UPME indicates long term average marginal costs of $39.16 to $42.99 US/MWh for 2005 to 2010 in US$2000:  Generation – Transmission Reference Expansion Plan 2001/2015 dated October 12, 2001), but is slightly higher than recent market prices for energy (energy, constraints, capacity) of $34 US/MWh (78.4 Col Peso/kWh).

The losses on the STN are lower than or equal to optimum levels from a perspective of economics of line losses.  The STN is a network designed for reliability in the event of a contingency, and this robust planning and design effectively manages losses.  The STN constitutes a small portion of the total losses, and therefore the focus of subsequent reports will be losses on the regional transmission and distribution system.  Some recommendations are made to assist in the management of line losses on the STN.

The losses on the distribution system appear higher than optimal.  Information on the distribution system at this time is insufficient to accurately determine the line losses.  The losses on the distribution system are comprised of technical line losses, which result from electric loading of the distribution system, and non-technical losses, which result from administrative inefficiencies and ineffective business practices.

Colombia experiences high levels of both technical and non-technical losses on their distribution system when compared to other jurisdictions in North American and experiences similar levels of losses to east European and some South American counties.  This report options the options available to the CREG to provide incentives for better management of electricity losses. 

2 Purpose of the Studies

The Canadian Energy Research Institute issued a Solicitation of Interest (SOI) 012/2001 on June 28, 2001.  PS Technologies Inc (Power System Technologies) produced a response to the SOI dated October 9, 2001 and this response became part of the contract for consulting services.  Power System Technologies personnel traveled to Bogotá in November 2001 to gather information for this project and found that the CREG was most interested in losses on the low voltage systems.  Since the October 9 proposal emphasized analysis on the high voltage system, Power System Technologies revised the proposal for services on December 3, 2001 to emphasize analysis on the lower voltage systems.  

Even with the change in emphasis as indicated in the December 2001 proposal, the original introduction and purpose from the SOI remain relevant and are summarized as follows.

2.1 Introduction

Charges for use of the Regional Transmission Systems and the Local Distribution Systems are integrated unit charges for each voltage level.  These charges are calculated by dividing the accumulated costs by the useful energy at each voltage level.  The measure of useful energy corresponds to the energy available less energy losses as recognized by the methodology used to calculate charges.  Energy losses were deemed in Resolution 031/1997 for retailers, and in Resolution 099/1997 for distribution operations.  Energy losses for distribution operations were set at 1.5% for Level 4, 3.0% for Level 3, 5.0% for Level 2, and 15 % for Level 1 when the Resolution was put into effect.  Level 1 energy losses were reduced by 1% per year for the regulatory period of 1998 to 2002 as an incentive to reduce losses or improve the efficiency of the distribution system.  

Currently, charges are being developed that will take effect beginning in 2003.  It is therefore necessary to determine technically efficient levels of losses in transmission and distribution systems in Colombia.  The final objective is to capture, through a new methodology for calculating charges, an appropriate level of losses for which the transporter or distributor should be compensated.  The transporter or distributor would then be responsible for losses above this efficient level.

For the purpose of this report, technical losses are considered to be thermal line losses plus copper and core losses in transformers.  Non-technical losses are energy losses resulting from administrative inefficiencies, errors, theft and fraud.  This report is a practical guide to technical and non-technical losses and how a regulatory agency can effectively regulate electric companies to manage losses.  Losses that result from corona, induction, acoustics, temporary faults, and other losses that are small in magnitude are not studied in detail in this report.   

2.2 Purpose

The purpose of this assignment is to provide CREG with analysis and recommendations regarding the level of technical losses that would be achieved in an efficient regional transmission system or local distribution system.  The assignment includes the following items:

2.2.1 A technical review of existing regional transmission systems to determine typical characteristics.

2.2.2 A technical review of existing distribution systems to determine typical characteristics.

2.2.3 Analysis and determination of efficient losses and responsibilities.

2.2.4 Definition of strategies to reduce losses from their current level to efficient levels.

2.2.5 Draft regulations governing recovery of costs associated with technical losses.

Following is an overall description of these items which will serve as an overall framework for the proposal:

2.2.1 A technical review of existing regional transmission systems to determine typical characteristics.

A technical profile of each regional transmission system will be prepared, summarizing data for major transmission lines, voltages, operating characteristics, interconnections, etc.  The review will include all factors relevant to calculation of technical losses in transmission.  It will also quantify current losses and identify any inefficiency that might exist.

2.2.2 A technical review of existing distribution systems to determine typical characteristics.

This task will be similar to task 1, but will be performed for major distribution systems connected to each STR and the markets served by the SDLs.

2.2.3 Analysis and determination of efficient losses and responsibilities.

Based on the technical profiles developed for items 1 and 2, the consultant will prepare estimates of the efficient level of technical losses that should be permitted based on technical and economic parameters.  This determination should be based on standard engineering and economic evaluation methods that will be carefully documented as part of the report.  These efficient losses should be determined for typical STRs and typical SDLs in Colombia.  This task will also determine which agents should be responsible for losses above the efficient level.

2.2.4 Definition of strategies to reduce losses from their current level to efficient levels.

This task is to define strategies for reducing technical losses to the efficient level.  The strategies should indicate the period over which they are to be achieved, key actions to be taken, and agents responsible for those actions.  

2.2.5 Draft regulations governing recovery of costs associated with technical losses.

The final task is to prepare a draft regulation describing how STRs and SDLs will be compensated for technical losses based on efficiency criteria, and defining who will be responsible for  costs incurred as a result of losses above the efficient level.

The success of this project will depend heavily on the ability of CREG and Power System Technologies to obtain the required information from all stakeholders in Colombia.  Power System Technologies will require close communications with the CREG to ensure that the methodologies chosen are consistent with existing regulatory practices.  The resulting draft regulations will play a key role in electricity transmission and distribution tariffs beginning in 2003, and must therefore fit properly into the existing regulatory framework.

2.3 Overview of Loss Determination

Energy losses may be categorized as technical losses and non-technical losses with the sum of the two being total losses.  Technical losses are associated with heat being generated in conductors, transformers and electrical equipment.  These losses may be known as copper losses, core losses, etc.  These losses are a function of engineering, planning, design, construction and operation of the electric system.  Non-technical losses are associated with commercial and administrative practices.  Non-technical losses do not lend themselves to computer modeling, and are a function of the business practices of those companies that perform metering, billing and collections.

Technical losses can be determined through an engineering study, and require engineering judgment be used to develop assumptions as to circuit loading, load profiles, and load factors.  The accuracy in the determination of technical losses is a function of the quality of system technical data, and the accuracy of the various assumptions.

The total losses are normally determined by deductive metering (energy purchases minus energy sales).  The accuracy of the total losses is a function of the accuracy of metering, and the accuracy of estimated loads for those services that do not have meters.

Non-technical losses are then calculated on the basis of total losses less technical losses.  As a result, non-technical loss values are subject to the largest amount of error.

3 Technical Review of Losses on High Voltage Systems

The Colombian high voltage system consists of the STN which is the 230 kV and 500 kV network.  Losses on the STN result in lost energy valued at approximately $24 million US per year.  Losses on the transmission system can be influenced by one of the three following primary business operations or categories:

3.1 Planning,

3.2 Operations,

3.3 Administration.

3.1 Planning

Planning of the transmission system has a larger influence on the amount of losses than operations or administration.  The planning of high voltage systems can be categorized into three steps as follows:

3.1.1 Reliability criteria,

3.1.2 Planning criteria,

3.1.3 Design criteria.

3.1.1 Reliability Criteria

The reliability criterion for an electric system is generally based upon the perception of an acceptable level of reliability.  Most jurisdictions use deterministic instead of probabilistic planning criteria.  Deterministic criteria are based on physical attributes of the system such as the ability to withstand the loss of transmission components without affecting service, while probabilistic criteria are a statistical measure of system reliability.  The level of system reliability is primarily a function of the reliability criteria and planning and design criteria play a lesser role.  Generally speaking, the more stringent the reliability criteria are, the more robust and reliable the system is, and the lower the technical line losses will be.

The transmission system in Colombia is planned based on a deterministic reliability criterion.  The system is planned to withstand a single contingency (one element, a line or a transformer out of service) while maintaining continuous service to all load.  The single contingency criterion (also known as N-1) is quite common in North America and in jurisdictions where the electric system density is similar to Colombia.  Some jurisdictions choose a more stringent reliability criterion such as a double contingency (also known as N-2) where the system can withstand the loss of two elements while maintaining service.  Some European systems and jurisdictions with a heavy electric system density may choose these more stringent reliability criteria.

Some jurisdictions modify the single or double contingency criteria to accommodate circumstances that are unique to the area.  For example, a jurisdiction may use a single contingency criterion coincident to an outage of the most strategic generator, or may consider that a single contingency criterion includes a common mode failure (for example, the failure of one double circuit structure resulting in the outage of two elements).

3.1.2 Planning Criteria

The next step in planning also has system wide impacts and takes into consideration details of various engineering parameters including:

a) Thermal capacity of conductors and equipment, 

b) Voltage, 

c) Stability, and 

d) Economics.

The violation of any one of these four planning criteria results in the requirement to upgrade the system.  These four planning criteria act independently of each other and while one criterion may be violated, the other three criteria may be satisfied.  For the purpose of this discussion, the following assumes a single contingency criterion, as is the case in Colombia.    

a)
Thermal Capacity

Thermal capacity is the basic rating in MVA to ensure that conductors and equipment do not overheat causing damage.  Some equipment that may be used at different voltage levels will have an Amp rating instead of an MVA rating.  Overheating of conductor will cause annealing of the aluminum and result in brittle conductor that fails prematurely.  Overheating of transformers will cause premature degradation of the solid insulation and insulating oil resulting in equipment with a reduced useful life.  Planning engineers will incorporate factors such as wind, altitude, sunlight, humidity, and ambient temperature to determine the appropriate thermal capacity of equipment.  During an outage, the remaining system must be able to provide continuous service without violating the thermal capacity rating of any element.  In the case of two parallel lines of equal impedance, the lines would not normally be operated at more than 50% of their thermal capacity.  In the event of a single contingency, the remaining line must be able to deliver the total energy without violation of the thermal capacity criterion.

b)
Voltage Criteria

The voltage criteria are limits on the allowable voltage level during normal operation.  Voltage criteria may be set during normal operation, at the occurrence of an outage, and following an outage.  For example, during normal operation, the voltage on the system may have to be between 100% and 110% of the nominal rated voltage, and the voltage drop during a contingency may not exceed 10%, and the voltage must recover to 95% of the nominal voltage (following tap changer operation, etc) following the contingency.  A system upgrade may be required to alleviate the violation of any one of these voltage criteria.  

c)
Stability Criteria

The stability criterion is such that the system remains synchronous during and following a disturbance such as the loss of a large generator, or a large load.  If the electrical phase angle between any two points on the system becomes greater than 90 degrees, the system becomes unstable.  An unstable system will result in islanding or cascading outages.  Stability criteria must allow for disturbances that result from the loss of a large generator or load, and therefore the phase angle prior to the disturbance will be limited to less than 90 degrees.  A system upgrade may be required to alleviate instability and to ensure the integrity of the system during a disturbance.

d)
Economic Evaluation Criteria

Traditional planning criteria sometimes omit economic evaluation criteria.  This occurred on the assumption that if other planning criteria were met, the system was reasonably economically efficient.  More recently, economic evaluation criteria are considered to ensure the economically efficient planning of the electric system.  Economic criteria are based on a cost benefit analysis of various upgrades and system configurations.  The economic criteria is such that whenever the cost of upgrading the electric system is less than the economic benefit that such upgrade provides, the upgrade should proceed.  The benefits of an upgrade may include a reduction in transmission constraint costs, line losses, increased capacity, etc.  Economic criteria are broadly defined in comparison to the three previous criteria that may be well defined in engineering terms.

In Colombia, the cost of constraints is relatively high as a result of transmission outages that occur after guerilla attacks.  Additional circuits to reduce the cost of constraints has the additional benefit of reducing losses.

In high voltage systems, voltage and stability planning criteria tend to govern system upgrades while in low voltage systems, thermal capacity, voltage and economics planning criteria tend to govern.

3.1.3 Design Criteria

After the requirement for a system upgrade has been recognized, further design criteria apply.  The design criteria consider factors such as corona, tensile strength, etc.  Design criteria generally have very little system impact with respect to reliability and affect primarily construction.  However, design criteria generally work to reduce overall system losses.

Design criteria, in addition to other planning criteria may result in an electric system that is over-designed from the perspective of optimal line losses. 

There are several design criteria that influence the conductor size and consequently line losses. Since these constraints are technical in nature and must be met to maintain the integrity of the system, it is possible that satisfying these constraints results in a conductor size that exceeds the optimal conductor size for economic efficiency. The technical constrains that influence conductor size include;

a) Corona,

b) Span length,

c) Weather loading,

d) Tertiary Windings on Power Transformers.

a)
Corona

Corona is the discharge of electrons at surface of a transmission line conductor when the electric-field intensity on the conductor surface exceeds the breakdown strength of the air. The breakdown strength of air is influenced by density (altitude) and humidity. Corona losses are the cause of other undesirable characteristics such as Radio or Television Interference (RI and TVI), audible noise and corona losses. Reduction of the surface voltage gradient to prevent corona requires the bundling of 2 or more subconductors, a larger single conductor or both. 

b)
Span Length 

Where spans are long, smaller and lighter conductors will tend to swing more, particularly in exposed spans. The conductor swing can cause conductor interference between phases or between circuits for double circuit structures. Larger and heavier conductors tend to swing less thus resulting in less phase conductor flashover and interference without increasing circuit-to-circuit spacing or phase spacing. For this reason larger conductors tend to be used for applications with longer spans.

c)
Weather Loading

With larger conductors it is possible to have a significantly higher tensile strength for a relatively smaller increase in conductor diameter. For aluminum conductor steel reinforced (ACSR) conductors this is can be accomplished with higher steel content while still maintaining good electrical properties. Therefore a larger conductor, with a higher tensile strength, may be chosen to accommodate the need for higher loadings due to extreme weather conditions. 

d)
Tertiary Windings on Power Transformers

During the initial visit to Colombia, it was found that all power transformers had tertiary windings.  While tertiary windings increase losses, other design criteria come into play that require the use of tertiary windings.  The National Transmission Grid (STN) has a large number of transformers that are Y-Y connected with a Delta-connected tertiary winding.  The design criteria used to justify the additional windings include:

· Stabilization of the neutral point of the fundamental voltage during a line to ground fault, and to improve voltage regulation if there are unbalanced line-to-ground loads,

· Protection of the system and the transformer from excessive third harmonic voltages,

· Reduction in telephone interference due to third harmonic currents in the lines and earth,

· Supply local load at a third voltage,

· Maintain an effectively grounded system,

· Facilitate the relaying of system faults,

· Prevent a series resonant circuit for third harmonics from developing on the system. 

The benefits of a tertiary winding are offset by:

· Higher transformer losses,

· Increased capital costs,

· Increased cost of moving, and locating the transformer due to the larger size of the transformer with a tertiary winding,

· Increased cost of buswork and protection, when terminals as terminated externally,

· Possibility of tertiary failure increasing the transformer failure rate.

Tertiary windings are an example of where design criteria for protection, etc, appear to outweigh objectives such as minimization of losses.  Design criteria must be properly set on the basis of minimizing the overall cost, not simply minimizing losses.

Optimization of a line during the planning and design stages requires the balancing of several conflicting constraints.  In order to meet various reliability, planning and design criteria, a high voltage network may become overbuilt with respect to optimal line losses.

The planning and design of high voltage transmission systems tend to be governed by criteria other than economics of line losses and therefore high voltage systems often appear to be over designed when considering only line losses.  The Colombia high voltage system appears to be over designed with respect to line losses as shown later in this section.  Not withstanding over design with respect to line losses, other improvements can be made on the Colombia high voltage system to reduce losses.

3.2 Operations

The operation of a high voltage system also affects the losses on the system within limits that are largely dictated by the planning and configuration of the system.  In order to minimize losses on a high voltage system through operations, the operators should:

3.2.1 Increase the voltage level to the maximum allowable,

3.2.2 Minimize the flow of reactive power,

3.2.3 Dispatch energy production to minimize losses,

3.2.4 Plan maintenance and outages during low load periods.

3.2.1 Increase the Voltage Level to the Maximum Allowable

The increase of normal operating voltage is a common method of reducing losses.  The increase in operating voltage may necessitate the upgrade of some components to insure safe operation at a higher voltage.  A thorough review of the electric system should be undertaken before operating equipment at levels other than nameplate ratings.

3.2.2 Minimize the Flow of Reactive Power

The minimization of reactive power flow can be achieved by producing reactive power in close proximity to the consumption of reactive power and vice versa.  Commercial software such as the Optimal Power Flow (OPF) program is available to assist in the operation of the high voltage system in the most economic manner.

3.2.3 Dispatch Energy Production to Minimize Losses

The cost of line losses should be considered in the dispatch of generation.  While the energy market is a function of the offer price of each generator, the dispatch of generation can consider both the offer price, and the incremental cost of losses by generator.

In the event that real time loss calculations are not available, incremental line loss values can be used to determine which generator should be dispatched in the event that two or more generators offer energy at the same price.

3.2.4 Plan Maintenance and Outages during Low Load Periods

Scheduling outages during periods when load is low can minimize the amount and cost of line losses.  A simple cost benefit analysis should be conducted when considering the possible times to schedule maintenance.

3.3 Administration

On the high voltage system, administration issues are generally limited to metering failure, meter error, multiplier ratios, and meter data management.  There has been no evidence indicating non-technical losses or theft on the high voltage system is a problem in Colombia.

3.4 Losses on the Colombia High Voltage System

The loss on the STN in Colombia range from approximately 1.2% to 2.3% of total energy sales depending on system load and is estimated to average 2% during 2000.  The amount of lost energy is expressed in terms of total system load, and not in terms of energy leaving the STN.  As a result, the amount of energy lost appears low.  When lost energy is expressed in terms of energy delivered from the STN, the losses may be in the order of 5.5%.

The energy lost in the STN is estimated at 560 GWh for 2002 and at a cost of $42 US/MWh, the cost of losses on the STN is 55 billion CP, or $25 million US.

  As shown in Figure 1 below, the losses on a network are not exponential as one might expect given that losses are based on the square of the current in a single line.  Losses generally increase as system load increases but factors such as the location of additional generation, and load must also be taken into consideration as well as other factors such as transmission constraints, and the effect of planned and forced outages of elements on the transmission system.  As a result of the combination of all factors, losses on high voltage networks tend to be directly proportional to load over the normal range of system load.  Figure 1 shown below is a chart showing losses on the 230 kV and 500 kV systems at various system loads.

[image: image1.wmf]Colombia STN Losses Versus System Load

0.0%

0.5%

1.0%

1.5%

2.0%

2.5%

1,000

1,500

2,000

2,500

3,000

3,500

4,000

4,500

5,000

5,500

System Load (MW)

Percent of Energy Lost


Figure 1 Losses on the Colombia STN Versus System Load

The Center for National Dispatch (CND) provided load flow data.  The load flow data shows a snapshot of the electrical system showing load, line losses and transformer losses.  This information was used to compile the chart of Losses versus System Load.   Linear regression was used to fit a line indicating the average system loss versus system load.  The apparent linear relationship between losses and load is a characteristic of an integrated network.  Some networks exhibit lower system losses as system load increases to its peak when the last generation dispatched is located near load centers.

3.5 Comparison of Losses on other High Voltage Systems

A simple comparison of losses on various high voltage systems is not easy because each transmission system is unique.  First of all, the voltage level definition of a transmission system varies from area to area, and secondly, some transmission systems have relatively more or less lines at each voltage level.  Lastly, the density of the area must be taken into consideration.  The system most comparable to Colombia in size and density is Alberta.  Other jurisdictions included in the comparison tend to have a higher electric density, contain shorter lines and therefore subsequently should experience lower losses.

Colombia has relatively low levels of losses on the transmission system, but when consideration is given for the fact that only losses incurred on the 500 kV and 230 kV circuits, and the calculation is done over total load (even though some electricity is never transported on the STN) the losses on the Colombian STN are quite comparable to other jurisdictions.  When compensating for the energy delivered from the STN, the losses are estimated at 5.5%.  The losses in Alberta include losses on the 500, 240, 138, and 69 kV systems, and are similar to Colombia at 5.5%. 

Colombia does experience high costs of constraints, and this factor may influence the decision to construct the electric system in a more robust manner that results in reasonable losses.
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Figure 2  Comparison of Losses on High Voltage Systems

3.6 Economically Optimal Loading for High Voltage Lines

The economically optimum line loading on the transmission system with respect to losses occurs when the cost of losses (energy) on the system and the capital cost of transmission capacity are minimized.  The exercise of calculating costs is conducted at each voltage level and conductor configuration while varying the circuit load.  

The cost of lost energy is 96 Colombian Peso (CP)/kWh or $42 US/MWh, which is based on UPME values for electric energy for transmission planning purposes.  This cost is higher than recent market prices.  During 2000, the average weighted cost of energy including the hourly price, trading charges, restrictions, sanctions, and capacity costs was 78.4 CP/kWh, or $34.23 US/MWh based on an exchange rate of 2,282.7 CP per US$ as per January 1, 2001.  While market prices are currently lower and change over time, UPME determines the cost of energy based on a long-term view of the cost to produce electricity.

The cost of financing transmission projects is based on Colombian forecasts of corporate structure and capital costs.  The financing cost was based on a corporate structure of 50% Debt/50% Equity with the assumptions as shown in Figure 3.  The result is a nominal cost of money of 14%.
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Figure 3 Financing Costs in Colombia

The capital cost of constructing high voltage lines in Colombia is outlined in Resolution 026 dated June 21 1999.  The Resolution lists costs in 1997 US$, and therefore costs were escalated at US inflation and using forecast inflation at 2.70% per year to determine the capital cost for 2003.  The costs were converted to CP on the basis of an exchange rate of 2,282.7 CP per US$ (January 2002).  

Colombia intends to issue requests for proposals to merchant transmission owners (MTO) who will compete on price to build, own and operate new transmission lines.  Other jurisdictions are also pursing MTO’s and are experiencing some difficulty regarding:

a) The right of an MTO to expropriate property in order to minimize costs in the public’s interest, 

b) The right of new generation or load to connect to an MTO line, 

c) The limited flexibility that the transmission planning authority has for system reconfiguration because of long-term contracts.

Therefore, it is appropriate to continue to use unit cost information for the purpose of planning the transmission system based on Resolution 26/1999.

Figure 4 outlines the capital cost of constructing new transmission lines.

[image: image4.wmf]Line Configuration

1997 US$

2003 CP

$/kM

CP/kM

SC 230 kV - Level 1 (950 MCM)

$99,240

$260,394,634

SC 230 kV - Level 2 (1200 MCM)

$108,495

$284,678,716

SC 230 kV - Level 3 (1500 MCM)

$119,635

$313,908,827

DC 230 kV - Level 1 (950 MCM)

$153,920

$403,868,823

DC 230 kV - Level 2 (1200 MCM)

$171,009

$448,708,443

DC 230 kV - Level 3 (1500 MCM)

$190,972

$501,089,117

DC 230 kV - Level 1 (2 X 950 MCM)

$186,190

$488,541,685

DC 230 kV - Level 2 (2 X 1200 MCM)

$212,284

$557,009,415

DC 230 kV - Level 3 (2 X 1500 MCM)

$226,133

$593,347,639

SC 500 kV - Level 1 (4 X 950 MCM)

$213,639

$560,564,784

SC 500 kV - Level 2 (4 X 1200 MCM)

$247,913

$650,495,917

Unit Capital Cost of Constructing Line


Figure 4 Unit Cost of Line Construction – Resolution 26/1999

The calculation of losses by line is normalized so that the cost of losses is determined on the basis of distance and the amount of energy delivered.  When all costs are calculated on the basis of distance and energy delivered, the technical issues of voltage level, conductor type, conductors bundles, line configuration, etc. are removed from the comparison.  This calculation allows a simple economic comparison across voltage levels, conductors, etc.

These losses are line losses only, and do not include the losses that occur in substations, nor the cost of substations or other terminal equipment.

Figure 5 shows costs for a single circuit 230 kV line with 950 MCM conductors.  As shown in the chart, the minimum costs occur at a line load of 600 MVA.  This line load exceeds the thermal capacity of the conductor, which is 414 MVA (based on House and Tuttle Method).  Therefore, in order to minimize the overall capital cost, and cost of losses on this circuit, line loading should be increased to the maximum thermal capacity of the conductor.  In this case, the line is overbuilt with respect to losses because the Thermal Capacity criteria governs instead of  economics of line loss coming to play.
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Figure 5 Cost of Capital and Line Losses for a High Voltage Line

A complete set of calculations for each circuit identified in Resolution 26 is shown in Appendix A.  

Figure 5 indicates the economic optimum loading of 600 MVA with respect to line losses and the thermal capacity criterion indicates a maximum load of 414 MVA, and the voltage criteria will limit the optimum loading even further (depending on line length – STN 230 kV circuits average 70 kM in length with a maximum of 210 kM).  Based on a single contingency criterion, normal line loading would be limited to approximately 50% of the thermal capacity or less if voltage criteria are violated.  Therefore, circuit loading may be limited to approximately 200 MVA as a result of criteria other than economics of line loading.  In Colombia, guerilla attacks often result in contingencies that cause congestion or constraints and result in line loading higher than normally planned for.  A 230 kV circuit may operate between the thermal capacity (414 MVA) and its normal operating capacity with all elements in service (200 MVA).  Assuming that line loading of 300 MVA occurs, losses of 0.01% per kM (refer to Figure 7) are incurred.  Further, assuming that energy, on average, is transported 140 kM, the line loss would be 1.4%  (transformation losses must be included to arrive at the total STN losses).  The amount of losses increases exponentially with line loading, and the percent of energy lost per kM is shown in the following chart using the same circuit as in Figure 6.  While the economic optimum loading on this circuit is 600 MVA, this limit would yield losses of 0.04% per kM (refer to Figure 7), or 5.6% on a 140 kM line.  Therefore, the economic optimum line losses on the 230 kV circuit is about 4 times greater than the actual amount of losses (in the absence of other planning and design criteria).  

The result is that the Colombia high voltage system experiences less loss than is economically efficient when considering only losses.  This is consistent with other high voltage systems and results from planning criteria and design parameters governing system upgrades instead of relying solely on the economics of line losses.  While other jurisdictions will have different costs of capital, construction and energy losses, the result is consistent that economics of line losses are not constraining criteria when planning an expansion to the transmission system.
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Figure 6 Line Loss as Per Cent of Load

For any given voltage level, the total cost of capital and losses can be minimized by increasing capacity through increasing conductor size, installing conductor bundles, or placing multi circuits on a single tower.  Figure 7 shows economies of scale that can be achieved at 230 kV.
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Figure 7 Minimum Overall Costs and Optimum Load

While increasing conductor size, and adding conductors to a bundle can reduce line loss, the increase in cost cannot be justified from the perspective of line losses.  Increase in conductor size, and bundle size, is often driven by other design parameters.  

The phenomena of over building line with respect to economically efficient line loss occurs on high voltage systems because of other design parameters.    Design criteria apply differently to low voltage lines and therefore the same phenomena do not occur on low voltage systems.

4 Technical Review of Losses on Low Voltage Systems

The Colombian low voltage system consists of the STR (greater than 32 kV and less than 230 kV) and the SDL (32 kV and below).  The amount of lost energy on the STR and SDL is estimated at 4,750 GWh per year to 9,940 GWh per year at a cost of between $200 million US and $415 million US per year.  For the purpose of a single point forecast, the estimated energy lost on the low voltage system is 6,770 GWh per year at a cost of 645 billion CP or $285 million US. 

The regional transmission and distribution system is divided into 4 voltage levels consisting of:

Level 4:  60 kV to 220 kV

Level 3:  32 kV to 60 kV

Level 2:  1 kV to 32 kV

Level 1:  Less than 1 kV.

Based on initial findings, the bulk of losses in Colombia occur on the low voltage or distribution systems.  The losses on the low voltage system are half technical and half non-technical based on discussions with MME.  As in the high voltage system, losses occur as a result of one of the three primary functions in the management of an electric distribution system arising from:

a) Planning,

b) Operations,

c) Administration.

The losses on the distribution systems can be better managed through improvements in planning (technical losses), and administration (non-technical losses).

4.1 Planning

The process of planning the low voltage system is similar to that of planning a high voltage system but is less complex because low voltage systems do not normally operate in a network.  Low voltage systems, particularly level 1 and 2 in Colombia are often constructed in a radial manner instead of a looped network.  

Planning of a distribution system consists of the same steps as a high voltage system as follows:

4.1.1 Reliability criteria,

4.1.2 Planning criteria,

4.1.3 Design criteria.

4.1.1 Reliability Criteria

Most distribution systems do not have an explicit reliability criterion because the system is constructed in a radial manner.  Most low voltage systems are radial and if they are on a loop, they have a normally open switch that determines which substation will feed a distribution feeder.  Radial distribution systems or looped systems with a normally open switch cannot withstand any contingencies and service is lost when an element of the system fails.  The loss of a radial circuit does not increase the flow in other lines, as is the case in a looped system, and therefore outages on the distribution system do not impact the interconnected system in the same manner as an outage on the high voltage system.  

Therefore, in radial distribution systems, there are no deterministic reliability criteria regarding outages.  When outages on a distribution system become unacceptable, the cause for the outages must be determined and rectified.  Most outages on the distribution system are caused by storms, contact with vegetation, or maintenance outages and have an identifiable source.

4.1.2 Planning Criteria

The planning of low voltage systems is simplified as a result of the radial construction of distribution systems.  System stability is not a concern on short lines, and the planning criteria are reduced to three criteria as follows:

a) Thermal capacity, 

b) Voltage, 

c) Economics.

For a further discussion of the purpose of each of these planning criteria, please refer to Section 3.1.  The distribution system must be upgraded when any one of these three criteria are violated.

a)
Thermal Capacity

With the radial operation of a distribution system, lines and equipment are normally run much closer to their thermal capacity rating.  In the high voltage system, normal operations require the ability to withstand the loss of other elements, and therefore normal loading is always lower than the thermal capacity.  In a radial system, normal loading can go as high as thermal capacity without the violation of the thermal capacity planning criteria in the event of a contingency. 

b)
Voltage Criteria

The distribution system must be designed to deliver voltage to the end use customer within specified limits as determined by ICONTEC.  There are three basic ways of upgrading the system if the voltage criterion is not being met:


-  Add a new distribution feeder,


-  Upgrade the conductor size on an existing feeder,


-  Add voltage regulators.

All three ways of improving voltage will reduce technical line losses with the first making the largest improvement, and each subsequent method produces lesser amounts of benefits with respect to technical line losses.

c)
Economics Evaluation Criteria

The distribution system must be designed such that the lowest overall cost of capital and losses is achieved.  In order to accomplish the lowest overall cost, the cost of capital must be weighed against the cost of energy lost on the distribution system.  As in the high voltage system, the economic evaluation criteria is general in that a cost benefit analysis is conducted to evaluate the alternatives for upgrading a distribution system.

The economics evaluation criteria will assist in the development of Design Criteria for the distribution system in Colombia.  While some distribution companies have embraced the concept of economic efficiency, other distribution companies have not reacted to financial incentives designed to result in economic efficiency.

As shown in Appendix A – Optimal Loading Model by Voltage, high voltage lines are optimally run at or near their thermal capacity.  As the voltage level decreases to distribution voltage levels, the optimal line loading is reduced to approximately 60%.

4.1.3 Design Criteria

Design criteria appear to have a major impact on the amount of technical losses on the distribution system in Colombia.  In particular, design standards for Level 1 voltages appear to be a major contributor to the current level of technical losses.

While design standards for construction of the distribution system appear to be a major contributor to technical losses on the distribution system, design standards for the placement and sealing of meters (part of the commercialization function in Colombia) appears to be a major contributor to the current level of non-technical losses.

Technical analysis remains to be done in subsequent reports but at first glance, the parallel secondary/primary Level 1 system, along with standards for conductor sizing on the secondary system appear sub optimal.

In order to reduce the level of line losses, new design standards may be required for some distribution utilities.  In the event that state owned distribution utilities do not react to financial incentives, MME may consider imposing design standards that are more economically efficient.

Implementation of new design standards may require a rebuild of the distribution system.  A rebuild of the entire distribution system is expensive and time consuming and may not be warranted until the system has depreciated and requires a system rebuild.  The opportune time to upgrade the distribution system is at the end of the useful life of a system because the system will be rebuilt in any event.

Future reports will make recommendations as to the appropriate time frame over which new standards may be economically implemented, and the change in technical losses that will occur along with upgraded design standards.

4.2 Operations

Power System Technologies was not able to obtain information regarding the operations of distribution systems in Colombia.  Based on our discussions, and an informal tour of distribution facilities, it does not appear that changes in operations will result in significant reductions in technical line losses in Colombia.  Operations personnel may play a role in managing non-technical losses and this will be covered in administration.

Operations will not be a focus of future reports because of the limited ability to influence losses on the distribution system.

4.3 Administration

Non-technical losses account for approximately half of all of the losses on the distribution system and therefore the value of energy lost in non-technical losses is approximately 330 billion CP or $145 million US per year.

Non-technical losses arise from a range of sources starting including:

4.3.1 Ineffective business practices,

4.3.2 Employee induced losses,

4.3.3 Theft and Fraud. 

As indicated in Section 4.1, design criteria regarding meters in Colombia facilitate the loss of electric energy through theft and fraud.

4.3.1 Ineffective Business Practices

Ineffective business processes lead to non-technical losses.  Non-technical losses can consist of non-technical energy losses as well as non-technical financial losses. These problems can be categorized in the following groups:


Ineffective Business Practices – Non-technical energy losses

-  Billing system is not notified of additional new loads,

-  Billing occurs on unmetered services where actual consumption exceeds the estimated consumption,

-  Meter multipliers are incorrect resulting in erroneous meter data,

-  Meter faults,

-  Inability of employees to enter and inspect the electric system for theft,

Ineffective Business Practices – Non-technical financial losses (the following four points normally constitute a part of non-technical losses for a retailer, but is not considered a recoverable loss by the retailer in Colombia)

-  Collections processes are slow or lax ,


-  Penalties for late payment are insufficient to encourage timely payment,

-  Non-payment by customers, who can afford payment of their energy services,

-  Non-payment by customers, who cannot afford payment of their energy services,

Lack of audit processes

In order to minimize non-technical losses associated with poor business practices, the business practices must be well documented, employees must be well trained, and employees need a support network to deal with difficult situations.

Energy losses will occur whenever a new service is constructed but energy sales do not show up in the administrative system.  A process must be put into place to ensure that the service is invoiced.  A common problem in this area is streetlights, because there are a large number of such services, and they are not metered.  Occasionally, metered services are constructed, and no new account is opened, and service is never invoiced.

Services may be constructed without a meter when the energy consumption at the site is small and predictable, as is the case with a streetlight.  However, some services add new load without advising the invoicing group, and therefore, such new load is never invoiced and becomes part of non-technical losses.

When metering equipment includes potential and current transformers, the ratings on the transformers (meter multipliers) must be entered into the billing system to insure that the energy consumption is correctly correlated to the meter register.  Incorrect meter multipliers will contribute to non-technical losses.

When meters fail, or are inaccurate, the energy consumption is not properly registered and this energy loss contributes to non-technical losses.

The electric system or the meter may be inaccessible to the employee, therefore prohibiting the employee from reading the meter or auditing the system for theft, contributing to non-technical losses.

The remaining factors do not contribute to non-technical energy losses, but do contribute to financial non-technical losses.

Collections practices are directly related to the amount of collections of bad debt.  A quick collection process results in greater collections of bad debt .

A lack of financial penalty for late payment results in customers paying late, or failing to pay completely for service.

There is currently a world wide problem of non payment for electricity by customers.  The problem is particularly acute when the customer simply cannot afford to pay for such services.  Various technologies may be used to limit service, or to extract some payment from these customers.  This is a particularly difficult problem to deal with and will be the subject of further study.

Finally, most distribution companies have inadequate audit practices based on other jurisdictions.  Distribution utilities must improve their audits to ensure that all services are properly invoiced, and that non-existent services are no longer invoiced.  This could occur through the creation of an internal audit department responsible for testing billing accuracy and completeness, or contracting with a knowledgeable outside party to perform a business practices audit with respect to billing accuracy and completeness. 

4.3.2 Employee Induced Losses

Employees are often in a position to manage non-technical losses, but unfortunately, they are also a large contributor to non-technical losses.  Employee induced losses overlap with both ineffective business practices, and theft and fraud.  These factors may contribute to both non-technical energy and financial losses.  Employees can contribute to non-technical losses as follows:

-  Employees have the knowledge to bypass established business practices,

-  Employees have the knowledge to change meter data to reduce bills,

-  Employees have the knowledge to tamper with meters,

-  Employees have the knowledge to bypass meters,

Based on experience, one major source of non-technical loss is utility employees.  Employees are technically competent to bypass meters, or otherwise defraud the system and may do so for their own benefit, and the benefit of their friends and relatives.  Employees have also been known to sell their services at large.  The most effective programs to deal with employees include education of all employees and termination of those employees who steal.

4.3.3 Theft and Fraud

Some customers will steal or commit fraud in order to obtain electricity and customers may indulge in the following:

-  Connecting load to the service conductors prior to the meter,

-  Tampering with the meter so that the meter registers less than the actual consumption,

-  Bribery of meter readers to report erroneous meter data,

Customers may feel justified in stealing electricity if they see it is a common practice or if they see or hear of distribution company employees doing the same.  Customers may also feel justified in stealing electricity if they see other customers getting electric service at no charge.

In some countries like eastern European countries, customer attitudes are such that after a serviceman has disconnected service for non payment, the customer simply goes to the service panel and reconnects the service himself.

Managing theft and fraud requires a multi-pronged approach that includes education, punishment, and incentives and requires the cooperation of government and industry.

Non-technical losses have seriously jeopardized some of the utilities in Colombia. These utilities are unable to invest into their systems because of immediate financial problems caused in large part by the losses. One of the difficulties faced by distribution companies in Colombia is their ability to audit their facilities. This difficulty is created for two reasons;

Based on the initial meetings in Bogotá, and viewing the local distribution systems, it was apparent that current distribution standards contribute to high non-technical losses.  Primary and secondary conductors enter the customers premises underground and through walls prior to being metered.  With respect to current legislation regarding the placement of meters, we expect that many non-technical losses could be eliminated through better design.  New design standards would allow audits, and reduce the potential for the bypass of meters.

We expect that the best long term approach of dealing with losses on the distribution system include a review of metering standards.  While there are many approaches to reduce losses, one of the most effective long term approaches will be to move the meter away from the customers premises towards the distribution system.  Such a move helps resolve many of the contributing factors to losses on the distribution system.

4.4 Losses on the Colombian Low Voltage System

Losses on the Colombian STR and SDL are estimated at 17.5% of the total energy sales.  This estimate is based on information obtained from various organizations in Colombia including some of the distribution and retail companies.  The author has relied on the information provided by these organizations and has not audited any of this loss information to verify accuracy.  This estimate of losses is based information provided by Codensa, MME, EPSA and EPPM.  Codensa and EPPM distribute approximately 36% of the total electricity, and have weighted average total losses of 12.3%, while the remaining and state controlled distribution companies distribute approximately 23% of the total electricity and have weighted average total losses of 25.7%.  These groups together distribute 59% of the total electricity, and have weighted average total losses of 17.5% for 2001.

Both the technical and non-technical losses appear high in comparison to estimates for other jurisdictions, and for economically efficient levels in other jurisdictions. 

The determination of more accurate loss information is the subject of subsequent reports.  Subsequent reports will also outline a process for distribution utilities to manage losses over the next 5 years.   These reports will outline the prudent level of losses on the Colombian low voltage system for the period of 2003 to 2007 inclusive.

Technical losses will be dealt with separately from non-technical losses because the two types of losses are managed differently.  Management of non-technical losses can be done administratively in a faster time frame than the management of technical losses, which may require reconstruction of the distribution system.  Reconstruction of the system may not be economic until the system has depreciated and requires replacement.

4.5 Comparison of Losses on Other Low Voltage Systems

A review was undertaken to compare the losses on the Colombian low voltage system to those losses of other jurisdictions.  When comparing losses in various jurisdictions, one must be cognizant of fundamental underlying differences between electric systems.  The two primary factors that influence losses on the distribution system are the electric density (rural versus urban), and design of the system (design criteria used over time that governed voltage level, conductor sizing etc. to construct the existing system).

The design of the low voltage system has changed over time as electricity consumption has grown.  Design criteria tend to be based on existing amounts of electricity consumption at that time and did not take into account the growth of electricity consumption.  Further, the economics of rebuilding a distribution system are such that an overhaul of a distribution system is not economically viable until the end of the useful life of the system.  These factors combined result in distribution systems that are sub optimal with respect to losses.  Older distribution systems tend to be low voltage on the primary side ranging from 480/277 volt (three phase/single phase) to 13,800/8,000 volt.  Older distribution systems also have extensive secondary networks that are occasionally run in parallel with the primary system as is the case in Colombia.  Conductor sizing was a function of consumption at each service connection.  With increased energy consumption at each service, the size of the conductor is no longer optimal.  Newer distribution systems have higher primary voltages ranging from 25,000/14,400 volt to 34,500/19,900 volt.  Newer distribution systems also take into account the increased consumption of modern services.  Therefore older distribution systems exhibit a higher level of technical losses. 

Non-technical losses also tend to be higher on older distribution systems for two reasons:  

-  Low voltage systems are easier to steal from, and 

-  Metering standards provide few barriers to theft.  

A low voltage distribution system is less dangerous, and less expensive to steal from when compared to a high voltage system since no transformation equipment may be required, and tools to interconnect are simple.  Metering standards range from the meter being located on the distribution pole immediately following transformation from primary to secondary voltage, to the meter being located within the customer’s premises.  When meters are located on the distribution pole, it is much more difficult to tamper with the meter, or bypass the meter in order to steal electricity.  Further, if the point of disconnection is on the distribution pole, it is more difficult for a customer to reconnect their service when a serviceman has disconnected the service for non-payment.  Non-technical losses tend to be higher where meters are located on the customer’s premises and where secondary wires are enclosed in the customer’s walls.

The differences in distribution systems from one jurisdiction to another result in large differences in overall losses.  Alberta was the only jurisdiction where data was available to differentiate between urban and rural losses and these range from 3.8% to 8.0% based on distribution tariff information and a province wide average of 5.2%.  Within the total loss of 5.2%, non-technical losses are estimated at less than 1%.

Figure 8 provides a table of comparison of overall losses on the low voltage systems.  As shown in Figure 8, Colombia’s low voltage system exhibits a relatively high level of losses in comparison to other low voltage systems.  A number of jurisdictions were reviewed to show a range of losses on the low voltage system.  Figure 8 shows the range of losses without attempting to focus on systems with either high or low levels of losses.

Subsequent reports will determine economically efficient levels of losses based on current economically efficient design criteria for Colombia.  Subsequent reports will also determine the efficient rate of change from existing levels to economically efficient levels.  The rate of change for reducing non-technical losses is expected to be much faster than the rate of change for technical losses since some non-technical losses can be reduced through new administrative practices and audits.  The prudent level of losses (losses that the distribution company should be able to recover through the regulatory process) will be based on existing levels of losses and the efficient rate of change in those losses to economically efficient levels of line losses.
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Figure 8 Comparison of Losses on the Distribution System

5 Options and Strategies to Manage Losses

Based on the initial meetings in Bogotá in November of 2001, and subsequent review, three recommendations have been developed for review or implementation on the STN.  The benefits of implementing all three recommendations are estimated to produce savings that exceed the costs of implementing these recommendations.  Further study is required to more precisely determine the costs and benefits of implementing these recommendations.

Based on the initial meeting in Bogotá, it became apparent that the main purpose of the project, was regarding losses on the low voltage system.  Therefore, all subsequent reports will deal only with the low voltage system and all work regarding the high voltage system will be considered finished with the completion of this report..

5.1 Recommendations for Colombia

The first recommendation does not require any upgrade to the electric system and may be made at minimal cost and may results in the largest benefit.  The second recommendation will require the purchase of a computer system and must be evaluated through a cost/benefit analysis.

5.1.1 Dispatch of Generation.

The incremental cost of losses should be considered in the central dispatch of generation.  Whenever a generator dispatch is changed, the total loss on the STN also changes.  A dispatch to increase generation near a load center normally results in a reduction in losses while a dispatch to increase generation that is a long distance from load normally results in increases in losses.  In addition, increased system load generally results in increased losses.

Load flow programs can determine the change in losses associated with a change in dispatch to each generator.  These values may be known as Real Time Loss Factors because they are a function of the load flow in the entire system.  The Real Time Loss Factor associated with each generator will change as system load changes and as other generators vary their energy production.  Real Time Loss Factors may be negative (an increase in dispatch results in a reduction in losses), or positive (an increase in dispatch results in an increase in losses).

The Real Time Loss Factor is calculated based on the change in the cost of losses on the STN associated with a change in dispatch.  Therefore, the Real Time Loss Factor is an incremental cost on the transmission system, of energy production at each generation facility.

The Real Time Loss Factor could be added to the offer price of each generator for maximum economic efficiency, or to optimize the overall cost of energy and losses.

Currently, when two or more generators offer energy at the same price, a random algorithm is used to determine which generator is dispatched.  As a minimum, when two or more generators offer energy at the same price, the Real Time Loss Factor should be used to determine which generator should be dispatched.

The Real Time Loss Factor, or the incremental cost of losses associated with incremental energy production should be added to the offer price of generation, to break any ties that result from two or more generators offering the same price.

5.1.2 Implementation of an Optimal Power Flow Program.

An Optimal Power Flow Program (OPF) assists the transmission operators in determining optimal voltage levels, optimal switching of capacitors, reactors, tap changers, and other devices to minimize line losses on the overall system.  The economics of an OPF program should be reviewed to analyze the costs and benefits of the implementation of such program.  The addition and use of a real time OPF program may be beneficial in Colombia. The real time OPF program provides the system operator with information regarding system dynamics including losses and reactive power flow.  In addition the OPF program will also provide information for the planning and upgrade of the system, such as where to install additional reactive power devices on the system for the reduction of losses. Operators can also determine the impact on losses of dispatching additional generation or increasing import or export. 
Utilities in North America that have had implemented the use of real time OPF programs have experienced an improvement of about 5% in line losses, based on discussions with utilities that have implemented OPF programs. 
There are a number of suppliers of real time Optimal Power Flow programs and cost to implement an OPF program would be in the order of $250,000 to $500,000 US depending on the software currently in use by the transmission system controller.
With losses on the STN having an annual value of $24 million US, a reduction in losses by 5% would result in savings of $1,200,000 US per year.  Therefore, we recommend the evaluation of an OPF system for the STN controller in Colombia.   

5.1.3 Review and Upgrade Voltage Limits.

The Colombia STN is operated at or near nominal voltage and there may be an opportunity to increase this level in order to reduce line losses.  A review of operating voltages in other jurisdictions has found that operating voltage can be increased beyond nominal voltage by up to 10% with minimal expenditures for equipment upgrades.  The reduction in line loss associated with a 10% increase in voltage is approximately 17%.  However, it is essential that the maximum voltage of each individual component (breakers, transformers, instrument transformers) be determined prior to increasing the system voltage.

We recommend a review of operating voltage limits, and increase the operating voltage as appropriate for equipment condition.  We also recommend further analysis to determine the costs and benefits of upgrading any constraining equipment to increase the overall system voltage.  

5.2 Low Voltage Systems

Based on our initial trip to Bogotá in November and subsequent correspondence, there is insufficient data to provide recommendations for improvements on the low voltage system at this point.  Subsequent reports will address:

a) The existing level of technical losses on the distribution system,

b) The existing level of non-technical losses on the distribution system,

c) The economically efficient level of technical losses on the distribution system,

d) The time frame over which technical line losses can be reduced from existing levels to economically efficient levels,

e) The economically efficient level of various components of non-technical line losses,

f) The time frame over which non-technical line losses can be reduced from existing levels to acceptable or economically efficient levels.

g) A review of alternate methods of setting rates based on RCN, with the inclusion of losses to provide appropriate incentives for distributors to effectively manage losses.

h) Forms of differentiating losses such as by rural versus urban, by voltage level, or by distributor, to provide the best price signals to effectively manage losses.

Some distribution utilities have already implemented programs to manage line losses and Colombian experience will contribute to the analysis and recommendations contained in future reports.

6 Regulatory Practices Dealing with Line Losses

6.1 Regulatory Tools

Regulation is said to be a substitute for competition.  Therefore, regulations should encourage the regulated company to charge rates approximating those that it would charge if it were operating in a competitive environment.  Regulations also provide incentives for regulated companies to act in a manner as if they were subject to market forces of competition.  Market forces of competition will encourage companies to reduce costs.

Investor owned companies generally react to financial incentives to reduce their overall cost, thereby capitalizing on the opportunity to earn a reasonable profit.  However, there may be instances when regulated companies do not react to financial incentives.  A company that is not profit motivated may disregard incentives, and through industry restructuring, instances of moral hazard may occur where companies engage in opportunistic behavior to further their own self-interest at the expense of others.  For example, distribution companies in Alberta are no longer responsible for the cost of losses on their system, and these costs are allocated directly to retailers.  The distribution companies now may save money by purchasing less expensive, and less efficient transformers, even though the overall cost (when including the cost of losses) to consumers increases.  Another example is where a distribution company may encourage the transmission company to build a new source because the distribution company does not want to pay to extend its system (and the investment policy of the transmission system results in no requirement for upfront capita).  If the new transmission source is more expensive than the cost of extending the distribution system, then it is economically inefficient to extend the transmission system, even though the transmission extension may occur because of a generous transmission investment policy.

State owned utilities may lack a profit motive and therefore have been known to ignore financial incentives and some jurisdictions are privatizing electric utilities to instill a profit motive.  Industry restructuring in some jurisdictions decreed that the cost of line losses be assigned directly to retailers or commercialization.  In a situation where a distributor has no incentive to manage or reduce costs associated with losses, the distributor may take the approach to cut all expenditures related to the management of losses resulting in an increase in earnings for the distributor and as losses increase, higher costs associated with losses.  The cost of losses are passed on to the retailer and the end use customer and neither of these have any ability to manage or optimize the cost of losses on the distribution system.

Bonbright opines that regulation provides the following four functions:


-  Capital Attraction – incentives for companies to devote resources to providing service,


-  Efficiency Incentive – ensures service are provided at the lowest possible cost,


-  Consumer Rationing – prices are set to prevent waste,


- Compensatory Income Transfer – where funds are transferred from those receiving service to those providing service.

 The second of the four functions focuses on incentives to encourage companies to provide service at the lowest possible cost.

 Regulatory agencies are charged to look after the public interest and do so by ensuring that electric utilities provide service at the lowest possible cost.  The traditional means of providing such incentives is to allow the recovery of prudent costs and disallowing the recovery of costs that are imprudent. The regulatory agency must ensure that electric utilities have appropriate incentives, and do respond to incentives to ensure that overall costs are minimized.

The appropriate management of losses is as major challenge for the CREG.  Whether technical or non-technical in nature, excessive losses increase costs (or drive down the productivity) of delivering electricity.  Increased costs translate into higher prices for consumers or lower profits for utilities, or both.  Of particular interest and concern are utilities that do not, or are not able to react to incentives.  

Colombia is not alone in this challenge; other South American and East European countries such as such as Armenia, Georgia, Ukraine, Lithuania, and Latvia face this same challenge. Some countries have moved to privatize utilities to install a profit motive.  Some utilities have taken initial steps toward reducing losses. Regulatory agencies continue to monitor progress and provide incentives to encourage utilities to reduce their overall costs through optimization of losses.  The regulatory approaches taken by these countries for reducing losses can be grouped into the following categories: 

6.1.1 Incentive Based,

6.1.2 Penalties,

6.1.3 Command and Control (imposition of standards).

Regulatory agencies generally prefer the first two methods since the responsibility is put on management to optimize losses.  When incentives and penalties fail to achieve results, regulatory agencies may opt to impose standards to prohibit a utility from undertaking a specified objectionable practice or by requiring the utility to implement specific practices.  The command and control method requires that the regulatory agency supercede some of managements traditional control and therefore, this method is best used only as a last resort.

6.1.1 Incentive Based

Colombia has adopted an approach that incorporates both incentives and penalties.  Incentives are generally structured such that a utility may increase its earnings it they achieve better results than are forecast.  This is consistent with the current Resolution whereby the distribution company can recover a preset level of losses, and the preset level of losses declines year by year.  To the extent that a distribution company can reduce losses to a level lower than the level set in Resolution, the distribution company can profit and therefore has an incentive to reduce losses.

An incentive based mechanism should have a goal as to the optimal level of losses.  Subsequent reports will determine the optimal or ultimate target levels for losses on the Colombian distribution systems.

In Canada and the United States, distribution companies are generally allowed to recover the forecast cost of both technical and non-technical losses.  Distribution companies have the financial incentive to manage collections and bad debt, and are able to increase earnings if they improve their collections of non-technical losses. 

6.1.2 Penalties

Colombia’s current Resolution also contains an element of penalty.  If a distribution company cannot achieve the Resolution specified level of losses, the distributor is responsible for those losses in excess of the specified level and receives a lower return on investment.  This tool is the same as a regulator disallowing costs of line losses as a result of imprudence.  A literature search of regulatory decisions in North America did not produce any occurrences of disallowance of costs associated with losses.

The second tool is similar to the first tool in that incentives are financial, and earnings are either increased or reduced depending on the performance of the distributor.

Financial incentives and penalties will encourage profit-motivated investor owned distribution utilities to improve their economic efficiency or performance.  State owned distribution utilities often have additional objectives that are not profit-motivated and may include objectives such as electrification of rural or new areas.  For example, an objective to electrify a new region at the lowest possible cost, may conflict with the objective to provide service at the lowest possible cost in the long term.  Sub-optimal voltage levels may be used to minimize the cost of construction but result in higher losses over the long term.  In cases where financial incentives or penalties do not encourage economic efficiency, other measures must be considered.  Another measure that may work is the imposition of design standards.   

6.1.3 Command and Control (Imposition of Standards)

The third tool is the tool of last resort that is used when the first two tools are insufficient to encourage a distribution company to act prudently.  Based on our initial meeting in Bogotá, some state owned distribution companies have not responded to incentives, and it is not clear that they would respond to future incentives or penalties.  If a distribution company does not or can not respond to incentives or penalties, MME may choose to impose standards.   Certain minimal standards for planning, design, and administration may be imposed to ensure that a distribution company constructs their system to more appropriately balance increased capital costs with the reduced cost of lower line losses.  The distribution company may require some additional resources to ensure that it can meet such standards and government agencies may have to work with these distribution companies to ensure that they can comply.

Subsequent reports will provide recommendations regarding all three methods of managing line losses.  Technical and non-technical line losses will be dealt with separately because they are separate management functions.  Even though technical and non-technical losses are managed separately, the process of identifying and addressing them in the regulatory regime is similar.

6.2 Technical Losses

Technical losses are normally determined by empirical formulas using conductor/equipment data, and load information.  Conductor/equipment data is generally available but load information is generally the most difficult to determine.  Colombia may be missing pertinent data to determine the level of technical line losses on the low voltage systems.  In areas where data is missing, recommendations will be made to acquire the data, and estimates will be used in order to move forward.  The following three steps will be completed:

a) Determine the existing level of technical losses.  Unless the regulator has found imprudence in the past, the existing level of technical losses may be used to determine the prudent level of losses to start.

b) Determine the optimal level of technical line losses.  This determination of optimal level includes a determination of economically efficient line losses plus the effect of other constraining planning criteria and design parameters.  In the long run, the prudent level of losses should be equal to the optimal level of losses.

c) Determination of the transition period – how fast can losses be reasonably changed from the existing level to the optimal level.  The transition period must take into account the economics of rebuilding a system prior to the end of its useful life.

The prudent level of losses is the level of losses (and associated costs) that the electric utility may recover from its customers – the retailers.  Therefore, the prudent level of losses should start at the existing level, and should ultimately reach the optimal level after the transition period.

This recommendation would continue to use the incentive and penalty method resulting in increased or reduced earnings – depending on the performance of the distributor.  The recommendation will also include the imposition of minimal standards for those distribution companies that do not effectively manage losses.

The countries within Central/Eastern Europe and Eurasia have found that the primary reason for excessive technical losses is neglect or deferral of upgrading the system over the years; the system has not kept up to load growth. System upgrades are expensive and financial resources of distribution companies need to be taken into consideration. 

6.3 Non-Technical Losses

Non-technical losses are determined as the residual of total losses (energy purchases minus energy sales) minus the technical losses.  The error in determining technical losses may be large depending on the availability of load and equipment data.  The accuracy of non-technical losses is even more difficult to assess than technical losses because there are no formulas to quantify these losses.

The following subsections outline the work that remains in order to have a complete recommendation to the CREG for the management of losses on the electric system in Colombia.

The same three steps as in Section 6.2 would be followed to determine the existing level, the optimal level, and the transition.  The existing and optimal level are difficult to determine and will require some judgment.  Non-technical losses will be divided into components as shown in Section 4.3 in order to assist in the determination of transition periods.  Those non-technical losses that result from administrative inefficiencies can often be resolved in a shorter time period than non-technical losses resulting from theft and fraud.

The countries within Central/Eastern Europe and Eurasia have found that non-technical losses originate for various reasons, and therefore a single approach for mitigation of these losses is not sufficient. Their actions have focused on regulatory action directed at both the utilities the customer and involved the following approaches;

a) Privatization of the distribution function

b) Elimination of the legal and political barriers to disconnecting service to privileged and non-paying customers.

c) Motivating the distribution company to collect payment. 

d) Working to develop strict penalties for individuals who tamper with meters.

Subsequent studies will review progress in other jurisdictions in managing non-technical line losses.  Wherever possible, practices from other jurisdictions will be considered in determining transitions periods for moving from existing levels of non-technical losses to optimal levels.

A review of metering standards will be undertaken to determine if changes to existing legislation are appropriate to manage non-technical line losses.

6.4 Data Integrity

There has been difficulty in obtaining information regarding losses for a number of reasons.  In some cases, meter data is not available, and some distributors may not compile the data to be useful for the determination and analysis of losses.  Some distributors will share the results of their programs to manage and reduce losses and this information will be compiled in a subsequent report.  The outcome of subsequent studies is dependent on the availability of this information from Colombia.  We understand that the CREG will acquire such information for use in these reports and assist in the acquisition of additional information from distributors and retailers in order to ensure accurate and timely conclusions to these studies.  The results of any subsequent reports can only be as accurate as the data input.

6.5  Additional Tools

The three basic regulatory tools can work in conjunction with various regulatory regimes.  Colombia has used a 5-year test period to regulate distribution companies and intends to start a new 5-year test period starting in 2003.   The regulatory framework in Colombia would be considered performance based regulation (PBR) in North America.  All three tools can work either in PBR or traditional rate base regulation regimes.  

Additional programs beyond the regulatory world may be considered.  Some jurisdictions in the United States have developed programs to deal with customers who simply cannot afford to pay their electricity bills.  Those who cannot afford payment of their bill are placed under one of several possible programs designed to collect as much as the customer can afford to pay.  Such programs include life-line rate programs, budget billing programs, and percentage of income programs.  Percentage of income programs provide that the maximum bill that an individual will pay is set at a percentage of their income.  The cost of arrears and bad debts as a result of these programs are recovered from other customers or are recovered from direct government subsidies.  Instead of disconnecting customers who cannot afford to pay, the customer simply pays an affordable bill at a discount to the cost of serving that customer.  The applicability of such programs in Colombia will be studied and recommendations will be brought forward as to implementation in Colombia.

Metering will be reviewed and recommendations for improvements in metering will be brought forward.  It appears that non-technical losses could be reduced through changes to metering standards and the placement of meters further upstream in the distribution systems, although we understand that there are currently legal barriers to moving the meters further upstream.  Such changes would inhibit meter tampering and bypass and would also facilitate easier access for meter reading, disconnecting and reconnecting services. 

Glossary of Terms

CND:
Centro Nacional de Despacho or Center for National Dispatch of the electric system in Colombia

CREG:  
La Comision De Regulacion De Energia Y Gas of Colombia, the regulatory agency that oversees the gas and electricity industry in Colombia.

EPPM:
Empresas Publicas De Medellin E.S.P.

GWh:
Giga Watt hour, or 1 billion watt hour, as a unit of energy.

KV:
kilo Volt, or 1,000 Volts.

MCM:
Mega cirular mils, or cross section area measurements for conductor.

MME:
Ministro De Minas Y Energia, the Ministry of Mines and Energy in Colombia.

MVA:
Mega-Volt-Amp, or 1 million multiplied by volts multiplied by amps, and which is typically used as a capacity rating for electric equipment.

OPF:
Optimal Power Flow program is a software program and associated operating practices that assist the transmission controller to determine optimal times for switching capacitors, reactors, tap changers, etc. to minimize losses on the system.

PBR:
Performance based regulation intended to provide strong signals for regulated utilities to improve performance and to share the benefits of such improvements between shareholders and customers.

STN:
The national transmission system which is the high voltage system consisting of 230 kV, and 500 kV circuits.

STR:
The regional transmission system consisting of low voltage circuits between 32 kV and 230 kV.

SDL:
The local distribution system consisting of low voltage circuits below 32 kV.
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Appendix A

Optimal Line Loading by Voltage Model
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