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Executive Summary
3M Aluminum Conductor Composite Reinforced Application (ACCR):
An alternative to constructing the Rockdale to West Middleton Project?

In 2005, American Transmission Co. announced plans for a major 345-kilovolt electric transmission line through Dane County. Since then, questions have been raised about possible alternatives to this project. The use of a type of conductor that can be installed on existing, lower-voltage facilities to boost the capacity of the line has been suggested as a way to reduce or eliminate the need for the 345-kV transmission line. However, the use of these conductors is limited to certain conditions to solve specific operational issues related to capacity. Because the electrical problems in Dane County extend well beyond capacity issues, the conductors are not a viable option for reducing or eliminating the need for the proposed Rockdale – West Middleton 345-kilovolt transmission line. 
The high temperature, low sag conductors are not designed to address the bulk of the operational and electric performance issues that exist in Dane County. The use of these conductors would leave Dane County with an inefficient system that continues to be vulnerable to low-voltage conditions and widespread outages, and is limited in its ability to import needed power from outside the area. These are serious issues that cannot go unaddressed and require the construction of a 345-kilovolt transmission line.
Complex electrical problems require properly designed solutions. A misapplication of technology can exacerbate, rather than resolve problems and result in significant costs. Because planners and engineers at ATC continuously monitor new and emerging technology, they are able to adequately evaluate whether or not a particular method, material, or technology represents a possible solution to an electrical problem. ATC has, in fact, installed in certain areas of its system, (including in Dane County) the type of conductor that is being suggested. The use, benefits and limitations of this type of conductor are described in detail in this report. 
As a public utility, it is ATC’s responsibility and obligation to fully evaluate the needs of the complex electric system on an ongoing basis, and propose projects that will solve system problems and issues. It is also ATC’s practice to explore feasible alternatives before proposing a project to ensure that the most suitable, cost-effective project is presented to the public and to regulators for consideration.  ATC is required by the Public Service Commission of Wisconsin to document the alternatives that were considered in evaluating the proposed project and explain in its construction application the reason(s) why certain alternatives were dismissed for consideration. The technical content of this report supports the decision to eliminate the high temperature, low sag conductors from the array of possible solutions for strengthening the electric infrastructure in Dane County.  

3M Aluminum Conductor Composite Reinforced Application (ACCR): An alternative to constructing the Rockdale to West Middleton Project?
Introduction: Dane County Electric System Challenges
ATC is addressing various electric system issues in the Dane County with the Rockdale-West Middleton project, a proposal for a major reinforcement to the existing transmission network in the county which addresses the following existing or emerging operational issues:
1. Thermal overload on lines

2. Widespread low voltages
3. Potential voltage instability issues

4. Demand/Usage
a) High growth
b) Vibrant area

5. Local Generation

a) Insufficient supplies 

b) High cost 

c) Aging fleet 

6. Electric Imports

a) Growing reliance
b) Limited corridors 

c) Common structure failure risks

d) Lack of geographical diversity

e) Maintenance Issues

7. Major corridor have been recently upgraded

a) Rockdale-Kegonsa rebuild - ACSS

b) Columbia-North Madison – second 345 kV Line

8. High system losses; inefficiency
9. Future local, regional expansion and access to renewable resources
ATC proposed the Rockdale-West Middleton 345 kV line after very careful and detailed technical studies including the consideration of various 138 kV alternatives. The application that will be submitted to the Public Service Commission of Wisconsin early next year for a Certificate of Public Convenience and Necessity (CPCN) will provide more details on the costs and merits of the alternatives. 

Specialized Conductors: Applications and Limitations
“High temperature, low sag” (HTLS) is a broad category of specialized conductors that are used in certain applications and under certain conditions. The Composite Conductor, developed by 3M, is a part of this family of HTLS conductors. 
The use of HTLS conductors on existing 138-kilovolt facilities in Dane County has been suggested as an alternative to constructing a 345-kilovolt transmission line between the Rockdale Substation in the town of Christiana and the West Middleton Substation in the town of Middleton. While the HTLS conductors fill a niche in the power system, their use is typically limited to situations that include the conditions listed below. 
Note that the majority of issues and need drivers listed above for the 345-kV project are not among the conditions and applicable uses listed here:
· Potential or existing thermal overloads
· Line rebuilding of relatively short existing transmission lines
· Clearance requirements where low sag conductors can reduce structure heights
· High power transfers are short in duration (peak)
· No low voltage or voltage instability issues exist
· No common mode failure concerns exist (failure of a structure holding multiple circuits)
· Adequate reserve capacity in the system to sustain outage of high capacity lines

The amount of power transfer on transmission lines from a generator (power plant) to a load center (where electricity is used) is governed by the laws of physics. Power transfer is a function of the system configuration as well as the physical and electrical properties of the line. A HTLS line does not necessarily allow for more power to flow on the line. Line characteristics ultimately will dictate how much power flows. When compared with similar diameter conventional conductors, an HTLS conductor will perform comparably for electrical properties like resistance, inductance and capacitance. Although the HTLS conductor outperforms similarly sized conventional conductors in current carrying capability, the line losses and voltage performance for each type of conductor are identical. 
The primary strength of the HTLS conductor is its ability to cost-effectively replace existing conductors that could experience overloads, without requiring major structure (pole) modifications or the need to expand easements.  However, in most applications, the HTLS conductor provides only a very limited solution for addressing thermal overload on lines. Furthermore, it does not address the other need drivers listed on page 1 for the Rockdale-West Middleton project. The HTLS conductor does little to address voltage problems, common structure risk, system losses and the need for geographic diversity. 
Rebuilding the lines on the Rockdale-Kegonsa corridor, as a potential alternative, would provide a small gain in capacity, but at a significant cost. This is because these lines already have been recently rebuilt using one type of high temperature low sag conductor called ACSS (Aluminum Conductor Steel Supported). The lines were rebuilt in 2003 and 2004 to address immediate thermal overload problems until additional 138 kV lines could be constructed. The replacement was considered a complete fix as the long-term solution was understood to require the addition of a 345 kV line. The ACCR conductor was not commercially available when the lines were reconductored and was not considered for the installation. The ACCR is incrementally better than ACSS but not nearly enough to address thermal overloads that exist or are developing throughout the system that serves Dane County. 

ATC realizes the potential and benefits of alternate conductor technology and has used a variety of conductors at facilities in several locations including in Dane County (i.e. Rockdale-Kegonsa).  
ACCR Conductors: Dane County System
The following paragraphs describe power system principles, specific characteristics of the Dane County power system and the effectiveness of the ACCR application. The following scenarios will help illustrate why the use of HTLS conductors on existing facilities is not a solution for address the system problems identified in Dane County. The scenarios show HTLS conductors to be unsuitable because they are inefficient, unreliable, and uneconomical, and not a viable use of the technology for addressing future growth in the area. Some fundamental power system principles are also discussed to aid in the understanding of various concepts.
1. Major Import Paths and Composite Conductors
The Rockdale-Kegonsa 138 kV, double-circuit line constitutes one of the two major electrical paths into Dane County. This path is capacity constrained, and an outage of one or both circuits could result in major thermal overloads, low voltages, voltage collapse and cascading outages throughout the County. Low voltages can cause lights to dim, motors to stall, harm to computers or other sensitive equipment. The following map shows the Dane County power grid and the two major import corridors.
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Figure 1.1 –Dane County Power Grid and Two Major Import Corridors
As previously noted, both of the Rockdale-Kegonsa circuits have already bee reconductored utilizing high-temperature ACSS conductors, which have resulted in a small gain in capacity.  Replacing these circuits with the 3M composite conduction (ACCR) would result in a modest gain of only about 13% (62 MVA) in capacity on each circuit at a cost of about $27 million using similar size conductor. Further gains would be possible using a larger diameter conductor, but the additional weight would require rebuilding both lines using new poles and substation enhancements at a substantially higher cost. As discussed earlier, the use of composite conductor for new construction is not a typical application of this technology within the industry because of high conductor cost compared to conventional conductors.   
The modest increase in capacity resulting from the use of ACCR conductor is not sufficient to eliminate the need for the Rockdale – West Middleton project and fails to address other operational and performance challenges.  Overloads observed and projected in system studies far exceed the indicated capacity increase.
2. Common Mode Failures on Major Import Corridor
The use of ACCR conductors to upgrade the capability of the Rockdale-Kegonsa conductors will not provide protection from a common structure failure condition that would result in an outage on both lines. In fact, it would put Dane County at a greater risk for blackout conditions. While the recent upgrade of a second circuit from 138 kV to 345 kV along the Columbia-North Madison double-circuit allows for sufficient current-carrying capability in the event of an outage of both Rockdale-Kegonsa 138 kV circuits, studies predict that under this condition, the transmission system in Dane County would be unstable and would lead to wide-spread system outages due to low voltage. In other words, there are factors in play besides the capacity of the Rockdale-Kegonsa line. This is one of several scenarios that demonstrate that problems and solutions in Dane County can’t be summed up as an issue of current-carrying capacity. Dane County depends on these two corridors to import, on average, 70 percent of its electric needs. Regardless of the addition of capacity, a complete outage of either of these two paths would likely cause the large areas of the transmission system to lose power—referred to as voltage collapse. Rebuilding them using high temperature low sag conductors would not solve the weaknesses on the system which new lines would effectively address.  
3. Reliability
Replacing lines that serve as a major import path with high-temperature, low-say or high capacity conductors will not necessarily improve electric reliability in the area. When in service, high capacity lines will perform well relative to thermal rating, but in the event of an outage of the high-capacity line, a large volume generation dispatch (if available), fast/dynamic reactive support, load shedding (controlled/managed blackouts) and increased import capability to provide replacement power would be required to prevent overloads and voltage collapse. Dane County does not have these resources internally. This means that more new power lines would be required to import power in Dane County. Additional generation and load shedding are not feasible options. Each of the Rockdale–Kegonsa circuits can carry about 325 megawatts (MW) under intact system conditions with the Dane County electric demand of 1,550 MW, which is predicted for the year 2015. While system demand depends on the forecast and can occur sooner or later than projected, the bottom line is the power system must be able to handle the demand even in the event of a line outage.  An outage of both Rockdale-Kegonsa circuits at the same time would result in a deficit of about 650 MW which would have to be carried by remaining lines. The likelihood of this scenario increases because the two circuits share a common structure. Because the remaining lines would be unable to access replacement power while maintaining reasonable voltages, blackouts would result under these conditions. 
National reliability criteria require utilities to design the electric system to maintain service if a single component is lost. When a line is built to carry a certain amount of power—for example 1,000 MW—an equivalent unused capacity has to be available elsewhere on the network to serve as an alternate path in case the line is lost. This standard redundancy is also needed for maintenance outages, changing generation scenarios, operational flexibility, and many other functions. 
Dane County’s system has a number of weaknesses. The limited number of lines and paths, and a lack of sufficient and economical generation that could be dispatched during maintenance outages of major lines and equipment would eventually degrade reliability of the area. The maintenance of lines, generators and substations also requires careful planning and scheduling because during maintenance outages, lines or equipment cannot be put back in service quickly to respond to an incident or second contingency on the system. In a constrained system, maintenance activities are postponed or diminished, which further compromises system reliability and increases operating costs.  The point is that high capacity 138 kV lines would make reliability worse, not better, because more replacement capacity is needed to accommodate a single failure.
The placement of a Rockdale-West Middleton 345 kV line will provide significant reliability improvements in the area; it will provide a new high capacity power source, reduce stress on the existing lines and voltage improvements, and offer opportunities for future expansion to address growing electric demand.  
4. Low Voltage/Voltage Collapse Issues

Replacing Rockdale-Kegonsa lines with HTLS conductors will not resolve low voltage and voltage collapse issues due to the identical electrical and physical properties of composite conductors compared to the existing ACCS conductors already installed on these lines. Likewise, other lines in Dane County are not candidates for the use of these conductors to resolve system problems. In fact, the HTLS conductors will destabilize the system electrically and exacerbate, rather than alleviate, the low voltage conditions the system is experiencing. The following paragraph explains the fundamentals of real vs. reactive power and why the operating characteristics of HTLS are incompatible with Dane County’s system problems.
Transmission lines transport power from one point in the system to another. This power has two components: real power (MW) and reactive power (MVAR). Real power does the work and reactive power helps real power to do the work. Power systems need both of these components to function properly. A quarterback can throw a ball, but it won’t go very far without an arc. Real power is the throw and reactive power is the height of the arc. MVARs come from generators, capacitor banks and also are naturally produced by transmission lines and cables. Transmission lines and cables produce reactive power as well as utilize it. Lines operating at higher voltage will produce more reactive power (MVARs), but a lower-voltage line carrying high current will consume more reactive power. For similar amounts of power transferred, a 345 kV line consumes less reactive power compared to a 138 kV line because it requires less current flow. 
The reactive power or MVARs is important in this case because the reactive power availability, the speed at which it is produced, and the balance are critical to system voltage stability. Too much reactive power can cause over voltages and too little can cause low voltages and/or voltage collapse. Either scenario can cause widespread blackouts. HTLS conductors on 138 kV lines can carry more current depending on system configuration, but will consume more MVARs when carrying more power. Therefore, using them to replace existing lines is not a solution for systems sensitive to low voltages, voltage collapse and generation deficiencies—the exact conditions experienced on the Dane County system.
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Figure 4.1 – Rockdale-Kegonsa 138 kV Intact System
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Figure 4.2 – Rockdale-Kegonsa 138 kV Intact System
In Figure 4.1 and Figure 4.2 above, system conditions on Rockdale-Kegonsa lines are provided for both existing and composite 3M conductors. The results show insignificant differences in performance. For power transfer of 324-325 MW, the MVAR loss is identical, but significantly higher for both types of conductors (41 MVAR) when compared to 345 kV line (Figure 4.5) Further, the voltages at Kegonsa are barely meeting the minimum allowable voltage or 95% under intact system conditions.
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Figure 4.3 – Rockdale-Kegonsa 138 kV Heavy Loading
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Figure 4.4 – Rockdale-Kegonsa 138 kV Heavy Loading
Figures 4.3 and 4.4 show a heavy loading situation when an outage on one of the parallel circuits occurs.  This could also occur if both circuits are in service and are experiencing heavy loading because no alternative paths (new lines) are available. For an increase in power transfer of 65%, the MVAR loss will increase ~300% resulting in very low voltage levels at Kegonsa Substation for either type of conductor. There also is an increase of 267-300% in MW losses for the same amount of power transfer.  
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Figure 4.5 – Columbia-North Madison 345-kV Intact System
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Figure 4.6 – Columbia-North Madison 345-kV Heavy Loading
Columbia-North Madison is the second major corridor for power imports into Dane County, but it operates at 345 kV versus the 138 kV operation of the Rockdale-Kegonsa corridor. In Figures 4.5 and 4.6 above, system conditions are provided for comparison and to highlight the advantage of power transfer at 345 kV. Reactive power losses on the 345 kV lines are much smaller compared to the 138 kV corridor, especially under heavy loading conditions; 26.2 MVAR versus 119 MVAR for comparable power imports, resulting in much better voltage performance. There are length and conductor property differences, but the bottom line is that 345 kV systems will always have less reactive power losses and better voltage performance than 138 kV systems for comparable power transfers.

Reactive power demand increases sharply in systems designed around high capacity 138 kV lines serving as a backbone to meet the demand in highest growth areas. Reactive power transmission losses (inefficiencies) are proportional to the amount of current squared; in simple terms this means the following:

Current flow of 10 A through 2 units of line-inductive reactance results in a reactive power loss equal to 200 VAR. Doubling of the current  to 20 A due to a flow increase causes the reactive power losses in the line to increase 4 times to 800 VAR.
Limits of Shunt Capacitors (Shunt Compensation)

To makeup for the increase in reactive power demand and the resulting voltage decline, shunt capacitors are typically installed by local companies at the distribution system level and by ATC at the transmission system level. However, they are too slow and ineffective at mitigating rapid voltage decline associated with unplanned system or generation outages that can lead to voltage collapse. ATC has been installing capacitors in Dane County and has requested local utilities to install capacitors at the distribution level to help support transmission voltages. But the effectiveness of shunt capacitors is limited. For example, if voltage drops to 80% during a contingency, assuming the system does not collapse, a 100 MVAR capacitor would produce only 64 MVAR at the indicated voltage level. Reactive power output of capacitors is proportional to the voltage squared and decreases sharply with declining voltages. This makes it more difficult for transmission system voltages to recover to normal levels. While shunt capacitors, with reduced output at low voltages, are trying to bring transmission voltages back to normal levels, distribution transformers and motor loads, due to their characteristics, work against these efforts. These conflicting signals cause instability and are generally the causes of system voltage collapses. 
The most effective way to prevent voltage collapse is on-line economical local generation with sufficient reactive power operating margins. Generators provide support in two ways:  (1) by reducing the primary cause of voltage drops, i.e. power transformers or imports on relatively longer 69 kV and 138 kV lines, and (2) by providing reactive power almost instantly during contingencies to limit voltage decline. The maximum nameplate capability of MGE generators in the Madison area is about 166 MVAR assuming all units are on line.  If smaller units at Sycamore, Fitchburg and Nine Springs are off-line (a more realistic scenario), then the reactive power output capability drops to 114 MVAR, which is primarily being utilized under intact system conditions, leaving little or no reactive power margin to support voltages during major contingencies when reactive power demand surges. To provide some perspective, the Rockdale-Kegonsa corridor as shown in Figure 4.3, consumes 119 MVAR by itself when heavily loaded. There are other power electronics and superconductor technologies that are being used to provide fast/dynamic reactive power output during contingencies. They have a place in specialized applications but are short-term solutions with cost and reliability also being limiting factors. With high demand growth every year causing increased current flow on already heavily loaded lines, the demand for reactive power (proportional to current squared) also will increase. These are some of the reasons why high voltage 345 kV, 500 kV and 765 kV lines are used to build backbone infrastructures to move large amounts of power. Their real power (MW) loading point at which reactive power (MVAR) demand increases sharply is much higher than lower voltage 115 kV, 138 kV 161 kV or 230 kV lines. 
The limitation of shunt compensation is further described graphically in Figure 4.7, called the real power-voltage curve or P-V curve. The P-V curve describes graphically the impact of an increase in real power (MW) due to consumer demand and system voltages. As the demand of reactive power (MVAR) is increased due to higher power transfer on lines driven by consumer demand, system voltages will decrease. The end of the curve, frequently called the nose, represents the maximum load that can be served. The difference between the operating load point and the maximum load point is the real power (MW) margin and is required to maintain reliability. The voltage at which the maximum load point occurs is called the critical voltage. A critical voltage below the normal range represents a reliable and stable operating system. 
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Figure 4.7 – Real Power-Voltage (PV) Curve
Adding substantial amount of capacitors to a system will generally improve the real power (MW) margin by increasing the critical voltage until it reaches the normal operating point or higher thus eliminating voltage margin and the safety gap between stable and unstable system operation. The upper portion of the P-V curve tends to flatten out.  The voltage becomes uncontrollable under these conditions. Small changes in power will result in an unacceptably large change in voltage. One of the reasons new transmission lines are built is to keep system voltages in the stable region with adequate margin.
5. System Losses – Efficiency 
High voltage 345 kV lines are significantly more efficient than 138 kV lines. Transmission lines, while transporting power, consume real power due to resistance. It is a waste of energy that has to be produced by generators, paid for by electric customers and results in emissions that can impact the environment. Losses in lines occur 24 hours a day, 7 days a week with costs that could add up into the millions of dollars each year, particularly when high losses occur on major power paths. 
Losses are proportional to the current squared on the line times the resistance, and increase rapidly with the increase in current. For the same size conductor, 345 kV lines will require less current than the 138 kV lines for same amount of power transfer, and therefore are more efficient and desirable from an operating and cost standpoint.

Comparing a 138 kV line to a 345 kV line, under heavy loading conditions, (refer to Figures 4.3 and 4.6), provides a difference in losses of 18 MW versus 2.1 MW respectively for comparable power transfer. The losses at 345 kV are 12% of those at 138 kV. The use of the composite conductor—because their electrical characteristics are nearly the same as the existing conductor—does not reduce 138 kV losses significantly.
6.  High versus Low Voltage lines: Right-of-Way and Land Use
There are good and valid reasons why high voltage lines are the industry standard throughout the county and the world for moving large amounts of power. For an identical conductor size and impedance, a 345 kV line will carry 25 times the power of a 69 kV line and 6 times the 138 kV line. In addition to better voltage performance and efficiency, high voltage lines translate into reduced need for electric corridors, and rights-of-way, and help lessen the impact on property owners and the environment. In other words, it would require many times more miles of right-of-way to resolve the problem using multiple additional 138 kV lines rather than a single 345 kV line.

Conclusion: HTLS Conductors are not the right solution
There are many tools, methods, solutions and technologies to address any given problem—whether it’s a complex electrical network or a pothole in a roadway. Almost every problem has a good, better and best solution. In the case of the Dane County’s electric system, the HTLS conductors fail to meet the criteria for even a “good” solution because the problems and issues will continue to persist and worsen. Only the construction of a 345 kV transmission line will provide the long-term solution needed to ensure that the system which serves the homes, businesses and farms in Dane County continues to provide adequate and reliable electricity day in and day out for many years to come. 
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