
Section 5: Design Approach
5.1 Electrical Codes 
5.1.1 Coordination with other codes, standards, and agencies (Emerald 3.8)
5.1.1.1 General information (Emerald 3.8)
There is a large body of guidelines, standards, and codes that address the issues of power quality, safety, and operational integrity of a power system and its connected equipment. These documents are prepared by diverse organizations, including voluntary consensus standards such as the IEEE documents, national position standards such as the recommendations of the IEC, safety standards such as those of the Underwriters Laboratories (UL), performance standards prepared by users’ organizations, interchangeable standards prepared by manufacturers trade organizations, and regulatory standards promulgated by local and national agencies.

While conflicts are not intended among these documents, the wide diversity of needs and points of view unavoidably create ambiguities at best and conflicts at worst. As indicated earlier, however, the safety and legal aspects of any conflict mandate a prevailing role for the NEC.

5.1.1.2 National Electrical Code (Emerald 3.8)
The NEC is a document prepared by consensus of a number of panels where national experts develop a set of specific and detailed requirements. These requirements are based on long-established practices, complemented by a permanent review process with a 3-year cycle. The NEC is generally adopted by local jurisdictions, either in its entirety or with some modifications, and thus becomes enforceable by local inspection authorities. Conspicuous exceptions exist, however, in the domain of application: the power generation and distribution facilities of electric utilities are not regulated by the NEC, but have their own safety standards; U.S. government facilities are not regulated by the NEC, although installations are generally made in accordance with the NEC; some jurisdictions, notably large cities in the U.S., have their own local codes that are usually based on the NEC with additional requirements.

5.1.1.3  Underwriters Laboratories standards (Emerald 3.8)
UL is an independent, not-for-profit organization operating in the field of public safety. It operates product safety certification programs to determine that manufactured materials and products produced under these programs are reasonably safeguarded against foreseeable hazards. UL publishes standards, product directories, and other information. Approximately 500 published standards now exist. These standards are generally recognized by inspection authorities in the U.S. Note, however, that there are other competent testing agencies that can conduct certification programs based upon UL standards.

5.1.1.4 Other laboratories and testing agencies (Emerald 3.8)
Other laboratories and testing agencies have also performed tests on equipment, for the purpose of listing or for providing an independent verification of performance. The Occupational Safety and Health Administration (OSHA) requires listing by a Nationally Recognized Testing Laboratory (NRTL).3

5.1.1.4.1 National Electrical Manufacturers Association (N EMA) standards (Emerald 3.8)
NEMA develops product standards, some of which are recognized as Accredited Standards Committee standards. These standards are generally concerned with equipment interchangeability, but also contain documentation on operation and safety features.

5.1.1.4.2 National Institute of Standards and Technology (NIST) (Emerald 3.8)
NIST (formerly the National Bureau of Standards) is a U.S. government agency established initially for the purpose of maintaining standards of measurements and calibration of instruments, including tractability. Over the years, the role of NIST has expanded to include a broad range of research activities. The staff of NIST is active in many standards writing groups, through individual contributions of experts in each specific field. However, NIST does not promulgate standards in the meaning of documents such as IEEE, IEC, or American National Standards Institute (ANSI) standards.

5.1.1.4.3 International standards (Emerald 3.8)
International standards are developed by a different process than the typical voluntary standard process used in the U.S., as exemplified by the present book. The prevalent set of standards is developed by the IEC and covers most of the engineering and application aspects of electromechanical and electronic equipment. Technical Committees involved in the development of documents related to power and grounding include the following:

a) Technical Subcommittee 28A, for insulation coordination concerns. A report prepared by this sub​committee (IEC 60664-1) discusses in detail an approach whereby overvoltage categories would be assigned to various types of equipment. The overvoltage capability of the equipment would become part of the equipment nameplate information, ensuring proper installation in known environments.

b) Technical Committee 64, for fixed (premises) wiring considerations.

c) Technical Committee 65 WG4, for EMC of industrial process control equipment. This working group has produced and continues to update a family of documents addressing surge immunity, fast transients, and ESDs (IEC 6100-4-1).

d) Technical Committee 77, for EMC. Within the broad scope of all possible disturbances to EMC, this committee is developing documents related to conducted disturbances. These documents are generic descriptions and classifications of the environment, leading to the specification of immunity tests in general. Detailed test specifications for a given equipment are left to the relevant product committee.

5.1.2 Codes and standards (Red 1.6)
5.1.2.1 National Electrical Code (Red 1.6)
The electrical wiring requirements of the National Electrical Code (NEC) (ANSI/NFPA
70-1993 [B1]), are vitally important guidelines for electrical engineers. The NEC is revised
every three years. It is published by and available from the National Fire Protection Association (NFPA) 
. It is also available from the American National Standards Institute (ANSI) 
and from each State's Board of Fire Underwriters (usually located in the State Capital). It does not represent a design specification but does identify minimum requirements for the safe installation and utilization of electricity. It is strongly recommended that the introduction to the NEC, Article 90, covering purpose and scope, be carefully reviewed.

The NFPA Handbook of the National Electrical Code, No. 70HB, sponsored by the NFPA, contains the complete NEC text plus explanations. This book is edited to correspond with each edition of the NEC. McGraw Hill's Handbook of the National Electrical Code, and other handbooks, provide explanations and clarification of the NEC requirements.

Each municipality or jurisdiction that elects to use the NEC must enact it into law or regula​tion. The date of enactment may be several years later than issuance of the code, in which event, the effective code may not be the latest edition. It is important to discuss this with the inspection or enforcing authority. Certain requirements of the latest edition of the Code may be interpreted as acceptable by the authority.

5.1.2.2 Other NFPA standards (Red 1.6)
The NFPA publishes the following related documents containing requirements on electrical equipment and systems:

· NFPA HFPE and Society of Fire Protection Engineers' SFPE Handbook of Fire Pro​tection Engineering

· NFPA 101H, Life Safety Code Handbook

· NFPA 20, Centrifugal Fire Pumps
· NFPA 70B, Electrical Equipment Maintenance

· NFPA 70E, Electrical Safety Requirements for Employee Workplaces
· NFPA 72, National Fire Alarm Code

· NFPA 75, Protection of Electronic Computer/Data Processing Equipment
· NFPA 77, Static Electricity
· NFPA 78, Lightning Protection Code
· NFPA 79, Electrical Standard for Industrial Machinery
· NFPA 92A, Smoke Control Systems
· NFPA 99, Health Care Facilities Chapter 8: Essential Electrical Systems for Health Care Facilities; Appendix E: The Safe Use of High Frequency Electricity in Health Care Facilities

· NFPA 101, Life Safety Code
· NFPA 110, Emergency and Standby Power Systems
· NFPA 130, Fixed Guideway Transit Systems

5.1.2.3 Local, state, and federal codes and regulations (Red 1.6)
While most municipalities, counties, and states use the NEC (either with or without modifica​tions), some have their own codes. In most instances, the NEC is adopted by local ordinance as part of the building code. Deviations from the NEC may be listed as addenda. It is impor​tant to note that only the code adopted by ordinance as of a certain date is official, and that governmental bodies may delay adopting the latest code. Federal rulings may require use of the latest NEC rulings, regardless of local rulings, so that reference to the enforcing agencies for interpretation on this point may be necessary.

Some city and state codes are almost as extensive as the NEC. It is generally accepted that in the case of conflict, the more stringent or severe interpretation applies. Generally the entity responsible for enforcing (enforcing authority) the code has the power to interpret it. Failure to comply with NEC or local code provisions, where required, can affect the owner's ability to obtain a certificate of occupancy, may have a negative effect on insurability, and may sub​ject the owner to legal penalty.

Legislation by the U.S. federal government has had the effect of giving standards, such as certain American National Standards Institute (ANSI) standards, the impact of law. The Occupational Safety and Health Act, administered by the U.S. Department of Labor, permits federal enforcement of codes and standards. The Occupational Safety and Health Administra​tion (OSHA) adopted the 1971 NEC for new electrical installations and also for major replacements, modifications, or repairs installed after March 5, 1972. A few articles and sec​tions of the NEC have been deemed by OSHA to apply retroactively. The NFPA created an NFPA 70E (Electrical Requirements for Employee Workplaces) Committee to prepare a consensus standard for possible use by OSHA in developing their standards. Major portions of NFPA 70E have been included in OSHA regulations.

OSHA requirements for electrical systems are covered in 29 CFR Part 1910 of the Federal Register.
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The U.S. National Institute of Occupational Safety and Health (NIOSH) publishes "Electrical Alerts" to warn of unsafe practices or hazardous electrical equipment.

The U.S. Department of Energy, in Building Energy Performance Standards, has advanced energy conservation standards. A number of states have enacted energy conservation regula​tions. These include ASHRAE/IES legislation embodying various energy conservation stan​dards, such as ASHRAE/IES 90.1P, Energy Efficient Design of New Buildings Except Low Rise Residential Buildings. These establish energy or power budgets that materially affect architectural, mechanical, and electrical designs.

5.1.2.4 Standards and Recommended Practices (Red 1.6)
A number of organizations, in addition to the NFPA, publish documents that affect electrical design. Adherence to these documents can be written into design specifications.

The American National Standards Institute (ANSI) coordinates the review of proposed stan​dards among all interested affiliated societies and organizations to assure a consensus approval. It is, in effect, a clearing house for technical standards. Not all standards are ANSI- approved. Underwriters Laboratories, Inc. (UL), and other independent testing laboratories may be approved by an appropriate jurisdictional authority (e.g., OSHA) to investigate mate​rials and products, including appliances and equipment. Tests may be performed to their own or to another agency's standards and a product may be "listed" or "labeled." The UL publishes an Electrical Construction Materials Directory, an Electrical Appliance and Utilization Equipment Directory, a Hazardous Location Equipment Directory, and other directories. It should be noted that other testing laboratories (where approved) and governmental inspection agencies may maintain additional lists of approved or acceptable equipment; the approval must be for the jurisdiction where the work is to be performed. The Electrification Council (TEC),
 representative of investor-owned utilities, publishes several informative handbooks, such as the Industrial and Commercial Power Distribution Handbook and the Industrial and Commercial Lighting Handbook, as well as an energy analysis computer program, called AXCESS, for forecasting electricity consumption and costs in existing and new buildings.

The National Electrical Manufacturers Associations (NEMA)
 represents equipment manufacturers. Their publications serve to standardize certain design features of electrical equipment and provide testing and operating standards for electrical equipment. Some NEMA standards contain important application information for equipment such as motors and circuit breakers.

The IEEE publishes several hundred electrical standards relating to safety, measurements, equipment testing, application, maintenance, and environmental protection. Also published are standards on more general subjects, such as the use of graphic symbols and letter symbols. The IEEE Standard Dictionary of Electrical and Electronics Terms is of particular importance.

The Electric Generating Systems Association (EGSA)
 publishes performance standards for emergency, standby, and cogeneration equipment.

The Intelligent Buildings Institute (IBI)
 publishes standards on the essential elements of "high-tech" buildings.

The Edison Electric Institute (EEI)
 publishes case studies of electrically space-conditioned buildings as well as other informative pamphlets.

The International Electrotechnical Commission (IEC) is an electrical and electronic standards generating body with a multinational membership. The IEEE is a member of the U.S. National Committee of the IEC.
5.2 Design from Load to Source

5.2.1 Design for preventive maintenance (Gold 5.4)
Preventive maintenance should be a prime consideration for any new equipment installation. Effective preventive maintenance begins with good design with a conscious effort toward maintainability. Quality, installation, configuration, and application are fundamental prerequisites in attaining a satisfactory preventive maintenance program. Installation cost without regard for performing efficient and economic maintenance influences system design. In many instances the additional cost of performing maintenance plus lost production from outages due to lack of maintenance more than offsets the savings in initial cost. A system that is not adequately engineered, designed, and constructed will not provide reliable service, regardless of how good or how much preventive maintenance is accomplished.

5.2.2 Quality and installation of equipment (Gold 5.4)
One of the first requirements in establishing a satisfactory and effective preventive maintenance program is to have good quality equipment that is properly installed. Examples of this are as follows:

e) Large exterior bolted covers on switchgear or large motor terminal compartments are not conducive to routine electrical preventive maintenance inspections, clean​ing, and testing. Hinged and gasketed doors with a three-point locking system would be much more satisfactory.

f) Space heater installation in switchgear or an electric motor is a vital necessity in high humidity areas; this reduces condensation on critical insulation components. The installation of ammeters in the heater circuit is an added tool for operating or maintenance personnel to monitor their operation.

g) Motor insulation temperatures can be monitored by use of resistance temperature detectors, which provide an alarm indication at a selected temperature (depending on the insulation class). Such monitoring indicates that the motor is dirty and/or air passages are plugged.

h) Standardization of installed equipment enables site personnel to maintain single manufacturers equipment such as diesel generators, switchgear, or circuit breakers instead of several different vendors. This also reduces spare parts inventory, tools, test equipment, and personnel training.

5.2.3 Installation of alternate equipment (Gold 5.4)
The distribution system configuration and features should be such that maintenance work is permitted without load interruption or with only minimal loss of availability. Often, equipment preventive maintenance is not done or is deferred because load interruption is required to a critical load or to a portion of the distribution system. This may require the installation of alternate equipment and circuits to permit routine or emergency maintenance on one circuit while the other one supplies the critical load that cannot be shutdown. Examples are as follows:

i) Dual circuits to critical equipment

j) Double ended substations

k) Tie breakers

l) Drawout circuit breakers

m) Auxiliary power sources

n) Redundant utility feeds

o) Redundant on-site generators

Equipment that is improperly applied will not give reliable service regardless of how good or how much preventive maintenance is accomplished. The most reasonably accepted measure is to make a corrective modification.

5.2.4 Design considerations (Red 1.12)
Electrical equipment usually occupies a relatively small percentage of the total plant space and, in design, it may be easier to relocate electrical service areas than mechanical areas or structural elements. Allocation of space for electrical areas is often given secondary consider​ation by plant engineering, architectural, and related specialties. In the competing search for space, the electrical engineer is responsible for fulfilling the requirements for a proper electri​cal installation while recognizing the flexibility of electrical systems in terms of layout and placement.

It is essential that the electrical engineer responsible for designing plant power systems have an understanding of the manufacturing processes and work flow to the extent that he can form part of the planning team and assure that the optimum design is provided. In manufacturing areas, considerations of architectural finishes and permanence are usually secondary to pro​duction efficiency and flexibility. Special provisions could be required, as part of the manu​facturing process, for reduction of EMI (see 1.19.3), for continuity of supply, and for complex control systems.

5.2.4.1 Coordination of design (Red 1.12)
Depending on the type and complexity of the project, the engineer will need to cooperate with a variety of other specialists. These potentially include mechanical, chemical, process, civil, structural, industrial, production, lighting, fire protection, and environmental engineers; maintenance planners; architects; representatives of federal, state, and local regulatory agen​cies; interior and landscape designers; specification writers; construction and installation con​tractors; lawyers; purchasing agents; applications engineers from major equipment suppliers and the local electrical utility; and management staff of the organization that will operate the facility.

The electrical designer must become familiar with local rules and know the authorities having jurisdiction over the design and construction. It can be inconvenient and embarrassing to have an electrical project held up at the last moment because proper permits have not been obtained; for example, a permit for a street closing to allow installation of utilities to the site or an environmental permit for an on-site generator.

Local contractors are usually familiar with local ordinances and union work rules and can be of great help in avoiding pitfalls. In performing electrical design, it is essential, at the outset, to prepare a checklist of all the design stages that have to be considered. Major items include temporary power, access to the site, and review by others. Certain electrical work may appear in non-electrical sections of the specifications. For example, furnishing and connecting of electric motors and motor controllers may be covered in the mechanical section of the speci​fications. For administrative control purposes, the electrical work may be divided into a num​ber of contracts, some of which may be under the control of a general contractor and some of which may be awarded to electrical contractors. Among items with which the designer will be concerned are preliminary cost estimates, final cost estimates, plans or drawings, technical specifications (the written presentation of the work), materials, manuals, factory inspections, laboratory tests, and temporary power. The designer may also be involved in providing infor​mation on electrical considerations that affect financial justification of the project in terms of owning and operating costs, amortization, return on investment, and related items.

5.2.4.2 Flexibility (Red 1.12)
Flexibility of the electrical system means adaptability to development and expansion as well as to changes to meet varied requirements during the life of the facility. Sometimes a designer is faced with providing power in a plant where the loads may be unknown. For example, some manufacturing buildings are constructed with the occupied space designs incomplete (shell and core designs). In some cases, the designer will provide only the core utilities avail​able for connection by others to serve the working areas. In other cases, the designer may lay out only the basic systems and, as the tenant requirements are developed, fill in the details. A manufacturing division or tenant may provide working space designs.

Because it is usually difficult and costly to increase the capacity of feeders, it is important that provisions for sufficient capacity be provided initially. Industrial processes, including manu​facturing, may require frequent relocations of equipment, addition of production equipment, process modifications, and even movement of equipment to and from other sites; therefore, a high degree of system flexibility is an important design consideration.

Extra conductors or raceway space should be included in the design stage when additional loads are added. In most industrial plants, the wiring methods involve exposed conduits, cable trays, and other methods where future changes will not affect architectural finishes. When required, space must be provided for outdoor substations, underground systems includ​ing spare ducts, and overhead distribution.

Flexibility in an electrical wiring system is enhanced by the use of oversize or spare race​ways, cables, busways, and equipment. The cost of making such provisions is usually rela​tively small in the initial installation. Space on spare raceway hangers and openings (sealed until needed) between walls and floors may be provided at relatively low cost for future work. Consideration should be given to the provision of electrical distribution areas for future expansion. Openings through floors should be sealed with fireproof (removable) materials to prevent the spread of fire and smoke between floors. For computer rooms and similar areas, flexibility is frequently provided by raised floors made of removable panels, providing access to a wiring space between the raised floor and the slab below.

Industrial facilities most frequently use exposed wiring systems in manufacturing areas for greater economy and flexibility. Plug-in busways and trolley-type busways can provide a con​venient method of serving machinery subject to relocation. Cable trays for both power and control wiring are widely used in industrial plants. Exposed armored cable is a possible con​venient method of feeding production equipment.

5.2.4.3 Specifications (Red 1.12)
A contract for installation of electrical systems consists of both a written document and draw​ings. The written document contains both legal (non-technical) and engineering (technical) sections. The legal section contains the general terms of the agreement between contractor and owner, such as payment, working conditions, and time requirements, and it may include clauses on performance bonds, extra work, penalty clauses, and damages for breach of contract.

The engineering section includes the technical specifications. The specifications give descrip​tions of the work to be done and the materials to be used. It is common practice in larger installations to use a standard outline format listing division, section, and subsection titles or subjects of the Construction Specifications Institute (CSI). 
 Where several specialties are involved, Division 16 covers the electrical installation and Division 15 covers the mechanical portion of the work. The building or plant automation system, integrating several building control systems, is covered in CSI Division 13— Special Construction. It is important to note that some electrical work will almost always be included in CSI Divisions 13 and 15. Divi​sion 16 has a detailed breakdown of various items, such as switchgear, motor starters, and lighting equipment, specified by CSI.

To assist the engineer in preparing contract specifications, standard technical specifications (covering construction, application, technical, and installation details) are available from technical publishers and manufacturers (which may require revision to avoid proprietary specifications). Large organizations, such as the U.S. Government General Services Adminis​tration and the Veterans Administration, develop their own standard specifications. The engi​neer should keep several cautions in mind when using standard specifications. First, they are designed to cover a wide variety of situations, and consequently they will contain consider​able material that will not apply to the specific facility under consideration, and they may lack other material that should be included. Therefore, standard specifications must be appropriately edited and supplemented to embody the engineer's intentions fully and accurately. Sec​ond, many standard specifications contain material primarily for non-industrial facilities, and may not reflect the requirements of the specific industrial processes.

MASTERSPEC, issued by American Institute of Architects (AIA),
 permits the engineer to issue a full-length specification in standardized format. SPECTEXT II, which is an abridged computer program with similar capabilities, is issued by CSI. CEGS and NFGS are the U.S. Army Corps of Engineers and the U.S. Naval Facilities Engineering Command Guide Specifications.

Computer-aided specifications (CAS) have been developed that will automatically create specifications as an output from the CAE-CADD process (see 1.12.4).

5.2.4.4 Drawings (Red 1.12)
Designers will usually be given preliminary architectural drawings as a first step. These draw​ings permit the designers to arrive at the preliminary scope of the work, roughly estimate the requirements, and determine in a preliminary way the location of equipment and the methods and types of lighting. In this stage of the design, such items as primary and secondary distri​bution systems and major items of equipment will be decided. The early requirements for types of machinery to be installed will be determined. If a typical plant of the type to be built or modernized exists, it would be well for the engineer to visit such a facility and to study its plans, cost, construction, and operational history.

Early in the design period, the designer should emphasize the need for room to hang conduits and cable trays, crawl spaces, structural reinforcements for equipment, and special floor load​ings; and for clearances around substations, switchgear, transformers, busways, cable trays, panelboards, switchboards, and other items that may be required. It is much more difficult to obtain such special requirements once the design has been committed. The need for install​ing, removing, and relocating machinery must also be considered.

The one-line diagrams should then be prepared in conformity with the utility's service requirements. Based on these, the utility will develop a service layout. Checking is an essen​tial part of the design process. The checker looks for design deficiencies in the set of plans. The designer can help the checker by having on hand reference and catalog information detailing the equipment he has selected. The degree of checking is a matter of design policy.

Computer-aided engineering (CAE) and computer-aided design and drafting (CADD) sys​tems are tools by which the engineer/designer can perform automatic checking of interfer​ences and clearances with other trades. The development of these computer programs has progressed to the level of automatically performing load-flow analysis, fault analysis, and motor-starting analysis from direct entry of the electrical technical data of the components and equipment.

5.2.4.5 Manufacturer's or shop drawings (Red 1.12)
After the design has been completed and contracts are awarded, contractors, manufacturers and other suppliers will submit drawings for review or information. It is important to review and comment upon these drawings and return them as quickly as possible; otherwise, the supplier and/or contractor may claim that the work was delayed by the engineer's review process. Unless the drawings contain serious errors and/or omissions, it is usually a good practice not to reject them but to stamp the drawings with terminology such as "revise as noted" and mark them to show errors, required changes, and corrections. The supplier can then make appropriate changes and proceed with the work without waiting to resubmit the drawings for approval.

If the shop drawings contain major errors or discrepancies, however, they should be rejected with a requirement that they be resubmitted to reflect appropriate changes that are required on the basis of notes and comments of the engineer.

Unless otherwise directed, communication with contractors and suppliers is always through the construction (often inspection) authority. In returning corrected shop drawings, remember that the contract for supplying the equipment is usually with the general contractor and that the official chain of communication is through him or her. Sometimes direct communication with a subcontractor or a manufacturer may be permitted; however, the content of such com​munication should always be confirmed in writing with the general contractor. Recent law​suits have resulted in placing the responsibility for shop drawing correctness (in those cases and possibly future cases) upon the design engineer, leaving no doubt that checking is an important job.

5.3 Reliability
5.4 Maintainability
Following Sections should be merged:
5.4.1 Maintenance (Red 1.11)
Maintenance is essential to proper operation. The installation should be so designed that maintenance can be performed with normally available maintenance personnel (either in- house or contract). Design details should provide proper space, accessibility, and working conditions so that the systems can be maintained without difficulty and excessive cost.

Generally, the external systems are operated and maintained by the electrical utility, though at times they are a part of the plant distribution system. Where continuity of service is essential, suitable transfer equipment and alternate sources should be provided. Such equipment is needed to maintain minimum lighting requirements for passageways, stairways, and critical areas as well as to supply power to critical loads. These systems usually include automatic or manual equipment for transferring loads on loss of normal supply power or for putting bat​tery or generator-fed equipment into service.

Annual or other periodic shut-down of electrical equipment may be necessary to perform required electrical maintenance. Protective relaying systems, circuit breakers, switches, trans​formers, and other equipment should be tested on appropriate schedules. Proper system design can facilitate this work.

5.4.2 Maintenance (White 1.10)
Maintenance is essential to proper operation. The installation should be so designed that building personnel can perform most of the maintenance with a minimum need for special​ized services. Design details should provide proper space and accessibility so that equipment can be maintained without difficulty and excessive cost.

The engineer should consider the effects of a failure in the system supplying the building. Generally, the external systems are operated and maintained by the electrical utility, though at times they are a part of the health care facility distribution system.

In health care facilities where continuity of service is essential, suitable emergency and standby equipment should be provided. Such equipment is needed to maintain minimum lighting requirements for passageways, stairways, and to supply power to critical patient care areas and essential loads. These systems are usually installed within the building, and they include automatic or manual equipment for transferring loads on loss of normal supply power or for putting battery- or generator-supplied equipment into service.

Although applicable codes determine the need for standby or emergency generating systems in health care facilities, they are generally required in any facility that keeps acutely ill patients overnight, performs invasive procedures, administers anesthesia, has critical patient care areas, or otherwise treats patients unable to care for themselves during an emergency. High-rise health care facilities, regardless of type, should have on-site emergency or standby generators. Periodic testing and exercising of standby generators is essential to system reliability.

Electrical engineers should consider the installation of bypass/isolation switches in conjunc​tion with automatic transfer switches to permit maintenance on a de-energized transfer switch without jeopardizing patient safety. The isolation/bypass switch permits removal of the transfer switch from the circuit while providing for manual transfer to the normal or emergency source.

Even with isolation/bypass switches, it is possible for a load-side circuit breaker to fail, causing loss of power to all or part of the critical branch. For this reason it is recommended to provide some normal circuits in critical patient care areas per the NEC.

5.5 Flexibility

5.6 System Analysis – Overload/Fault Response

5.6.1 Introduction (Brown 2.1-2.12)
The planning, design, and operation of industrial and commercial power systems require engineering studies to evaluate existing and proposed system performance, reliability, safety, and economics. Studies, properly conceived and conducted, are a cost-effective way to pre​vent surprises and to optimize equipment selection. In the design stage, the studies identify and avoid potential deficiencies in the system before it goes into operation. In existing sys​tems, the studies help locate the cause of equipment failure and misoperation, and determine corrective measures for improving system performance.

The complexity of modern industrial power systems makes studies difficult, tedious, and time-consuming to perform manually. The computational tasks associated with power systems studies have been greatly simplified by the use of digital computer programs. Some​times, economics and study requirements dictate the use of an analog computer—a transient network analyzer (TNA)—which provides a scale model of the power system.

5.6.1.1 Digital computer (Brown 2.1-2.12)
The digital computer offers engineers a powerful tool to perform efficient system studies. Computers permit optimal designs at minimum costs, regardless of system complexity. Advances in computer technology, like the introduction of the personal computer with its excellent graphics capabilities, have not only reduced the computing costs but also the engineering time needed to use the programs. Study work formerly done by outside consultants can now be performed in-house. User-friendly programs utilizing interactive menus, online help facilities, and a graphical user interface (GUI) guide the engineer through the task of using a digital computer program.

5.6.1.2 Transient network analyzer (TNA) (Brown 2.1-2.12)
The TNA is a useful tool for transient overvoltage studies. The use of microcomputers to control and acquire the data from the TNA allows the incorporation of probability and statistics in switching surge analysis. One of the major advantages of the TNA is that it allows for quick reconfiguration of complex systems with immediate results, avoiding the relatively longer time associated with running digital computer programs for these systems.

5.6.2 Load flow analysis (Brown 2.1-2.12)
Load flow studies determine the voltage, current, active, and reactive power and power factor in a power system. Load flow studies are an excellent tool for system planning. A number of operating procedures can be analyzed, including contingency conditions, such as the loss of a generator, a transmission line, a transformer, or a load. These studies will alert the user to conditions that may cause equipment overloads or poor voltage levels. Load flow studies can be used to determine the optimum size and location of capacitors for power factor improvement. Also, they are very useful in determining system voltages under conditions of suddenly applied or disconnected loads. The results of a load flow study are also starting points for stability studies. Digital computers are used extensively in load flow studies due to the complexity of the calculations involved.

5.6.3 Short-circuit analysis (Brown 2.1-2.12)
Short-circuit studies are done to determine the magnitude of the prospective currents flowing throughout the power system at various time intervals after a fault occurs. The magnitude of the currents flowing through the power system after a fault vary with time until they reach a steady-state condition. This behavior is due to system characteristics and dynamics. During this time, the protective system is called on to detect, interrupt, and isolate these faults. The duty imposed on this equipment is dependent upon the magnitude of the current, which is dependent on the time from fault inception. This is done for various types of faults (three- phase, phase-to-phase, double-phase-to-ground, and phase-to-ground) at different locations throughout the system. The information is used to select fuses, breakers, and switchgear rat​ings in addition to setting protective relays.

5.6.4 Stability analysis (Brown 2.1-2.12)
The ability of a power system, containing two or more synchronous machines, to continue to operate after a change occurs on the system is a measure of its stability. The stability problem takes two forms: steady-state and transient. Steady-state stability may be defined as the abil​ity of a power system to maintain synchronism between machines within the system follow​ing relatively slow load changes. Transient stability is the ability of the system to remain in synchronism under transient conditions, i.e., faults, switching operations, etc.

In an industrial power system, stability may involve the power company system and one or more in-plant generators or synchronous motors. Contingencies, such as load rejection, sudden loss of a generator or utility tie, starting of large motors or faults (and their duration), have a direct impact on system stability. Load-shedding schemes and critical fault-clearing times can be determined in order to select the proper settings for protective relays.

These types of studies are probably the single most complex ones done on a power system. A simulation will include synchronous generator models with their controls, i.e., voltage regulators, excitation systems, and governors. Motors are sometimes represented by their dynamic characteristics as are static var compensators and protective relays.

5.6.5 Motor-starting analysis (Brown 2.1-2.12)
The starting current of most ac motors is several times normal full load current. Both
synchronous and induction motors can draw five to ten times full load current when starting them across the line. Motor-starting torque varies directly as the square of the applied volt​age. If the terminal voltage drop is excessive, the motor may not have enough starting torque to accelerate up to running speed. Running motors may stall from excessive voltage drops, or undervoltage relays may operate. In addition, if the motors are started frequently, the voltage dip at the source may cause objectionable flicker in the lighting system.

By using motor-starting study techniques, these problems can be predicted before the installation of the motor. If a starting device is needed, its characteristics and ratings can be easily determined. A typical digital computer program will calculate speed, slip, electrical output torque, load current, and terminal voltage data at discrete time intervals from locked rotor to full load speed. Also, voltage at important locations throughout the system during start-up can be monitored. The study can help select the best method of starting, the proper motor design, or the required system design for minimizing the impact of motor starting on the entire system.

5.6.6 Harmonic analysis (Brown 2.1-2.12)
A harmonic-producing load can affect other loads if significant voltage distortion is caused. The voltage distortion caused by the harmonic-producing load is a function of both the system impedance and the amount of harmonic current injected. The mere fact that a given load current is distorted does not always mean there will be undue adverse effects on other power consumers. If the system impedance is low, the voltage distortion is usually negligible in the absence of harmonic resonance. However, if harmonic resonance prevails, intolerable harmonic voltage and currents are likely to result.

Some of the primary effects of voltage distortion are the following:

p) Control/computer system interference

q) Heating of rotating machinery

r) Overheating/failure of capacitors

When the harmonic currents are high and travel in a path with significant exposure to parallel communication circuits, the principal effect is telephone interference. This problem depends on the physical path of the circuit as well as the frequency and magnitude of the harmonic currents. Harmonic currents also cause additional line losses and additional stray losses in transformers.

Watthour meter error is often a concern. At harmonic frequencies, the meter may register high or low depending on the harmonics present and the response of the meter to these harmonics. Fortunately, the error is usually small.

Analysis is commonly done to predict distortion levels for addition of a new harmonic- producing load or capacitor bank. The general procedure is to first develop a model that can accurately simulate the harmonic response of the present system and then to add a model of the new addition. Analysis is also commonly done to evaluate alternatives for correcting problems found by measurements.

Only very small circuits can be effectively analyzed without a computer program. Typically, a computer program for harmonic analysis will provide the engineer with the capability to compute the frequency response of the power system and to display it in a number of useful graphical forms. The programs provide the capability to predict the actual distortion based on models of converters, arc furnaces, and other nonlinear loads.

5.6.7 Switching transients analysis (Brown 2.1-2.12)
Switching transients severe enough to cause problems in industrial power systems are most often associated with inadequate or malfunctioning breakers or switches and the switching of capacitor banks and other frequently switched loads. The arc furnace system is most frequently studied because of its high frequency of switching and the related use of capacitor banks.

By properly using digital computer programs or a TNA, these problems can be detected early in the design stage. In addition to these types of switching transient problems, digital com​puter programs and the TNA can be used to analyze other system anomalies, such as light​ning arrester operation, ferroresonance, virtual current chopping, and breaker transient recovery voltage.

5.6.8 Reliability analysis (Brown 2.1-2.12)
When comparing various industrial power system design alternatives, acceptable system performance quality factors (including reliability) and cost are essential in selecting an optimum design. A reliability index is the probability that a device will function without failure over a specified time period. This probability is determined by equipment maintenace requirements and failure rates. Using probability and statistical analyses, the reliability of a power system can be studied in depth with digital computer programs.

Reliability is most often expressed as the frequency of interruptions and expected number of hours of interruptions during one year of system operation. Momentary and sustained system interruptions, component failures, and outage rates are used in some reliability programs to compute overall system reliability indexes at any node in the system, and to investigate sensitivity of these indexes to parameter changes. With these results, economics and reliability can be considered to select the optimum power system design.

5.6.9 Cable ampacity analysis (Brown 2.1-2.12)
Cable ampacity studies calculate the current-carrying capacity (ampacity) of power cables in underground or above ground installations. This ampacity is determined by the maximum allowable conductor temperature. In turn, this temperature is dependent on the losses in the cable, both I2R and dielectric, and thermal coupling between heat-producing components and ambient temperature.

The ampacity calculations are extremely complex. This is due to many considerations, some examples of which are heat transfer through the cable insulation and sheath, and, in the case of underground installations, heat transfer to duct or soil as well as from duct bank to soil. Other considerations include the effects of losses caused by proximity and skin effects. In addition, depending on the installation, the cable-shielding system may introduce additional losses. The analysis involves the application of thermal equivalents of Ohm’s and Kirchoff’s laws to a thermal circuit.

5.6.10 Ground mat analysis (Brown 2.1-2.12)
Underground-fault conditions, the flow of current will result in voltage gradients within and around the substation, not only between structures and nearby earth, but also along the ground surface. In a properly designed system, this gradient should not exceed the limits that can be tolerated by the human body.

The purpose of a ground mat study is to provide for the safety and well-being of anyone that can be exposed to the potential differences that can exist in a station during a severe fault. The general requirements for industrial power system grounding are similar to those of utility systems under similar service conditions. The differences arise from the specific requirements of the manufacturing or process operations.

Some of the factors that are considered in a ground-mat study are the following:

s) Fault-current magnitude and duration

t) Geometry of the grounding system

u) Soil resistivity

v) Probability of contact

w) Human factors such as

1) Body resistance

2) Standard assumptions on physical conditions of the individual

5.6.11 Protective device coordination analysis (Brown 2.1-2.12)
The objective of a protection scheme in a power system is to minimize hazards to personnel and equipment while allowing the least disruption of power service. Coordination studies are required to select or verify the clearing characteristics of devices such as fuses, circuit breakers, and relays used in the protection scheme. These studies are also needed to determine the protective device settings that will provide selective fault isolation. In a properly coordinated system, a fault results in interruption of only the minimum amount of equipment necessary to isolate the faulted portion of the system. The power supply to loads in the remainder of the system is maintained. The goal is to achieve an optimum balance between equipment protection and selective fault isolation that is consistent with the operating requirements of the overall power system.

Short-circuit calculations are a prerequisite for a coordination study. Short-circuit results establish minimum and maximum current levels at which coordination must be achieved and which aid in setting or selecting the devices for adequate protection. Traditionally, the coordi​nation study has been performed graphically by manually plotting time-current operating characteristics of fuses, circuit breaker trip devices, and relays, along with conductor and transformer damage curves—all in series from the fault location to the source. Log-log scales are used to plot time versus current magnitudes. These “coordination curves” show graphically the quality of protection and coordination possible with the equipment available. They also permit the verification/confirmation of protective device characteristics, settings, and ratings to provide a properly coordinated and protected system.

With the advent of the personal computer, the light-table approach to protective device coordination is being replaced by computer programs. The programs provide a graphical representation of the device coordination as it is developed. In the future, computer programs are expected to use expert systems based on practical coordination algorithms to further assist the protection engineer.

5.6.12 DC auxiliary power system analysis (Brown 2.1-2.12)
The need for direct current (dc) power system analysis of emergency standby power supplies has steadily increased during the past several years in data processing facilities, long distance telephone companies, and generating stations.

DC emergency power is used for circuit breaker control, protective relaying, inverters, instrumentation, emergency lighting, communications, annunciators, fault recorders, and aux​iliary motors. The introduction of computer techniques to dc power systems analysis has allowed a more rapid and rigorous analysis of these systems compared to earlier manual techniques.
5.7 Overload (Buff 9.5)
5.7.1 Overload protection of cables (Buff 9.5)
Overload protection cannot be applied until the currenttime capability of a cable is determined. Protective devices can then be selected to coordinate cable rating and load characteristics.

5.7.1.1 Normal currentcarrying capacity (Buff 9.5)
5.7.1.1.1 Heat flow and thermal resistance (Buff 9.5)
Heat is generated in conductors by I2R losses. It must flow outward through the cable insulation, sheath (if any), the air surrounding the cable, the raceway structure, and the surrounding earth in accordance with the following thermal principle (see AIEE Committee Report [B1]; Neher and McGrath[B11]; Shanklin and Buller [B13]; Wiseman [B14]):
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The conductor temperature resulting from heat generated in the conductor varies with the load. The thermal resistance of the cable insulation may be estimated with a reasonable degree of accuracy, but the thermal resistance of the raceway structure and surrounding earth depends on the size of the raceway, the number of ducts, the number of power cables, the raceway structure material, the coverage of the underground duct, the type of soil, and the amount of moisture in the soil. These considerations are important in the selection of cables.

5.7.1.1.2 Ampacity (Buff 9.5)
The ampacity of each cable is calculated on the basis of fundamental thermal laws incorporating specific conditions, including type of conductor, ac/dc resistance of the conductor, thermal resistance and dielectric losses of the insulation, thermal resistance and inductive ac losses of sheath and jacket, geometry of the cable, thermal resistance of the surrounding air or earth and duct or conduits, ambient temperature, and load factor. The ampacities of the cable under the jurisdiction of the NEC are tabulated in its current issue or amendments. The currentcarrying capacity of cables under general operating conditions that may not come under the jurisdiction of the NEC are published by the Insulated Cable Engineers Association (ICEA). In its publications, the ICEA describes methods of calculation and tabulates the ampacity for 1 kV, 8 kV, 15 kV, and 25 kV cables (see ICEA S1981 or NEMA WC 31993, ICEA61402 or NEMA WC 51992, ICEA S65375 or NEMA WC 41988). The ampacities of specific types of cables are calculated and tabulated by manufacturers. Their methods of calculation generally conform to ICEA P54440 or NEMA WC 511986.

5.7.1.1.3 Temperature derating factor (TDF) (Buff 9.5)
The ampacity of a cable is based on a set of physical and electrical conditions and a base ambient temperature defined as the noload temperature of a cable, duct, or conduit. The base temperature generally used is 20 ûC for underground installation, 30 ûC for exposed conduits or trays, and 40 ûC for medium-voltage cables.

TDFs for ambient temperatures and other than base temperatures are based on the maximum operating temperature of the cable and are proportional to the square root of the ratio of temperature rise, that is,
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5.7.1.1.4 Grouping derating factor (Buff 9.5)
The noload temperature of a cable in a group of loaded cables is higher than the base ambient temperature. To maintain the same maximum operating temperature, the currentcarrying capacity of the cable should be derated by a factor of less than 1. Grouping derating factors are different for each installation and environment. Generally, they can be classified as follows:

· For cable in free air with maintained space

· For cable in free air without maintained space

· For cable in exposed conduits

· For cable in underground ducts

NEC Table 3189 and Table 31810 list fill limits for low-voltage cables in cable trays. NEC Article 318-11 covers the ampacity of low-voltage cables in trays. Article 318-12 and Article 318-13 cover ratings and fills of medium-voltage cables in cable trays.

5.7.1.1.5 Frequency and harmonic derating factors (Buff 9.5)
Chapter 9 and Chapter 12 of IEEE Std 141-1993 contain information pertaining to the derating of cables as the result of harmonics and frequency considerations. (Six-pulse harmonic current distribution is covered in 9.8.2.3, and Figure 12-7 treats 400 Hz and 800 Hz systems.)

5.7.1.2 Overload capacity (Buff 9.5)
5.7.1.2.1 Normal loading temperature (Buff 9.5)
Cable manufacturers specify for their products the normal loading temperature, which results in the most economical and useful life of the cables. Based on the normal rate of deterioration, the insulation can be expected to have a useful life of about 20 years to 30 years. Normal loading temperature of a cable determines the cable’s current carrying capacity under given conditions. In regular service, rated loads or normal loading temperatures are reached only occasionally because cable sizes are generally selected conservatively in order to cover the uncertainties of load variations. Table Typical normal and emergency loading of insulated cable shows the maximum operating temperatures of various types of insulated cables.

5.7.1.2.2 Cable current and temperature (Buff 9.5)
The temperature of a cable rises as the square of its current. The cable temperature for a given steady load may be expressed as a function of percent full load by the formula

TX = Ta + (TN – Ta) (IX / IN)2

Figure 9 shows this relation for cables rated at normal loading temperatures of 60 °C, 75 °C, 85 °C, and 90 °C.

5.7.1.2.3 Intermediate and long-time zones (Buff 9.5)
Taking into account the intermediate and long-time ranges from 10 s out to infinity, the definition of temperature versus current versus time is related to the heat dissipation capability of the installation relative to its heat generation plus the thermal inertias of all parts. The tolerable temperatures are related to the thermal degradation characteristics of the insulation. The thermal degradation severity is, however, related inversely to time. Therefore, a temperature safely reached during a fault could cause severe life reduction if it were maintained for even a few minutes. Lower temperatures, above the rated continuous operating temperature, can be tolerated for intermediate times.
	· Typical normal and emergency loading of insulated cables

	Insulation
	Cable type
	Normal voltage
	Normal loading
(°C)
	Emergency loading
(°C)

	Thermoplastic
	T, TW
	600 V
	60
	85

	
	THW
	600 V
	75
	90

	
	THH
	600 V
	90
	105

	
	Polyethelene
	0–15 kV
	75
	95

	
	
	>15 kV
	75
	90

	Thermosetting
	R, RW, RU
	600 V
	60
	85

	
	XHHW
	600 V
	75
	90

	
	RHW, RH-RW
	0–2 kV
	75
	95

	
	Cross-linked 
polyethylene
	5–15 kV
	90
	130

	
	Ethylene-propylene
	5–15 kV
	90
	130

	Varnished polyester
	
	15 kV
	85
	105

	Varnished cambric
	
	0–5 kV
15 kV
	85
77
	102
85

	Paper lead
	
	15 kV
	80
	95

	Silicone rubber
	
	15 kV
	125
	150


The ability of a cable to dissipate heat is a factor of its surface area, while its ability to generate heat is a function of the conductor cross section, for a given current. Thus, the reduction of ampacity per unit crosssection area as the wire sizes increase tends to increase the permissive short-time current for these sizes relative to their ampacities. It may be seen in Figure 16 that the extension of the intermediate characteristic, on a constant I2t basis, protects the smallest wire sizes and overprotects the largest sizes, as shown in Figure 16. Constant I2t protection is readily available and is actually the most common; therefore, a simplification of protection systems is possible.

The continuous current, or ampacity, ratings of cable have been long established and pose no problems for protection. The greatest unknown in the cable thermal characteristic occurs in the intermediate time zone, or the transition from shorttime to longtime or continuous state.

5.7.1.2.4 Development of intermediate characteristics (Buff 9.5)
Cable, with the thermal inertia of its own and of its surroundings, takes from 1 h to 6 h to change from initial to final temperature as the result of a current change. Consequently, overloads substantially greater than its continuous rating may be placed on a cable for this range of times.

Additionally, all cables except polyethylene (not crosslinked) withstand, for moderate periods, temperatures substantially greater than their rated operating temperatures. This is a change recently developed from work done within ICEA and published by that organization (see section 11). For example, EPR and XLP cables have emergency ratings of 130 ûC, based on maximum time per overload of 36 h, three such periods per year maximum, and an average of one such period per year over the life of the cable. Thermoplastic cables degrade in this marginal range by progressive evaporation of the plasticizer and can operate for several hours at the next higher grade operating temperature (90 ûC for 75 ûC rating, and so forth) with negligible loss of life. Therefore, emergency operating overloads may reasonably be applied to cables within the time and temperature ratings. This capability should be the basis of application of protection of the cables.

The complete relationship for determining intermediate overload rating is as follows:

Percent overload capability =
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where

IE
is emergency operating current rating,

IN
is normal current rating,

IO
is operating current prior to emergency,

TE
is conductor emergency operating temperature,

TN
is conductor normal operating temperature,

TO
is ambient temperature,

K
is a constant, dependent on cable size and installation type (see Table K factors for equations in Development of intermediate characteristics),

230
is zero-resistance temperature value (234 for copper, 228 for aluminum),

e
is base for natural logarithms.
	· K factors for equations in Development of intermediate characteristics

	Cable size
	Air
	Underground duct
	Direct buried

	
	No cond
	In cond
	
	

	<#2
	0.33
	0.67
	1.00
	1.25

	#2–#4/0
	1.00
	1.50
	2.50
	3.00

	250 kcmil
	1.50
	2.50
	4.00
	6.00


If the cable has been operated at its rated current prior to the excursion, then IO / IN = 1 so the relation is simplified to:
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This equation is the basic formula used in this chapter as representing the maximum safe capability of the cable.

While many medium-voltage cables are operated at substantially less than full rated capacity, most lowvoltage cables are operated near their rated ampacity. Even for mediumvoltage cable, full loading is occasionally impressed. Regardless of preloading, protection should be coordinated with cable characteristics, not loading. Therefore, data presented in this subclause are based on 100% preloading, by the preceding equation. Factors are developed for approximating the characteristic for lower preloadings. For such preloadings, the data presented in this subclause are even more conservative.

Intermediate zone characteristics of medium-voltage cables and 75 °C and 90 ûC thermoplastic cables are tabulated in Table 6 with the characteristics of medium-voltage cable illustrated graphically in Figure 17a . These factors all apply to preloading at rated ampacity at 40 ûC ambient temperature. For lower ambient temperatures and when cable ampacities have been increased to take this into account, the intermediate overload current percent should be reduced by the following factors for each degree decrease in ambient temperature below 40 ûC:

	Cable
	Factor

	EPR-XLP
	0.004

	THH
	0.002

	THW
	0.0037


     

For preloading less than 100% of rating, emergency overload percentages can be increased by the following factors:     

	
	Preloading

	
	75%
	80%
	90%

	All insulation types
	1.33
	1.25
	1.11


     
	· Emergency overload current IE, 
percent of continuous rating at 40 ûC ambient temperature

	Time
	Values of K

	s
	h
	0.5
	1
	1.5
	2.5
	4
	6

	
	EPR-XLP
	TN = 90 °C
	TE = 130 °C

	10
	0.00278
	1136
	1602
	1963
	2533
	3200
	3916

	100
	0.0278
	374
	518
	629
	807
	1018
	1244

	1000
	0.278
	160
	195
	226
	277
	339
	407

	10 000
	2.78
	126
	128
	132
	140
	152
	168

	18 000
	5.0
	126
	127
	128
	131
	137
	147

	
	THH
	TN = 90 °C
	TE = 105 °C

	10
	0.00278
	725
	1020
	1248
	1610
	2033
	2487

	100
	0.0278
	250
	338
	407
	518
	651
	794

	1000
	0.278
	127
	146
	163
	192
	229
	270

	10 000
	2.78
	111
	112
	114
	118
	124
	131

	18 000
	5.0
	111
	111
	112
	113
	116
	121

	
	THW
	TN = 75 °C
	TE = 95 °C

	10
	0.00278
	987
	1390
	1703
	2197
	2275
	3396

	100
	0.0278
	329
	452
	548
	702
	884
	1080

	1000
	0.278
	148
	117
	202
	245
	298
	357

	10 000
	2.78
	121
	123
	125
	132
	142
	154

	18 000
	5.0
	121
	121
	122
	125
	130
	137


NOTE—This may safely be done only for permanent preloadings of these percentages.

Intermediate time-current overload curves such as in Figure 7 can also be determined by use of Table Emergency overload current  and Table Emergency overload current . An example of the use of the tables follows:

	· Emergency overload current IK, 
percent of continuous rating at 20 ûC ambient temperature, direct buried, 
TN = 65 ûC, TE = 80 ûC

	Time
	Values of K

	(s)
	(h)
	1.5
	3
	6

	10
	0.00278
	1313
	1853
	2616

	100
	0.0278
	427
	594
	834

	1000
	0.278
	168
	213
	282

	10 000
	2.78
	115
	121
	134

	18 000
	5.0
	113
	116
	123


Example

Determine the intermediate time-current emergency overload curve for three, single-conductor, #2 AWG copper, 5 kV EPR cables in conduit in air in an ambient temperature of 40 ûC.

For #2 AWG EPR cables in conduit in air, the K factor is 1.5 (see Table K factors for equations in Development of intermediate characteristics). NEC Table 310-73 lists an ampacity of 130 A for #2 AWG, 5 kV copper cables in conduit in air. Incorporation of these data into Table Emergency overload current is tabulated below:
	From Table Emergency overload current 
	

	Percent of continuous-current capability for EPR-XPL at K = 1.5
	Time
(s)
	Allowable emergency overload amperes based on 130 A continuous-current rating (40 °C ambient temperature)

	1963
	10
	2552

	629
	100
	818

	226
	1000
	294

	132
	10 000
	172

	128
	18 000
	166


5.7.1.2.5 Direct buried cables (Buff 9.5)
With direct buried cables, the conductor operating temperature needs to be kept at no more than 65 ûC to keep the outside surface temperature below 60 ûC, unless the supply of moisture in the soil is ample. For higher surface temperature, moisture in the normal soil migrates away from the cable, raising the soil thermal resistivity and resulting in overtemperature of the cables. Therefore, for intermediate emergency overload, a maximum conductor temperature of 80 ûC has been selected as suitable to preserve this thermal resistivity condition for the times involved. Consequently, the tables and curves shown for air and duct use are not applicable. Table Emergency overload current lists values applicable for direct buried installations. The shorttime ratings for 250 ûC are still applicable for this service because the times involved do not cause moisture migration.

5.7.1.2.6 Additional observations (Buff 9.5)
The absolute values of the shorttime temperature and the emergency operating loading temperature are not precise. They are values selected and proven to apply to the respective cable types without undue deterioration. For example, tests by Georgia Power Company [B10] of fault conditions imposed on medium-voltage cable showed no appreciable degradation even where the nominal shorttime temperature was exceeded by about 50 ûC. Likewise, the 130 ûC emergency operating temperature has an applicable time value of 36 h for no undue deterioration. Deducing that this insulation can tolerate a somewhat higher temperature (e.g., 150 °C to 175 ûC) for a time shorter than 36 h is only logical. This condition is undoubtedly true, but its inclusion in calculations would complicate them unduly.

A compensating factor exists in the intermediate range. An overcurrent of from 10 s to 100 s range, for example, would not have sufficient time to cause heat to be dissipated by earth that was in contact with the cable. Times of over 100 s, and certainly 1000 s, would see this region of the heat dissipation chain contributing to the action. Therefore, attributing the surrounding medium’s heat dissipation characteristics in the shorter portion of the intermediate zone is illogical. Yet, a rigorous mathematical consideration would again substantially complicate the analysis.

Therefore, a trade-off exists: the ability of insulation to withstand higher than nominal operating temperatures for shorter periods is considered adequate compensation for the lack of contribution of the surrounding media in absorbing heat during the shorter portion of the intermediate zone. Without this convention, establishing both varying allowable temperatures and K factors over the whole range of the intermediate zone would be necessary, and such calculations would be an undue burden when the present method yields satisfactory results.

Even the 36 h nominal limit for 130 °C operation for medium-voltage cable does not mean that lower operating temperatures cannot be tolerated for longer periods. For example, to illustrate the nature of the situation, 120 °C might be tolerated for 75 h, 110 °C for 150 h, and 100 °C for 500 h. Setting a continuous protective device to trip at precisely the 80 °C ampacity is almost certain to result in nuisance tripping on power surges. Therefore, the device would be set at, in all likelihood, something like 110% of rated cable ampacity, or an operating temperature of 100 ûC. Visual or similar monitoring would be used to keep the continuous loading of a cable from exceeding its rated ampacity for long periods of time.

5.7.1.3 Overload protective devices (Buff 9.5)
5.7.1.3.1 TCCs (Buff 9.5)
The timecurrent overload characteristics (see Figure 17a and Figure 17b ) of the cables differ from the shortcircuit current characteristic (see Figure 2 and Figure 3 ). The overloads can be sustained for a much longer time than the shortcircuit current, but the principle of protection is the same. A protective device provides maximum protection if its TCC closely matches the TCC of the cable overload characteristic. Thermal overcurrent relays generally offer better protection than overcurrent relays because thermal relays operate on a longtime basis and their response time is proportional to the temperature of the cable or the square of its current.

5.7.1.3.2 Overcurrent relays (Buff 9.5)
Very inverse or extremely inverse relays of the induction disk and solid-state types provide better protection than moderately inverse relays. However, all induction overcurrent relays can be set to afford the cables sufficient protection. View (b) of Figure 5 shows the cable protection given by overcurrent relays (Device 51) and by thermal overcurrent relays (Device 49).

5.7.1.3.3 Thermal overcurrent relays or bimetallic devices (Buff 9.5)
Thermal overload relays or bimetallic devices more closely resemble the cable’s heating characteristic, but they are generally not as accurate as an overcurrent relay. View (b) of Figure 5 shows the cable protection given by thermal overcurrent relays (Device 49); and View (b) of 7, protection given by bimetallic heaters.

5.7.1.3.4 Fuses (Buff 9.5)
Where selected to match the ampacity of the cable, fuses provide excellent protection against high-magnitude short circuits. Additionally, at 600 V and below, fuses provide protection for overloads or low-current faults. Figure 5 and Figure 7 illustrate these applications. Figure 7 illustrates a combination of fastacting 400 A fuse and motor overload relays. Had a 225 A dual-element fuse (selected for the ampacity) been used, the fuse alone would have provided overload protection.

Detailed treatment of fuses is given in Chapter 5 of this recommended practice, in Chapter 5 of IEEE Std 1411993, in Chapter 5 of IEEE Std 2411990, and in IEEE Committee Report JH 2112-1.

5.7.1.3.5 Magnetic trip device or static sensor on 480 V switchgear (Buff 9.5)
The magnetic trip devices have a wide range of tripping tolerances. Their longtime characteristics match the cable overload curves for almost three quarters of an hour (see Figure 6). Static trip devices provide better protection than magnetic direct-acting trip devices. However, for safe cable protection, the long-time pickup should be set below the heating curves of the cable by sizing the cable with normal loading current slightly greater than the trip device pickup current.

5.7.1.3.6 Thermal magnetic trip devices on MCCBs (Buff 9.5)
The characteristics of the thermal magnetic trip devices resemble the characteristics of magnetic trip devices. They do not provide adequate thermal protection to cables during the longterm overloads [see View (a) in Figure 7]. The cable should be selected and protected in the same manner as described in Magnetic trip device or static sensor on 480 V switchgear.

5.7.1.4 Application of overload protective devices (Buff 9.5)
5.7.1.4.1 Feeder circuits to panels (Buff 9.5)
A single- or multiple-cable feeder leading to a panel with or without an intermediate pull box should be protected from excessive overload by a thermal overcurrent device. If there are splice joints and a different type of installation, such as from an exposed conduit to an underground duct, the cable segment with the lowest currentcarrying capacity should be used as the basis for protection [see View (e) of Figure 8].

A single-cable feeder with taps to individual panels cannot be protected from excessive overload by a single protective device at the sending end, unless the cable is oversized. Therefore, overload protection of the tap cable should be provided at the receiving end. The protection should be based on the currentcarrying capacity of the cable supplying power to the panel [see View (f) of Figure 8]. A multiple-cable feeder with only a common protective device does not have overload protection for each cable feeder. In this case, overload protection should be provided at the receiving end [see View (g) of Figure 8]. See NEC Article 24021.

5.7.1.4.2 Feeder circuit to transformers (Buff 9.5)
A feeder circuit to one or more transformers should be protected in a similar manner as for feeder circuits to the panels. However, a protective device selected and sized for transformer protection also provides protection for the primary cable because the cables sized for a full transformer load have higher overload capability than the transformer. [See View (a) of Figure 5 for a comparison of the time-current curves between cable and transformer.]

5.7.1.4.3 Cable circuit to motors (Buff 9.5)
A cable circuit to one or more motors should be protected in a similar manner as for cable circuits to panels. Again, a protective device selected and sized for motor overload protection also provides cable protection because the cable has a higher overload capability than the motor [see View (b) of Figure 7].

5.7.1.4.4 Protection and coordination (Buff 9.5)
Protective devices should be selected and cables sized for coordinated protection from shorttime overload. The method of coordination is the same as for the shortcircuit protection, that is, the timecurrent curve of the protective device should be below and to the left of the cable overload curve (see Figure 17a and Figure 17b ). Figure 5  through Figure 6 illustrate the protective characteristics of relays and devices commonly used in cable circuits for overload protection
5.8 Fault Response

5.8.1 Fault analysis according to industry standards (Brown 7.4)
Industry standards dictate certain analytical techniques that adhere to specific guidelines, suited to address the questions of ac and dc decrement in multimachine systems in compliance with well-established, industry-accepted practices. They are also closely linked to and harmonize quite well with existing switchgear rating structures. Typical standards are the North American ANSI and IEEE C37 standards and recommended practices (see 7.4.1), the international standard, IEC 60909 (1988) and others, such as the German VDE 0102-1972 and the Australian AS 3851-1991 (see 7.8). The analytical and computational framework in the calculating procedures recommended by these standards remains algebraic and linear, and the calculations are kept tractable by hand for small systems. The extent of the data base requirements for computer-based solutions is carefully kept to a necessary maximum for the results to be acceptably accurate. This type of analysis represents the best compromise between solution accuracy and simulation simplicity. The great majority of commercial- grade short-circuit analysis programs fall under this category.

In 7.4.1, an outline of ANSI and IEEE standards is presented, while in 7.4.2, the relevant aspects of IEC 60909 (1988) are described. It is not the intent of these subclauses to fully explore and describe in detail all pertinent clauses of either standard. Instead, a rather brief summary is presented in an effort to make any potential user conscious of the salient aspects of each technique. Because only a brief summary is presented, it is strongly recommended that the standards be consulted for further clarifications and details.

5.8.1.1 The North American ANSI and IEEE standards (Brown 7.4)
IEEE standards addressing fault calculations for medium and high voltage are IEEE Std C37.010-1979, IEEE Std C37.5-1979, IEEE Std 141-1993, IEEE Std 241-1990, and IEEE Std 242-1986. IEEE standards addressing fault calculations for low-voltage systems (below 1000 V), are the IEEE Std C37.13-1990, IEEE Std 141-1993, IEEE Std 241-1990, and IEEE Std 242-1986. Three types of short-circuit currents are defined, depending on the time frame of interest taken from the inception of the fault, as

x) First cycle currents

y) Interrupting currents

z) Time delayed currents

First-cycle currents, also called momentary currents, are the currents at 1/2 cycle after fault initiation; they relate to the duty circuit breakers face when “closing against” or withstanding short-circuit currents. That is why these currents are also called “close and latch” currents. Often these currents contain dc offset, and they are calculated on the premise of no ac decrement in the contributing sources (i.e., the machine reactances remain subtransient [see Table 7-1]). Since low-voltage breakers operate in the first cycle, their interrupting ratings are com​pared to these currents.
Table 7-1— Generic impedance types required for short-circuit studies

	Electrical system equipment
type
	Momentary
1/2 cycle
	Interrupting
3–5 cycles
	Time delayed
6–30 cycles

	Induction motor
	X"d, R
	X"d, R
	Neglect

	Synchronous motors
	X"d, R
	X"d, R
	See Note 3

	Synchronous generators
	X"d, R
	X"d, R
	X'd, Xd, R

	Synchronous condensers: electric utility systems
	Xs, Rs
	Xs, Rs
	Xs, Rs

	Passive components: transformers, cables, etc.
	X, R
	X, R
	X, R

	where

X"d
is the subtransient reactance. For induction motors, X"d is approximately equal to the

locked rotor reactance.

X'd
is the transient reactance

Xd
is the synchronous reactance

X
is the equivalent reactance

R
is the equivalent modified resistance (see Table 7-2)

Xs, Rs
is the power company system equivalent reactance and resistance

	NOTES

1—See Table 7-2 for exact values.

2—X"d of synchronous machines is the rated voltage (saturated) direct axis subtransient reactance. 3—X'd of synchronous machines is the rated voltage (saturated) direct axis transient reactance.

4—For calculations of minimum short-circuit current, contribution is neglected. For calculation of maximum short-circuit current values, use X'd and R values.

5—For more details on IEEE-related induction motor modeling aspects, see Huening [B4].


Interrupting currents are the short-circuit currents in the time interval from 3 to 5 cycles after fault initiation. They relate to the currents sensed by the interrupting equipment when isolat​ing a fault. Hence, they are also referred to as “contact-parting” currents. These currents are asymmetrical; i.e., they contain dc offset, but due consideration is now given to ac decrement because of the elapsed time from the fault inception. All contributing sources are taken into account when calculating interrupting currents by virtue of reactances that range from sub- transient to transient (see Table 7-1). Interrupting currents in the 3 to 5 cycles interval are associated with medium- and high-voltage breakers.

Time delayed currents are the short-circuit currents that exist beyond 6 cycles (and up to 30 cycles) from the fault initiation. They are useful in determining currents sensed by time delayed relays and in assessing the sensitivity of overcurrent relays. These currents are assumed to contain no dc offset. Induction and synchronous motor contributions are neglected, and the contributing generators are assumed to have attained transient or higher value reactances (see Table 7-1).

5.8.1.1.1 Accounting for ac and dc decrement (Brown 7.4)
In view of the classification of short-circuit currents in three duty types, different impedances are used for the rotating equipment for each of these duties. Tables 7-1 and 7-2 portray the recommended impedances for the system components and for the different types of analysis and duty currents sought. Once the desired duty type has been selected, the appropriate sys​tem impedances may be chosen in accordance with Table 7-2.

Table 7-2—Reactance values for first cycle
and interrupting duty calculations

	Duty
calculation
	System component
	Reactance value
for medium- and

high-voltage
calculations per

IEEE Std
C37.010-1979
and IEEE Std

C37.5-1979
	Reactance value
for low-voltage

calculations

(see Note 2)

	First cycle (momentary calculations)
	Power company supply

All turbine generators; all hydrogenerators with amortis​seur windings; all condensers
	XS
1.0 X"d
	XS
1.0 X"d

	
	Hydrogenerators without amor- tisseur windings
	0.75 X"d
	0.75 X'd

	
	All synchronous motors
	1.0 X"d
	1.0 X"d

	
	Induction motors Above 1000 hp
	1.0 X"d
	1.0X"d

	
	Above 250 hp at 3600 r/min
	1.0 X"d
	1.0X"d

	
	All others, 50 hp and above
	1.2 X"d
	1.2 X"d

	
	All smaller than 50 hp
	1.67 X"d
(see Note 6)
	1.67 X"d


Table 7-2—Reactance values for first cycle
and interrupting duty calculations (Continued)

	Duty
calculation
	System component
	Reactance value
for medium- and

high-voltage
calculations per

IEEE Std
C37.010-1979
and IEEE Std

C37.5-1979
	Reactance value
for low-voltage

calculations

(see Note 2)

	Interrupting calculations
	Power company supply

All turbine generators; all hydrogenerators with amortis​seur windings; all condensers
	XS
1.0 X"d
	N/A

	
	Hydrogenerators without amor- tisseur windings
	0.75 X'd
	N/A

	
	All synchronous motors
	1.5 X"d
	N/A

	
	Induction motors Above 1000 hp
	1.5 X"d
	N/A

	
	Above 250 hp at 3600 r/min
	1.5 X"d
	N/A

	
	All others, 50 hp and above
	3.0 X"d
	N/A

	
	All smaller than 50 hp
	Neglect
	N/A

	NOTES

1—First-cycle duty is the momentary (or close-and-latch) duty for medium-/high-voltage equipment and is the interrupting duty for low-voltage equipment.

2—Reactance (X) values to be used for low-voltage breaker duty calculations (see IEEE Std C37.13- 1990 and IEEE Std 242-1986).

3—X"d of synchronous-rotating machines is the rated-voltage (saturated) direct-axis subtransient reactance.

4—X'd of synchronous-rotating machines is the rated-voltage (saturated) direct-axis transient reac​tance.

5—X"d of induction motors equals 1 divided by per-unit locked-rotor current at rated voltage. 6—For comprehensive multivoltage system calculations, motors less than 50 hp are represented in medium-/high-voltage, short-circuit calculations (see IEEE Std 14 1-1993, Chapter 4).


The estimates of 1.2 X"d and 1.67 X"d for induction motor impedances to be used for the first cycle network are based on locked rotor impedances of 0.20 and 0.50 per unit, respectively, based on motor rating according to IEEE Std 242-1986. Similarly, the estimate of 3.0 X"d, to be used for the induction motor impedance for interrupting duty calculations, is based on the assumption of a locked rotor impedance of 0.28 per unit based on the motor rating, as sug​gested in IEEE Std 141-1993.

The equivalent Thevenin system impedance at the fault location is then calculated by successive network reduction. Techniques for finding the equivalent short-circuit impedance (reactance) as seen from the fault location are well explained in chapters 3 and 4 of this recommended practice, in IEEE Std 141-1993, in IEEE Std 241-1990, and in IEEE Std 242- 1986. The prefault system voltage, normally assumed to be 1.00 p.u. (rated), divided by the equivalent short-circuit impedance, will yield the desired symmetrical rms value of the desired three-phase fault current. The dc component of the fault current is obtained by con​sidering the X/R ratio at the fault point. The X/R ratio is calculated by taking the ratio of the system reactance (Thevenin equivalent reactance) to the system resistance (Thevenin equiva​lent resistance) as seen from the fault location. The equivalent reactance must be calculated from the reactance network (X) which is the impedance network of the system under study with all resistances absent. Similarly, the equivalent resistance must be calculated from the resistance network (R), which is the impedance network of the system under study with all reactances absent.

It should be noted that the separate reactance and resistance network reduction technique will yield a different X/R ratio (usually higher) than the phasor X/R ratio of the complex fault impedances.

5.8.1.1.2 Calculated short-circuit currents and interrupting equipment (Brown 7.4)
The calculating procedures briefly touched upon above are meant to address short-circuit calculations on Industrial power systems with several voltage levels comprising high-, medium-, and low-voltage circuits. First cycle currents are useful in calculating the interrupt​ing requirements of low voltage fuses and breakers. Currents resulting from the same simula​tion are effectively used in calculating the first-cycle requirements for medium- and high- voltage fuses and circuit breakers. The currents resulting from the so-called interrupting net​work calculations are only used for medium- and high-voltage circuit breakers, which operate with a certain time delay due to relaying and operating requirements. It must be borne in mind that since low-voltage fuse and circuit breaker application standards like IEEE Std C37. 13-1990 have adopted the symmetrical rating structure, calculating only the symmetrical rms fault currents and the X/R ratio may be sufficient, if the calculated X/R ratio is less than the X/R ratio of the circuit breaker test circuit.

A distinction has to be made between the various rating structures of medium- and high- voltage circuit breakers. Breakers rated with the older rating structure, covered by IEEE Std C37.5-1979, are assessed on the basis of the total asymmetrical fault current, or total prospec​tive fault MVA, and calculations are normally restricted to minimum parting time for the sake of safety and simplicity. The more recent rating structure, covered by IEEE Std C37.010- 1979, assumes breakers to be rated on a symmetrical basis. Depending on service conditions and the system X/R ratio, the calculated symmetrical short-circuit currents may be sufficient, because a certain degree of asymmetry is embedded in the breaker rating structure.

When calculation of the total fault current is warranted for medium- and high-voltage breaker calculations, IEEE Std C37.010-1979 and IEEE Std C37.5-1979 contain tabulated multipliers that can be applied to the symmetrical rms fault currents in order to obtain asymmetrical rms currents. For IEEE Std C37.5-1979, these currents are the total asymmetrical fault currents, whereas IEEE Std C37.010-1979 represents currents that are to be compared with the breaker interrupting capabilities. In both cases, these multipliers are obtained from curves normalized against breaker contact parting time. As of 1987, the ANSI C37.06-1987 introduced the peak fault current to the preferred ratings as an alternative to the earlier total asymmetrical fault currents (for first cycle withstand requirements) per ANSI C37.06-1979, in order to better harmonize with IEC standards.

In summary, it should be stressed that an essential step for the calculation of the total fault currents in medium- and high-voltage circuit breaker applications is the determination of por​tions of the fault current coming from “local” and “remote” sources as a means of obtaining a more reasonable estimate of the breaker interrupting requirements (Huening [B5]). The rea​son for this distinction is that fault currents from remote sources feature slower, or no, ac cur​rent decay as compared to currents coming from local sources. A “remote” contribution, as defined in IEEE Std C37.010-1979, IEEE Std C37.5-1979, IEEE Std 141-1993, and IEEE Std 242-1986, is the fault current that comes from a generator that

aa) Is located two or more transformations away from the fault, or

ab) Has a per unit X"d that is 1.5 times less than the per unit external reactance on a com​mon MVA basis.

Chapter 4 of IEEE Std 141-1993 provides details on the methods that can be used to deter​mine the appropriate composite adjustment factors that account for local and remote short- circuit contributions. The ratio of the remote source contributions to the total short-circuit current is also known as the NACD ratio (Huening [B5]).

5.8.1.2 The international standard, IEC 60909 (1988) (Brown 7.4)
IEC 60909 (1988) is similar to the German VDE 0102-1972 standard and to the Australian AS 3851-1991 standard. In what follows, only the very salient aspects are discussed in an effort to make the potential user conscious of its computational and modeling requirements. It is strongly recommended that interested readers consult the standard itself for further details.

IEC 60909 (1988) recognizes four duty types that result in four calculated fault currents:

· The initial short-circuit current I"k 
· The peak short-circuit current Ip
· The breaking short-circuit current Ib 
· The steady-state fault current Ik

Although, the breaking and steady-state fault currents are conceptually similar to the inter​rupting and time-delayed currents, respectively, the peak currents are the maximum currents attained during the first cycle from a fault’s inception and are significantly different from the first-cycle IEEE currents, which are total asymmetrical rms currents. The initial short-circuit current is defined as the symmetrical rms current that would flow at the fault point if no changes are introduced in the network impedances.

The IEC 60909 (1988) provides guidelines for calculating maximum and minimum fault cur‑
rents. The former are to be used for breaker rating while the latter for protective device coor‑
dination. The major governing factors in calculating maximum and minimum fault currents are the prefault voltages at the fault point and the fact that minimum fault currents are calcu​lated with minimum connected plant.

The phenomenon of ac decrement is addressed by considering the actual contribution of every source, depending on the voltage at its terminals during the short circuit. Induction motor ac decrement is modeled differently than synchronous machinery decrement, because an extra decrement factor representing the more rapid flux decay in induction motors is included. AC decrement is only modeled when breaking currents are calculated.

The phenomenon of dc decrement is addressed in IEC 60909 (1988) by applying the princi​ple of superposition for the contributing sources in conjunction with giving due regard to the topology of the network and the relative locations of the contributing sources with respect to the fault position. In addition, the standard dictates that different calculating procedures be used when the contribution converges to a fault point via a meshed or radial path. These con​siderations apply to the calculation of peak and asymmetrical breaking currents.

Steady-state fault currents are calculated by assuming that the fault currents contains no dc component and that all induction motor contributions have decayed to zero. Synchronous motors may also have to be taken into account. Furthermore, provisions are taken not only for salient and round rotor synchronous machinery but, also for different excitation system settings.

Prefault system loading conditions are of concern to IEC 60909 (1988) as well. In an attempt to account for system loads leading to higher prefault voltages, the standard recommends that prefault system voltages other than 1.00 per unit be used, without requiring a prefault load flow solution. Furthermore, the standard recommends generator impedance correction factors that may be applicable to their unit transformers as well.

5.8.1.3 Differences between the ANSI and IEEE C37 standards and IEC 60909 (1988) (Brown 7.4)
The differences between the two standards are numerous and significant (Rodolakis [B7]). Despite the conceptual association in the duty types, system modeling and computational procedures are quite different in the two standards. That is why results calculated using both standards can be quite dissimilar, with IEC 60909 (1988) having the tendency to yield higher fault current magnitudes. The essential generic differences between the two standards can be summarized in the following:

· AC decrement modeling in IEC 60909 (1988) is fault location-dependent and it quan​tifies the rotating machinery’s proximity to the fault. The IEEE standard, on the other hand, recommends universal, system-wide ac decrement modeling.

· DC decrement for IEC 60909 (1988) does not always rely on a single X/R ratio. In general, more than one X/R ratio must taken into account. Furthermore, the notion of separate X and R networks for obtaining the X/R ratio(s) at the fault point is not appli​cable to IEC 60909 (1988).

· Steady-state fault current calculation in IEC 60909 (1988) takes into account syn​chronous machinery excitation settings.

In view of these important differences, computer simulations adhering to the ANSI and IEEE C37 standards cannot, in general, be used to cover the computational requirements of IEC 60909 (1988) and vice versa.

5.8.2 9.7 System response characteristics (Red 9.7)
The amount of harmonic voltage distortion occurring on any distribution system will depend on the impedance vs. frequency characteristic seen by nonlinear current sources and by the magnitude of those currents. When high nonlinear currents are drawn through system imped​ances, voltage distortion occurs. For analysis purposes, the nonlinear devices described above can generally be represented as current sources of harmonics.

5.8.2.1 System short-circuit capacity (Red 9.7)
The short-circuit capacity which exists at some point in a power system is a very good indica​tor of the fundamental frequency system impedance at that point. For simple inductive feed​ers, this is also a measure of the system impedance at harmonic frequencies when that short- circuit capacity is multiplied by the harmonic order. Stiffer systems (those with higher short- circuit capacities) have lower voltage distortion for the same magnitude of harmonic current source than does a weaker system (a system with lower short-circuit capacities).

5.8.2.2 Capacitor banks and insulated cables (Red 9.7)
Capacitor banks used for voltage control and/or power factor improvement, as well as insu​lated cables, are components that have a major effect on power system frequency response characteristics. The manner in which capacitors are connected can cause resonance condi​tions (both series and parallel) that can magnify harmonic current levels. Capacitor banks are used as a means of supporting voltage for commutation of static power converters. They can be considered in parallel with the system when calculating the commutating reactance, and thus increase the di/dt of commutation.

The line charging capacitance of transmission lines and insulated cables are also in parallel with the system inductance. Therefore, they are similar to shunt capacitors (power factor improvement capacitors), with espect to affecting system frequency response characteristics. Usually, capacitor banks are dominant in industrial and overhead distribution systems.

5.8.2.3 Load characteristics (Red 9.7)
The system load has two important effects on the frequency response characteristics of a sys​tem. First, the resistive portion of the load provides damping, which affects the system impedance near resonant frequencies. The resistive load reduces the magnification of, and thus attenuates, harmonic current levels near parallel resonance frequencies.

As a second effect, motor loads and other dynamic loads that contribute to the short-circuit capacity of the system can shift the frequencies at which system resonances occur. These loads appear in parallel to the system short-circuit inductances when calculating resonant fre​quencies. Motor loads do not provide significant damping of resonant peaks.

5.8.2.4 Balanced vs. unbalanced system conditions (Red 9.7)
When an industrial system's conditions, such as source impedance, capacitor banks, loading, line characteristics, and harmonic sources, are completely balanced, positive sequence mod​els can be employed to evaluate system frequency response characteristics. Under these bal​anced conditions, the harmonic currents will have the sequence characteristics shown in Table 9-1.

5.8.2.5 Resonance conditions (Red 9.7)
A system resonance condition is the most important factor affecting system harmonic levels. Parallel resonance is a high impedance to the flow of harmonic current, while series reso​nance is a low impedance to the flow of harmonic current. When resonance conditions are not a factor, a power system has the capability to absorb a significant amount of harmonic cur​rent. It is only when these currents see a high impedance due to a condition of parallel reso​nance that a significant voltage distortion and current amplification will occur. Therefore, it is important to be able to analyze a system's frequency response characteristics in order to avoid having system resonance problems.

5.8.2.6 Normal flow of harmonic currents (Red 9.7)
Harmonic currents tend to flow from the nonlinear loads (harmonic sources) toward the point of lowest impedance, usually the utility source, figure 9-7. The impedance of the utility source is usually much lower than parallel paths offered by loads. However, the harmonic current will split depending on the impedance ratios of available paths. Higher harmonic cur​rents will, therefore, flow to capacitors that offer low impedance to high frequencies.
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Figure 9-7—Normal flow of harmonic currents

5.8.2.7 Parallel resonance (Red 9.7)
Parallel resonance (figure 9-8) occurs when the system inductive reactance and capacitive reactances are equal at some frequency. If the combination of capacitor banks and system inductance result in a parallel resonance near one of the characteristic harmonics generated by a nonlinear load, that harmonic current will excite the "tank" circuit, causing an amplified current to oscillate between the energy storage in the inductance and the energy storage in the capacitance. This high oscillating current can cause excessive voltage distortion.
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Figure 9-8— Parallel resonance conditions

Frequency at which parallel resonance occurs can be estimated by the following simple equation:
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where H is the harmonic order. X C and XL are reactances at the fundamental frequency.

5.8.2.8 Series resonance (Red 9.7)
Series resonance occurs when an inductive reactance and capacitive reactance that are in series are equal at some frequency. This condition occurs as a result of the series combination of capacitor banks and line or transformer inductances. Series resonance presents a low impedance path to harmonic currents and tends to draw in, or "trap," any harmonic current to which it is tuned. Series resonance can result in high voltage distortion levels between the inductive and the capacitive elements in the series circuit. One example of a possible series resonance circuit is a load center transformer that has capacitors connected to its secondary bus (figure 9-9). This circuit appears as a series circuit when viewed from the primary side of the transformer.

Figure 9-9—Capacitor bank resulting in series resonance 9.7.9 Effect of system loading
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The level of load of a power system does not have a significant effect on system frequency response characteristics, except when the system is operating near the resonant frequencies. The resistive component of the load becomes very important as a damping factor at a system resonance. The resistance path (which offers lower impedance) is taken by harmonic currents when a parallel resonance condition exists. Therefore, higher loading levels on the system tend to lower impedance near a point of parallel resonance. Power system response at varying load levels is illustrated in figure 9-10 for a system that has a parallel resonance point near the fifth harmonic.
5.9 Per Unit Values

5.9.1 Per-unit calculations (Buff 2.5)
Power system calculations can be done using actual voltages and currents or using per-unit representations of actual quantities. While performing a calculation in actual quantities makes sense occasionally, the vast majority of calculations are done in per-unit. The discussion in this chapter assumes a familiarity with the per-unit method; but, to avoid confusion, definitions of important parameters are given in Table  REF  RTF34303737373a205461626c65 \h
 \* MERGEFORMAT . The table presents strict (textbook) definitions and defines all per-unit values on a single-phase basis. Equivalent three-phase values are usually used in practice, but an understanding of the mathematics presented in Table  REF  RTF34303737373a205461626c65 \h
 \* MERGEFORMAT  relies on a careful interpretation of base values as single-phase quantities.

	· Per unit base parameters

	Parameter
	Strict definition 
(single-phase basis)
	Common usage 
(three-phase basis)

	Frequency
	Steady state operating frequency
	Nominal system frequency

	Voltage
	System line-to-neutral voltage at a chosen reference bus; voltage at other buses related by turns ratios of transformers
	Nominal line-to-line voltage

	MVA
	Any defined arbitrary reference, per phase
	10 or 100 MVA, 3

	Base current
	Base voltamperes divided by base voltage
	Base 3 kVA/(Line-to-line kV  [image: image9.wmf]3

)

	Base impedance
	Base line to neutral voltage divided by base current
	(Line-to-line kV)2/Base 3 MVA


5.9.2 3.5 Per-unit and ohmic manipulations
 (Violet 3.5)
Short-circuit calculations are made to solve the equation I = E/Z. Obtaining values of the impedance Z is a time consuming effort when conducting a short-circuit analysis.  The impedance Z, given on the equipment nameplate or furnished by the equipment manufacturer, may be identified either in per unit or in ohmic values, but one or the other must be used consistently in any calculation. The same study results will ultimately be obtained for either ohmic or per-unit representation. Many engineers find the per unit system easier to use because impedance changes due to transformer ratios are automatically taken into account. The per-unit system is a shorthand calculating technique where all equipment and circuit impedances are converted to a common base.

In using the ohmic system, all impedances must be referred to the appropriate voltage level by the square of the transformer turns ratio. With several levels of voltages, this can become an added bookkeeping task. In the per-unit system, changing of impedance values because of transformer ratios is unnecessary. For example, using the same voltage base as the transformer primary and secondary voltages results in the transformer per unit impedance being the same on both sides of the transformer. Equipment manufacturers usually state the impedance of electrical equipment in per unit on the kVA and voltage base of the equipment.

The per unit impedances of machines (using the machine ratings as bases) of the same type (induction motor, synchronous motor, synchronous generator, etc.) are approximately the same for a broad range of machine sizes, while the ohmic values vary with the size of the machine. Knowing that the per unit impedances fall within a fairly narrow band is advantageous when machine data must be estimated. Typical per unit values are often used in preliminary designs or for small motors where individual test reports are not available.

In the per-unit system, there are many base quantities, including base apparent power (kVA or MVA), base volts (volts or kV), base impedance (ohms), and base current (amperes). Choosing any two automatically determines the other bases. The relationship between base, per-unit, and actual quantities is as shown in Equation (3.8).


[image: image10.wmf]quantity

base

quantity

actual

quantity

unit

 

per

=

                                                                                         (3.8)

or rewritten
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Normally, the base MVA is selected first and the most commonly used MVA bases are 10 MVA and 100 MVA, although any MVA or kVA base value may be used. Many utilities express impedance as “percent” impedance on a 100 MVA base, where percent impedance equals per unit impedance times 100. The voltage at one level is chosen as the base voltage, which then determines the base voltage at the other levels using the primary and secondary operating voltage rating of the transformers. Rated transformer primary and secondary voltages are commonly used as the voltage bases.

For three-phase power systems, line-to-line voltage (usually expressed in kV) is used with three-phase kVA or MVA base. The following equations apply to three-phase systems. Equation (3.10) and Equation (3.11) convert the equipment and line data to a common base when the base voltages match the equipment voltages.

Converting ohms to per-unit impedance:
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Converting per-unit ohms from an equipment MVA base to a common MVA base where Base Voltage = Equipment Voltage:
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Converting per-unit ohms from an equipment voltage base to a common voltage base:
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Combining Equation (3.11) and Equation (3.12):
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Having determined the MVA and voltage bases, the current and impedance bases for each voltage level can be determined. This provides a constant multiplier at each voltage level to obtain the current or per-unit impedance by the use of Equation (3.9).
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Similar expressions can be used for a single-phase system with care exercised to use only quantities found in single-phase circuits. The current is the line current, the voltage is line-to-neutral voltage, and the base is the single-phase kVA or MVA. For example:
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Per-unit ohms on equipment voltage base to common voltage base:


[image: image19.wmf]2

2

Common

LN

Equipment

LN

Equipment

Base

Common

kV

kV

Z

Z

=

                                                                                 (3.12a)


[image: image20.wmf]LN

Base

Base

kV

MVA

I

1000

)

(

=

                                                                                                           (3.14a)
5.10 Cost Effectiveness

5.10.1 Introduction (Bronze 3.1-3.7)
The use of economic analysis is critical to the conservation program because monetary savings can significantly influence management decisions. The engineer shall, therefore, be able to translate a proposal into monetary value, i.e., expenditures versus savings. This chapter covers basic economic concepts and utility rate structures, and then addresses the subject of loss evaluation.

The engineer can use the economic basics to develop an energy program and to determine the best choice among alternatives. This determination should include understanding payback periods, understanding the time value of money, and weighing other pertinent costs.

An understanding of electric rate structures is essential in an economic analysis because the monetary savings will accrue from lower electric bills. Rate structures are sufficiently complex to warrant careful consideration. The electric rate is particularly important in demand control (load management) projects.

All electrical equipment has losses. The savings from loss reduction is calculated by evaluating the reduced cost of energy over the life of the equipment.

5.10.2 Important concepts in an economic analysis (Bronze 3.1-3.7)
Two or more alternatives are considered in an economic analysis (one may be to do nothing). In any case, an investment is usually evaluated over a period of time. The initial investment is called the capital cost. Since an item is usually worth less as it ages, the value is depreciated over its life. A piece of equipment normally has a salvage value (which could be negative if its removal or disposal cost is higher than its resale value) when it is retired and sold. In addition to the initial investment, an alternative usually has recurring costs such as maintenance and energy usage. These costs are grouped as annual costs and are then put in a form that can be added directly to the capital cost.

The capital cost represents the total expenditure for a physical plant or facility. The capital cost is comprised of two components: direct costs and indirect costs. Direct costs are monetary expenditures that can be directly assigned to the project such as material, labor for design and construction, and start-up costs. Indirect costs or overheads are expenditures that cannot be directly assigned to a project (e.g., taxes, rent, employee benefits, management, corporate offices, etc.).

Depreciation is the distribution of a capital cost over the anticipated life of the process or equipment. These depreciation amounts are then used to reduce the value of the capital investment. There are several means of distributing these costs; the simplest method is straight-line depreciation. In straight-line depreciation, the annual depreciation is merely the capital cost divided by the estimated life.

Equipment, material, and buildings have two values used for life expectancy: the book life and the expected or useful life. The book life is the number of years used to financially depreciate the investment. The expected life is the anticipated length of time that the investment will be utilized. Computers tend to become obsolete in only a few years due to rapid advances in technology today. However, computers can, and do, continue to compute long after their technological obsolescence; so the expected life in the case of a computer could be the time until obsolescence.

The salvage value is the amount of money that can be returned to the company at the end of the expected life of the capital investment. This salvage value is equal to the anticipated resale value minus any cost associated with 1) the sale of the equipment and 2) its physical disassembly and subsequent removal.

The annual costs include such items as fuel or energy, operation/maintenance, labor, taxes, and other recurring costs. The fuel cost depends on the amount, quality, rate of use, and the rate schedule. The maintenance cost includes both routine work and purchase of parts, such as the periodic relining of boilers.

5.10.3 3.3 Economic models—their applications and limitations (Bronze 3.1-3.7)
There are two general means of evaluating energy options: simple break-even analysis and a more complex method called life cycle costing. When there is a large energy savings for a small investment, simple payback may be the best evaluating tool. Furthermore, housekeeping projects with minimal or no cost may not need evaluating at all. For example, the installation of a timer on an exterior light circuit that will significantly reduce “on” time or a decision to switch off unused equipment may not need an economic evaluation. However, the subsequent effect of these actions should be shown to encourage management and support the energy conservation effort. Life cycle costing is most likely needed when the project costs are large compared to the energy savings or when there are significant future costs. The ensuing subclauses detail the various modeling methods.

5.10.3.1 Break-even analysis (Bronze 3.1-3.7)
The break-even methods do not use the time value of money, and they all answer the same question: At what point will I get my money back? Common terms for this model are simple payback analysis, break-even point analysis, and minimum payback analysis. All of these methods are essentially the same. They all relate the capital investment to the savings. Some methods chart results while others use a not-to-exceed value. The basic mathematical description is
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Many companies have minimum payback requirements to allow expenditures whose break-even point is less than a given amount of time (or other measurement). The break-even point has taken the name of payback from this minimum payback usage. Hence, the more common term is payback, and management is more likely to ask for the payback of a particular energy option.

It is important to note that break-even analysis is not restricted to time as a base. Production and energy consumption are also good bases. For example, the break-even point can be calculated in terms of the amount of product manufactured such as dollar savings per pound of output.

When questions concerning future operations are appropriate, a more sophisticated method of analysis is justified, particularly if the minimum payback period exceeds several years. A complete, long-term analysis is well worth considering in determining energy savings.

5.10.3.2 Marginal cost analysis (Bronze 3.1-3.7)
Marginal (or incremental) cost analysis is more a concept than an economic model. The marginal concept has predominant use in the economic community and has popular use in making decisions. It is primarily used in calculating cogeneration sales to the utility and in the development of special rates or contracts. Marginal cost analysis is simply the determination and use of the next increment of the cost of money or cost of electric energy. It is usually prudent to consider costs of the next increment of power, production, investment, and money.

5.10.3.3 Life cycle costing (Bronze 3.1-3.7)
Life cycle costing (LCC) is the evaluation of a proposal over a reasonable time period considering all pertinent costs and the time value of money. The evaluation can take the form of present value analysis, which this subclause will use, or uniform annual cost analysis.

The LCC method takes all costs and investments at their appropriate points in time and converts them to current costs. Inflation is assumed equal for all cost factors unless it is known to differ among cost items. Items for consideration include the following:

ac) Design cost

ad) Initial investment

ae) Overheads

af) Annual maintenance costs

ag) Annual operating costs

ah) Recurring costs

ai) Energy costs

aj) Salvage values

ak) Economic life

al) Tax credits

am) Inflation

an) Cost of money

5.10.4 Time value of money (Bronze 3.1-3.7)
5.10.4.1 Determining the cost of money (Bronze 3.1-3.7)
A dollar today is worth more than a dollar in the future because today's dollar can generate profit. Most companies use the cost of borrowing and the return on investment to determine the cost of money. The energy engineer should work with the appropriate financial people to determine the cost of money.

Inflation, the rate of price increase, is a very important concept in the time value of money. For example, inflation may direct a decision to buy now or next year. If an item increases in cost by 20% a year and money can be borrowed at 10% a year, one should buy now. However, if the reverse is true, it might be wise to wait a year to purchase. In simplified economic evaluations, inflation is assumed to have equal effects on all alternatives; it should only be included in more complex analyses or if one or several items increase in cost at significantly different rates.

The time value of money is important to the engineer because the engineer shall be able to evaluate alternatives by translating a dollar of expense or investment at various times to equivalent amounts. To accomplish this task, the next subclause will develop conversion factors that translate future dollars or payments into their present values and vice versa.

5.10.4.2 Calculating the time value of money (Bronze 3.1-3.7)
The following list of terms is used in subsequent discussions:

annuity: A series of equal amounts evaluated at the end of equal time periods (usually 1 yr) for a specified number of periods.

capital investment: The amount of money invested in a project or piece of equipment (this includes labor, material, design, and debugging monies).

compound interest: Interest that is applied to both the accumulated principal and interest. For example, a 12% annual interest rate compounded at 1% each month on $1.00 is (1.01)12 or $1.13, which results in a 12.7% effective (simple) annual interest rate.

constant dollars: The worth of a dollar amount in a reference year, including the effect of inflation. Constant dollars are used in economic indicators.

current dollars: The worth of a dollar today.

depreciation: The mathematical distribution of the capital investment over a given period of time, which may or may not concur with the estimated useful life of the item.

discount rate: The percentage rate used by a corporation that represents the time value of money for use in economic comparisons.

future worth (value): The value of a sum of money at a future time.

initial cost: Synonymous with capital investment. Capital investment is a more proper and clearly recognized term. 
present worth (value): The value of an amount discounted to current dollars using the time value of money.

For the purpose of this subclause, it is assumed that the initial investments are made at the beginning of the first year, and the future expenditures are made at the end of the year. Hence, $3.00 invested now at a 30% annual interest rate will grow to $1.30 at the end of the first year (i.e., Year 1 in the formulas), and $1.00 in operating and expense dollars for that year will have a $0.91 present value ($3.001/1.1 = $0.93). The present worth is the value at Year 0 and the future worth is the value at the end of the nth year. The entire conversion process is based on two basic calculations: the present worth of a single amount and the present worth of an annuity.

The single present worth factor is used to find the present worth of a single future amount. The present worth factor (PWF) is determined by the following equation:
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where

i
= Interest or discount rate expressed as a decimal

n
= Number of years

The present worth is calculated by multiplying the future amount by the present worth factor or

PW = PWF × FW

where

PW
=Present worth

PWF  =Present worth factor

FW
=Future worth or future amount

For example, suppose that a company has the choice of refurbishing an existing induction heating unit for $10 000 (and replacing it in five years for $120 000) or buying a new unit for $100 000. The company's discount rate is 12%. The choice is whether to spend $10 000 now and $120 000 in five years or to spend $300 000 now. To compare the alternatives, the $120 000 future amount is converted to today's dollars.

Alternate A

Present: = $10 000 PW 
Future: = 
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= $68 100 PW

Total: = $78 000 present worth 
Alternate B

Present: = $100 000 PW

Future: = 0

Total: = $100 000 present worth

In this case, there is a clear $22 000 benefit in renovating the unit and paying a larger amount for a new machine in five years. Neglecting the time value of money would have led to the wrong decision.

The present worth of an annuity factor (PAF) converts a series of future uniform payments to a single present worth amount. The uniform payments are made at the conclusion of a series of equal time periods. The mathematical description of this factor is as follows:


[image: image24.wmf]2

)

1

(

1

)

1

(

 

i

i

n

PAF

n

+

-

+

=



 = Present worth of an annuity factor

and

PW = PAF × AP

where

AP = Annuity amount (or equivalent annual payment)

Suppose the induction heater in the previous example had an energy cost of $20 000/yr but the new unit only cost $15 000/yr to operate. The annuity factor will provide a base of comparison by including the annual energy cost as a single present worth amount. While the net cost or savings can be used, the actual amounts for each alternative should be used to reduce errors and clarify results.

Alternate A

Current expense: $10 000 PW

Future capital investment: 68 100 PW

Future energy costs =
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Total: $150 190 PW 
Alternate B

Current capital investment: $100 000 PW 
Future energy costs =
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Total: $154 000 PW

While the choice is still Alternate A, intangible factors could change the decision since the difference is only 2.7%.

The future worth factor (FWF) converts a single current dollar amount to a future amount. The future worth factor for a single present value is the reciprocal of the single present worth factor or
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FW = FWF × PW

The future worth of an annuity factor (FAF) converts an annuity to a single future amount.
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and

FW = FAF × AP

The uniform annuity factor (UAF) is used to convert a single present amount to a series of equal annual payments. The uniform annuity factor is the reciprocal of the present worth of an annuity factor (PAF).
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and

AP = UAF × PW
It is frequently necessary to open a savings account for a future purchase, and the amount saved is called a sinking fund. The annuity (sinking fund) required to accumulate some future amount is determined by using the sinking fund annuity factor (SAF). The factor is simply the reciprocal of the future worth annuity factor (FAF) or
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The preceding factors are summarized in table 3-1 and their use is graphically displayed in figure 3-1. However, most studies will use only the present worth of a single future amount and the present worth of an annuity factor. The next subclause describes the use of these factors in an economic analysis of energy options.

Table 3-1 —Time value factors

	Symbol
	Name
	Description
	Formula*

	AP
	Annuity
payment
	Equal amounts of money at the ends of a number of periods
	—

	FAF
	Future worth annuity factor
	Converts an annuity to an equivalent future amount
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	FW
	Future worth
	The dollar amount (of an expense or
investment) at a specific future time
	—

	FWF
	Future worth factor
	Converts a single present amount to an amount at a future point in time
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	PAF
	Present worth
annuity factor
	Converts an annuity to a single present amount
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	PW
	Present worth
	The single value or worth today
	—

	PWF
	Present worth factor
	Converts a future amount to an amount today
	=
-----
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	SAF
	Sinking fund annuity factor
	Converts a future amount into an equivalent annuity
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*The two variables have the following definitions: n = Number of years in the evaluation period

i = Interest rate or other cost of money factor used
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Figure 3-1 —Time value chart

5.10.4.3 Life cycle cost example (Bronze 3.1-3.7)
The use of the time value of money formulas presented in 3.4 and summarized in table 3-1 is best illustrated by example. While the information presented in this example is representative of actual costs and equipment performance, it is intended only for illustration.

A 100 hp outdoor dip-proof (ODP) motor, which runs 5000 h/yr at an operating load of 75% of design, goes out of service. The plant engineer must choose one of the following:

· Option 1. Rewind the failed motor.

· Option 2. Purchase a new motor of normal operating efficiency. 
· Option 3. Purchase a new motor of higher operating efficiency.

Option 1, motor rewind, costs $1500 plus $200 installation, and results in a motor operating efficiency of 90.9% for a first year energy operating cost of $23 400, but will last for only 10 years. Option 2, purchasing a new normal- efficiency motor, costs $2100 plus $200 for installation, results in a motor operating efficiency of 91.9% for a first year energy operating cost of $23 100, and will last for 15 years. Option 3, purchasing a new high-efficiency motor, costs $2500 plus $200 for installation, results in a motor operating efficiency of 94.8% for a first year energy operating cost of $22 400, and will last for 15 years.

For the purpose of this illustration, it is assumed that there is a 30-year investment horizon and that each option is exclusive of the other. The rate of inflation is assumed to be 4%/yr and the corporate discount rate is set at 20%. The salvage value of each option at the end of the 30 years is assumed to be equal for all three options, and so is not considered in this illustration. Finally, the tax effects of the alternatives (such as depreciation) are not considered.

The life cycle costs of Option 1 consist of three motor rewindings (in Years 0, 10, and 20) and 30 years of operating costs. The life cycle costs of Option 2 consist of two normal-efficiency motor purchases (in Years 0 and 15) and 30 years of operating costs. The life cycle costs of Option 3 consist of two high-efficiency motor purchases (in Years 0 and 15) and 30 years of operating costs.

The present worth of the capital and installation costs of the future motor rewindings and future motor purchases are estimated using the future worth factors, FWF (to account for the effects of inflation), and the present worth factors, PWF (to discount these future expenses into present day amounts).

Present worth of capital and installation costs for Option 1:

1st rewind cost - $1 500 + $200 = $1 700

Future worth factor, 4% inflation, 10 years = (1 + 0.04)10 = 1.480

Present worth factor, 20% discount rate, 10 years = 1/(1+0.20)10 = 0.162 2nd rewind cost = $1 700 × FWF × PWF = $406

Future worth factor, 4% inflation, 20 years = (1+0.04)20 = 2.191

Present worth factor, 20% discount rate, 20 years = 1/(1 + 0.20)20 = 0.026 3rd rewind cost = $1 700 × FWF × PWF = $97

Present worth of 1 st, 2nd, and 3rd motor rewinds = $1 700 + $406 + $97 = $2 203

Present worth of capital and installation costs for Option 2:

The first normal-efficiency motor cost = $2 100 + $200 = $2 300 Future worth factor, 4% inflation, 15 years = (1+0.04)15 = 1.801

Present worth factor, 20% discount rate, 15 years = 1/(1+0.20)15 = 0.065 2nd normal-efficiency motor cost = $2 300 × FWF × PWF = $269 Present worth of 1st and 2nd motor costs = $2 300 + $269 = $2 569

Present worth of capital and installation costs for Option 3:

1st normal-efficiency motor cost = $2 500 + $200 = $2 700

Future worth factor, 4% inflation, 15 years = (1+0.04)15 = 1.801

Present worth factor, 20% discount rate, 15 years = 1/(1 + 0.20)15 = 0.065 2nd normal-efficiency motor cost = $2 700 × FWF × PWF = $316 Present worth of 1st and 2nd motor costs = $2 700 + $316 = $3 016

The present worth of 30 years of operating costs is estimated using the present worth annuity factor, PAE It is assumed that electricity rates will escalate at the rate of inflation (4%). In order to use the present worth annuity factor, the discount rate must be adjusted for the effects of inflation. A “real” discount rate that is netted of inflation is defined as follows:

(1+i)×(1+f)

1

where

i
= The cost of money used (in this case, the discount rate = 20%)

f
= The rate of inflation (in this case, 4%)

Thus
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Present worth annuity factor for 30 years =
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Present worth of operating cost, Option 1= PAF × annual operating costs

= 6.411 × $23 400 = $150 017

Present worth of operation cost, Option 2= PAF × annual operating costs

= 6.411 × $23 100 = $148 094

Present worth of operating cost, Option 3= PAF × annual operating costs

= 6.411 × $22 400 = $143 606

The total life cycle cost of each option is the sum of the present worth of the capital and installation cost of each option and the present worth of operating costs for each option.

Total life cycle cost, Option 1= PW capital and installation + PW operating costs

= $2 203 + $150 017 = $152 220

Total life cycle cost, Option 2= PW capital and installation + PW operating costs

= $2 569 + $148 094 = $150 663

Total life cycle cost, Option 3= PW capital and installation + PW operating costs

= $3 016 + $143 606 = $146 622

The life cycle cost analysis shows that Option 3 has the lowest life cycle cost of the three options considered. Based on this analysis, the plant engineer orders the purchase of high-efficiency motors to replace the failed motor.

5.10.4.3.1 Relationship to other economic methods (Bronze 3.1-3.7)
The life cycle cost calculations illustrated are consistent with respect to the considerations described in 3.3.1 and 3.3.2.

With respect to 3.3.1, for example, the break-even point or payback period for Option 3 compared to Option 1 can be calculated as follows:
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The break-even point for Option 2 compared to Option 1 is:
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In this case, the break-even analysis yields results that are consistent with the life cycle cost analysis, namely, that Option 3 is preferable to Options 1 and 2. Life cycle and break-even cost analyses will not, however, always lead to consistent results. Generally speaking, the results of these two types of analysis will be consistent whenever discount rates are high and break-even times are short. For economic analyses of alternatives in which break-even times exceed 3–5 years, the use of life cycle cost analysis is recommended as the superior of the two approaches.

With respect to the marginal cost analysis described in 3.3.2, the engineer shall endeavor to use marginal values in all aspects of a life cycle cost analysis. In many cases, the use of marginal values is often self-explanatory. For example, the entire illustration presented in 3.4.3 is marginal in the sense that the engineer is faced with a decision regarding an increment to the operation of the facility, i.e., what to do about a failed motor. Each option considered is evaluated in that framework based on a marginal discount rate and the marginal costs of electricity as determined by the rate tariff (e.g., there are no customer or fixed monthly charge savings associated with any of the options considered).

5.10.4.3.2 Sensitivity analysis (Bronze 3.1-3.7)
The value of the engineer's recommendations is enhanced if the economic analysis presented in support of an energy saving measure is robust with respect to reasonable changes in assumptions. For example, the rationale for most energy saving activities is the substitution of capital invested today for savings that accrue in the future. Thus, the value of the investment is based on expectations regarding operating cost savings in the future. It is prudent to consider whether the investment will remain attractive under different assumptions.

We shall consider two particular sensitivities, based on the illustration presented in 3.4.3: What if the cost of the high- efficiency motor is higher than anticipated? What if the efficiency of the high-efficiency motor is lower than that claimed by the manufacturer? With the modern computer program/spreadsheet, this type of analysis can be performed easily.

A particularly valuable approach to sensitivity analysis is the calculation of break-even points. The break-even analysis presented in 3.4.3.1 is an example in which the break point is calculated for the time at which cumulative energy savings exactly offset increased first costs.

In the context of the two sensitivities, we will calculate the point at which the life cycle costs analysis yields identical total life cycle costs for Option 3 and Option 1.

Using the methods developed in 3.4.3, it can be shown that Option 3, the high-efficiency motor, will remain cost- effective relative to Option 1, the motor rewind, up until the point at which the total capital and installed cost of the energy efficient motor exceeds $6 262, or more than twice the original estimate. Similarly, holding the original cost estimate fixed, Option 3 remains cost-effective relative to Option 1 until the efficiency of the high-efficiency motor drops below 91.54%, or 3.26% below the manufacturer's rated efficiency.

These two calculations illustrate how the engineer can “bound” the cost-effectiveness of his estimates by examining the limiting case of the break points for selected key assumptions. In this example, the choice of Option 3 over Option 1 appears to be robust since significant deviations from the original cost and performance assumptions are required to make Option 3 less cost-effective than Option 1.

5.10.4.3.3 Levelized cost analysis (Bronze 3.1-3.7)
Levelized cost analysis is an alternative economic model that is wholly consistent with life cycle cost analysis. Instead of calculating the cumulative present worth or life cycle cost for each energy saving alternative, levelized cost analysis calculates an annual measure of capital and operating costs that remains constant over time. The present worth of levelized costs over the life of an investment is exactly equal to the present worth of the full capital and operating costs of the investment.

Levelized costs are useful because they allow the engineer to directly compare the value of increased capital costs (for a more energy efficient investment) to the energy savings resulting from that investment. In effect, the use of levelized costs allows the engineer to calculate break-even points for alternative investments that account simultaneously for both the capital and operating costs of the investments.

Levelizing capital costs requires no more than calculating the reciprocal of the present worth of annuity. That is, the present worth of an annuity calculates the present value of a stream of future payments or annuities that is constant over time. The reciprocal of the present worth annuity factor of PAF (see table 3-1) multiplied by the capital cost of the investment yields the annual value of a level stream of annuities whose present value equals that of the investment.

PAF, discount rate 15.4%, 10 years = [(1+0.154)10-1]/[0.154×(1+0.154)10] = 4.943
PAF, discount rate 15.4%, 10 years = [(1+0.154)15-1]/[0.154×(1+0.154)15] = 5.736
Levelization factor, discount rate 15.4%, 10 years = 1/PAF = 0.202

Levelization factor, discount rate 15.4%, 15 years = 1/PAF = 0.174

The levelized first cost of Option 1= Capital and installation cost×(1/PAF)

= $1 700 × 0.202 = $343

The levelized first cost of Option 2= Capital and installation cost×(1/PAF)

= $2 300 × 0.174 = $400

The levelized first cost of Option 3= Capital and installation cost×(1/PAF)

= $2 700 × 0.174 = $470

The annual operating costs remain as given in 3.4.3.

First, consider the differences in the levelized first costs of each investment. The levelized first cost of Option 2 if $57 more than Option 1 ($400 − $343), and that of Option 3 is $127 more than Option 1 ($470 − $343). The meaning of these differences is that, in order to be cost-effective, the efficiency of Option 2 relative to Option 1 must lead to annual operating cost savings that exceed the annualized difference in their capital and installation costs, which is $57. Similarly, in order to be cost-effective, the efficiency of Option 3 relative to Option 1 must lead to annual operating cost savings that exceed the annualized difference in their capital and installation costs, which is $127.

Now, consider the differences in annual operating costs. The annual operating costs of Option 2 are $300 less than those of Option 1 ($23 400 − $23 100), so Option 2 is cost effective relative to Option 1 (since annual operating cost savings exceed $57). The annual operating costs of Option 3 are $1 000 less than those of Option 1 ($23 400 − $22 400), so Option 3 is cost-effective relative to Option 1 (since annual operating cost savings exceed $127). In addition, Option 3 is also more cost-effective than Option 2 since the difference in annual operating costs, $700 ($23 100 − $22 400), exceeds the difference in levelized capital and installation costs, $70 ($470 − $400).

Levelized cost analysis is based on life cycle cost analysis and can be useful in assessing first cost versus operating cost trade-offs. In all cases, life cycle cost analysis will lead to the most comprehensive treatment of all cost factors. Specific consideration for the use of levelized cost analysis includes:

ao) Treatment of investments with unequal lifetimes—this will only be an issue when the rate of escalation for the investments differs for each alternative. In these cases, a single present worth must be calculated for each alternative over a fixed investment horizon before levelizing to total amount.

ap) Treatment of annual operating costs that escalate at different rates—when annual operating costs escalate at a rate different than that of future replacements for the investment alternatives (in these examples, both were assumed to escalate at the rate of inflation), it will be necessary to calculate the present worth of the future annual operating costs and then levelize them using the same factor used to levelize the capital and installation costs of the alternatives.

5.10.5 Utility rate structures  (Bronze 3.1-3.7)
5.10.5.1 Electric tariff (Bronze 3.1-3.7)
A tariff is filed by each electric company and approved in its filed form or as modified after rate hearings by the regulatory body. Each tariff has two sections:

aq) Rules and regulations

ar) Rate schedules

Rules and regulations are conditions under which a utility will supply power to a customer. These include billing practices, fights-of-way, metering, continuity of service, power factor, line extensions, temporary service, and many other details.

Rate schedules are the prices for electric service to different classes of customers. The four common classes are residential, commercial, industrial, and street or area lighting. There may be several rate schedules available on each customer class that are usually based on load magnitude. Special rate schedules and individual contracts are also common. A typical rate schedule for commercial and industrial customers usually contains most of the following elements: rate availability and characteristics; net rates for demand, energy, and power factor; minimum charges; payment terms; terms of the contract; off-peak service; untransformed service; and riders. Each electric rate is usually contracted for a period of 1 yr and customers are entitled to the cheapest available rate, providing they meet the service characteristics specified in that rate. The following subclauses describe the elements in a rate schedule and subsequent subclauses will cover detailed examples.

5.10.5.2 Rate structure elements (Bronze 3.1-3.7)
The usual rate structure establishes monthly charges for kilowatt demand, energy (kWh), and the power factor, which are added to comprise a base rate. Rate structures also include a fuel or energy adjustment charge, which is applied to all kilowatthours consumed and then added to the base rate to obtain the total charge. The load factor, described more fully in Chapter 4, also affects the utility bill.

The demand component is designed to allow the utility to recover the capital costs associated with the construction of generating stations, substations, and transmission and distribution lines capable of meeting the customers' demand requirements. In most cases, a customer pays for the average demand in the highest 15-min or 30-min energy usage period during each billing period. Since there are 2880 fifteen-minute periods in a month, it is easy to see the reason for controlling demand. The utility shall supply sufficient capacity to meet this one period out of the total 2880 periods each month. Hence, both utilities and customers benefit from good demand control.

Energy charges are much easier to understand since a customer pays for the number of kilowatthours used to do the work required. A customer normally pays for all kilowatthours used. The energy component of a bill primarily recovers fuel costs but it also recovers operation and maintenance costs such as expendable materials, salaries and wages, gasoline, and tools.

Most utilities charge for reactive power usage (kilovars) for at least the very large users. The reactive power supplied to motors and transformers is paid for in some manner since the power company sizes its facilities to generate and transmit these kilovars. The total requirement is determined by the vector sum of the real and reactive power, so the term power-factor clause is commonly used. Methods used to calculate the reactive charge vary from a very clear charge per kilovar hour or per kilovar demand to what appear to be hidden means. The reactive charge can be reduced or eliminated by installing power-factor correction equipment—normally static capacitors. A comprehensive coverage of power factor correction is covered in IEEE Std 141–1993, IEEE Recommended Practice for Electric Power Distribution for Industrial Plants (IEEE Red Book), and IEEE Std 241–1990, IEEE Recommended Practice for Electric Power Systems in Commercial Buildings (IEEE Gray Book).

The load factor is the ratio of the average kilowatt demand to the peak kilowatt demand. Utilities prefer a constant, nonvarying load or a 100% load factor where the average usage and the peak usage are the same. Many tariffs are structured to encourage better load factors.

The last common element of a rate structure is a fuel or energy adjustment clause (EAC). The purpose of this billing procedure is to enable a utility to recover its fuel costs quickly in a market where fuel costs fluctuate widely within short periods of time. The main objective of the EAC is to eliminate frequent and costly rate cases, an expense that is borne by each customer. The charge is normally applied to all kilowatthours used.

The following is an explanation of the rate forms most often used today. The rate structure atmosphere is changing so quickly that the following information can be outdated in a short period of time. Furthermore, the regulatory climate in each state is so different that these rate forms may no longer be available in some states.

as) Declining block rate. The rate for the first kilowatt and kilowatthour is typically the highest cost per kilowatt or kilowatthour. Hence, an initial kilowatt or kilowatthour block is billed at the highest rate. Additional consumption beyond this first block is then billed at a lower rate. There is no limit to the number of possible blocks, but it is unusual to see more than four.

This rate form was developed because utilities found that as a customer's consumption increased, the relative cost to provide the electric service decreased. The reduction in service costs was then reflected in a lower charge per unit as usage increased.

at) Demand energy rates. The determination of demand was covered earlier in this subclause. When the calculation of “demand” includes the effects of load factor, the rate is called a load factor, hours use, or demand-energy rate. In this rate form, the number of kilowatts in one or more of the first energy blocks is determined by kilowatt demand and a predetermined number of hours use, as shown in the example in 3.6. The number of kilowatthours in subsequent energy blocks is determined in the same manner. Thus, the larger the ratio between the average kilowatt and peak kilowatt, the more kilowatthours are billed in the lowest energy block and the lower a power bill becomes.
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au) Seasonal rates. Power company yearly load patterns vary from one company to another. Some utilities experience a summer peak, while others see a winter peak. Other companies have yearly peaks that have no seasonal correlation. To discourage wasteful use of electricity in the peak seasons, some utility regulatory commissions require a higher charge during the peak seasons. In some rate schedules, the highest kilowatt demand during the peak season, or any month, determines the minimum kilowatt billing demand for the next 11 months or the next off-season months. This method of seasonal billing, sometimes called a ratchet clause, should encourage a large customer to use demand control or load management techniques during the peak season. The concept is based on the fact that the cost to provide service during the peak season is greater than at other times of the year.

av) Time-of-day rates. These rates are becoming more popular. The charge for a kilowatt or a kilowatthour is less for time periods other than the peak for the utility. Some utilities have “on peak,” “off peak,” “shoulder” rates, and weekend rates; and the variety of different time-of-day rates will probably continue to expand. There are a variety of ways that these rates are administered. Sometimes the pricing is directly associated with the time period and other times a credit is given for usages outside the peak period.

aw) Interruptible rates. While some individuals use interruptible and curtailable interchangeably, this recommended practice will use interruptible to mean a rate based on the premise that the utility turns off the electric supply to a facility under predetermined circumstances or agreements.

ax) As a rule, interruptible rates are considerably lower than general service rates and, hence, have definite economic advantages. Sometimes the number of interruptible hours per year, or the number of hours per interruption, or both, are limited by the rate schedule. The customer shall weigh the benefit of the greatly reduced electrical costs against the losses associated with a complete shutdown. Sometimes this rate involves a special contract with the features detailed in item f).

ay) Curtailable rates. In a curtailable rate structure, the customer makes predetermined, voluntary load reductions upon request by the utility. This rate structure usually involves some formal agreement between the user and the utility. The agreement usually involves such important criteria as

1) The time period between the power company request for a load reduction and the reduction

2) The magnitude of the reduction

3) The maximum number of curtailments per year

4) The maximum length of each curtailment

5) The total number of curtailable hours in a year

This type of rate has advantages for the utility in that it can shed load quickly when critical power shortages occur. It should be noted that the customer may not have to completely shut down to obtain a rate reduction. Generally, an interruptible rate will be lower than a curtailable rate. However, the rate may include an extremely heavy penalty charge for failure to curtail on request.

5.10.5.3 Proposed electric rate structures (Bronze 3.1-3.7)
Conservationists, environmentalists, politicians, social scientists, and others have been and will continue to look for ways to reduce the growth in electricity usage and the cost to residential customers. These special interest groups have influenced public utility commissions. Many factions believe that existing rate structures discriminate against certain customer classes and are a hindrance to their cause. Specifically, they believe the declining rate blocks and the lower unit cost for electricity enjoyed by commercial and industrial customers cause waste and unfairly discriminate against small users of electricity. Their natural solution is to change the rate structures. The purpose of this subclause is to familiarize the energy engineer with the more frequently proposed new rate structures. Because new rate forms are often not cost based, companies, consultants, and engineers should participate in the rate-making process by intervening in rate cases. Utility commissions and the political system should have the technical input of the engineering professions in the decision-making process.

The four common rates are as follows:

az) Flat rates. In this rate, all users of electricity would pay the same amount per kilowatthour for all kilowatthours used. In some cases, demand charges would also be eliminated.

ba) Inverted rates. This rate form is the reverse of declining block rates. The unit cost would rise with higher usage. The first kilowatthours consumed would cost less per unit than the last kilowatthours used.

bb) Marginal rates [marginal cost pricing (MCP)]. In this system, the utility would charge each customer based on the actual added cost imposed on the utility by that customer's usage. The power company would first calculate how much each customer adds to its operating costs, then it would anticipate how its system would be expanded to meet growing demand and assess all customers in proportion to their contribution to that expanding demand. A variation of MCP is what rate experts refer to as long-range incremental costing (LRIC). Pricing is based on the expected cost to produce electricity at some point in the future.

bc) Lifeline rates. The basic concept of lifeline rates is to lower bills of low users of electricity who are assumed to have low income. This is accomplished by inverting the rate structure for residential customers only. The revenue shortfalls are made up by higher rates for other customers.

The Public Utility Regulatory Policies Act of 1978 (PURPA) created new procedures for rate making by establishing Federal standards for rate redesign and by setting up new classes of intervenors. PURPA suggests that rate reform should encourage one or more of the following (in addition to encouraging cogeneration): conservation of energy, efficient use of utility facilities and resources, and equitable rates for electric customers. The effect of PURPA should be to encourage utility rate intervention by individuals. This action will probably cause additional proposals for new rate structures, and rate cases will be more drawn out.

5.10.6 Calculating the cost of electricity (Bronze 3.1-3.7)
A few examples will simplify the seemingly complex nature and wide variety of electric rates. Throughout the 1990s one can expect wide use of block rates, demand usage rates, and fuel charges. Virtually all large utilities include a provision for reactive (var) charges in selected rates by using power factors or some form of demand or block rate, or both. The flat rate is not covered due to its simplicity. The utility or public utility commission will provide rate details for a specific situation.

5.10.6.1 Block rate with var charge example (Bronze 3.1-3.7)
Tables 3-2 and 3-3 show rate schedules as they might be received from commissions. The rate schedule is essentially a contract with a utility and should be read and understood. The riders and general rules and regulations are also part of the contract. For this example, assume that the plant's July electrical consumption is 2520 kW demand, 1 207 200 kWh, and 896 kvar, which produces a power factor of 94.2. Furthermore, the plant is billed on Schedule A (table 3-2), and the fuel charge is 1.5 cts/kWh (or 15 mil). The calculation of the electric bill is shown in table 3-5 and is described in the ensuing paragraphs.

There are two blocks (tables 3-2 and 3–3) for the kilowatt charge and a flat rate for the kilovar (reactive demand) charge. Notice the higher charge for summer usage which indicates that this is a summer peak utility. The first 50 kW is billed at $4.83/kW and the remaining 2 470 kW is billed at $3.80 for a total charge of $9 627.50. It is important to note that the demand is determined for the current month only. The minimum charge on this rate is $11.00 plus fuel. The entire 896 kvar usage is billed at $0.20/kvar for a total reactive charge of $179.20.

All three blocks for kilowatthour charge are used for this load. The large portion of the kilowatthours in the last block is an indication that a different rate for higher usage may be available. The first 40 000 kWh are billed at 2.654 cts/ kWh, the next 60 000 kWh are billed at 2.094 cts, and the remainder are billed at 1.524 cts. The total kilowatthour charge is then $19 191.73.

The flat rate fuel charge of 1.5 cts/kWh is applied to the entire 1 207 000 kWh usage. The fuel charge of $18 108 is then added to the demand and energy charges for a total bill of $47 106.43. The average cost of electricity is 3.9 cts/kWh.

Table 3-2 —Schedule A

	Applicable to any commercial or industrial consumer having a demand equal to or in excess of 30 kW during the current month or any of the preceding 11 months.

	Monthly rates:
	Summer
	Winter

	(1) Kilowatt demand charge ($ per kW)
	
	

	For the first 50 kW
	4.83
	4.01

	For all excess over 50 kW
	3.80
	2.98

	(2) Reactive demand charge (cts per kvar)
	
	

	For each kvar of billing demand
	20.0
	20.0

	(3) Kilowatthour charge (cts per kWh)
	
	

	For the first 40 000 kWh
	2.654
	2.354

	For the next 60 000 kWh
	2.094
	1.794

	For all excess
	1.524
	1.274

	(4) Seasonal rates: The winter rates specified above shall be applicable in seven consecutive monthly billing

	periods beginning with the November bills each year. The summer rates shall apply in all other billing periods.

	(5) Fuel cost adjustment: The above kilowatthour charges shall be adjusted in accordance with the fossil fuel cost adjustment, Rider No. 6.

	(6) Other applicable riders: The rates specified above shall be modified in accordance with the provisions of the following applicable Riders:

	Primary metering discount:
Rider No. 2

	Supply voltage discount:
Rider No. 3

	Direct current service:
Rider No. 5

	Minimum charge: $11.00 per month or fraction of a month plus fuel cost adjustment.

	Maximum charge: If a consumer's use in any month is at such low-load factor that the sum of the kilowatt

demand, reactive demand, and kilowatthour charges produces a rate in excess of 11.0 cts per kWh, the bill

shall be reduced to that rate per kilowatthour of use in that month plus the fuel cost adjustment charge but not less than the minimum charge.

	Special rules:

	(1) Combined billing: Where two or more separate installations of different classes of service on the same

premises are supplied separately with service connections within 10 ft of each other, the meter registrations

shall be combined for billing purposes, unless the consumer shall make a written request for separate billing.

(2) Schedule transfers: If for a period of 12 consecutive months, the demand of one installation or the

undiversified total demand of several installations eligible for combined billing in each such month is less

than 30 kW, subsequent service and billing shall be under the terms of the general commercial schedule for the duration that such scheduling is applicable.
(3) Reactive billing demand:

(a) If the kilowatt demand on any class of service is less than 65 kW for three-phase installations or 75 kW for single-phase installations, the reactive billing demand shall be zero.

(b) If the kilowatt demand is 65 kW or higher for three-phase installations or 75 kW or higher for single-phase

installations, the reactive billing demand shall be determined by multiplying the monthly kilowatt demand by

the ratio of the monthly lagging reactive kilovoltampere hours to the monthly kilowatthours.

(4) Service interruption: Upon written notice and proof within ten days of any service interruption continuing

longer than 24 h, the company will make a pro rata reduction in the kilowatt demand rate. Otherwise, the company will not be responsible for service interruptions.


Table 3-3 —Schedule B

	Applicable to any consumer having a demand of less than 10 000 kW and using more than 500 000 kWh per month during the current month or any of the preceding 11 months. No resale or redistribution of electricity to other users will be permitted under this schedule.

	Monthly rates:
	Summer
	Winter

	(1) Kilowatt demand charge ($ per kW)
	
	

	For the first 50 kW
	4.83
	4.01

	For all excess over 50 kW
	3.80
	2.98

	(2) Reactive demand charge (cts per kvar)
	
	

	For each kvar of billing demand
	
	

	
	20.0
	20.0

	(3) Kilowatthour charge (cts per kWh)
	
	

	For the first 40 000 kWh
	
	

	For the next 60 000 kWh
	2.654
	2.354

	For the next 200 kWh per kWd but not less than 400 000 kWh
	2.094
	1.794

	For the next 200 kWh per kWd
	1.524
	1.274

	For all excess
	1.144
	0.944

	
	1.004
	0.794

	(4) Seasonal rates: The winter rates specified above shall be applicable in seven consecutive monthly billing periods beginning with the November bills each year. The summer rates shall apply in all other billing periods.

	(5) Fuel cost adjustment: The above kilowatthour charges shall be adjusted in accordance with the fossil fuel cost adjustment, Rider No. 6.

	(6) Other applicable riders: The rates specified above shall be modified in accordance with the provisions of the following applicable Riders:

	Primary metering discount:
Rider No. 2

	Supply voltage discount:
Rider No. 3

	Consumer's substation discount: Rider No. 4

	Special rules:

(1) Submetering or redistribution prohibited: This schedule is applicable only where all of the electricity supplied is used solely by the consumer for his own individual use.

(2) Schedule transfers:

(a) If for a period of 12 consecutive months, the kilowatthour use in each such month is less than 500 000 kWh,

subsequent service and billing shall be under the terms of Schedule A when this schedule is applicable.

(b) If in any month the maximum 30 min kW demand exceeds 10 000 kW, the consumer shall contract for service under Schedule B beginning with the next succeeding month.

(3) Reactive billing demand: The reactive billing demand shall be determined by multiplying the monthly

kilowatt demand by the ratio of the monthly lagging reactive kilovoltampere hours to the monthly kilowatthours.

(4) Service interruption: Upon written notice and proof within ten days of any service interruption

continuinglonger than 24 h, the company will make a pro rata reduction in the kilowatt demand rate.

Otherwise, the company will not be responsible for service interruptions.


5.10.6.2 Demand usage rates example (Bronze 3.1-3.7)
In the preceding subclause, the large number of kilowatthours in the last block indicated the possibility of a better rate. The usage is more applicable to the rate schedule noted in tables 3-3 and 3-4; therefore we will use the same usage figure on Schedule B. This rate schedule combines the block rate and demand usage rate. In addition, the customer can benefit from owning the equipment on his property (see table 3-4, Rider no 4). The cost benefit of owning equipment to supply the 2 500 kW (2 640 kVA) plus load is $9 000/yr. The kilowatthours calculated for each block are multiplied by the appropriate rate to determine the total kilowatthour charge. For this schedule, the charge is $16 760.69, which is $2 431.04 less than the amount using the previous schedule. The fuel charge is the same. The average cost per electricity is then 3.64 cts/kWh. These calculation are shown in table 3-6 and are explained in the following paragraphs.

Table 3-4 —Riders

	Rider No. 1—Fuel adjustment for special contracts: The cost of fuel as used in Rider No. 1 to Tariff PUCO No. 11 shall be the delivered cost of fuel as recorded in Account Nos. 501 and 547. Such fuel cost will be reported to the commission on a routine basis. Any proposed change in the type of fuel to be purchased, source of supply, or means of transportation that is estimated to increase or decrease the cost of fuel per million Btu by $0.01 or more shall be submitted to the commission for approval. Unless the commission shall take positive action within 15 working days to disapprove a proposal of an applicant, such proposal shall be deemed to have been approved.

	Rider No. 2—Primary metering discount: If the electricity is metered on the primary side of the transformer, a discount of 2% of the primary meter registration in each of the company's electric schedules in which this rider is applicable will be allowed for electricity so metered.

	Rider No.3—Supply voltage discount: A discount on the monthly kilowatt demand charges in each of the company's electric schedules in which this rider is applicable will be allowed when the supply is entirely from 132 kV overhead circuits or 33 kV overhead circuits (for the purpose of this rider, 33 kV overhead shall include 13.8 kV overhead transmission circuits fed directly from a power plant bus):

Discount per kW of

Class of supply
                                               Demand billed per month

	132 kV overhead

	$0.30

	33 kV overhead
	$0.10

	Rider No. 4—Consumer's substation discount: If the consumer elects to furnish and maintain or lease, or otherwise contract for all transforming, switching, and other equipment required on the consumer's premises, a discount of $0.30/kW or demand billed will be allowed on the monthly kilowatt demand charges in each of the company's electric schedules in which this rider is

applicable.


Table 3-5 —Block rate example
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(1) Kilowatt demand charge
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(3) Kilowatthour charge
40000 % $0.02654 =
60 000 x $0.02094
1107200 x $0.0152
Total charge
(4) Foel charge
1207 200 x $0.015
(5) Total clectric charge
kW
kvar
«Wh
Fuel
Total

$ 24150
$9 386.00

$1061.60
$1 256.40
$16873.73

$9627.50
179.20
19191.73
18 108.00
$47 106.43

Subtota

$9 627.50

$179.20

$19191.73

$18 108.00

Rate: Schedule A
Table 3-3





The demand charges will still total $9 806.70. The first two kilowatthour blocks will be the same at $1 061.60 and $1 256.40. The remaining 1 107 200 kWh will be allocated to the remaining blocks It should be noted that a minimum of 400 000 kWh ($6 096) is billed in the third block. The total number of kilowatthours in each demand usage block for the example is easily determined by multiplying the 200 kWh/kWd by the demand: 200 kWh/kWd × 2520 = 504 000.

To determine the hours in each block, the following is used:

	Total kilowatthours
	
	1 207
	200

	(40 000 in Block No. 1)
	
	− 40
	000

	Balance for Block No. 2
	
	1 167
	200

	(60 000 in Block No. 2)
	
	− 60
	000

	Balance for Block No. 3
	
	1 107
	200

	(504 000 in Block No. 3)
	
	− 504
	000

	Balance for Block No. 4
	
	603
	200

	(504 000 in Block No. 4)
	
	− 504
	000

	Balance for Block No. 5
	99 200 kWh

	(99 200 in Block No. 5)
	


Table 3-6 —Demand rate example
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Rate: Schedule B
Table 3-3

(1) Kilowatt demand charge
50x$4.83= 241.50
2470 x $3.8(

9 627.50

Credit for Rider No. 4 = $756.00 ($0.30 x 2520)

{2) Reactive demand charge
896 x $0.20 = $179.20

(3) Kilowatthour charge
Block No. 1 40000 x $0.02654 = $1061.60
Block No.2 60000 x$0.02094 = 1 256.40
Block No. 3 504000 x $0.01524 = 7680.96
Block No. 4 504000 x$0.01144 = 5765.76
Block No. 5 _99200 x $0.01004 = _995.97

1207 200 $16 760.69

(4) Fuel charge @ $1.5 cts’kWh
1207 200 x $0.015 = $18 108.00

(5) Total electric charge

kw $9 627.50
kvar 179.20
kWh 16 760.69
Fuel 18108.00
Total $44 67539

Possible credit _=756.0
Total wicredit  $43 919.39





5.10.6.3 Important observations on the electric bill (Bronze 3.1-3.7)
Energy conservation demands a close look at energy costs. It is obvious from the preceding example that energy is the biggest portion of this bill. This fact is not always discernible as some rates include some minimum fuel cost in the kilowatthour portion of the rate. In the example, the fuel cost represents 40% of the electric cost. The kWh cost represents another 38% of the bill. The demand cost represents only 22% of the bill. However, in other cases, demand may represent the major part of the bill.

Since in this case each kilowatthour is associated with 78% (40 + 38) of the electric cost, a 10% reduction of kilowatthours brings four times the benefit over an equal reduction in demand. A 10% reduction in peak demand will reduce the power bill by only 2%, which can be offset by a 2.5% increase in kilowatthours. In this case, the plant engineer should proceed with caution in controlling demand and, preferably, look for ways to reduce kilowatthours even during off-peak hours.

Many articles and technical papers stress power-factor correction. In this case, the power factor is exceptionally good, but it is beneficial to see the savings achievable by power-factor correction. With an 80% power factor, the reactive demand is 1890 kvar (0.75 x 2520) and costs $378. Power factor correction to the 94% (896 kVar) level is then worth $198.80 per month (378 − 179.20) or $2 385.60/yr.

Finally, a reduction in usage will not give a proportional reduction in the electric bill. Suppose this manufacturer
achieves a 10% reduction in kilowatthours, kilovars, and kilowatts, the savings is only 5% as shown in table 3-7 due to

the removal of the least costly increments. All energy cost analysis should use the “tail rate” in evaluating energy savings because the reduction will only reduce units in the last (tail rate) blocks.

Table 3-7 —Dollar savings from energy reduction
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1207 200 % 0.1 = 120 720 kWh saving
99 200 kWh Block No. 4 savings = $995.97
21 520 kWh Block No. 3 savings = _246.19
$1242.16 energy savings

kvar “flat” = 0.1 X 179.20 = $17.92
kW 0.1 x 2520 = 252 kW savings
252 Block No. 2 savings = $957.60

Total savings = $2 217.68 or 4.96% of pre-cnergy savings amount





5.10.7 Loss evaluation (Bronze 3.1-3.7)
5.10.7.1 Introduction  (Bronze 3.1-3.7)
All electrical equipment has some loss; nothing is 100% efficient. These losses can vary with output levels and age, or they can remain constant. For example, conductor losses vary as the square of the load current, while the magnetic losses of a transformer are relatively constant with load (but vary approximately as the voltage squared).

In virtually all loss evaluations, a load profile shall be established by either analytical or empirical methods. Furthermore, the efficiency of the device under investigation shall be determined for each set of anticipated operating conditions. The efficiency at full load is meaningless for comparing two devices that will be operated at half load unless the losses are solely a function of load.

All losses can be classified into two types. No-load loss is the quantity of losses when the device is idling or in a standby mode. Load losses are the additional losses at each load increment. The efficiency of a device is usually given at the full-load condition, which is but one point in the efficiency spectrum for many devices. Even the single-point efficiency can have different values, depending on the standard under which the device was tested. See [B1].20

5.10.7.2 No-load (or single value) loss calculation (Bronze 3.1-3.7)
The no-load losses are constant for transformers, motors, and adjustable speed drives. The losses do vary as a function of voltage, frequency, and temperature, but these variables are expected to remain fairly constant over the evaluation period. Energy costs on lighting systems or similar processes with constant losses can be evaluated by using the no- load loss technique and substituting the "on" values for no-load values.

The cost of no-load losses has two components: the demand cost, DN, and the energy cost, QN. The demand cost is merely the diversified kilowatts or kilovoltamperes times the tail demand rate, the cost of the last block used in the demand charge. The energy cost is the hours of “on” time multiplied by the energy charge, which is the tail rate including the fuel charge.

The diversity is the per unit amount of an individual load that contributes to the billed demand. The diversity varies from zero when the load does not contribute to the plant's billing demand to one when the entire load is added to the plant's billing demand.

In mathematical form, the no-load cost of losses is as follows:

DN = (diversity) ×
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= Demand cost per year per kW of no-load loss

QN = (no-load hours) × 
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= Energy cost per kW of no-load loss

or equation 2 can be rewritten:

QN = 
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QN = 
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5.10.7.3 Load loss calculation (Bronze 3.1-3.7)
Load losses are more complex only because they vary over the evaluation period; so they shall be developed in increments. No-load losses can be combined with load losses (e.g., in cases where it is not possible to separate the losses or when it is desirable to look at total losses as a single entity). It is usually easier to treat load and no-load losses separately for transformers, because load losses can be mathematically expressed in terms of load.

Load losses have a demand and an energy component. The demand component includes the device's effect on the plant's electrical peak. The demand-loss cost for 1 yr is then

DL 
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where

i
= Month

Pi
= Unitized level of load losses in the ith period

If the cost, relative power level, and diversity are constant, the equation is

DL = 12×D×DC

= Demand cost per year per kW of load loss 
where

D
= Diversity

DC
= Demand cost

Since the energy cost is a function of the load cycle, the load cycle shall be determined. Meters can be installed on existing equipment to obtain actual values. If actual data is not available, a load schedule or profile can be obtained by metering similar processes or by theoretical analysis. It is usually wise to group loads in terms of hours. This results in small loss of accuracy and great ease of calculation. This calculation is much more cumbersome if time-of-day rates are applicable, because the load cycle needs to be associated with the proper time of day.

The energy cost is then the sum of energy used times the cost of energy. The sum of usage is simply the sum of the load levels times their associated "on" times. The number of hours per year is then multiplied by the tail energy rate

(including the fuel charge). In some cases, the calculation may require summing several different types of load cycles during a year. In the simplest case of constant daily load, the following equation applies:

QL = 365 × 
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= Annual $/kW load loss where

n
= Number of periods

ti
= Duration of the ith period, hours

Pi
= Unitized level of load losses in the ith period

In the following subclauses, the value of Pi is unitized in terms of load level and Q is put in terms of dollars per kilowatt per year. By finding the value of 1 kW of losses, both the manufacturer and the energy engineer will know the cost of losses for a specific design/machine and can make a logical choice for a price versus loss decision. The loss evaluation generally is made for a period greater than 1 yr but not exceeding the anticipated useful life of the equipment.

5.10.7.4 Motor loss evaluation with example (Bronze 3.1-3.7)
The load and no-load losses in a motor combine in a manner shown in figure 3-2. When no specific curve is available, one can approximate motor losses by using no-load and load losses. The no-load losses are composed of the hysteresis, eddy current, and windage and friction losses at full-load speed and temperature. The no-load losses costs can therefore be calculated by using equations 1 and 2. The load losses (the remainder) vary as the square of the motor load, and consist of stator winding and stray losses.
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Figure 3-2 —Motor losses

The motor-load losses costs can be calculated by recognizing that the major component is the I2R losses in the winding and the armature. Sophisticated programs would consider additional adjustments due to heating effects, etc. The value of load loss at any particular load is the square of the ratio of that load to nameplate. More specifically, the value of yearly motor load losses is as follows:

DL 
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= $/kW of annual load loss

QL 
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= $/kW of annual load loss per period where

DL
= Demand cost per kW of load loss

QL
= Energy cost per kW of load loss

HP
= Peak motor load, hp

HPi
= Motor load for the ith interval, hp

HPR = Rated motor horsepower

n
= Number of intervals being evaluated

ti
= Duration of the ith interval, hours

DCi
= $/kW demand cost for the ith interval (usually monthly)

ECi
= $/kWh energy cost for the ith interval

An example will illustrate the loss evaluation technique. Assume a motor is used in a fiveday, 10 h per day process that runs 50 weeks/yr. The motor runs at 0.25 load for 2 h, 0.50 load for 4 h, full load for 2 h, and idles the remaining 2 h. The tail rate energy cost is $0. 10/kWh and the tail demand rate is $1 5.00/kW. The peak motor load is coincidental with the plant's electrical peak.

bd) The annual no-load energy cost is as follows:

QN = (10h)×5 days/week)×(50 weeks/yr)×($0.1/kWh)

QN =$250/kW of no load losses
DN = 1kW×$15/kW×12 mo/year

DN = $180/kW
be) The annual energy load loss is as follows:

QL = [(2h)(0.25 load)2 + 4 h(0.50 load)2 = (0.125+1+2) ×5×50×0.1
QL = 3.125 × 5 × 50 × 0.1
QL = $78/kW of load loss

NOTE — No load-loss entry is required for the 14 h when the motor is off or for the 2 h when it idles.

bf) The annual demand load-loss cost is:

DL = 1 × 15 × 12 = $180/kW

A no-load and load motor loss reduction of 1 kW each is worth $688 (250 + 180 + 78 + 180). With a five-year life and a 20% cost of money, each kilowatt reduction in both load and no-load losses is worth $2058 more in purchase price for the aforementioned loading and electric rate.

5.10.7.5 Transformer loss and example (Bronze 3.1-3.7)
The transformer loss evaluation is almost identical to the motor evaluation. Important differences include the fact that losses are a squared function of kilovoltampere load, the noload losses occur continuously, and the load usually increases each year. Additional sophistication can be added to show the effects of temperature due to load level and voltage level. The transformer can also be loaded well above nameplate in certain situations and it has longer life than a motor. Larger transformers have pumps, fans, and other auxiliary equipment whose energy costs must be included in the loss evaluation.
The equations are similar to the motor equations and the no-load demand equation is identical. The equations for transformer loss evaluation are as follows:

DN = (see equation 1)

QN = 24 × 365 × EC = 8760 EC
DL= 
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where

DCi
= Demand cost in $/kW for the ith interval

ECi
= Energy cost in $/kWh for the ith interval

DN
= No-load demand loss cost per kilowatt per year

QN
= No-load energy loss cost per kilowatt per year

DL
= Load demand cost per kilowatt per year

QL
= Load energy cost per kilowatt per year

kVA n = Transformer nameplate rating, kVA

kVAi = kVA load for the ith interval

i
= An interval of constant load

The effect of load growth can easily be added to the above equations by the following equation:

load-loss cost in Year n = (QL+ DL)×[(1+g)n-1]2
where

g
= The per unit rate of load growth

This multiplication factor does not apply to the no-load cost of losses.

EXAMPLE: Consider the purchase of a 5000 kVA, 34 500-4160 V, three-phase transformer. The peak load is 3 000 and should grow at a rate of 5% per year. The tail-rate demand is $10 and the tail-rate energy is 0.10/kWh, and they are expected to increase 12%/yr. Transformer peak and billing peak are coincidental. The factory operates in two shifts for 5 days each week all year. On evenings and Sundays the load is approximately 40% of peak. During the 16 h of production, 4 h see 60% of peak, 4 h see 80% of peak, and the remaining 8 h are at 3000 kVA (note that kVA is used and not kW). Furthermore, the load curve is identical for all working days (which is usually not the case).

This transformer has a 30-year life at the specified loading, but if the load grows at 5% each year, this transformer will be replaced much sooner than 30 years if it is changed out at nameplate (5 000 kVA). The years until the load reaches nameplate value can be calculated quite easily as follows.
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= 10.46 or approximately 10.5 yr

Therefore, the evaluation period should be 10.5 yr if it is desirable to change the unit out at nameplate loading.

bg) No-load losses for Year 1 (assuming equal load all year and constant rates):

DN = 1/mo × 12 mo/yr × $10/kW = ($120/kW)/yr

QN = 24/day × 365 days/yr × 0.1 = ($876/kW)/yr

Total no-load loss for Year 1 is 120 + 876 = $996/kW

bh) The load curve is as follows:

1) Evenings and weekends are 0.4 × 3000 = 1200 kVA for 8 h per day (24 − 16 = 8) for 6 days and 24 h on Sunday for a daily equivalent of 48 + 24 = 72 h per week.

2) The other levels are 0.6 × 3000 = 1800, 0.8 × 3000 = 2400, and 3000.

At 6 × 4 = 24 and 6 × 8 = 48 h per week, respectively.

bi) Load losses for Year 1:

DL = 
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= ($43.2/kW)/yr

Using weekly loads
QL=
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= (4.1472+3.1104+5.5296+17.28)×52×0.1

=30.0672×52×0.1

= ($156.35/kW)/yr\

The load losses for Year 1 cost $199.55
bj) The losses in Year 9 are as follows:

No-load losses change only by inflation or $996 × (1.12)9 = $2 762

The load losses change by both inflation and load or $(199.55) [(1.05)8]2 × (1.12)9
= $199.55 (1.48)2 × (2.77) = $1211

It should be noted that the no-load losses in the example were over four times the load losses for Year 1. This points out that energy may be wasted in sizing transformers too large for the anticipated load (a detailed calculation would be required to verify this conclusion).

5.10.7.6 Other equipment (Bronze 3.1-3.7)
The method used in 3.7.3 and 3.7.4 can be used to evaluate any item or process cost. One needs only to determine the losses from no-load to full-load and the load cycle. Loss evaluation can apply to conductor sizing, rectification equipment, variable speed drives, lighting systems, controls and sources, and even different types of processes.
5.10.8 Introduction (Red 16.1-16.8)
An important stage in planning to meet a plant's power requirements is the preparation of a cost estimate. A cost estimate is required for determination of necessary funding and to help decide if the project is economically feasible. Proper estimates also entail an economic com​parison of alternate system arrangements to meet the plant power requirements for the most economical investment in the electrical system. The purpose of this chapter is to present a method for making a capital cost estimate for a typical industrial plant power distribution system.

System cost, while important, is but one of several factors to be considered in planning the most suitable distribution system. Consideration must be given to the concept of total cost, or true cost. This requires weighing the first cost of the equipment plus other costs for improved reliability, ease of maintenance, safety, replacement parts, and performance. Useful informa​tion concerning cost versus reliability analysis can be found in Chapter 7 of IEEE Std 493- 1990 [B 11.1 Additional factors, such as tax considerations, utility rates, operational econo​mies, and provision for future improvements in the manufacturing process, are critical in the evaluation of competing systems. For a given installation, the engineer should prepare alter​nate power distribution schemes that can be reviewed with the company's financial planning group to develop true cost.

This chapter is restricted to the development of the relative capital cost of power distribution systems. While this chapter briefly points out some technical considerations, other chapters, particularly Chapters 2 and 15, should be referred to for a thorough analysis of the technical aspects of power distribution systems.

5.10.9 Information required (Red 16.1-16.8)
Before the engineer can begin to estimate the cost of alternate power-distribution systems, certain information must be obtained:

bk) A load survey must be prepared. The kVA or kW load, in-rush current of that load, nature of the operation, degree of reliability required, and requirement for future expansion must be known.

bl) Availability of utility power must be known. What is the available distribution volt​age, the capacity, and the projected reliability of that source to meet the plant's need? Is a second utility source available to provide added reliability?

5.10.10 Factors to be considered (Red 16.1-16.8)
After the above information is known, several factors, which vary in importance depending on the size and type of plant, must be considered.

5.10.11 Preparing the cost estimate (Red 16.1-16.8)
The capital cost of a power system is the sum of the equipment and material costs, cost of installation, plus miscellaneous other costs incurred in order to provide a complete and ready​to-operate system. In making economic comparisons, it is important to include the entire sys​tem, as each part is economically related to the whole.

The cost estimate will be used by many people. Therefore, the estimator should clearly iden​tify the items included in the estimate and the source or basis for estimating figures. Also, closely related items that affect the ultimate cost but are not included in the estimate should be identified so they are not overlooked.

When developing relative costs, the estimator may have limited time and information; there​fore, it may be necessary to make assumptions. Those assumptions should be clearly docu​mented and included as part of the estimate. Typical items to cover are design engineering, premium time allowance, field engineering, taxes, permits, shipping, foundations, contingen​cies, unusual scheduling, construction conditions, spare parts, and start-up assistance.

Many estimating programs are available on the market. In addition, some companies may have developed their own programs. These estimating programs usually contain a database of current costs for a large number of items and are useful in estimating costs for installation of equipment and for standard items such as conduit and wire, supporting materials, and grounding. However, major items, such as substation transformers, usually are custom- engineered. A quotation may be more useful for these items.

5.10.12 Classes of estimates (Red 16.1-16.8)
The three basic types of estimates are the preliminary estimate, the engineering estimate, and the detailed (final) estimate. The three types vary in accuracy as well as in time and effort required for preparation, with each successive estimate containing more detail and requiring more time. It is important to include sufficient money in the engineering budget to cover costs for the estimating activity.

5.10.12.1 Preliminary estimate (Red 16.1-16.8)
The foundation of a sound preliminary estimate is good judgment. One approach is to use the known cost of a similar installation and scale that cost to the size of the system under study, allowing for conditions particular to the new system, such as location, new technology, new design concepts, unusual labor productivity, and changes in costs of equipment and labor. Typically, the project cost will range from 15% below to 40% above the preliminary estimate.

5.10.12.2 Engineering estimate (Red 16.1-16.8)
A typical engineering estimate requires a one-line diagram, a good understanding of what the final installation will include, layouts, and a comprehensive list of equipment. Prices of major items should be obtained from vendors or from previous purchases, and judicious use should be made of updated data from past jobs, other materials, and installation costs. An example is included at the end of this chapter. Typically, the actual cost will range from 10% below to 20% above the estimate.

5.10.12.3 Detailed estimate (Red 16.1-16.8)
In most cases, detailed estimates are done by experienced estimators using established proce​dures. Often, firm quotations are obtained from vendors. These estimates include quotations for detailed material requirements that consider bidding and construction specifications taken from completed drawings. Detailed estimates should be ±5-10% of final cost.

5.10.13 Equipment and material costs (Red 16.1-16.8)
Today's changing market precludes publishing a list of typical costs for equipment and mate​rial within this publication. Up-to-date costs may be obtained from recent purchases or quota​tions for the specific project under study, manufacturers' and distributors' published prices (include all increases and discounts in the base price), and from published estimating guides. The accuracy of the estimate will depend upon major items being priced accurately. Minor items may be covered by an allowance based on judgment or established percentages.

5.10.14 Installation costs (Red 16.1-16.8)
Since installation costs are significantly impacted by labor productivity and wage rates, the estimator should refer to previous experiences, to local contractors, and to current estimating guides.

The estimator should consider the fact that no task goes as easily as anticipated and, there​fore, some contingencies should be added to time estimates. The estimate should include the cost of one or more trips to the warehouse to pick up materials, time to get the tools, coffee breaks, and other overhead considerations, in addition to the actual work. Also included should be an allowance for premium time or overtime and consideration of crew size and the non-working supervisor. Costs that vary with location, season, and time should be adjusted to reflect anticipated actual costs. For example, work in Alaska tends to be more expensive than work in the contiguous 48 states. Cost of work performed during extremes of cold or hot weather usually varies from that performed during more moderate weather. Cost escalators might be appropriate for work to be done at a future date. Most accounting and estimating departments have established procedures for coping with the time element.

5.10.15 Other costs (Red 16.1-16.8)
Other costs to be considered include a contingency item to cover miscellaneous costs beyond those defined in the estimate. Contingencies adjust for estimating errors, unforeseen complications, and miscellaneous small tasks, but not for omission of significant items nor for changes in scope. Contingency values are a judgment decision, typically ranging from 5-15% of the estimate, and may differ for equipment, material, and labor.

An adjustment reflecting inflation modifies costs at the time the estimate is made to anticipate costs at the time expenditures are made. Usually the estimating or accounting department has established procedures for addressing this problem, but the estimating engineer should pass along any known factors, such as manufacturers' and distributors' escalation clauses.

If salvage values for equipment, cable, etc., are known, they should be recognized, even though they are seldom credited to a project.

Engineering costs for a project should include engineering studies, preliminary plans, esti​mates, preparation of construction drawings and specifications, equipment specifications, review of equipment and construction bids, etc., but should not include costs for construction supervision or field engineering. Engineering costs should be assigned whether the work is done by the owner or by consultants. Typically, engineering costs will run 8-12% of the con​struction costs of large, conventional projects. For engineering-intensive projects such as ret​rofit, low capital cost jobs, and high-technology projects, the percentages will be much higher.

Complete estimates should identify special services such as calibrating protective devices, providing assistance during check-out and start-up, testing, providing training, construction power, office space, storage, rental equipment, services of factory representatives, etc.
5.11 Energy Conservation

5.11.1 Energy conservation opportunities (Bronze 2.5)
A key element of the energy management process is the identification and analysis of energy conservation opportunities (ECOs). These opportunities involve the previously listed spectrum of activities, from simply changing procedures or switching off lights to new long-range technologies.

The equipment used in operating a facility or in manufacturing a product plays another key role in the energy conservation effort. By understanding the relative energy consumption by equipment type, one can determine the opportunities that exist for decreasing this consumption.

After developing the energy balance and listing all of the energy conservation projects, each project should be evaluated for implementation using the following procedure:

bm) Calculate annual energy savings for each project.

bn) Project future energy costs and calculate annual dollar savings.

bo) Estimate the cost of the project, including both capital and expense items.

bp) Evaluate investment merit of projects using measures such as return on investment, etc.

bq) Assign priorities to projects.

br) Select conservation projects for implementation and request authorization to proceed.

bs) Implement authorized projects. Examples of electrical energy conservation opportunities are described in 2.4. Application of a specific ECO requires careful evaluation to determine if its use is appropriate because there is the possibility that an ECO could be counterproductive. For instance, the proposed change may cause existing equipment to exceed operating limits.

5.11.2 Energy Conservation Equipment (Gray 17.10)
There are a variety of energy conservation devices currently on the market. The designer should be aware that many of these devices are poorly designed, unrealistic in application, or even fraudulent. A designer should not attempt to assemble complex components, under any circumstances, into a functioning system unless he or she has specific knowledge of the application of each device. Makeshift application of computers frequently turns out to be disastrous.
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Figure 156—Peak Demand Using Multiple On-Site Generators

One of the more difficult areas of design is to obtain suitable interfaces between the application devices, such as motors, heating units, and other utilization devices, and the relatively low-energy control systems. The interfacing of remote control systems and application devices requires careful coordination between the mechanical equipment or motor control center, manufacturer, and the manufacturer of the supervisory control equipment. One major problem is the compatibility of control devices, the controlled equipment, and the signal system.

When information is transmitted to remote power equipment, it may be wise to check to find out if the device has functioned as required. It is good to know if someone turned the lights on in a local area, or if a piece of equipment was started locally without computer or other automatic control intervention. Therefore, feedback from the controlled areas or equipment to the motor control center is desirable.

Listed below are some energy conservation devices and concepts that may be utilized. Some are basically energy demand reduction devices, while others are more concerned with overall energy conservation.

1) Load limiters or demand limiters are devices that are programmed to operate building loads in sequence or in a manner such that the billing demand remains at an optimized value. Such devices can be used to provide alarms when the rate of energy usage exceeds established levels.

2) Use of automated devices for shutting down or reducing the level of operation of nonessential equipment. Multiple speed or variable speed equipment with regulator or feedback control can materially reduce energy requirements. This can be combined with other simple devices, such as photocell, infrared, or ultrasonic control of lighting, and then integrated with the computerized controls of the heating and ventilating system.

3) Use of waste heat, including that from lighting fixtures, as part of the space-conditioning system.

4) Energy can be recovered in vertical transportation equipment by utilizing regenerative systems. A descending elevator, for example, can feed back energy into the power system.

5) Use of high-efficiency motors, drives, belts, and power factor correcting ballasts will minimize line and equipment losses. Power factor correcting equipment (i.e., capacitors, synchronous motors) and the proper sizing of induction motors will serve to maintain the facility power factor at high values with minimum losses.

5.11.3 Energy Conservation Opportunities (Grey 17.2)
There are two recognized methods for determining energy conservation opportunities

6) Energy audit

7) Project lists

5.11.3.1 Energy Audit (Grey 17.2)
The first method is to make a complete energy audit that lists major energy-using equipment with nameplate data relating to energy, any efficiency tests, and estimates of or measured hours per month of operation (which will include monthly utility data, amounts, and total costs). National Weather Service monthly degree days for heating and cooling should also be included. Generally, a 1 or 2 year compilation of data is used. The crucial part of the audit is an intelligent appraisal of energy usage, what is done with energy as it flows through the processes and facility, and how this compares with accepted known standards. This study can lead to the development of a prioritized list of projects with an acceptable rate-of-return.

5.11.3.2 Project Lists (Grey 17.2)
The second method is to look for specific projects to reduce energy and costs. Shopping lists of projects are obtained from associates, newspapers, U.S. Department of Energy (DoE) publications, the local utility, or trade groups. These lists include the readjustment of thermostats for heating, cooling and hot water; removing lamps in lighting fixtures; installing storm windows and doors; caulking; additional insulation; etc. An excellent reference is a do-it-yourself guide call "Identifying Retrofit Projects for Federal Buildings by the Federal Energy Management Program (FEMP), Report 116.'

National standards have been issued by the American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc. (ASHRAE) as part of ASHRAE/IES 90.1-1989, Energy Efficient Design of New Buildings Except New Low-Rise Residential Buildings [B11]
which was issued jointly by ASHRAE and IES and covers national recommendations of building energy performance standards (BEPS) for power and energy budgets for new construction. Another helpful document is "Total Energy Management" a practical handbook on energy conservation and management developed jointly by the National Electrical Contractors Association (NECA) and the National Electrical Manufacturers Association (NEMA) in cooperation with the U.S. DoE. Energy codes have been published by a number of states, some of which specify materials similar to those specified in the ASHRAE 90 Series, and other that specify permissible usage on various bases, such as W/ft2, or allowable fc levels. This information is likely to be available from a state energy office.
5.12 Sustainable Design


















� Batterymarch Park, Quincy, MA 02269.


� 11 West 42nd Street, 13th Floor, New York, NY 10036.


� The Federal Register is available from the Superintendent of Documents, U.S. Government Printing Office, Washington, DC 20402, (202) 783-3238 on a subscription or individual copy basis.


� Copies of the bulletin are available from NIOSH Publications Dissemination, 4676 Columbia Parkway, Cincinnati, OH 45226.


� 1111 19th Street, NW, Washington, DC 20036.


� 2101 L Street, NW, Suite 300, Washington, DC 20037.


� P.O. Box 9257, Coral Springs, FL 33065


� 2101 L Street, NW, Washington, DC 20037.


� 11111 19th Street, NW, Washington, DC 20036.


� 601 Madison Avenue, Industrial Park, Alexandria, VA 22314


� 1735 New York Avenue, NW, Washington, DC 20006


� See Beeman [B1], Stevenson [B9], and Weedy [B10].


� ASHRAE publications are available from the American Society of Heating, Refrigerating, and Air-Conditioning Engineers, 1791 Tullie Circle, N.E., Atlanta, GA 30329. IES publications are available from the Illuminating Engineering Society, 345 East 47th Street, New York, NY 10017.
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