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SUMMARY 

This report documents the results of Task 6 in the Customer System Effi

ciency Improvement (CSEI) Assessment Project. A principal objective of this 
project, which is being conducted by the Pacific Northwest laboratory (PNL) for 

the Office of Conservation, Bonneville Power Administration (SPA), is to assess 

the potential for energy conservation in the transmission and distributiofl 

(T&D) systems of electric utilities in the BPA service area. The scope of this 
assessment covers BPA customers in the Pacific Northwest region and all non

federal T&D systems, including those that currently place no load on the BPA 

system. 

Supply curves were developed to describe the conservation resource poten

tially available from T&D-system efficiency improvements. These supply curves 

relate the levelized cost of upgrading existing equipment to the estimated 

amount of energy saved. Stated in this form, the resource represented by T&D 

loss reductions can be compared with other conservation options and regional 

electrical generation resources to determine the most cost-effective method :>f 

supplying power to the Pacific Northwest. The development of the supply curves 

required data acquisition and methodology development that are also described 

in this report. 

Four components, whose individual losses constitute the majority of total 

T&D losses, were analyzed: 

1. distribution transformers 

2. substation transformers 

3. primary feeders 

4. transmission facilities (customer-owned). 

Increasing the voltage of primary feeders that nominally operate at 12.5 kV was 

evaluated as an alternative loss-reduction measure primarily to provide a 

benchmark for comparison with the costs and savings achievable from outright 

component replacement. Secondary feeders also can contribute a substantial 

amount to total losses, but because adequate information was not readily avail

able, analysis of conservation options for this system component was not 

undertaken. 
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The conservation resources provided 'Jy the options ,:')nsidered ~ler·-~ tot a· .~d 

dt two levels of cost: 2.0 and 5.5 cents/kWh in 1980 dollars. These costs 

correspond, in general, to the resource saturation points shown by the supply 

curves for the voltage upgrade and equipment replacement options, respectively. 

A strict replacement program of distribution transformers, transmission 

lines, distribution feeders, and substation transformers v,rith more efficient 

equipment yields a total recoverable resource of 233 average megawatts (AMW) at 

a cost of 5.5 cents/kWh. These savings are distributed as follows: distribu

tion transformers can recover approximately 78 AMW; transmission lines, 48 A.'~W; 

distribution feeders, 99 AMW; and substation transformer, 8 AM14. 

If operation of the 12.5 kV portion (~75% of the circuit ~niles) of the 

Pacific Northwest T&D system were to be increased to 34.5 kV, the recoverable 

resource is considerably higher at 276 AMW. Tflis loss-recovery option could ~e 

implemented at a cost of 2 cents/kWh. The cost estimate for this resource con

sidered replacement of transformers and insulators but was based on the use of 

existing poles and structures in the distribution system. 

Because the postulated voltage upgrade affects only about 75% of custome~ 

utilities' circuit miles, additional conservation could be acl1ieved by applyi11g 

equipment replacement measures to the balance of the system. The combinatio~ 

of 1) upgrading the voltage of the current 12.5 kV system, 2) replacing the 

remaining 25% of the region's distribution transformers, 3) reconductoring 2S-~ 

of the primary feeders, 4) replacing substation transformers, ·and 5) reconduc

toring customer-owned transmission lines results in an estimated total conser

vation resource of 380 AMW at 5.5 cents/kWh. Due to the dominance of the lower 

cost of the voltage upgrade, over 77% of this resource (293 AMW) is potentially 

available at a cost of 2 cents/kWh. 

The loss-reduction potential of conservation measures can be considered ~o 

be equivalent to introducing new generating capacity. The Northwest Power 

Planning Council (NWPPC) has established that T&D system conservation may be d 

cost-effective alternative to capacity addition up to a cost of 5 cents/k'..Jh 'rt 

1985 dollars (NWPPC 1986). Allowing for 22% inflation in T&D system costs 

i v 



~etween 1980 and 1985 (4 cents/kWh in 1980 -5 cents/kWh in 1985), :~e T&D 

system conservation potential in the Pacific Northwest, as estimated in this 

analysis, is 335 AMW at 5 cents/kWh in 1985 dollars. 

The above analysis was extended to consider the T&O conservation potential 

of publicly-owned utilities (POUs) separately. These are principally the 

public utility districts, rural electric cooperatives and municipal1y-owned 

systems known as "preference customers 11 that have the legal right of priority 

access to federally-generated power in the Pacific Northwest. The conservation 

potential of these systems is of special interest to BPA. This analysis indi

cated that POU resources are approximately 40% of the corresponding regional 

resources. The largest conservation resource available on POU systems 

resulted, as in the regional case, from the combination of the voltage upgrade 

resource with loss recovery provided by the replacement of the transformers and 

lines not affected by this measure. This combination indicated potential loss 

recovery of 125 and 150 At~W at 2 and 5.5 cents/kWh, respectively, in 1980 

dollars. At 5 cents/kWh in 1985 dollars (the NWPPC cost-effectiveness crite

rion), the T&O conservation potential of POU systems was estimated to be 

approximately 140 AMW. 

The supply function analysis performed in this study is dependent on the 

quality of the input data. The information used was collected by survey d·Jring 

Task 3 of the CSEI Project (Call away and De Steese 1986). Biases present in 

this information could create biases in the supply curves. Overall, these 

hiases and other assumptions in the analysis are considered to introduce a 

conservative tendency in the supply curves. The level of detail to which com

ponents were characterized and losses were estimated provides a more substan

tial basis than previously available, for assessing the conservation potential 

of customer T&D systems in the BPA service area. 
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l.O HH~OOUCTION 

This report documents the results of Task 6 of the CSEI Assessment ?roj

ect, which is l:>eing conducted by PNL for the BPA Office of Conservation. A 

principal objective of the CSEI Assessment Project is to assess the potential 

for conservation in the T&D systems of BPA's customers. The CSEI Project co~

plements BPA's ongoing assessment of the conservation potential in the residen

tial, commercial, agricultural, and industrial sectors and in its 0\1/n electric 

power transmission and generation system. A second reason for the project was 

to respond to Action Item 11.2 in the 1983 Northwest Conservation and Electric 

?ower 0 lan issued by the NWPPC (1983). In Action Item 11.2, the NWPPC 

requested that BPA study potential improvements in the efficiency of electric 

power generation, transmission, and distribution. Tile CSEI Project focuses on 

all T&D systems in the Pacific Northwest except systems owned by the federal 

gave rnment. 

1.1 SCOPE OF THE CSEI ANALYSIS 

The goal of the CSEI Project is to assess and develop estimates of the 

magnitude, cost, and availability of the electric power conservation potential 

in customer T&D systems. The assessment addresses improvements frorn several 

different perspectives, each of which will be evaluated in a separate report. 

In general, the study encompasses the following efforts: 1) a scoping assess

ment of the general level of regional T&O losses and the resource that could be 

recovered by di stri buti on transformer and feeder replacement, 2) a determi na

tion and evaluation of institutional factors that could constrain pro~rammatic 

acquisition of the loss-reduction resource, 3) a survey to provide better esti

mates of the size and operating characteristics of the regional stock of T&D 

co1nponents, and 4) the construction of supply curves defining the size and 

costs of the estimated recoverable resource. 

1.1 SCOPE OF THIS REPORT 

This report describes the research efforts and the results of the supply 

curve analysis. In general terms, the purpose of a supply curve is to identify 

1.1 



~1e relationship between the availaoility of vari0us ·1Uantities of 3 Jiverl 

f)roduct and the costs required to acqui rf? the product. In the context of 

Pacific Northwest regional power planning, conservation of electrical energy 

has been defined as a resource that is equivalent to thermal or hydropower 

generation and other sources of electricity. like these other sources of 

electrical power, conservation resources may be acquired at various costs to 

the region by BPA, utility customers, and regional rate payers. Conservation 

through T&D loss reduction can be obtained primarily through: 1) system man

agement practices, 2) operational modifications, and 3) the replacement of 

existing equipment with components that are more efficient. The CSEI study 

described in this report addressed the latter two approaches. 

Speci fica lly, this report describes data deve 1 opment and the methodo 1 ogy 

chosen for determining the amount of lost energy resource available for recov

ery and presents the supply curves that were ultimately developed to describe 

the conservation resource potentially available from T&D system efficiency 

improvements. These supply curves relate the levelized cost of upgrading 

existing equipment to the estimated amount of energy saved. Stated in this 

form, the resource represented by T&lJ loss reductions can be compared to other 

regional electrical generation resources (including other conservation possi

bilities) to determine the most cost-effective method of supplying power to the 

Pacific Northwest. 

Several limitations on the scope of this inquiry were mandated by the 

availability of adequate information on T&D systems and utility operations i1 

the Pacific Northwest. First, only energy losses on the systems were esti

mated. Assessment of the available resource is therefore restricted to a cer

tain degree.(-3) Estimates of demand losses (also known as peak losses) for tile 

existing regional T&D systems were not determined because of the unavailability 

of critical information, particularly information about the coincidence of 

utility system peaks with the peaks of individual components of the system. 

(a) The omission of demand losses produces a conservative estimate of the 
resource. However, demand losses are generally considered by the industry 
to affect capacity in small increments, so that changes in losses will :1ot 
affect the timing of new facilities, but may affect the size (EPRI 1979). 

1.2 



~valtJation of losses for underground distribution co,nponents was also 01nitted 

because of insufficient data. The following four components, ~1hose individual 

losses constitute the majority of total T&D losses, were covered in the study: 

1. distribution transformers 

2. substation transformers 

3. primary feeders 

4. transmission facilities (customer-owned). 

It should be noted that secondary feeders can also contribute substantially to 

total losses. However, analysis of conservation options for this component ·,o~as 

not undertaken because adequate information was not readily available. Fin

ally, the only operational modification evaluated involved increasing the volt

age on primary feeders from the current operating level of 12.5 kV to 34.5 kV. 

This voltage upgrade option was evaluated primarily to provide informatiofl that 

could be compared with savings achievable by outright component replacement. 

1.3 ORGANIZATION OF THIS REPORT 

A number of steps were used to develop the supply curves presented in this 

report. The analytical steps used to assess T&O loss recovery are highlighted 

in Figure 1.1. First, the costs associated with the conservation activity were 

identified. In this study, the assumption was made that some portion of the 

regional T&D losses could be recovered if existing equipment is replaced with 

equipment that operates more efficiently, either by design or because of capac

ity characteristics. In general, this improvement in efficiency is associated 

with an incremental-per-unit cost plus the installation expenses to replace 
existing equipment. The development of the costs of replacing existing com

ponents is described in Section 2.0 of the report. 

The next step of the analysis involved estimating the numbers and types of 

components included in the regional stock of T&D equipment (distribution trans

formers, substation transformers, primary feerlers, and customer-owned transmis

sion facilities). This process, which is described in Section 3.0, was carried 

out using data derived from a survey of BPA customers (Callaway and De Steese 

1986). Use of the survey data to establish the operating characteristics of 

the existing stock is described in Section 4.0. Various 10ethods 1-1ere used to 

1.3 



Estimate Unit Costs Estimate Numbers and Establish Operating Establish Operating 

and Replacement Costs Types of Equipment Characteristics of Characteristics of 
(Section 2.0) (Section 3.0) Existing Stock Effic•ent Stock 

(Section 4.0) (Section 4.0) 

I 
Estimate levelized Estimate Age 

Cost of Replacment Distribution of 
Equipment Existmg Stock 

(Section 5.0) (Section 5.0) 

Estimate Total Levelized Estimate levelized 
Cost to Replace Existmg Cost of Ret1ring Calculate losses 

Standard-Efficiency I+- ExiSting Stock (Secuon 4.0) 
Equipment with High- (Section 5.0) ~ ,. Efficiency EqUipment 

(Section 5.0) 

Estimate levelized 
Cost per kWh of 

Loss Rcovery (AMW) 
(Section 5.0) 

Create Supply Curves 
(Sections 5.0 and 6.0) 
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estimate th~ characteristics of more efficient equipment and to calculate t:he 

potential loss recovery available from a region-wide, equipment-replacement 

effort. These methods are also described in Section 4.0. 

Finally, the potential savings were combined with cost information to 

create the supply curves. Since differences in the timing of expenses occur in 

the replacement of equipment, the time value of money and the assumed age of 

the various components were considered in this process. The methodology devel

oped to consider these factors is described in Section 5.0. The supply curves 

are displayed and discussed in Section 6.0. Finally, the conclusions are dis

cussed in Section 7.0. 
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1.0 EQUIPMENT COSTS 

This section describes the development of cost information about both 

standard-efficiency equipment and high-efficiency equipment. Cost is a key 

factor in the development of supply curves for a loss reduction program involv

ing equipment replacement. In this project, accountable costs were considered 

to be the difference between the costs for replacing standard-efficiency equip

ment with high-efficiency equipment. Costs associated with the various T&D 

equipment are determined mainly by their capacity and performance. Installa

tion costs and other factors affecting costs of standard-efficiency and high

efficiency equipment are assumed to be essentially the same. 

Specifically, conductor prices are a function of installation costs, cur

rent carrying capacity, resistance, and material. For transformers, unit costs 

are functions of installation, design capacity (kVA), load losses. no-load 

losses, and, at higher capacity levels, the voltage rating. T~e voltage rating 

is important in the case of larger transformers such as those used in bulk 

power or distribution substations. Pole-type and small pad-mounted distribu

tion transformer prices are not as sensitive to changes in voltage rating since 

their range of applicable ratings is more narrow than those for larger 

transformers. 

2.1 INFORMATION SOURCES 

The nature of this project required that cost estimates be appropriate for 

the RPA service area and customers. The large number of utilities included in 

the study eliminated the possibility of collecting cost estimates that were 

either utility specific or area specific. Thus, it was necessary to collect 

information that would result in average costs and prices for the entire area 

of interest. To ensure that this information was obtained from a broad range 

of sources, three avenues of research were followed: 

• A literature search of published articles, utility work plans, engi

neering studies, and other information sources was performed. 
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~ Information was requested from utilities both within and outside 

8PA's service area. 

• Information on unit costs and pricing procedures was solicited from 

equipment manufacturers. 

The literature search revealed a number of published articles related to 

the economic evaluation of loss-reduction measures, technical handbooks that 

contained some relevant information, and some utility-specific engineering 

studies. Specific sources of information are listed in the references. 

In conjunction with the CSEI Project data base development effort, util

ities within BPA's service region were interviewed and asked to provide typical 

or historical costs for procedures such as reconductoring, replacing trans

formers, and adding capacitors. In addition, cognizant staff at five investor

owned utilities located outside of SPA's service area, but within the Pacific 

Northwest region, were contacted and interviewed by telephone. As a result of 

these interviews, several engineering studies and one distribution transformer 

bid sheet were provided to PNL. 

A number of distribution-system equipment manufacturers were contacted and 

asked for pricing information. Only two manufacturers agreed to send 

information. 

1.1 PROBLEMS ENCOUNTERED IN ESTIMATING COSTS 

Technical articles and other published literature proved to be good 

sources of comparative studies. These sources of information were useful 
because they usually included a number of design options and economic evalua

tions of the options. These economic evaluations provided some insight into 

the variation of costs with differing design parameters. However, a deficiency 

existed in virtually all articles of this type; most of the cost information 

was approximate or even hypothetical, and thus could not be viewed as a relia

ble estimate of actual costs. 

Utility work plans and engineering studies provided more representative 

information about actual costs. A number of these sources were reviewed and 

provided a good idea of the general scope of certain costs. However, the work 
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plans were similar to the published literature in that they usually provided 

approximate cost data. Normally, only one cost estimate was provided rather 
than a range of costs for various design options. Usually, the design param

eters and assumptions were not listed and material and installation costs were 

seldom separated. 

It was originally assumed that the most accurate and reliable cost data 

would come from manufacturers. 

cost information that presented 

However, 

the most 

it was this area of the search for 

problems. !~creasing costs of elec-

tricity production and the resulting new emphasis on the cost of losses has 

caused manufacturers to abandon the practice of stocking 11 standard-design 11 

equipment. Virtually every transformer or capacitor produced is based on a 

custom design. Thus, it is difficult to identify a standard price list for 

these components. To quote a price for a particular component, manufacturers 
require specifications that are too detailed to be developed within the scope 

of this study. Even if specification of such details was possible, most manu
facturers would be unwilling to spend the time and money (e.g., about $1500 

according to one source) to work through the design process and quote a price 

that includes efficiency specifications. However, two of the manufacturers 

contacted did agree to send limited cost information. 

Another problem encountered with the limited information received from 

manufacturers was that price indices are tabulated as a function of the value 

placed by utilities on the load and no-load losses, rather than as a function 

of the actual total losses. Therefore, in this study, selection of the levels 

used for improved-efficiency equipment was somewhat arbitrary. The selections 

were, however, guided by the data collected from regional utilities in the 

technical survey. These data are discussed in Sections 3.0 and 4.0. 

A problem related to all the sources used is that not all prices are 

quoted in terms of the same base year. Indices from the Handy-Whitman Index of 
Public Utility Construction Costs (Whitman, Requardt, and Associates 1986) were 

used in this project to convert the cost data to a comparable form (1980 dol

lars). However, a discrepancy was noticed between the Handy-Whitman Index and 

information obtained from one manufacturer. The manufacturer claims that 1984 
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trans former pri c2s were i dent i cal to 1979 prices, while the Handy-Whi t.11an I naex 

shows an increase in prices of 35% over the same period. 

Finally, typical installation costs for all four T&D components of inter

est were difficult to obtain. Often, the total installed cost was quoted with 

no further breakdown between materials and labor costs. This deficiency made 

it difficult to distinguish between expense and capital expenditures. Guidance 

from several regional utilities was used to make estimates of this portion of 

replacement costs. 

2.3 DATA SUMMARIES 

Since cost data were collected from numerous sources, costs were expressed 

in terms of dollars from a number of different base years. All costs, with the 

exception of labor rates, were converted to equivalent 1980 dollars using 

indices from the Handy-Whitman Index. labor charges were converted to a 1980 

basis using historical base labor rates. Following are descriptions of the 

data collected and the methods or equations used to estimate costs for each 

category of component considered in the CSEI Project. 

2.3.1 Conductors 

The typical costs for reconductoring were extracted primarily from utility 

work plans and engineering studies. From the information provided, it was not 

possible to separate material and installation costs from total costs in the 

majority of cases. Material costs were solicited from manufacturers but were 

not provided. Some information regarding typical installation costs for con

ductors was received from utilities that responded to the technical survey. 

For reconductoring, available data was used in a regression analysis to 

determine average cost as a function of conductor size. Since many of the data 

sources provided costs for new construction rather than for reconductoring, a 

factor was included to make this distinction. 

2.3.2 Distribution Transformers 

Useful information for developing equations that could be used to estimate 

losses from existing distribution transformers and the cost of replacing the 

existing transformers with high-efficiency equipment was difficult to obtain. 
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:,1ost of the available data was too approximate to be useful. The approximate 

nature of the data combined with the expectation that design improvements in 

the last few years may have caused the relationship between cost and losses to 

vary with time, led to the decision to use data from single bid sheets as the 

primary information for the regression analyses. As a result, about 95% of the 

data used came from the single bid sheets. It was concluded that utilities' 

bid sheets are the most useful source of information since all the pertinent 

information and a cross-section of options can be found in one package. 

2.3.3 Substation Transformers 

The cost/loss relationship for larger transformers is more complex than 

that for distribution transformers. t~any factors, such as operating voltage, 

auxiliary equipment, and cooling apparatus, affect the price of a large trans

former. This variability leads to significant differences between cost esti

mates obtained from various utility work plans and engineering studies. 

To calculate the variation in cost resulting from improved efficiency, it 

was necessary to look at otherwise identical units. Although utility bid 

sheets would seem to be a good source of information for this purpose, none 

were acquired. However, general information was provided by respondents to the 

technical survey. The best indicator of cost was found to be the pricing meth

odology used by a major equipment manufacturer. This methodology included a 

cost multiplier based on the level of load losses and no-load losses. The 

equation developed on these bases appeared to be a good indicator of how equip

ment cost varies with efficiency. However, a "typical" level of auxiliaries 

and options would need to be established if absolute prices are desired. 

2.4 COST EXPRESSIONS 

Analysis of the various sources of cost data produced mathematical expres
sions that were used to develop cost information for the supply curves. These 
expressions are described in the following subsections. 
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2.4.1 Conductors 

Losses in distribution lines are a function of the resistance of the con

ductor. Therefore, to evaluate the economic feasibility of upgrading a segment 

of conductor, a relationship between current-carrying capacity, resistance, ~nd 

cost is desired. The functions shown in Table 2.1 were derived from regression 

analysis to provide necessary information about current-carrying capacity and 

resistance. 

Since wire gauges are usually expressed in terms of American Wire Gauge 

(AWG) specifications, the following relationship may be used in the conversion 

to kcmil (thousand circular mils). 

where AWG Specification 

#2 
#1 
1/0 
2(0 
3(0 

kcmil = 0.025(1.12)[ 2(36- a)] 

Value of a 

2 
1 
0 

-1 
-2 

TABLE 2.1. Functions for Determining Current-Carrying Capacity and Resistance 
of Conductors 

Regression 
Coefficients 

Function Conductor Type a b 

Ohms/mile =a + b(kcmil )-1 Copper 0.0076 62.65 
Copperweld-Copper 0.0220 63.o4 
Copperweld 0.0080 59.52 
ACSR 0.0039 110.81 

Capacity (amps) = a(kcmil)b Copper 15.620 0.64 
Copperweld-Copper 14.086 0.66 
Copperweld 26.150 0.61 
ACSR 14.730 0.62 

Capacity (amps) = a(Ohms/mile)b Copper 228.870 -0.65 
Copperweld-Copper 236.950 -0.63 
Copperweld 319.420 -0.61 
ACSR 249.190 -0.64 
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Using the relationships described above, the installed cost of new alumi

num conductor is represented by the following equation: 

where a= 17,626,90 

b = 30.30 

c = 5,848.7 

$/mile= a+ b(kcmil) + c(X) 

x = 1 for new construction 

= 0 for reconductoring an existing circuit 

2.4.2 Distribution Transformers 

Regression analysis of the available data yielded the following equation 

that relates unit cost to the level of load and no-load losses. 

$ =a + b(kVA) + c[(kVA) 2/(LL)(NLL)] 

where a = 157.49 

b = 7.88 

c = 2,509.65 

kVA = rated capacity of transformer (kVA) 

LL = load losses at rated 1 oad (watts) 
NLL = no-load losses (watts) 

To determine the load losses (LL) of a transformer operating at other than 

design load, the following relationship can be used. 

Lljrated LL = a + b(% load) 2 

where a = 0.045 
b = 0.000098 

% load = 80% < % load < 200% 
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2.4.3 Substation Transformers 

The following preliminary relations were developed for substation trans

former costs. The base cost can be determined using the following 
relationship: 

where a = 19,800 

b = 1.55 

MVA = Installed capacity in MVA 

BIL = Basic impulse level ; n kV 

This dollar value is multiplied 

the level of load and no-load losses. 

by an 

The 

efficiency 

efficiency 

factor that is based on 

factors used in the CSEI 
supply curve analysis were extracted from a matrix in a manufacturer 1 s price 

list, which is reproduced in Table 2.2. 

Since the cost valuation of load and no-load losses is determined on a 

case-by-case basis by the utility, the selection of an efficiency factor for 

the analysis was somewhat arbitrary. To incorporate conservative cost esti

mates, the highest efficiency factor (1.42) was used in the analysis. 

TABLE 2.2 Manufacturer 1 s Efficiency Factors Load Losses ($/kW) 

No-load 55"C (650 >650 "1300 >1300 "1950 >1950 (2600 >2600 (3900 > 3900 "5200 >5200 

Losses ( kWl 65"C (500 >500 "1000 > 1000 "1500 > 1500 (2000 >2000 (3000 >3000 (4000 >4000 

(500 1.oo 1.04 1.07 1.10 1. 16 1.24 1.32 

>500 "1000 1.04 1.06 1.08 1 0 11 1017 1.25 1.33 

>1000 "1500 1.05 1 .07 1.09 1. 12 1. 19 1.26 1.35 

> 1500 (2000 1.06 1.08 1. 11 1. 14 1.20 1.28 1.36 

>2000 (2500 1.08 1. 10 1. 12 1. 15 1.21 1.29 1.37 

>2500 (3000 1.09 1 0 11 1. 13 1. 16 1.23 1.31 1.39 

>3000 (4000 1. 12 1. 14 1. 16 1.19 1.25 1.33 1.42 

>4000 (5000 1. 15 1. 16 1. 19 1.22 1.28 1.36 1.42 

>5000 1. 17 1. 19 1.22 1.24 1.31 1.38 1.42 
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3.0 NUMBERS AND TYPES OF EXISTING EQUIPMENT 

The numbers and types of exlsting distribution equipment for the utilities 

operating in the BPA service area were determined by applying regression analy

sis to data collected in a survey administered to 144 BPA customers util

ities. The results of the survey and the procedures and equations used for 

estimating equipment quantities and operating characteristics are described in 

this section. In Section 3.1, the survey that provided the data for the eco

nomic analysis and resource estimation is summarized. A more detailed descrip

tion of the survey process and a discussion of the responses can be found in a 

companion CSEI Project report that describes the development of the data base 

(Callaway and De Steese 1986). The methods used to estimate the total regional 

stock of the four distribution components are described in Section 3.2. 

Finally, the resulting estimates and conclusions about the estimates and the 

estimating methodology are discussed in Section 3.3. 

3.1 SUMMARY OF SURVEY RESULTS 

Information on utility distribution system characteristics for utilities 

in the Pacific Northwest was obtained from a questionnaire that was adminis

tered to 144 BPA customers in late 1984. Sixty-seven utilities responded to 

this survey with either full or partial responses. The survey questionnaire 

contained requests for information of a general nature and also for detailed 

information on system components. 

The detailed information about system components provided data on the num

ber and operating characteristics of distribution transformers, distribution 

substation transformers, primary feeders, and customer-owned transmission 

lines. Due to a number of factors, including record-keeping practices, staff 

time and experience, and size of the utility, the quality and completeness of 

the information received was not uniform. Large utilities with extensive dis

t ri but ion systems usually provided average or sample information on components 

such as distribution transformers and feeder segments. However, they provided 
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rnore complete and detailed information on substation transformers and transmis

sion facilities. Smaller utilities with computerized record systems often pro

vided very good information on all components. Finally, some small utilities 

with limited staff and limited records responded by 1) sending hand-recorded, 

excessively-detailed information that had been prepared for other purposes 

(e.g •• REA feeder voltage drop studies), 2) sending estimated system-average 

information; or 3) skipping certain component descriptions entirely. 

The raw data from the survey questionnaire that was entered in the data 
base represented the best effort of CSEI project staff to record all available 

correct information. Estimates of the number of components (by various size 

categories) in the distribution systems in the region were based on this raw 

data set. However, when estimating region-wide system inputs for the loss cal

culations (see Section 4.0), only data that were complete enough to provide 

adequate information were used. 

One exception to the general process of estimating the number and operat

ing characteristics of the components should be noted. Generally only the 
small proportion of responding utilities that own and operate transmission 

facilities provided transmission line data. Many of BPA's small municipal CJS

tomers do not use lines with voltages that exceed primary feeder levels, 

although varying amounts of 69- and 115-kV subtransmission and transmission 

lines appear to be common for utilities with geographically extensive service 

areas. Due to the limited number of utilities with extensive transmission sys
tems, the total mileage of transmission lines (expressed in circuit ~iles at 

various voltage levels) was not derived by regression, but from information 
contained in the Directory of Electric Utilities, 1982-1983 (Electrical World 

1983). It was felt that the data from this source provided a more complete and 
reliable means of estimating the total transmission circuit miles in the region 

than regression analysis based on the sample data. Information received from 

the survey was used, however, to estimate the average operating characteristics 

for transmission lines operating various voltage levels. 

Table 3.1 shows the number of utilities that provided information on the 
various components. It also displays percentages of the estimated regional 
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TABLE 3.1. Number of Utilities and Percent of Estimated Total in Sample Jata. 
by Component 

Component 
Distribution Transformers 

Primary Feeders 

Substation Transformers 

Transmission 

No. of Utilities 

38 

32 

37 

63 

Range of Estimated $ 
of Regional Total{a) 

22 41 

15 - 23 

8 - 43 

100 (assumed)(b) 

(a) For example. the number of distribution transformers described 
by sample data ranged from a low of 22% of the predicted 
regional total (<7.5 kVA category) to a high of 41% (40-50 kVA 
category). 

(b) Data on transmission lines were reported for 63 of the 
144 regional utilities (Electrical World 1983). The combined 
mileages at each voltage level from this source were assumed 
to be equal to the regional total. 

total (by component category) represented by those data. Other pertinent facts 

about the survey results are discussed by Callaway and De Steese (1986). 

3.2 METHODOLOGY USED TO ESTIMATE NUMBERS AND TYPES OF COMPONENTS 

The analysis to derive supply curves for the resource represented by effi

ciency improvements required information (i.e •• estimates) about both the num

ber and the average operating characteristics of each component in the present 

regional distribution system. The method used to estimate the total quantity 

of components. by size. is discussed in the remainder of this subsection. 

3.2.1 Identification of Component Categories 

Accountability of the wide diversity of sizes and efficiencies of distri

bution system components existing in the region was accomplished by establish

ing categories for each of the four components that were examined. The sample 

records were sorted according to these groupings. Distribution transformers 

were divided into 11 groups that were based on sizes represented by the capaci

ties specified on their nameplates. The smallest capacity group included 
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transformers ranging from 0 to 7.5 kVA, and the largest group included trans

formers larger than 500 kVA. Intermediate categories were grouped into what 

appeared to be fairly natural groupings of kVA ranges. Substation transformers 

were also grouped into three size categories on the basis of the capacities 

specified on their nameplates. Primary feeders and transmission lines were 

grouped by operating voltage levels. The number of categories and the range of 

values included in each were determined by both the total quantity of records 

for each component and the capacity/voltage level groupings that were found in 

the survey data. The specific categories and the size ranges included in each 

category are shown in Table 3.2. 

TABLE 3.2. Size Categories of Distribution System Components 

Component Categor,Y Size Ranges 

Distribution Transformers 7,5 kVA 0 - 7,5 kVA 
15.0 kVA 7.6 15.0 kVA 
25.0 kVA 15.1 - 25.0 kVA 
40,0 kVA 25.1 40.0 kVA 
50,0 kVA 40.1 - 50.0 kVA 
75.0 kVA 50.1 75.0 kVA 

100,0 kVA 75.1 - 100.0 kVA 
200,0 kVA 100.1 200.0 kVA 
300,0 kVA 200.1 - 300.0 kVA 
500,0 kVA 300.1 500.0 kVA 

>500.0 kVA over 500.0 kVA 

Substation Transformers Small 0 - 7.5 MVA 
Medi urn 7.6 - 19.9 MVA 
Large over 20,0 MVA 

Primary Feeders One 0 - 11.9 kV 
Two 12.0 - 17.9 kV (low resistance) 
Three 12.0 17.9 kV (high resistance) 
Four 18.0 - 33,0 kV 

Transmission Lines Low 34 kV 
Mid 69 kV 
High 115 kV 
Vhi gh 230 kV 
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3.2.2 Estimation Procedures 

The estimated regional total for each component by size category was 

obtained by ordinary least squares regression analysis, using the numbers of 

the utility•s consumers in a given sector (residential, commercial, industrial, 

etc.) as independent variables. This relationship proved to be fairly strong 

for transformers, but less so for feeder mileage. Service area size and cus

tomer density would have been a better independent variable for use in esti

mating total feeder mileages, but this information was not available for most 

of the utilities in the region. 

The 144 regional utilities were grouped into four categories that were 

determined by a cluster analysis of size and sectoral sales characteristics 

(Callaway and De Steese 1986). Although this classification scheme was ini

tially intended to be used for all regressions, it was found to be useful only 

in those run to predict the number of components in groups whose sizes placed 

them at the tails of distribution curves. In the prediction of those compo

nents in size categories that were more typical and more universally distri

buted over all utilities in the region, this additional refinement reduced the 

number of observations that, in turn, jeopardized the strength of the relation

ship between the independent and dependent variables. Therefore, this addi

tional parameter was subsequently discarded in the regressions run for most 

size categories of the four components. Table 3.3 displays the regression 

statistics and the resulting coefficients that were obtained for each component 

(by category) in this step of the analysis. 

The regressions show that there is, as expected, a strong relationship 

between the number of customers in various sectors and the number of distribu

tion transformers of a given size level. Although the R2 value found for the 

very smallest size group was low (due primarily to the small representation 

that this size transformer had in the sample), the regressions for the other 

sizes showed very respectable R2 values and strong T-statistics associated with 

each of the independent variables used. The relationship between numbers of 

customers and numbers of substation transformers was also reasonably strong in 

most cases. The number of residential customers proved to be the best pre

dictors of substation transformers in all size categories (although for mixed 
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TABLE 3.3. Results of Regressions of Customers Against Quantity of 
Distribution System Components (95% confidence level) 

Component 

Distribution Transformers 
(by nameplate kVA) 

Eguation(a) 

0-7.5 123.7 + 0.54(1R) 
7.6-15.0 1385 + 0.13(0) - 14.39(0) 
15.1-25.0 544.8 + 0.357(0) - 15.38(0) 
25.1-40.0 186 + 0.055(0) - 5.71(0) 
40.1-50.0 34.1 + 14.72(0) 
50.1-75.0 206.81 + 0.53(C) - 9.72(1) 
75.1-100.0 41.5 + 0.079(C) 0.94(0) 
100.1-200.0 0.14 + 0.051(C) + 0.11(IR) - 0.58(0) 
200.1-300.0 -0.12 + 0.57(1) 
300.1-500.0 3.88 + 0.27(1) 
>500.1 -0.59 + 0.11 (I) + 0.16(0) 

Substation Transformers 
(by nameplate MVA) 

0- 7.5 (b) 4.50 + 0.0003(0) 
7.6-19.9( ) 0.99 + 0,00003(1) + .00002(1R) 
7.6-19.9 c 1.70 + 0.0004(0) - .00006(C) -

0.000004 (I) 
>20.1 0.30 + 0.00001(0) + .000006(1) 
Primary Feeders 
(by operating kV) 
0-11.9 -0.31 + .001(0) 
12.0-17.9(d) -33.96 + 0.68(1R) 
12.0-17.9(e) 35.9 + 0.0002(1) 
18.0-50 5.59 + o.0023(0) + o.o7(1R) 

0.33 
0.94 
o. 97 
0.96 
0.97 
0.90 
0.96 
0,95 
0.89 
0.85 
0.97 

0.82 
0.36 
0.74 

0.88 

0.80 
0.44 
0,35 
0.61 

T-.Statistic 

4.19 
21.76, 10.90 
4.51' 13.00 
25.51, 12.24 
32.78 
14.76, 8.93 
25.87' 13,09 
23.32, 3,18, 11 •• 1 
17.33 
14.49 
11.38, 21.98 

12.54 
2.32, 1.74 
3.14, 3.2, 2.14 

9.44, 5.65 

11.12 
4.86 
3.98 
6.52, 2.14 

(a) Independent variables are the number of electrical consumers in five 
sectors: D =domestic; C =commercial; I= industrial; IR =irrigation; 
0 = other. 

(b) 7.6-19.9 MVA transformers for small urban and rural utilities and medium 
sized mixed load utilities (Clusters 1, 2, and 3). 

(c) 7.6-19.9 ~VA transformers for large and predominantly urban utilities 
(Cluster 4). 

(d) 12.0-17.9 kV feeders with low-resistance features. 
(e) 12.0-17.9 kV feeders with high-resistance features. 
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load and rural utilities, the best predictors appear to be industrial and irri

gation customers). Although the coefficients in the equations for substation 

transformers are quite small, spot checks of recent one-line diagrams for util

ities that were not included in the survey showed that reasonably good esti

mates could be obtained using the regression equations. From discussions with 

BPA staff, it was confirmed that the total number of substation transformers 
estimated for this analysis coincided with previous BPA estimates of the 

regional stock. 

Although the R2 values obtained for the feeder regressions are, on the 

whole, lower than those for transformers (due to the probable importance of 
factors other than numbers of customers), relatively strong relationships were 

found for the largest and smallest size categories of feeders. However, the 

use of 12.5 kV for primary feeders is a very common practice with many util

ities. Not surprisingly, the preponderance (approximately 75%) of feeders in 

the sample data were in the middle size category. Since the number of feeders 

operated at 12.5 kV is more directly related to the size of the service area of 

the utility than to number of customers, the predictions of the total circuit 

miles of this size feeder are probably less reliable than the other estimates 

used in the analysis. However, the regional total of 43,219 circuit miles is 

close to previous estimates. 

3.3 ESTIMATED NUMBER OF COMPONENTS BY SIZE 

The results of the regression analysis to estimate the total number of 

distribution system components by size are presented in Table 3.4 The table 
also includes the estimate of transmission facilities, by circuit mile at vari

ous voltages, that were obtained from Electrical World (1983). 
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TABLE 3.4. Estimated Number of Components in the BPA Region 

Comeonent Category Comeonent (Wtd. Avg.)(a) Quantity 

Distribution 0-7,5 (kVA) 5 (kVA) 44 664(b) • 
Transformers 7.6-15,0 10 435,204 

15.1-25.0 15 331,274 
25.1-40.0 18 135,557 
40.1-50,0 48 173,401 
50.1-75.0 52 118,531 
75.1-100.0 75 24.656 
100.1-200.0 118 18,454 
200.1-300.0 232 6,384 
300.1-500.0 305 3,501 
>500 1032 3,019 

Substation 0-7.5 (MVA) 5.727 (MVA) 789(b) 
Transformers 7.6-20 11.069 168 

>20 56.023 238 

Primary Feeders 0-11.9 (kV) 7.0 ( kV) 3,508(c) 
12.0-17.9 12 .6 43,219 
18.0-50 24.8 11,933 

Transmission 34.5 (kV) 34.5 ( k v) 4,603(c) 
69 6.9 4,254 
115 11.5 12,080 
230 23 .o 4,161 

(a) In the loss calculations, a weighted average of the kVA, MVA or 
kV of all the sample components in a given size category was 
used. In other words, the weighted average kVA of sample trans
formers in the 0-7.5 kVA category was 5 kVA; this value was used 
in the calculation of losses for that group. 

(b) Number of transformers in each size group. 
(c) Conductor circuit miles. 
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4.0 DETERMINATION OF LOSSES AND OPERATING CHARACTERISTICS 

In this section, estimated lasses and loss recovery for the four main dis
tribution system components are discussed. A brief general discussion of loss 

calculation methodologies is provided first and is followed by a detailed dis

cussion about the derivation of loss estimates for each component. Conclusions 

concerning the loss estimates that were used for the supply curve calculations 

complete the section. 

The per-unit loss levels of existing equipment were estimated using compo

nent data collected in the survey as described in Section 3.0. i~ssumptions 

used in making the estimates were derived from literature on distribution sys

tem loss calculations, from previous regional level studies, and from studies 

conducted on regional utility systems. Losses for more efficient replacement 

equipment were also estimated, using values provlded by several methods as 

described in the following subsection. The per-unit savings attributable to 

the potential loss reductions, multiplied by the number of components reported 

in Section 3.0, provided the predicted annual regional savings that were 

incorporated into the supply curve calculations. 

Section 4.1 very generally discusses loss assessment methodologies and 

Section 4.2 provides background information about distribution system losses. 

Section 4.3 contains a discussion of the assumptions that were utilized in the 

loss estimations for each component. In Section 4.4, the operating character

istics of the four components derived from the survey data and the literature 

review are discussed. Finally, the calculation of the losses for each compo

nent is covered in Section 4.5. 

4.1 LOSS ESTIMATION METHODOLOGIES 

Four approaches to distribution system loss calculation were identified 

and evaluated to determine their suitability for use in this study. 

1. The method described in the BPA Distribution System Efficiency 

Handbook (BPA 1981). 

2. The SCALE code (EPRI 1983). 
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3. The detailed calculation of distribution losses (EPRI 1983). 

4. The DSAS method (Sun et a l • 198D) • 

A summary of these approaches and the evaluation process is presented in 

Appendix A. A principal difficulty in adapting a system-specific loss esti
mating methodology to the task of assessing region-wide losses is that the data 

collection effort is proportional to the number of representative system 
descriptions needed. Based on the information requirements, the complexity of 

the calculations, and the modifications necessary to represent a regional sys

tem composed of many separate ut lllty systems, the detailed approaches deve l

oped by the Electric Power Research Institute (EPRI 1983) and also by the 

Energy Systems Research Center of the University of Texas (Sun et al. 1980) 

were not attempted. The first and second approaches, developed by BPA (1981) 
and by Westinghouse for EPRI (EPRI 1983), were also more appropriate for calcu

lating losses of individual components in a single system rather than in a 
region-wide system, but their data requirements were such that it was possible 

use them in developing the compromise methodology used in this CSEI study. 

4.2 BACKGROUND: T&O SYSTEM LOSSES 

Transmissions and distribution system losses as defined in this study were 
considered to be the difference between the average annual power requirements 

of each utility and its annual sales (including self use). On the average, 

utilities in the BPA region "lose" approximately 8% of their power 
ments. These losses occur for a number of reasons: 1) electrical 

practices, 4) 

require-
i mpedance of 

billing system components, 2} faulty metering, 3) accounting 
errors, and 5) theft. The CSEI study addressed only losses related to the 

inherent operating efficiency of utility T&D systems. Since a number of BPA 

customers generate electricity and transmit it over varying distances to con

sumption points, the study also includes the losses of non-BPA owned trans

mission facilities. 

Power system losses can be viewed as having two components: 1) demand 

(also termed capacity) losses and 2) energy losses. Demand losses, which OCC'Jr 

at the time of system peaks, increase generating capacity requirements. Energy 
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losses require additional energy to be supplied to meet the system loads (EPRI 
1983). Because of the difficulty in determining critical peak data on the var
ious distribution systems and the size and coincidence of component peaks 

within each system~ the CSEI study was limited to the analysis of energy loss 
reduction. 

Energy losses can occur on all components of a distribution system, but 

studies have shown that the principal sources are the primary conductors and 

distribution transformers. (Customer-owned transmission facilities~ which are 

not usually considered part of a "distribution system," are included in the 

CSEI study because they are also a substantial source of losses.) Conductor 

loss occurs primarily because of the resistance of the 
(copper and aluminum) to the flow of electric current. 

conducting materials 

In general, the smaller 

the diameter of the conductor, the greater the resistance to the flow of elec

trical current. When distribution systems are constructed, utilities generally 

attempt to achieve an economic balance between the cost of larger conductors 
and the cost of the losses that are expected to occur as conductor size 

decreases. The voltage at which a distribution or transmission conductor is 

operated also affects the level of losses. To supp~y a given load, the current 

required is inversely proportional to the voltage and line losses are propor

tional to the square of the current. 

Transformers generate losses in two ways. Coil loss is caused by the 

impedance to the flow of current in the transformer windings when supplying an 

electrical load. This loss, which is also known as copper loss, is called the 

load loss. The second source of loss results from hysteresis and eddy currents 

in the steel core of the transformer, which are independent of the load. This 
loss is referred to as core loss, or no-load loss. 

4.3 ASSUMPTIONS 

Much of the information required to estimate the losses from existing 

equipment was available from the survey data. However, certain parameters had 

to be assumed by using 1) values described in the literature or 2) in some 

cases, reasonable estimates based on other loss studies. The assumptions that 
were used are identified and discussed in the following subsections. 

4. 3 



4.3.1 Distribution Transformers 

The nameplate load loss and no-load loss values (in watts) for the trans

former sizes evaluated in this study were obtained by regressing known average 
values for load and no-load losses for standard- and high-efficiency trans

formers against transformer nameplate capacity, which ranged from 5 kVA to 
5000 kVA (BPA 1981).(a) The resulting equations were: 

Standard Load Loss (W) = -608.3 + 350.1 loge (capacity) 

Standard No-Load Loss (W) = -172.7 + 106.3 loge (capacity) 

High-Efficiency Load Loss (W) = -296.3 + 197.9 loge (capacity) 

High-Efficiency No-Load Loss (W) = -99.3 + 65.4 loge (capacity) 

These regression equations were then used to obtain load loss and no-load loss 

estimates for the sample transformers. 

The transformer load factor was also unknown. This parameter, which is 

the average load of a component (or system) per unit of peak load, is necessary 
when calculating loss factor, an element in the transformer loss equation. 

Using an estimated regional average transformer load factor of 0.4, the loss 

factor was calculated using the following relationship 

LSF = (A x LOF2) + (1 - A)LOF 

whe~ LSF = the loss factor 
A = constant used by the industry (typical value is 0.85) 

LDF = the load factor, defined as the ratio of average annual load to 

peak load, per unit. 

(a) Standard-efficiency transformers had an overall efficiency of 97.8%; high
efficiency transformers achieved an efficiency level of 98.4%. 
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In the loss calculation for distribution transformers, a predominance of 

standard-efficiency transformers among existing equipment was assumed. How

ever, according to information obtained from the CSEI survey and phone conver

sations with utility engineers and BPA personnel it is quite likely that many 
transformers installed in recent years are of the high-efficiency type. 

4.3.2 Substation Transformers 

Detailed and presumably reliable information on substation transformers 

from the survey data provided most of the parameters necessary for estimating 

losses from this component. (a) The value of the loss-factor coefficient (A) 

was again assumed to be 0.85, but the load factor (0.6) used in the calculation 

was obtained from survey data. The basic impulse level required to estimate 

the cost of both standard-efficiency and high-efficiency equipment was obtained 

from current industry catalogs. 

4.3.3 Primary Feeders 

The calculation of feeder energy losses was done in two stages. An 

assumed distribution factor (0.765), which was based on national averages 
reported in the literature, was used for calculating feeder losses. In addi

tion, conductor size and resistance values for aluminum conductor (operating at 

50°C and carrying current at approximately 75% capacity) from the Standard 

Handbook for Electrical Engineers (1978) were used to calculate the difference 

in I2R losses between the existing conductor size categories and conductors 

that are three sizes larger. 

4.3.4 Transmission Lines 

Literature-derived values for conductor resistance were also used to cal
culate transmission-line losses. A distribution factor of 1.0 was assumed for 
these calculations. 

(a) While some of the utilities that responded had incomplete records for 
certain transmission and distribution system components, in general all 
had good records of size, number, and performance for substation trans
formers. It is likely that this is due to the small numbers of trans
formers involved when compared to the large quantities of distribution 
transformers. Most BPA customers have only 10 to 30 substation 
transformers. 
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4.4 OPERATING CHARACTERISTICS OF EXISTING EQUIPMENT AND MORE EFFICIENT 

EQUIPMENT 

The size categories and estimated operating features of each component are 

provided in Tables 4.1 through 4.4. Discussions of how the operating charac
teristics were derived are presented in subsequent subsections. The relative 

accuracy of these characteristics depends on a number of factors including the 

accuracy of the sample data, the representativeness of data, and the effect of 

using values derived from weighted-sample averages and certain literature
derived assumptions. Not all of these factors can be controlled or are known. 

Therefore, the values in the tables should be viewed as representative of the 

likely features of regional distribution system components. A higher level of 

confidence in this estimate would be possible with a statistical (i.e., proba

bility) sample based on an appropriate sample design and adequate utility 

response. However, the CSEI Project survey (Callaway and De Steese 1986) indi

cated that obtaining full and accurate characterization of many elements in a 

given sample fra~ might be difficult because many regional utilities do not 
have component data at the required level of detail. While this problem could 

be overcome statistically, the cost of a more detailed survey is probably the 

greatest barrier to obtaining better data. 

4.4.1 Distribution Transformer Characteristics 

The operating characteristics for distribution transformers reported by 

each utility that responded to the survey were typically the average for a 

given transformer size gr.oup. The parameters used in the loss calculations fJr 
the existing component capacities and peaks (Table 4.1) were determined by 
computing categorical averages of those data that were weighted by the number 

of transformers reported by each utility in each size group. 

As noted above, the load losses and no-load losses shown in Table 4.1 were 

derived by regression equations using data from the literature, since very few 

utilities reported these data. One possible effect of the use of these derived 

values should be noted. The equations used to estimate standard-efficiency and 

high-efficiency equipment load losses were derived from representative values 

for transformers operating at peak loads that equaled the ratings specified on 
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TABLE 4.1. Distribution Transformers: Categories and Estimated Operating Characteristics of 
Region a 1 Stock 

Nomina 1 Average Loge No Load Loss Load L(ss No Load Lor Load Los{ Estimat)d Peak Estimat'"~; 
Category(a) Capacity(b) Average Existing(c,rl) Existing c,d) Replacement c,d) Rep 1 a cement c ,d l Peak(b Load tlumber of 

(kVA) {kVA) caeacitt (watts) (watts) {watts} (watts) (kVA) Ratio Units(e) 

7 5 1.6 43 !09 30 91 4 .7 0.946 44,664 

15 10 2.3 67 !88 47 148 8.6 0.856 435,204 

25 15 2.7 90 280 64 198 11.9 0. 793 331,274 

40 28 3.3 182 547 ll9 363 17.6 0.626 135,557 

"" 
50 48 3.9 247 746 !54 470 42.4 0.883 173,401 

• 75 52 3.9 247 774 !58 486 36.9 0.71 118,531 ~ 

100 75 4.3 286 900 182 558 37.1 0.495 24,656 

200 !18 4.8 334 1,062 213 547 60.5 0-.513 18,454 

300 131 5.5 406 1,300 157 78! 112 .o 0.483 6,384 

500 305 5.7 435 1,394 175 836 150.1 0,492 3, 501 

>500 1,032 6.9 565 1,821 354 1,077 592,0 0.574 3,019 

I' I See Table 3.2 for the ranges of each category. 
lb I Averages weighted by number of transformers reported in each category. 
(c) At peak load ratio (1.00). 
(d) Values derived from BPA (1981). 
(e) From regression analysis. 
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TABLE 4.2. Substation Transformers: Categories and Operating Characteristics 

Average No Load No 
lnsta1lfd Loss Load loss load Loss Load Loss 

Category Capacity a) Existing ExistinJ Replacement Replacement 
(kVA) (kVA) (kW) b) (kw)(b (kw)(c) (kW)(c) 

<7,500 5,727 10.6 39.0 7.2 25.8 

7,501-
20,000 11,069 15.4 50.4 9.5 31.6 

>20,000 56,023 44.7 176.7 14.8 48.4 

(a) l~eighted average instal"led capacity for each category. 
(b) Weighted averages for reported values in size category. 
(c) Values for reference transformers (see Section 4.4.2). 
(d) Ratio of average peak load to (average) installed capacity. 
(e) From regression analysis described in Section 3.0. 

Average Peak 
Peak Load 

(kVA) (b) Ratio(d) 

3,038 0.53 

1,790 0.64 

47,451 0.85 

Estimated 
Number of 
Units(e) 

789 

168 

238 
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TABLE 4.3a. Primary Feeders: Operating Characteristics of Sample Data(a} 

Sum of 
Average Length Calculated 
Sample (Circuit Loss(s KLOSS 

Resistance( b) Miles) c) (MWh) d) (Constant) 

2.57 112 2,172 7.55 

0.89 4,257 283,481 74.82 

1.38 613 13,248 15.66 

TARLE 4.3b. Primary Feeders: Categories and Estimated Operating Characteristics of Regional Stock 

Estimated Resistance Resistance of Estimated 
Average Estimated Existing Conductor Length 

Operating Conductor Size Conductor Three Sizes Laryer (Circuit) 
Categor~ (kV) Voltage (kV)(e) (Existing) (f) (ohms/milej(b) (ohms/mile) ( 9 Miles) h 

0 - 11.9 7 .o 4 AWG 2.57 1,38 (1.0 AWG) 3,508 

12.0-17.9 12 .6 2/0 AWG 0.89 0.55 (266.8 Kcmil) 43,219 

18.0 - 50 24.8 1 AWG 1.38 0,72 (3/0 AWG) 11,933 

(a) Table 4.3a data were used to compute a constant (KLOSS). which was then used in the actual 
loss calculations performed with data from Table 4.3b (see text). 

(b) Real ACSR resistance closest to weighted average of feeder resistances reported by 
utilities (Standard Handbook for Electrical Engineers 1978). 

(c) Sum of reported circuit miles of all sample feeders in each category. 
(d) Losses calculated for each feeder/feeder segment using equations described in the text. 
(e) Weighted average of sample data. 
(f) The ACSR conductor size with average sample resistance [see footnote (b) above]. 
(g) Standard Handbook for Electrical En ineers 1978; CRC Handbook 1981. 
(h) Regional totals estimated by regression Section 3.0). 
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TABLE 4.4a. Transmission Lines: Operating Characteristics of Sample Data(a) 

Sum of 
.1\verage Sample Assumed Length Calculated 

Categories Resistance Conductor(c) (circuit Losses KLOSS 
(O~erating kV) (ohms/mile)(b) Size miles)(d) (MWh)(e) (constant) 
Low (34.5) 0.895 2/0 AWG 461.2 1,902 4.61 
Med (69) 0.895 2/0 AWG 806.8 12,836 17.78 

Hi (115) 0.306 336.4 Kcmil 555.1 39,123 230.37 

VHi (230) 0.123 874.5 Kcmil 456.8 65,624 1,167.46 

TABLE 4.4b. Transmission Lines: Categories and Estimated Operating Characteristics of Regional Stock 

Assumed Resistance Resistance of Length 
Operating condurtr Existin( Conductor Threy (circuit) 

Voltage (kV)(f) Size c Conductor b) Sizes Larger(g miles~ h 

34.5 2/0 AWG 0.895 0.385 (266.8 Kcmil) 4,603 

69 2/0 AWG 0.895 0.385 (266.8 Kcmil) 4,254 

115 336.4 Kcmi 1 0.306 0.206 (500 Kcmil) 12,080 

230 874.5 Kcmil 0.123 0.104 (1033.5 Kcmil) 4,161 

(a) Tahle 4.4a data were used to compute a constant (KLOSS), which was then used in 
the actual loss calculations performed with data from Table 4.4b (see text). 

(b) Real ACSR resistance closest to weighted average of transmission resistances 
reported by utilities (Standard Handbook for Electric Engineers 1978). 

(c) ACSR conductor size with average sample resistance [see footnote {b) above]. 
{d) Sum of reported circuit miles of all sample transmission lines in each category. 
{e) Losses calculated by equations in the text. 
(f) Standard transmission operating voltages. 
(g) Standard Handbook for Electrical Engineers (1978); CRC Handbook (1981). 
(h) Electrical World (1983). 



their nameplates. The peak load ratio, defined as the peak load divided by 

rated capacity, directly affects the level losses. However, almost all 

of the average 

available CSEI 

peak-load ratios calculated 

of load 

for BPA customer transformers from 

survey data (Callaway and De Steese 1986) were less than 1.0. 

In other words, many transformers (particularly substation transformers) are 

currently estimated to be carrying peak loads that are below their design 

capacity. (This apparent under-utilization phenomenon was also noted for other 

components.) If, on the average, regional peak-load ratios for distribution 

transformers are also typically below 1.0, the predicted losses (see Sec-

tion 4.5) are probably slightly overstated for both the existing standard

efficiency equipment units and the high-efficiency replacement equipment. 

Table 4.1 contains the estimated operating characteristics for distribution 

transformers. The effect of using oversized dis~ribution system components is 

discussed further in Section 6.0. 

4.4.2 Substation Transformers 

Substation transformers are custom-built to comply with efficiency and 
cost specifications stated by the utility, so no reference efficiency exists 

that can be used as a hypothetical "more efficient" replacement transformer. 

Potential loss reductions for these components, therefore, were estimated by a 

different technique. The efficiency of each transformer reported in the survey 

was computed as follows: 

where E = 

A = 

NLL = 

LL = 

E = A - (NLL + LLI x lOO 
A 

the efficiency of the unit (%1 

installed nameplate capacity of the unit (kVA I 
the nameplate no-load loss of the unit ( k w I 
the nameplate load loss of the unit ( kW I • 

In each size group (small, medium, or large) reported in the survey, the trans
former with the highest efficiency rating was selected as the "reference" 

transformer. The nameplate load and no-load loss values for the reference 
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transformer (scaled by the proportion of the group's average installed capacity 

to the reference transformer installed capacity) were used as the load and no
load loss values of the replacement transformer for that group. Substation 

transformer characteristics are shown in Table 4.2. 

4.4.3 Primary Feeders and Transmission Lines 

A large variety of conductor materials and resistances were reported in 

the sample data for feeder and transmission lines. In order to get representa

tive values for conductor resistance, the I2R resistances for each size group 

were averaged (i.e., weighted by the circuit miles of each segment reported). 
This group average was converted to a "real" resistance value using Table 4.32 

in the Standard Handbook for Electrical Engineers (1978). The handbook resis

tance for ACSR conductor that was closest to the reported group average was 

selected, and the conductor size corresponding to that resistance was used as 
the category's "base" or "representative" conductor for the loss calcula

tions. The replacement conductor was also ACSR, but of a gauge three sizes 

larger than that of the "base" wire. For example, the weighted average resis

tance for medium size 12.5 kV feeders was close to 0.89 ohms/mile, the "real" 
resistance for 2/0 AWG ACSR conductor. To reduce losses, this conductor was 

hypothetically "replaced" in the calculations with wire that was 3 sizes larger 

(266.8 Kcmil ), which has a resistance of 0.552 ohms/mile when operating at 50°C 

and 60 HZ (Standard Handbook for Electrical Engineers 1978). The resistance of 

the selected replacement line for each size group was used to calculate the 

losses of the replacement conductor for feeders and transmission lines. Oper
ating characteristics estimated for primary feeders are shown in Table 4.3, and 

those for transmission lines in Table 4.4. 

4.5 ESTIMATED PER UNIT LOSSES FOR EXISTING AND REPLACEMENT COMPONENTS 

The annual energy losses estimated to occur on a per unit basis for each 

component by size category are shown in Table 4.5. The equations used to cal

culate these values are described below. 
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TABLE 4.5. Estimated Annual Energy losses (per unit) and loss Recovery 

Component Size Category 
Distribution 0-7.5 (kVA) 

Transformers 7.6-15.0 
15.1-25.0 
25.1-40.0 
40.1-50.0 
50.1-75.0 
75.1-100.0 

100.1-200.0 
200.1-300.0 
300.1-500.0 
>500 

Substation 0-7.5 (MVA) 
Transformers 7.6-19.9 

Primary 
Feeders 

Transmission 
lines 

>20 

0-11.9 (kV) 
12.0-17.9 

34.5 (kV) 
69 

115 
230 

4.5.1 Transformer Lasses 

Per Unit 
losses 

Existing 
544 (kWh) 
823 

1090 
1962 
3092 
2833 
2834 
3405 
4077 
4389 
5979 

131 (MWh) 
207 
834 

14.8 (MWh) 
50.9 

41.2 (MWh) 
15.9 
70.5 

143.7 

Per Unit 
Replacement 
402 (kWh) 
597 
774 

1286 
1978 
1804 
1829 
2158 
2564 
2756 
3710 

88 (MWh) 
128 
250 

7.8 (MWh) 
31.4 

17.7 (MWh) 
6.8 

47.4 
121.1 

Savings 

142 (kWh) 
226 
316 
676 

1114 
1029 
1005 
1247 
1513 
1633 
2269 

43 (MWh) 
79 

584 

7.0 (MWh) 
19.5 

23.5 (MWh) 
9.1 

23.1 
22.6 

The following equation, which was developed by Westinghouse for EPRI 

(1983), was used for calculating transformer losses. 

LT = 8.76 [NLL + LL(PLR2)(LSF)] 

where LT =annual loss in kWh per year (per transformer for distribution 

transformers), MWh for substation transformers 
Nll =no load loss, watts or kW (for substation transformers) 

LL = load loss, watts or kW 

PLR = peak load ratio (ratio of peak kVA to rated kVA) 

LSF = loss factor. 
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A standard loss estimation rnethodology was used to calculate feeder and 

transmission line losses from the sample data. To simplify the final loss 

estimate for the regional stock, however, the survey data (including the per 

mile annual losses calculated for each size category) were used to create a set 
of constants (KLOSS) to account for certain parameters in the original equation 

whose values remained constant within a given size category. 

The following equation was used to calculate losses for each sample feeder 

or transmission segment: 

where LL = line losses in kWh per year per circuit mile (overhead feeder); or 

MWh per year per circuit mile (transmission lines) 

p = peak apparent power in kVA 
r = resistance conductor in ohms per mile (using reported resistance) 

LSF = loss factor 
L = transmission line or feeder length in circuit miles 

kV = voltage in kV. 

The sum of the losses for all feeder/transmission line segments in each size 

group of feeder or transmission line in the sample data base were then repre
sented as the product of a constant average-group resistance and the sum of t~e 

feeder lengths: 

where SUMLOSSn = sum of the calculated losses for sample lines, in MWh per 

year for size group n 

KLOSSn = constant for size group n 

RRn = 11 real 11 resistance closest to size group n average resistance 

TLENn =total reported length of line in size group n, circuit miles. 
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Solving for KLOSSn in the preceding equation results in the following 

expression: 

KLOSSn = 
SUMLOSSn 

The following equation was then used to calculate the loss estimate for the 
regional stock: 

where LOSSn =loss per circuit mile of line in MWh per year for size group n 
DF = distribution factor (0.765 for feeders. 1.0 for transmission 

lines) 

All of the losses were calculated on a per unit basis for components at 

the estimated existing operating characteristics and for the replacement compo
nents that were more efficient because of size or design. The per unit annual 

savings (see Table 4.5) were then used to calculate a supply curve for each 
component, as described in Section 5.0. 
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5.0 DEVELOPMENT OF SUPPLY CURVES 

Once the cost and energy savings were estimated for both standard 

efficiency and high-efficiency equipment , supply curves could be developed . 
The supply curves relate the cost associated with recovering losses to those 

recovered losses. Basically , the energy saved from high -efficiency equipment 
was costed as the difference between purchasing and installing more efficient 

equipment and the costs that would be incurred if the use of standard
efficiency equipment continued . 

More efficient equipment can be used to replace worn out standard 
efficiency equipment, or it can be installed to replace currently operating 

standard equipment that is still in good condition . In the second case, there 
is a difference in the timing of when the costs (of early replacement as com
pared with normal replacement) are incurred . Therefore , the time value of 

money should be considered in the development of supply curves. 

After the required data was collected , estimating the supply curves 

involved three steps . The steps involved are shown in the flow diagram in Fig
ure 5.1, which is derived from Figure 1.1 to show these input steps . Fi rst, 

the vintages of existing equipment were estimated so that differences in the 
timing of costs could be considered . Second, the added cost per year of 
replacing existing equipment with more efficient equipment was calculated . 
Finally, the energy savings corresponding to loss reductions from using more 

efficient equipment were estimated . After these three steps were completed, 
the information was then combined into individual supply curves for each 
component . The total resource available to the region from distribution equip
ment replacement at various levels of costs was also provided by combining 
these separate supply curves into a single curve. 

5. 1 VINTAGES OF EXISTING EQUIPMENT 

To determine the effect on the costs of the difference in the timing 

caused by early replacement of equipment , normal replacement times were esti
mated . If it is assumed that all equipment of a certain type has the same 

rated lifetime , then only the age of present equipment needs to be determined . 
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Input: 

Numbers and 
Types of Equipment 

Input: 

Unit Cost 
Estimates 

Input: 

Loss Estimates 

~ • 

~ • 

Estimate Age Distribution Input: 
of Existing Stock Unit Cost 

(Section 5.0) Estimates 

I 
I 

1r I 

l 
Estimate Levelized Cost Estimate Levelized 

of Replacement Equipment Cost of Retiring 
(Sectit>n 5.0) Existing Equipment 

(Section 5.0) 

Estimate Total Levelized 
Cost to Replace Existing 

Standard-Efficiency 
Equipment with 

High-Efficiency Equipment 
(Section 5.0) 

---T--• 
Estimate Levelized Cost per 
kWh of Loss Recovery (AMW) 

(Section 5.0) 

I 
I 
I 
I 
I I __ .,. Create Supply Curves 

(Sections 5.0 and 6.0) 

FIGURE 5. 1. Input Steps for Development of the Supply Curves 

5.2 



For example, if equipment has a thirty-year rated life and is twenty-years old, 
then the costs for normal replacement would normally be incurred 10 years from 
the present. However, if the equipment is replaced immediately with more effi

cient equipment, the costs would be incurred in the present year. 

The number of the different types of equipment and their ages were cal
culated. Since the actual age distribution of the known current stock of 
equipment in the BPA region is unknown, the distribution of those ages was 
estimated . It was assumed that purchases of equipment needed to satisfy load 
growth was proportional to the growth rate of total electricity demand experi
enced by the region. For example, if the demand for electricity grew at an 

average compound rate of 2% over the past 10 years then it was assumed that the 
stock of transformers increased by that same rate. 

However, satisfaction of load growth is not the only reason equipment is 

purchased. Replacements are also purchased for equipment that is retired dur
ing a given year . In this study, the amount of equipment that was retired in a 
year was assumed to be equal to the amount of equipment that reached its rated 
lifetime in that particular year. Therefore, the amount of equipment retired 

in any given year was dependent on the amount of equipment purchased "X" years 
ago, where "X" is the rated lifetime of the equipment. 

The total amount of equipment that was purchased in any past year, then, 
was the sum of the amount of equipment purchased for replacement and the amount 
purchased to cover growth in the demand for electricity in that particular 
year. This sum was calculated in retrospect from the year of the analysis back 
to the rated lifetime of the equipment . A logical constraint that was applied 
was to require that equipment purchased in all of those years must equal the 
amount of existing equipment. The sum of equipment purchases and replacements 
in each year produced the age distribution for existing equipment. Figure 5.2 
illustrates the resulting age distribution curve for distribution transformers . 

5.2 PAYMENT STREAM FOR REPLACING EQUIPMENT 

Once the age distribution of the equipment was estimated, the cost asso
ciated with replacing equipment of a given vintage could be calculated . For 
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each vintage and each equipment category, the cost streams produced when the 

utilities continued to operate with standard-efficiency equipment were 
calculated . 

5. 2.1 Standard-Efficiency Equipment Costs 

Standard-efficiency equipment was assumed to be replaced only at the end 
of its rated life. It was also assumed that the equipment was financed using a 
fixed-pay ment, mortgage-type financial instrument. This assumption allowed the 

time value of money to be considered, since the interest paid on the instrument 
equalizes the value of money across time. The cost stream per year, then, was 
simply the fixed (equalized) payment on this instrument. When the rated life
time of the equipment was reached, standard-efficiency replacement equipment 

was purchased using the same type of mortgage instrument. 

The fixed payment was calculated by use of the following formula: 

N 
Fixed Payment= (Principal)( 1 (1 + ~) ) 

(1 + I) - 1 

where I = real interest rate (3% was used in this analysis) 
N = number of payment years. 

5. 2.2 High-Efficiency Equipment Costs 

The same calculation was used for high-efficiency equipment. Replacement 
of standard-efficiency equipment with high-efficiency equipment in the current 
year was made for each equipment vintage and equipment category. High
efficiency equipment purchases were also financed using a fixed-payment, 
mortgage-type financial instrument. However, where there was a remaining bal
ance in the expected lifetime of standard-efficiency equipment being replaced, 
the remaining fixed payments were taken into account. The fixed payment for a 
particular type of standard-efficiency equipment of category j, SEPj, is: 

N 
SEP. = (Cost of Standa rd Equipment in Category j)( I(1 +I) ) 

J (1 + I)N - 1 
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The terms of this equation are the same as the previous equation. 

The payment in year k, EEPjkl' for replacing standard-efficiency equ i pment 
with one year of life remaining is: 

EEPjkl = { (cost of high -efficiency equipment in Category j} x 

( I {1 + I)N ) } + { SEPj if k < 1} 
(1 + I)N - 1 0 otherwise 

Therefore, the total fixed payment incurred after the replacement was the 
sum of the fixed payment for the standard -efficiency equipment, until the 
remaining lifetime is reached , and the fixed payment for the new high 
efficiency equipment . In this study, a salvage value of ze ro was assumed for 
the standard-efficiency equipment that was replaced . If a di fferent salvage 
value was assumed, the fixed payment for the standard-efficiency equipment 

could have been reduced by the amount of the salvage value . 

The difference between the two total fixed payments in each year is the 

added cost of installing more efficient equipment for each year. The differ
ence is equal to the fixed payment for the high-efficiency equipment alone 
until the lifetime of the original standa rd-efficiency equipment is reached . 
Beyond this time, the increment is the difference between the fixed payment for 
the high -efficiency equipment and the standa rd-efficiency equipment . For any 
pa rticular type of equipment, j, and vintage, 1, the total added payment for 
year , k, fo r the replacement program, DIFjkl' is the difference between the t ·Ho 
payments multiplied by the amount of equipment: 

DIFjkl = (EEPjkl - SEPj)(Amount of Equipmentjl) 

Because of variations introduced by the remaining lifetime of each vint

age, the resulting total cost streams vary from year to year. To convert thi s 
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variable cost stream to a constant cost per year, the cost streams were lev
elized by first calculating the present value of the cost streams, PVDIFj 1: 

PVDIFjl 
N 

= L DIFJ.kl T 
k=1 

The present value was then distributed to each year according to a fixed 
payment mortgage schedule whose term was the life expectancy of the component: 

N 
Replacement Fixed PaymentJ.

1 
= (PVDIF. )( I(1 + I) ) 

Jl (1 + I) N_ 1 

The resultant values were the fixed amount incurred per year to replace 
standard-efficiency equipment of a certain category and a certain vintage with 

more efficient equipment. 

5.3 AVERAGE POWER AND ENERGY SAVINGS 

To form the supply functions, the cost information developed using the 

methods described above was then combined with the power savings that result 
from use of more efficient equipment. Losses were first estimated for both 
standard-efficiency equipment and high-efficiency equipment for each category, 
as described in Section 4.0. The loss savings were calculated in terms of 
average watts per unit of equipment. Multiplying the loss figure by the number 
of units of equipment in each equipment category and each vintage, and then 
dividing by 1 million yielded average megawatt (AMW) loss recovery for each 
category and vintage of equipment: 

(Loss .1 x Amount of Equipment. 1) 
= ----~--------~--------~~ 

106 
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Multiplying the loss recovery by 8760 (the number of hours in a year) produced 

the AMW-hour (AMWh) energy savings for each category and vintage in a 
particula r year. 

The additional (levelized) cost per year of replacement with more effici
ent equipment was then divided by the average kilowatt-hour savings per year 

(AMWh savings times 1000) . The result was the cost per kilowatt-hour of elec
tricity saved by replacing standard-efficiency equipment with high- efficiency 
equipment . 

Replacement Fixed Payment .1 
Cost per Kilowatt Hourjl = --~(A~Mmw-j1--x-n8~,7~6~u~x'I~a~a~o')~J~ 

Finally, the cost per kilowatt hour was expressed as a function of the AMW 
savings to produce supply curves for each of the conservation resources 
considered . 
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6.0 RESULTS OF SUPPLY CURVE ESTIMATION 

Using the methodologies described in previous sections, supply curves v1ere 
developed to determine the conservation potential of efficiency improvements 

that are technically and economically feasible when applied to the T&D systems 
of utilities in the BPA service area. The measures considered were replacement 
of distribution and substation transformers with more efficient units, recon
ductoring transmission lines and primary distribution feeders, and upgrading 
the voltage of the 12.5 kV distribution system to 34.5 kV. The major portion 
of the potential for efficiency improvement in Pacific Northwest T&D systems 
can be associated with these components. The loss reduction potential of these 
measures is discussed at two levels of cost: 2 and 5.5 cents/kWh in 1980 

dollars. Table 6.1 summarizes the results of regional supply curve analyses. 

The equipment replacement measures provide a total loss recovery of 
approximately 233 AMW at 5.5 cents/kWh. The supply curve for the voltage 
upgrade option was generated to evaluate an alternative to equipment replace
ment and to provide a first order comparison between two principal conservation 

TABLE 6.1. Loss Recovery Potential and Cost {1980$) of Pacific Northwest 
Regional T&D System Efficiency Improvements 

Loss Reduction Measure 

Transformer/Line Replacement 

Replace Distribution Transformers 
Replace Substation Transformers 
Reconductor Primary Feeders 
Reconductor Transmission Lines 

Total of Above Transformer and Line 
Replacement t~easu res 

Voltage Upgrade 

Combination of Voltage Upgrade and 
Balance of Equipment Replacement 

6.1 

Loss Recovery 
(AMW) 

78 

8 

99 

48 

233 

276 

380 

Cost 
(cents/kWh) 

5.5 

5.5 

5.5 

5.5 

5.5 

2.0 

5.5 



approaches. Upgrading 12 .5 kV distribution systems in the Pacific Northwest to 
34.5 kV was estimated to recover a 276 AMW resource at just less than 
2 cents/kWh . Since these systems represent approximately 75% of customer uti l 
ities• circuit miles, credit can be taken for applying the above equipment 
replacement measures to the balance of the system not affected by the voltage 
upgrade . The combination of 1) upgrading voltage, 2) replacing the remaining 
25% of the region •s distribution transformers, 3) reconductoring approximatel y 

25% of the primary feeders , 4) replacing substation transformers, and 5) recon- -
ductoring customer-owned transmission lines results in an estimated total con

servation resource of 380 AMW at 5.5 cents/kWh . Due to the dominance of the 
lower cost of the voltage upgrade, over 77% of this resource (293 AMW) is 

potentially available at a cost of 2 cents/kWh. 

Characteristics of each supply curve are discussed below. 

6.1 DISTRIBUTION TRANSFORMER REPLACEMENT 

The supply cu r ve for distribution transformers (see Figure 6. 1) is a rel a
tively smooth curve that starts at 1. 2 cents/kWh and 2 AMW and rises to 
5. 5 cents/kWh at 78 AMW . The lower figure represents replacement of trans
formers near the end of their rated life, which is assumed to be 30 years . The 
higher figure is for replacement of transformers that were purchased and 

installed the previous year. 

A slight concavity of the supply curve with respect to the horizontal axi s 
is evident at very low values of cost. The curve then becomes convex at higher 
levels of cost . The changes in shape are due to two interacting factors: 
transformer vintage and transformer size. For a pa rticular vintage of trans
former (e . g. , all sizes that are 25 years old), the supply curve is convex to 
the horizontal axis . However, analysis of various vintages of a specific size 
transformer results in a supply curve that is slightly concave to the horizon 

tal axis . Only one size of transformer generates savings at low levels of cost 
(from 1. 2 cents/kWh to approximately 3. 5 cents/kWh), so only the effect of 

transformer vintage is displayed in that region . At other levels of cost , the 
changing size of transformers becomes important and leads to a more convex 
curve. The tendency for the supply curve to saturate the resource is not as 
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abrupt as with the other measures considered and an additional resource of 
approximately 40 AMW is available at costs of up to 12 cents/kWh. 

6. 2 TRANSMISSION LINE REPLACEMENT 

To test for a saturation effect in the size of the recovered resource, 
three different supply curves (Figure 6.2) were calculated for transmission 

line replacement. These three supply curves reflect reconductoring with con
ductors that are 3, 5, and 7 sizes larger than those of the existing lines. In 
standard practice, reconductoring with conductors more than 3 sizes larger 

would not be considered . The supply curves for transmission line replacement 
show a pronounced vintage versus size effect. The effects of different sizes 
of lines can be seen in different portions of the supply curves, and within a 
particular region of each curve, the effects of different vintages can also be 

seen. 

For line replacement with conductors 3 sizes larger, the supply curve 

starts at close to zero AMW savings at a cost of 0.8 cents/kWh. At 
4. 2 cents/kWh and 30 AMW savings, the supply curve has a slight discontinuity 

that indicates a shift to another size of transmission line . At approximatel y 
5.5 cents/kWh and 48 AMW, the supply curve has another discontinuity where the 
size of transmission line is changed again . At this point, the supply curve 
becomes almost vertical and the additional resource that can be recovered 

becomes very small. 

6. 3 DISTRIBUTION FEEDER REPLACEMENT 

The supply curve for primary distribution feeder lines (see Figure 6.3) 
starts at approximately 0.8 cents/kWh and near zero savings . At 5.5 cents/kWh 
and 98 AMW, a substantial discontinuity occurs as a shift to another size of 
line is reflected in the supply curve. The addition of only 10 AMW can be 

recovered beyond this point and the supply curve saturates the resource at a 
cost of 11.6 cents/kWh. 
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6.4 SUBSTATION TRANSFORMER REPLACEMENT 

Existing substation transformers are generally very efficient. Further
more, based on the average peak load being carried, the equipment currently 
installed throughout the Pacific Northwest appears to be somewhat oversized . 

Therefore, estimated losses were found to be typically very small in relation 
to the transformer ratings. The cost of replacing these expensive transformers 

with more efficient equipment is substantial and is probably not worthwhile 
given their size and the small improvements in efficiency that are possible. 

The estimated supply curve (Figure 6.4) shows very little savings at any 
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reasonable level of cost . The supply curve starts at 2. 4 cents/kWh and 

0.5 AMW . A substantial discontinuity occurs in the curve at 7. 2 cents/kWh and 
16 AMW where a shift to another size transformer is reflected. Finally, at 
20 cents/kWh and 21 AMW, the amount of loss that can be recovered from substa
tion transformers is exhausted . Only 7.5 AMW can be recovered at a cost of 
5.5 cents/kWh. 

6. 5 COMBINED TRANSFORMER AND LINE REPLACEMENT 

A supply curve that combines the loss recovery potential of all of the 
previously considered measures can be obtained by taking the horizontal sum of 
all the individual supply curves. For example, at 2 cents/kWh, the replacement 
of distribution transformers can recover 14 AMW , reconductoring transmission 

lines with conductors 3 sizes larger can recover 5 AMW, and reconductoring pri 
mary feeders can recover 11 AMW . There is no loss recovery available at 
2 cents/kWh by replacing substation transformers. The sum of these resources 
is 30 AMW, which is the loss reduction at 2 cents/kWh that can be effected by 
all these options . The combined supply curve is shown in Figure 6.5 and is 
relatively flat from 0.4 cents/kWh at 2 AMW to 5.5 cents/kWh at about 
233 AMW . From then on the curve rises sharply to a final value of 284 AMW at a 
cost of 20 cents/kWh, which reflects the situation when all components have 
been replaced. 

6.6 VOLTAGE UPGRADE 

As an alternative to replacing existing lines and transformers with more 
efficient equipment, a voltage upgrade of 12.5 kV feeders to 34.5 kV was ana
lyzed . For a given load, voltage upgrades can reduce losses substantially in 
transmission and distribution systems because the reduction in losses is pro
portional to the square of the voltage increase. 

In order to implement a voltage upgrade, however, various components con
nected to the feeder system must also be upgraded . Substation transformers 

must be changed to provide the higher voltage, and insulators on the feeder 

6.8 

-· 



O"l . 
1.0 

~ 

,. 

20r---------------------------------------------------------------------~~ 

18 

.£:. 

~ 12 
~ 
........ 
fJ) -c 
CD .e -fJ) 

0 
u 

10 

8L 

6 

loss Recovery = 233 AMW 
Cost= 5.5 cents/ kWh 

200 220 240 260 280 300 

loss Recovery (AMW) 

FIGURE 6.5. Supply Curve for Combined Transformer and Line Replacement 



lines also must be replaced. Finally, distribution transformers must be 
changed so that the higher feeder voltage can be transformed to the standard 
service voltages needed by consumers . 

The following assumptions were used in analysis of the voltage -upgrade 
scenario . First , the only costs incurred for feeders were those associated 

with reinsulation, which was estimated to cost about $1500 per circuit -mile 
(BPA 1981) . Second, distribution transformers were replaced with high

efficiency equipment , so that the substantial loss reduction discussed in Sec
tion 6. 1 could be captured at the same time that the new voltage transformati on 

was achieved . However , substation transformers that required replacement to 
accommodate the new feeder voltage were simply replaced with standard-effi 

ciency equipment , because replacement with high -efficiency units appears to 
carry a cost penalty that far outweighs the value of the energy savings. The 

numbers of distr i bution and substation transformers predicted for the region 
were scaled to the proportion of feeder mileage estimated to be currently oper
ating at 12 . 5 kV . The scenario did not attempt to account for the eliminati on 
of substation transformers , which , with a feeder voltage upgrade to 34 .5 kV, 
would no longer be necessary . Therefore, the cost estimate for this portion of 
the voltage upgrade curve was probably higher than it might be in practice . 

The results of the analysis are shown in Figure 6.6. The supply curve 
starts at 4 AMW and 0.3 cents/kWh and remains relatively flat until it reaches 
the point coinciding with 2 cents/kWh and 276 AMW. At this point , the major ity 
of the potential resource has been recovered as indicated by the nearly
vertical trend of the supply curve . 

6.7 COMBINED VOLTAGE UPGRADE AND EQUIPMENT/LINE REPLACEMENT 

A supply cu rve that shows the effect of combining the voltage upgrade W' th 
replacement of the balance of the transformers and lines was also developed 

(Figure 6. 7) . In this supp ly curve , the voltage upgrade clearly dominates loss 
recovery, especially up to the cost level of 2 cents/kWh which corresponds t o a 

loss recovery of 293 AMW . Reconductoring transmission lines with larger sized 
conductors heavi ly influences the slope of the supply curve after the 293 AMW 
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loss-recovery level. Replacement of distribution transformers and reconduc
toring primary feeders also have an appreciable influence in this region. 
Replacement of substation transformers has only a minimal effect on the curva

ture of this schedule . 

At all loss - recovery levels greater than 380 AMW, which is achieved at a 
cost of 5.5 cents/kWh, the cost of additional loss recovery rises rapidly. The 
most dominant factor in this part of the curve is the replacement of the trans

mission lines and distribution transformers. 

6.8 COST -EFFECTIVENESS OF CONSERVATION RESOURCES 

In the above discussion, the conservation resources provided by the major 
T&D system efficiency improvement options are totaled at costs of 2 and 
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5.5 cents/kWh. These costs were chosen to account for the significant 
saturation tendencies of the voltage upgrade and equipment replacement options, 
respectively. 

The NWPPC has established that T&D system conservation may be a cost
effective alternative to capacity addition up to a cost of approximately 
5 cents/kWh in 1985 dollars (NWPPC 1986). This level of cost is equivalent to 

approximately 4 cents/kWh in 1980 dollars if allowance is made for 22% inflat
ion in T&D system costs between 1980 and 1985, as indicated by the Handy
Whitman Index. Figure 6.7 shows a loss reduction potential of 335 AMW at 
4 cents/kWh in 1980 dollars. This resource represents, therefore, the T&D 

system efficiency improvement potential available in the Pacific Northwest at 
5 cents/kWh in 1985 dollars. 

6.9 PUBLICLY-OWNED UTILITY T&D SYSTEM EFFICIENCY IMPROVEMENTS 

The supply curves presented above represent the major conservation compo
nents available from improving the T&D efficiency of both POUs and investor
owned utilities (IOUs) in the BPA service area. The conservation resources of 
most interest to BPA are those that may be acquired on POU systems, principally 
comprised of public utility districts, rural electric cooperatives and munici

pally-owned utility systems. These are the so-called 11 preference customers .. 
that have the legal right of priority access to federally-generated power in 

the Pacific Northwest. 

System characterization data for the Pacific Northwest region were disag
gregated to estimate the T&D component stocks that can be associated with the 
POUs in the region. On the basis of this disaggregation, the loss reduction 
potential and corresponding costs of efficiency improvements applied only to 
the POU portion of the Pacific Northwest T&D system were estimated using the 
methodologies described previously. The results of this additional analysis 
are summarized in Table 6.2 with loss recovery and costs expressed, as before, 
in average megawatts and 1980 dollars, respectively. The resource resulting 

from the combination of voltage upgrades and equipment replacement was esti
mated in the same manner as described for the corresponding item in Table 6.1. 
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TABLE 6. 2. Loss Recovery Potential and Cost {1980$) of POU T&D System 
Efficiency Improvements 

Loss Reduction Measure 
Transformer/Line Replacement 

Replace Distribution Transformers 
Replace Substation Transformers 
Reconductor Primary Feeders 

Reconductor Transmission Lines 

Total of Above Transformer and Line 

Replacement Measures 

Voltage Upgrade 

Combination of Voltage Upgrade and 
Balance of Equipment Replacement 

Loss Recovery 
(AMW) 

29 

3 

52 

7 

91 

120 

150 

Cost 
(cents/kWh) 

5.5 

5. 5 

5. 5 

5.5 

5.5 

2. 0 

5.5 

Table 6.3 compares resource components from Tables 6.1 and 6.2 to show ~~e 

percentage of the regional resource created by each conservation measure that 
is potentially available on Pacific Northwest POU systems . With the excepti on 
of primary feeder and transmission line reconductoring, the magnitude of POU 
resources are approximately 40% of the corresponding regional resources. The 
53% contribution from POU primary feeders is balanced by the 15% loss recovery 
potential on POU transmission lines . This can be correlated to the POUs hav in g 
proportionally more of their systems involved in power distribution and the 
IOUs maintaining larger transmission systems. 

As a result of using common methodologies, the shapes of POU supply curves 
were found to duplicate those of the corresponding curves for the region (Fi g
ures 6. 1 through 6. 7) . The principal difference between the POU curves and the 

regional curves was the reduced resource size associated with the POU portion 
of the T&D system at each level of cost . Figure 6.8 shows the supply curve fo r 
POUs that combines the voltage upgrade resource with loss recovery provided by 

the replacement of the remaining transformers and lines. Similarly, as in 
Figure 6. 7 (combination supply curve for the region), the POU curve is 
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TABLE 6.3. Percentage of Regional T&D Conservation Resources Available 
on POU Systems in the BPA Service Area 

Loss Reduction Measure 
Transformer/Line Replacement 

Replace Distribution Transformers 
Replace Substation Transformers 

Reconductor Primary Feeders 
Reconductor Transmission Lines 

Total of Above Transformer and Line 
Replacement Measures 

Voltage Upgrade 

Combination of Voltage Upgrade and 
Balance of Equipment Replacement 

Resource (AMW) 
Region POUs Only 

78 
8 

99 
48 

233 

276 

380 

29 
3 

52 

7 

91 

120 

150 

POU 
Percentage 

37 

38 
53 

15 

39 

43 

39 

dominated by the voltage upgrade resource up to costs of 2 cents/kWh . The 
balance of the curve is contributed by the relatively smaller loss reduction 
components resulting from the other measures . The combined POU supply curve 

indicates resources of 125 and 150 AMW at 2 and 5.5 cents/kWh, respectively, in 
1980 dolla rs. The 137 AMW resource available at the equivalent of 5 cents/kWh 
in 1985 dollars (4 cents/Kwh in 1980 dollars) represents the T&D conservation 
potential achievable, according to the NWPPC cost -effectiveness criterion, on 
POU systems in the BPA service area. 

6. 10 ACCURACY OF SUPPLY CURVE ESTIMATES 

The analyses for both the equipment replacement and the voltage upgrade 
options are highly dependent on the quality of the data used . Biases that may 
be present in the CSEI survey data could create biases in the supply curves. 

An important possible bias could exist if the utilities that responded to the 
survey were already engaged in planning and management efforts to maintain 

efficient systems. The responses they provided may be biased towards efficient 
systems and, therefore, may understate the conservation potential of a more 
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representative sample of all systems. i~ithout additional information on nonre

spondent utilities, this possibility could not be tested. 

Great care was taken to use data in an appropriate manner during the 

development of information for use in the component characterization and the 

loss estimates that supported the supply function analysis. For example, prior 

to the use of the survey data for estimating component losses, the rows of data 

in the data base were systematically screened, corrected when possible, or 

eliminated from the analysis if elements essential in calculating losses were 

missing. Obviously inaccurate data were also eliminated from the files used 

for developing component average characteristics and loss levels. 

Parameters that were obtained from literature sources rather than from the 

survey may not be appropriate for the distribution systems in the Pacific 

Northwest at the present time. Use of these parameters (primarily no-load and 

load-loss levels for distribution transformers, and the distribution factor 

used for feeder loss calculations} may have introduced some bias in the loss 

estimates. However, without more reliable, region-specific information for 

comparison, it is difficult to tell whether such a bias would produce higher or 

lower levels of loss. While slightly different results are possible, it is 

unlikely that transformer loss estimates would change significantly if regional 

specific no-load and load losses were known. Similarly, the use of a national 
average distribution factor in place of a regional figure is unlikely to affect 

feeder loss estimates in a substantial manner. 

Another possible source of error, which could exist in the estimates of 

distribution transformer loss reduction potential, is the assumption that the 
existing transformer stock is made up of standard-efficiency (97.8%} equip
ment. Use of more efficient transformers has become quite commonplace for many 

utilities. Since the region 1 s distribution system experienced much of its 
growth in recent years, it is entirely possible that many of the new trans
formers added to accommodate growth were of higher than standard-efficiency. 

If this is so, then losses (and, therefore, savings from transformer replace

ment) may be somewhat overstated in this report. 

The size of the regional stock, which was estimated by regression analy

sis, could also be in error due either to possible biases in the sample (due to 
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self-selection on the part of respondents) or the lack of strong relationships 

between dependent and independent variables. Feeder circuit miles could be 

most influenced by these considerations because of the large variance in the 

statistical parameters. 

It appears that there is a significant excess capacity in the T&D systems 

of many BPA customers, especially in substation transformers. The excess 

capacity in T&D equipment is consistent with the excess capacity existing else

where in Pacific Northwest power systems due, in large part, to the decrease in 

demand growth experienced by the region and the fact that many components pur

chased in the 1970 1 s were deliberately oversized. Because losses are reduced 

when equipment operates at less than rated loads, replacement of such equipment 

with more efficient components would result in more modest loss reductions. In 

these cases, the cost of equipment replacement is less justifiable than in 

cases where existing equipment is operating at levels near its rated capac

ity. Because most of the transformers in the sample were under-loaded, the 
analysis may overstate the recoverable resource. 

The assumption of a high efficiency factor (1.42) in the cost estimate for 
substation transformers may have the effect of shifting the supply curve to 

high costs throughout its range. The supply curve is fairly flat in the range 

between 8 to 16 AMW. A small reduction in cost could bring more of this curve 

below the cost-effectiveness threshold. 

In the voltage upgrade scenario, no credit was taken for improving substa
tion transformer efficiency or for eliminating some of the stock entirely. 

These would have the effect of slightly increasing the resource and reducing 

costs, respectively. 

All of the above potential sources of error are considered to be small in 

relation to the system characteristics and data inputs that dominate the supply 

analysis. The combined effect of these relatively small biases and errors are 

expected to generally cancel each other or, at the most, produce a conservative 

aggregate tendency in the supply curve estimates. 
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7.0 CONCLUSIONS 

Supply curves were estimated for the major efficiency improvement (loss

reduction) options that have potential application on the T&D systems of POUs 

and IOUs in the BPA service area. 

two levels 

The conservation resources provided by these 

of cost (2 and 5.5 cents/kWh in 1980 options were totaled at 

dollars) to reflect the 

options considered. 

principal steps in the combined supply curve of all 

The voltage upgrade option that consists of increasing the voltage of 

12.5 kV feeders to 34.5 kV was estimated to provide a recoverable resource of 

276 AMW at a cost of 2.0 cents/kWh. The significantly higher energy savings 

and lower cost of this option when compared to any equipment replacement pro

gram is a significant result. In comparison to the component replacement 

approach, a region-wide voltage increase of the 12.5 kV system to 34.5 kV 

clearly appears to be the superior loss reduction option. 

At a cost of 5.5 cents/kWh recovered, a program that replaces distribution 

transformers and substation transformers with more efficient equipment and 

reconductors transmission and primary feeder lines yields a total recoverable 

resource of 233 AMW. This resource can be broken down as follows: 

replacing distribution transformers can recover approximately 78 AMW; reconduc

toring transmission lines, 48 AMW; reconductoring distribution feeders, 99 At~W; 

and replacing substation transformers, 8 AMW. 

A combination of the voltage upgrade option and application of transformer 

replacement and reconductoring in the balance of the systems was estimated to 

provide 293 AMW savings at 2 cents/kWh and 380 At~W at 5.5 cents/k1tJh. Comparing 

these results to the cost at which T&D system improvements are considered cost 

effective by the NWPPC, a potential resource of 335 AMW was estimated to be 

available at 5 cents/kWh in 1985 dollars. 

The conservation resources available by applying the above loss reduction 

•. measures only to POU systems in the BPA service area were estimated using the 

methodology developed in this study. This analysis indicated that the magni

tude of POU resources are approximately 40% of the corresponding regional 

resources. The two exceptions (reconductoring primary feeders and transmission 
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lines) reflect differences in the proportion of these components in the stocks 

of each type of utility. The largest conservation resource available on POU 

systems, as was also true for the regional case, resulted from the combination 

of the voltage upgrade resource with loss recovery provided by the replacement 

of the transformers and lines not affected by this measure. This combined POU 

supply curve indicated resources of 125 and 150 AMW at 2 and 5.5 cents/kWh, 

respectively, in 1980 dollars. At 5 cents/kWh in 1985 dollars (the NWPPC cost· 

effectiveness criterion), the T&D conservation potential of POU systems was 

estimated to be approximately 140 AMW. 

The supply function analysis performed in this study is considered to 

include the effects of biases that were unavoidably acquired in survey data 

collected, of necessity, from utilities in the Pacific Northwest. On an aggre

gate basis, these biases are expected to make the analyses somewhat conserva

tive (i.e., more resource may be available at a given cost than was estimated). 

The level of detail to which components were characterized and losses we~e 

estimated provides a more substantial basis for assessing the conservation 

potential of T&D systems on a regional scale than has existed before in either 

the Pacific Northwest or other regions. 

7.2 



• 

REFERENCES 

Bonneville Power Administration (SPA). 1981. Distribution System Efficiency 
Improvement Handbook. Portland, Oregon. 

Callaway, J. W., and J. G. De Steese. 1986. Customer System Efficiency 
Improvement Assessment: DescriStion and Examination of System 
Characterization Data. PN[-595 , Pacific Northwest Laboratory, Richland, 
Washington. 

CRC Handbook of Chemistry and Physics. 
and Melvin J. Astle eds., CRC Press, 

1981. 62nd Edition, Robert C. Weast 
Inc., Boca Raton, Florida. 

Electric 
Guide. 

Power Research Institute (EPRI). 
Special Report PS-1201-SR, Palo 

1979. TAG-Technical Assessment 
Alto, California. 

Electric Power Research Institute (EPRI). 1983. Imlroved Methods for 
Distribution Loss Evaluation. EPRI EL-3261, Vol., Palo Alto, California. 

Electrical World. 1983. Directory of Electric Utilities, 1982-1983. 92nd 
Edition, McGraw-Hill Book Company, New York, New York. 

Northwest Power Planning Counci 1 (NWPPC). 1983. 1983 Northwest Conservation 
and Electric Power Plan. Portland, Oregon. 

Northwest Power Planning Council (NWPPC). 1986. 1986 Northwest Conservation 
and Electric Power Plan. Portland, Oregon. 

Standard Handbook for Electrical Engineers. 1978, 11th Edition, Donald G. 
Fink and H. Wayne Beaty eds., McGraw-Hill Book Company, New York, New York. 

Sun, D. I. 
System. 
Texas. 

H., et al. 1980. Calculations of Energy Losses in a Distribution 
E ne r gy s y s t ems Res e~a"'r"'ci'-h "c"e"n"t"e"'r"',-Tcu n'--,,C. v"e"r"'s.:;i'ft y~o"r""r"ec.x.,:a'='s-, "A.'r',1Cii'-'n"'g7t'"o"n '", '-""-

Whitman, Requardt, and Associates. 1986. Handy-Whitman Index of Public 
Utility Construction Costs. Baltimore, Maryland • 

R.1 





APPENDIX 

LOSS REDUCTION METHODOLOGY 

.. 



• 

APPENDIX 

LOSS REDUCTION METHODOLOGY 

An objective of the CSEI study was to review established loss estimation 

methods and recommend a standard method suitable for estimating the regional 

loss recovery resource that could result from efficiency improvements in SPA 

customer systems. Three principal problems had to be addressed in the pursuit 

of this objective: 

1. There appeared to be no method available that estimates regional 

losses directly. 

2. Currently-used methods are system-specific. 

3. Even the most simple system-specific methods have data requirements 

that exceed 1) the system-characterization data that have been col

lected to date and 2) possibly any volume of data that might be cost

effectively collected. 

While part of the data availability problem diminished as the system character

ization data base was developed (Callaway and De Steese 1986), it became clear 

that any method ultimately considered as the "standard" method needed to accom

modate variable data quality. 

The following material summarizes the methods reviewed and the method that 

was se 1 ected. 

A.1 METHODS REVIEWED 

Four distinguishable loss estimating methods were reviewed for possible 

use as a standard method in the CSEI Assessment Project. 

1. the method described in the BPA Distribution System Efficiency 

Improvement Handbook (BPA 1981) 

2. the SCALE code (EPRI 1983) 
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3. the detailed calculation of distribution losses (EPRI 1983) 

4, the DSAS method (Sun et al. 1980), 

The approach described in the SPA publication (SPA 1981) was developed by 

CHzM-Hill and is presented in the form of a field estimating guidebook. The 

method reduces large amounts of design theory to simple calculations that sum

marize more complex principles of distribution system design. By using the 

tables and worksheets in this manual that account for the major loss sources in 

a system, field personnel can compute losses with a hand calculator. While 

this approach is possibly useful for evaluating losses in a small portion of a 

system, applying it to whole systems would ~e laborious and difficult because 
of the data requirements. It does not appear to be suitable, moreover, for the 

evaluation of a complete distribution system, or in this case, a regional set 

of systems. 

The SCALE method, an acronym for 11 Simplified Calculation 

tions*' was designed for computer implementation (EPRI 1983). 

of Loss Equa

Oeve loped by the 

'..Jestinghouse Electric Corporation for EPRI, SCALE is composed of the following 

five models that can be used independently: 
1. Economics 

2. Primary and Lateral Line Losses 

3. Substation and Distribution losses 

4. Distribution Power Losses 

5. Distribution Area Losses. 

The SCALE method is much less complex than either of the methods described 

below and incorporates loss equations and economic cost estimating techniques 
that are generally accepted in the industry. In a comparison of methods, SCALE 
estimated energy losses 7 and 14% higher in two test cases, respectively, tha~ 

the losses predicted by the more detailed method developed for EPRI (EPRI 

1983). 

A detailed method was developed by EPRI for evaluating distribution losses 

by individual elements in a distribution system {EPRI 1983). This method 

requires a very large data base, including metered substation energy and end-

use billing for a year, and 24-hour load profiles for transformers serving each . • 
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class of consumer. The difference between energy entering the system and that 
received by consumers is attributed to losses. This approach assumes that 

there are no unmetered loads or theft in the system. Using an electrical load 

model to account for unmeasured elements and estimated end-use load profiles 

and statistical procedures, losses are divided and allocated to individual com

ponents in the system. The method is extremely complex and involves computer 

file development that could require many man-months per distribution system. 

·Despite the extreme detail of the test case reported, the method was unable to 

account for over 13% of the total distribution system loss. 

The fourth method considered was developed by the Energy Systems Research 

Center of the University of Texas at Arlington, Texas. It integrates daily 

load shapes with a load flow procedure to produce an energy model. Feeder per
formance is analyzed by a load flow program capable of modeling different load 

component characteristics, load imbalance, and system configuration. The 
method introduces the concept of the "load window 11 to describe the distribution 

of end use loads. The method was demonstrated by case studies of feeders owned 
by the Public Service Company of New Mexico (Sun et al. 1980). 

This method has been developed by more recent studies performed with the 

cooperation of other utilities and has been aggregated into the Distribution 

System Analysis and Simulation (DSAS) Program. This is a highly analytic 

method written for an IBM 370/155 computer that totally characterizes the sys

tem from substation to end-use loads. At the time of the CSEI Assessment loss 

analysis, the user's manual for the DSAS program was not available. While this 

is probably the most rigorous method developed to date, it appears to require 
much more system characterization data than could be cost-effectively generated 

on a region-wide level. 

A.2 SeLECTING A STANDARD METHOD 

A principal difficulty in adapting system-specific loss estimating method

ology to the task of a regional assessment is that the data collection effort 

is proportional to the number of representative system descriptions needed. It 

was estimated that 20 or more detailed utility system descriptions would be 
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needed to perform a representative loss apportionment to the principal loss
generating components of the Pacific Northwest power system using any of the 

candidate approaches in their original form. The complexity of both the 

detailed and DSAS methods for system-specific analysis precluded their use 
altogether. 

On the other hand, the accuracy of the BPA method was felt to be more 

appropriate to individual component loss studies for engineering purposes than 

for a regional loss estimation. Use of some elements of this method did prove 

to be useful, however, for some portions of the loss calculations for the sup

ply-curve estimates. Of the four approaches reviewed, the \~estinghouse

developed SCALE method appeared to represent the best compromise. Its use 

results in acceptable accuracy, and its data requirements are moderate. Ele
ments of this methodology, modified to suit the needs and limitations of the 

CSEI Assessment were, therefore, selected as parts of a standard approach for 
estimating the loss reduction potential of BPA customer T&D systems. 
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