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To utilize existing resources to reduce operating
cost, capital requirements, and to maintain an accept
able level of reliability, many different techniques
have been considered. These techniques are all designed
to alter electric energy consumption patterns to match
consumption with supply in a cost-effective manner.
One technique for altering consumption patterns that
has received considerable attention is TaD pricing.
TaD pricing can potentially reduce energy costs by
shaving-off system peak loads which are served using
high cost peaking capacity.

TaD rates are in essence price signals used to
inform the customer of the marginal cost of producing
electric energy at different hours of a day. As such,
these price signals could be used to encourage consumers
to reduce consumption during peak periods. Instead of
charging a uniform price (same price each hour), a TaD
pricing scheme charges a higher price per unit of energy
(KWH) during peak demand periods. Figure 1 shows the
hourly variation in load for a typical utility. During
the peak hours the marginal cost of energy is consider
ably higher due to a greater percentage of peaking
capacity. Besides resulting in more efficient decision
making by customers, TaD rates should tend to flatten
the demand curve and thus increase the system load
factor and decrease production costs. Over the long
term, reductions in the growth of system peak demand
requirements could result in the deferral of ' capital
expenditures for new generating capacity. Such deferr
als would result in reduced annual system capital costs.

and reserve capacity, as well as the trade-off between
reliability and cost [4, 6, 9]. In general, the higher
the reliability, the greater the cost, and vice versa.
Although the social and economic costs of shortage are
thought to be high, the social and economic costs of
unused capacity may also be significant.

INTRODUCTION

ABSTRACT

Before the 1973-74 energy crisis, forecasting
electric energy demand was a simple task due to the
predictability of consumer energy consumption patterns.
In the pre-embargo era, even if actual demand turned out
to be different than forecasted demand, the consequences
were not very severe. For example, if forecasts were
too low, the deficiency was made up in the short run
through the use of inexpensive combustion turbines.
This situation does not exist today, however. Sharp
increases in the price of all primary energy sources
coupled with uncertainty regarding economic and politi
cal factors has forced planners to focus attention on
how to identify and understand those issues which de
termine the relationship between future supplies and
demand. Although there has been recent controversy
over the validity of over or under building facilities,
the realities of cash-flow management have tended to
encourage utilities to judiciously balance supply and
demand.

The cost of generating electric power is highly
dependent upon the hourly variation in the demand for
electric energy. Since the demand varys considerably
from hour to hour, the generation mix must be continu
ally adusted to meet the demand. efficiently. Such ad
justments can only be made if there exists sufficient
installed capacity to meet the load reliably. The level
of reliability to be maintained is determined by the
availability of system components, interconnections,

This paper describes a methodology for evaluating
the impact of TaD (Time Of Day) pricing on generation
system expansion plans. The impacts are measured in
terms of both capacity and production ·quantities. Ca
pacity impacts are quantified in terms of system reli
ability, construction work in progress, and various
other financial parameters. Production impacts are
characterized in terms of a variety of production sta
tistics, including total production cqsts. To capture
the essence of TaD pricing, the methodology was develop
ed around an hourly Monte Carlo production simulation
code which explicitly considers consumer responses to
peak and off-peak pricing regimes, unit forced outages,
overhaul schedules, unit commitment and economic dis
patch. Finally, the simulation code can translate both
the capacity and production impacts into annual imcome
statements and balance sheets if desired. The paper
concludes with a discussion of a generic case study per
formed on a representative utility. The study suggests
that when properly defined, price signaling, responsive
consumers can produce both production and capacity bene
fits.

HOUR ENDING

Figure 1

Hourly Demand For A Typical Summer D3v
Compered To A Winter D3Y



In order to evaluate the impact of residential
TOD pricing on generating system expansion planning,
the following two cases were considered:

1. Base case (existing system plus ten
year expansion plan and uniform
residential prices).
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To evaluate the potential impact of TOD prlclng
on expansion planning, a generic electric utility is
analyzed. 'The utility chosen is representative of
electric utilities in the State of Florida.

Due to system size and the cost of comp~tation,

only a segment of the industry in Florida was con
sidered. Aggregating the total system to reduce the
size and computational costs would not be adequate,
since assessing TOD pricing requires capturing the
detailed characteristics of a realistic utility.

To determine the impact of TaD pricing, an hourly
Monte. Carlo production simulation package [7] was mod~

ified to be capable of calculatin"g annual capital cost
and generation system reliability. The system simruared
daily peaks were used to generate monthly Load DuratiDn

Curves (LDC). The LDCs were used to determine monthly
generation system reliability indices [8].

PROCEDURE

For the base case, hourly loads were created for
an assumed ten year planning window using projected
annual peak demands, seasonal factors etc .. The gen
eration system reliability, annual capital expenditurEs,
and production cost were then determined. In the TaD
case, the hourly loads were modified based on residen
tial consumer responses. The magnitude of the respon~s

depends upon the magnitude of the price change, and the
various elasticities of demand.

Using the economic concept of price elasticity,
the changes in consumption patterns due to a given
pricing regime was determined and used to modify the
projected system load requirements. The demand elas
ticities were determined experimentally. Although two
distinct types of elasticities are defined in the lit
erature, supporting experimental data only provides
adequate insight into the so-called own-price elastici
ties. Thus, in this paper it is assumed that consumern
respond in a given hour to only that hours price &~L
Cross-price elasticities which characterize responses
in the peak period to off-peak prices and vice versa
are evident in available data but a lack of sufficient
data to quantif~T these responses required that they be
dealt with indirectly in the work described here.
Kno~ing the projected hourly demand modified for TaD
pricing effects, both system reliability, as measured
in terms of loss-of-load probability (LOLP), and pro
duction costs are determined. As TaD pricing typical~

improves system reliability, the base-case expansion
plan.(~ithout TOD pricing) can be altered by delaying
and cancelling unit additions to maintain the same
level of system reliability. The extent to which this
can be done influences the stream of financial require
ments as measured by the annual amount of construction
work in progress (CWIP). By evaluating the difference
in the base-case and TOD case CWIPs, a measure of the
capacity impact of TaD pricing is obtained. Further,
using an hourly production simulation code, a flow
chart of which is shown in Figure 2, the annual operat
ing statistics, including production costs, a measure
of the production impact of TOD pricing is determined.
Finally, by assuming a rate structure, peak prices, off
peak prices, etc., net operating revenue for each year
of the simulation is determined and used to drive a
financial model to create an annual income statement
and balance sheet. Although this step ~s indeed per
formed by the simulation c'ode being discussed, for
brevity it will not be described further in this paper.

The methodology was intentionally developed to
be broad in scope, even at the expense of some detail.
For the most part, as Figure 2 clearly shows, the det3i1
was not sacrificed in the production simulation module.
Every effort was made to retain the features of the
hourly operation of a power system so that the capacity
~nd production quantities would be sensitive to changes
In both consumer response characteristics as well as
TaD pricing rating periods.

2. TaD case (TaD pricing with modified
base case expansion plan).

Load Forecast

In order to simulate the hourly system loads over
the assumed ten year study period, trends of annual
peak demand and monthly seasonal factors were used.
For the generic utility, the trend of annual peak de
mand and monthly seasonal factors were determined

'based on available and forecasted data in th~ State of
Florida [5]. The available data indicates that over
the period 1975 to 1979, electric energv consumption
grew at an annual rate of 5.2%, 3.5%, 7.3~, 6.0%, and
2.9%, respectively. The large growth rate for 1977
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and 1978 can be attributed to the extremely cold
winter months of January and February experienced
during those years. Figure 3 shows how the fore
casted growth rate of the annual summer peak demand
has decreased over the years [5]. Table 1 shows the
forecasted trend of annual peak demands for the
generic utility for the ten year study period.

for the different unit types were derived using
EPRI's synthetic electric utility system data [lOJ.
Based on these heat rate data, unit input/output
curve characteristics were determined. The forced
outage rate, outage duration, scheduled overhaul,
and unscheduled m<..... intainaw2 c• da;;"d for each unit type
were determined from EPRI ddLa [10].

8791

8998

At this point, all models and data needed to
asses the impact of TOD pricing on the generic
utility are known. Thus, in this section the ten
year expansion planning analysis will be presented
for the Florida generic utility.

Figure 4
Base Case With ~o Future Addition

Since future fuel prices, and especially oil
prices, are subject to considerable variation, fuel
prices are difficult to forecast. Therefore for the
purpose of this study, different escalation rates are
considered for different fuel types to account for
this uncertainty. The fuel escalation rates were
assumed to be 14.5% for high sulfur oil, 12.5% for
number two oil, 6.0% for nuclear, and 8.0% for coal.
The base year fuel prices and O&M costs were derived
based on EPRI data [1].

BASE CASE STUDY

The Florida generic utility's installed gener
ating capacity and simulated daily peak load are
employed to perform monthly generation system
reliability calculation over the ten year study
period. Figure 4 illustrates the variation in monthly
LOLP. After the second year, the level of system
reliability is seen to be inadequate based on previous
years reliability criteria. This inadequacy is mainly
due to the system load growth not being covered by
new unit additions.

To maintain a desired level of reliabilitv an
expansion plan was defined to maintain the reli
ability at its first year level. This was achieved
by adding new units to the system installed capacity
in a specific year, and the system reliability
calculation repeated. The calculated monthlv LOLPs
with the new unit additions are sho\ffi in Figure S.
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Based on historical data, Florida experiences two
peaks, one in the winter and one in the summer. Due
to air conditioning loads, the daily load cycle in
June, July, August, and September, consists of as many

as eight hours of peak demand during the morning and
early evening. In contrast, the normal winter daily
load cycle consists of sharp peaks during the morning
and early evening due to heating, cooking, and
lighting. Figure 1 is a plot of the hourly demand
for a typical summer day compared to a winter day.
Abnormally low winter temperatures, however, have a
tendency to levelize the demand near the peak value
for the entire day [5].

Generation System

10780

TABLE 1

TREND OF ANNUAL PEAK FOR THE STUDY PERIOD

9705

10250

Fi>,;ure 3
Average Annual Growth Rate of Summer Peak

Demand in the State of Florida

Forecasted
Annua 1 Peak

flW

The generic utility's installed capacity con
sists of twenty-two units with a total capacity of
11663 MW. The system generation mix consists of 20%
nuclear, 64% fossil stearn (high sulfur oil), and 16%
combustion-turbine (number two oil). The generation
system consists of 80% baseload, 15% midrange, and
5% peaking ~nits. The incremental heat rate curves

Starting with the base case simulated total
system hourly load, it is appropriately decomposed
into the three customer classes: residenti~l,

commercial, and industrial. For the generic utilit-:,
it is assumed that the load consists of SO~ resi
dential customers, 28% commercial customers, ~nd 22
industrial customers.

3
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Figure 7
Base Case and TOD case Expansion Plan
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Repeating the reliability analysis using the modi
fied expansion plan the results shown in Figure 8 were
obtained. It should be noted that the system reli
ability is still better than that of the base case
(compare Figure 5 and Figure 8), even though fewer
planned capacity additions are made in the TOD case.
The result strongly suggests that TaD pricing has
positive capacity impacts.

In the base case, a single uniform price for
electric energy consumption was charged for all three
customer classes. Thus, using the hourly simulated
loads, an hourly produ~tion simulation was performed
to determine production costs, fuel consumption, and
revenues. These results were then used to determine
the production impact of TOD pricing which will be
presented later for comparison with TaD case. To
maintain crude financial equilibrium the uniform
price was escalated at a rate equal to the weighted
average of the increase in fuel prices, where the
weighting accounts for the generic utility's fuel mix.
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TaD CASE STUDY

Applying TaD pricing to the base case resulted
in a dramatic improvement in reliability over the
study period as shown in Figure 6. The improved
reliability suggested that if TaD pricing is in
stituted the base case expansion plan could be
modified without exceeding the base case LOLP levels.
In particular, with TaD pricing two units could be
delayed (each for two years) and another completely
eliminated as shown in Figure 7.

'"'"c::i
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Figure 8
TaD Case With Modified Expansion Plan
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The last step in the TaD case was to determine
the production statistics. As in the base case, the
hourly loads, modified to reflect TaD residential
pricing were decomposed into the three customer
classes. The appropriate off-peak and peak periods
prices were applied to the residential class and base
case prices were maintained for the commercial .:lnd
industrial classes. The production results obtained
are presented in the next section and are compared to
the corresponding base case results.

COMPARATIVE ~NALYSIS

Figure 6
Base Expansion Plan and TaD Rates

The comparative analysis of residenti.J.l T00
pricing versus uniform pricing for the generic
Florida utility uses the base c.J.se and the TOD C;lse
production statistics and capacitv addition ~osts

over the study period. The rroduction c\'stinl.:lnd
expar:sion planning procedures used tL) obcJin these

4



TABLE 2
ANNUAL (TWELVE MONTH AVERAGE) LOLP

Changes in Generation System Reliability and Expansion
Plan

Since the implementation of TOD pricing modified
the base case simulated hourly loads, it also signifi
cantly affected the system reliability as discussed
earlier. Table 2 lists the annual average LOLPs for
the base case and the TOD case.

results in both cases were described previously. This
section presents selected numerical results to high
light the impact of TOD pricing on system reliability
and production costs. Reference 3 expands this list
of impacts, but because of space they have not been
included here.

Change inCapacity
Base: Case TOO Case Construction Costs

473 .0 464.2 +8.3

662.0 644.5 +17.5

390.5 351.8 +38.7

275.7 126.8 +148.9

292.6 178.6 +114.0

235.2 328.2 -93.0

293.8 353.3 -60.0

213.3 213.3

91.3 91.8

35.8 35.8

Net
TOTAL 2,964.0 2,789.1 Reducti on 174.9

P. V. 154.8*

*Present Value di scounted 1O:~ annua 1y-

TABLE 4
LOAD FACTORS AND ANUUAL PEAK LOAD

Base Case TOO Case

Lowest Monthly Annual Annual Lowest Monthly Annual Annual
Year Load Factor Load Factor Peak Load Load Factor Load Factor Peak Load

0.609 0.570 8980.7 0.662 0.603 8354.4

0.586 0.565 9581.8 0.637 0.600 8773.8

0.581 0.565 10218.8 0.626 0.605 9271.2

0.595 0.580 10695.6 0.647 0.608 9886.8

0.614 0.574 11248.6 0.659 0.598 10488.0

0.584 0.555 12113.1 0.640 0.602 10831.3

0.506 0.545 12754.3 0.551 0.594 11359.3

0.658 0.633 11520.0 0.655 0.615 11520.0

0.609 0.593 12566.3 0.649 0.616 11748.6

10 0.581 0.583 12833.7 0.633 0.607 11978.8

10

TABLE 3
ANNUAL CONSTRUCTION COST FOR BASE CASE AND TOD CASE

(MILLION $)

Base Case LOLP TOO Case LOLP

0.04475 0.02409

0.03687 0.01865

0.01618 0.00764

0.01385 0.01622

0.04991 0.06530

0.04062 0.04531

0.03566 0.03967

0.02471 0.01550

0.06668 0.04724

0.04079 0.0258310

~ 1

In the TOD case, it was possible to maintain the
base case reliability level even after planned
capacity additions were modified as shown in Figure 7.
As it is apparent from Table 2, the same level of
reliability (in most cases even improved) can be
achieved as in the base case with fewer planned
capacity additions. Table 3 translates the changes
in expansion plans made possible by implementation of
TOD pricing into annual construction cost impacts.
These results suggest that for the same or better
level of reliability, reductions in annual con
struction costs of 154 million dollars are possible
under TOD pricing .

Fuel Consumption (Oil)

LOLP ~ Probability that the Daily Peak Loads '"ill

Exceed the Available Installed Capacity

Load Factor

The load factor, which is the ratio of the
average load to the peak load during a given interval,
is in some sense a measure of the utilization of
facilities. The load factor may be determined for
a single customer or an entire system on a daily,
monthly, or annual basis. For purposes of this
study, monthly and annual load factors for the entire
system were determined.

Table 4 shows the base case and the TOD case
lowest monthly load factor, annual load factor, and
annual peak load over the ten year study period.
As is illustrated in this table, load factors,
except for year eight, are improved significantly.

In this section, oil usage is evaluated, since
nuclear and coal consumption remains basically the
same in the two cases. The annual oil usage summaries
for the ten year study period are shown in Tables 5
and 6, for the base case and TOD case, respectively.
As shown in these tables, fewer barrels of high sulfur
oil were consumed during the first five years and the
last year, under TOD pricing, while more was burned
in years six-through nine. This effect is caused in
part by the overlapping random outages of the non-oil
units. It is not a failure in the TOD pricing scheme.
The overall results, however, indicate that during the
ten year study period, 1.711 million fewer barrels of
high sulfur oil were consumed in the TOD case. Fur
ther, 0.443 million more barrels of number two oil
was used in the TOD case, however the overall results
indicate a net conservation of oil in the TOD case
compared with the base case study.

5



The methodology described in this paper for
assessing the impact of residential TOD pricing on
both the production statistics as well as the
capacity needs for a generic utility has been demon
strated. As such, the methodology clearly provides
a workable analysis tool which is sensitive to both
the nature of consumer responsiveness to prices as
well as variabilities in the definition of the peak
and off-peak rating periods. Of particular note is
the ability to simulate the hourly interaction
between the consumer and the operation of the
utility system. This feature of the methodology is
crucial to properly assessing the detailed impacts
of TOD pricing on system reliability, unit operating
characteristics, fuel use etc ..

TABLE 5 TABLE 7

BASE CASE FUEL OIL CONSlJ11PTION ANNUAL OPERATTI'iC COST
(MILLION $)

High Sulfur Number Two
Oil SBl Total Cost $ Oil GAL. Tota1 Cost $

2.6470 x 107 9.5684 x 106 Reducti on
4.0972 x 107 5.4110 x 108 Base Case TOO case in

4.3994 x 107 6.6527 x 108 x 107 7.0073 x 106 Operati ng Operating Operating
1.7231 Year ~ ~ ~

4.7580 x 1(/ 8.2381 x 108 3.8761 x 106 1. 7733 x lC6
690.1 650.3 39.8

5.1393 )( 107 1.0188 x 109 1.5329 x 10
7 7.8895 x 106

817.1 811.0 6.1

5.4699 x 107 1.2416 x 109 2.0051 x 107 1.1610 x 107
980.6 925.4 55.2

5.1452 x 107 1.3373 x 109 2.0834 x 10
7 1.3572 x 107

1.193.4 1,164.9 28.5

5.4978 x 107 1.6361 x 109 4.4470 x 107 3.2589 x 107
1,428.3 1.407.1 21.2

5.6880 x 10' 1. 9381 x 109 3.6514 x 107 3.0104 x 107
1.565.5 1.686.9 -121.4

5.5512 x 107 2.1658 x 109 4.6162 x 107 4.2815 x 107
1,890.5 1,900.1 -9.6

4.8268 x 107 2.1562 )( 109 3.6536 x 107 3.8122 x 107
2.229.6 2.213.1 16.5

5.0573 x 108 2.6747 x 10 8 2.506.8 2.521.6 -14.8

10 2,621. 9 2.464.3 157.6

10

Total

10

Total

TABLE 6
TOD CASE FUEL OIL CONSUMPTION

High Sulfur Number Two
Oil SBl Tota1 Cost $ ~ Total Cost $

3.8122 x 107 5.0346 x 108 1.2891 x 107 4.6600 x 106

4.3831 x 107 6.6279 x 108 2.2132 x 107 9.0006 x '106

4.4314 x 107 7.6727 x 108 1. 7936 x 106 8.2057 x 105

4.9727 x 107 9.8582 x 108 3.4542 x 107 1. 7770 x 107

5.3558 x 107 1.2157 x 109 4.5886 x 107 2.6569 )( 107

5.7777 x 107 1.5017 x 109 2.3551 x 107 1. 5341 x 107

5.6550 x 107 1.6829 x 109 3.4878 x 107 2.5559 x 107

5.7495 x 107 1.9591 x 109 3.6030 x 107 2.9705 x 107

5.6763 x 107 2.2146 x 109 6.0774 x 107 5.6368 x 107

4.5880 x 107 2.0496 x 109 1.3608 x 107 1.4199 x 107

5.0402 x 108 2.8608 x 108

Total

*Present Value di scounted 10~ annua 1y.

CONCLUSION

179.1

Present Value*
of Net Reduction

in
Operati ng

Costs

39.8

5.5

45.6

21.4

14.5

-75.4

-5.4

8.5

-6.9

66.8

114.4

Annual Operating Costs

Table 7 summarizes the total annual system produc
tion costs for the base case and the TOD case, res
pectively. The annual production cost consists of
fuel costs, starting cost, and operation and main
tenance costs. Clearly, TOD pricing has positive pro
duction cost benefits as it results in a present
worth avoided cost of 114.46 million dollars. In
years 6, 7, and 9, however, the reduction in peak
period demand did not counteract the effects of
having delayed the construction of the second oil unit. '
Further, the delay of the construction of the nuclear
unit produces production cost savings in year 8. By
year 10, the mix of generation with TOD pricing is
decidedly more base-load, hence the large production
cost savings in that year.

6

Based on the generic utility studied, it appears
that TOD pricing can have positive impacts on both
the operation as well as the expansion of utility
systems. The magnitude of the impacts very strongly
depend,however, on the characteristics of the utility
being studied, the responsiveness of consumers to
price signals, and the strategy used in signaling
consumers through time differentiated prices.
Nevertheless, the results of this effort are
encouraging and strongly suggests that time dif
ferentiated rates are indeed worthy of further con
sideration. Because of the nature of this technology,
however, further investigation should be conducted
recognizing the interdisiplinary nature of the issues.

Due to the hourly time-frame used in the method
ology and its inherent Monte Carlo features, further
development will include extending the methodology
to assess the impact of central station storage.
Future TOD pricing investigations will be in the
form of sensitivity testing to obtain more insight
into the complex relationship between consumer
responsiveness and the operation of individual system
components. Finally, a considerable amount of effort
will be expended to investigate the viability of not
only time-differentiated rates but also reliability
differentiated rates.
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This paper describes a methodology for evaluating
the impact of residential Time-Of-Day (TOD) pricing
on electric utilities' production costs and capacity
requirements. The impacts are characterized in terms
of general production statistics, including production
costs, and capacity deferrals and displacements. Be
cause TOD pricing regimes are sensitive to hourly sys
tem operation, the methodology was developed around an
hourly, Monte-Carlo based production simulation. Us
ing Monte-Carlo techniques, both random unit outages
and load forecast uncertainty can be accounted for.
Further, the hourly time-frame facilitates including
both unit commitment and economic dispatch operating
procedures which are necessary to incorporate to in
sure a valid simulation of an operating utility.

TOD prices are implemented using peak and off
peak rating periods. The effect of time differentiated
prices on load consumption is simulated using own
price elasticities. The elasticities, which must be
obtained empirically from load research data~ combined
with price differential factors determine the amount
of load decrease or increase in any hour due to the
time differentiated prices. Residential consumer re
sponsiveness to higher peak period prices and lower
off-peak period prices is measured by the proposed
methodology using both capacity and production based
indices. In particular, monthly service reliability,
production statistics, load factors, and fuel consump
tion impacts as well as annual construction cost im
pacts are calculated. The methodology also provides
tremendous flexibility in the representation of TOD
pricing. The rating periods, base price, peak price,
off-peak price, load composition, percent of residen
tial consumers on TOD rates etc., are all modeled.
These features greatly facilitate determining the most
effective TOD pricing scheme for a given utility.

An additional useful feature of the methodology
is the availability of the daily status of e~ch gener
ating unit. At present, units can reside in some do
zen states. In half of the ~tates the units are in
various availability states and in the other half they
reside in unavailability states. By tracking the state
of each unit, the operating realities of TOD pricing
can be better investigated.

To test the methodology, a moderately large u
tility was simulated over a ten year planning window,
Based on the elasticities, rating period, and other
inputs used for the generic utility, the results
strongly show that TOD pricing can produce positive
benefits as measured in terms of present worth avoided
cost. Depending on how these benefits are allocated,
it is reasonable to conclude that TOD pricing may, in
some instances, be a viable option in the fight against
ever increas~ng electric energy costs. Because of the
complexities associated with quantifying consumer re
sponses to price signals, however, broad generaliza
tions about the applicability of TOD pricing to a par
ticular utility should be avoided. For the study
conducted, TOD pricing improved system reliability,
decreased capital costs, decreased production costs,
and resulted in a lower dependence on high sulfur oil.


