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(ABSTRACT)

Demand Side Management (DSM) has begun to emerge as a major component of
utility planning, with more utilities than ever before using it to help meet their own needs
and those of their customers. DSM encompasses utility and customer activities aimed at
modifying load shape, which embodies the timing and level of customer electricity
demand. Future load shapes will result from the combined effect of individual DSM
programs seeking specific load shape objectives. Load Duration Curve (LDC) is the
vehicle through which DSM impacts are incorporated into power system planning and
operation. Models of the LDC is one of the most important tools in the analysis of electric
power system. The DSM will affect the peak load, the base load and total energy demand
of the load duration curve. Those three impacts have to be explicitly modeled into the
load duration curve for properly representing the effects of demand side management
activities. However, the available models cannot properly represent the impacts of
demand side management into load duration curve, because they do not explicitly model
those three variables into their load duration curve. A new model that can incorporate the
effects of demand side management is needed by utilities to help them with planning and
operation. A new way to directly model the inverted load duration curve (ILDC) is

presented in this study thus facilitating the representation of DSM impacts.



Peak Load, base load and total energy demand are the variables of the new model.
Using DSM activities as case studies, the new model produced good results compared to
other widely used models, in term of reliability indices (LOLP and ENS) and total energy
under the load duration curve. The flexibility, simplicity and the speed of execution of the
new model in calculating the reliability indices are demonstrated. The capability of the
new model to calculate the capacity credit is also presented. As a result of its ability to
represent energy under load duration curve, the new model is inserted into WASP
computer program to calculate the production cost. Results obtained from the new model
(modified WASP) compared to results from original WASP are very close. Based on
these capabilities it can be claimed that the new ILDC model is a better overall model and

can be used as an alternative load model in utility planning and operation.
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CHAPTER 1

Introduction

In the era of load growth and increasing constraints on new and existing
generation capacity, Demand Side Management (DSM) options are being considered all
over the world as possible bridges between these two apparently conflicting requirements.
The high variability of load from one day to another, and from one hour to the next, may
provide significant opportunities for demand side management. DSM include load
management, identification and promotion of new uses, strategic conservation,
electrification, customer generation, and adjustments in market share. There is a great
deal of uncertainty in future demand, future prices, construction cost, availability and cost
of power from other utilities, independent power producer, and the regulatory
environment. This is leading electric utilities toward incorporating DSM concepts in their

resource planning.

The main objective of implement DSM in power systems is to change the utility's
load shape - i.e. changes in the time pattern and magnitude of utility's load. Changing the
load shape as a result of demand side activities could change the peak load, base load
and/or energy demand. Those three variables have to be explicitly modeled into the load

duration curve for properly representing the effects of demand side management. For the



available model that has been used widely, the hourly load data is an important part of
the load duration curve. If one wants to modify the load duration curve, he has to go
back to hourly load data, make some changes and perform the new load duration curve
model with the modified data after DSM impacts are inserted. Since DSM has already
been used as an available capacity in utility planning and operation, the frequency of
changing the variables will be more often. A new model would eliminate the time delays

and the errors that are common to the well known and much used models.

This study presents an efficient technique to model the system load such that the
impact of demand side management on the power system can be easily and accurately
evaluated. The impact of DSM will be manifested as higher or lower reliability levels.
The proposed technique to model the load duration curve will facilitate the representation
of DSM impacts on loss-of-load probability, energy not served, energy consumption and
the capacity credit. This will provide an analytical method to study the impact of DSM
on capacity requirement. To demonstrate the capability of the new model as a tool in
power system planning and operation, the new model will be inserted into an available
capacity expansion planning package (WASP). The modified WASP is then run with the
new model representing the load duration curve. The results will be compared to the

original WASP output where the same data are used.

Theoretical support for derivation of the new model that is going to be used in
this study is presented briefly in chapter II. In the chapter III the overview of DSM is
presented. From this chapter, it can be seen how the new model will be useful for
incorporating the DSM impacts in the integrated planning process, because the available
models cannot incorporate the impacts of DSM very easily. To appriciate how DSM can
be treated as an alternative to generation options, an overview of integrated resource

planning is presented in chapter [V. In this chapter, the need of a new model will be



more obvious, because of difficulty of the available models to incorporate the DSM
impact properly and easily. After presenting how DSM affects to the power system
operation and planning, the new model is presented in chapter V. After showing that the
new mathematical model is acceptable, some implementations of the new model are
demonstrated in chapter VI. Those implementations include how the system reliability is
affected by DSM activities, how production cost changes because of DSM activities, and
the ranges of capacity credit of units under various assumptions. After demonstrating
that the new model can be implemented and incorporated into available capacity
expansion models, some advantages and recommendations for future research are

presented in chapter VII which is the concluding chapter of this thesis.



CHAPTER I

Literature Review

2.1. Load Duration Curve (LDC)

A load-duration curve (LDC) is defined as showing the amount of time that any
given overall load level is exceeded. By its definition the LDC is a function whose
abscissa specifies the number of hours, in a given period (usually a year) during which a
customer's demand for power equals or exceeds the associated demand level on the
ordinate. By normalizing the time variable, the value at any point on the abscissa can be

thought of as the probability of the corresponding load being equaled or exceeded.

A load duration curve is commonly used to represent the system load over an
extended period of time. It has been utilized for various purposes, such as estimating the
operating cost of a power system, predicting the amount of energy delivered by each
unit, and calculating reliability measures. The LDC is one of the most important tools in
the analysis of electric power system as explained by Jenkins and Joy [83]. It was found
by Snyder [9] that load duration curves can be represented by fifth-order polynomials as

shown in Figure 2.1. The coefficients of the fifth-order polynomial are,



Peak Load

2 3 4 5
y=a+bx+cx+dx+ex+fx

Base Load

y

LOAD

TIME

Figure 2.1. Load Duration Curve




in general, closely related to just two quantities: the ratio of minimum to maximum load
during the period, and the ratio of average to maximum load. The following relationship

was developed by Snyder [9].

2.1.1. Snyder Model
Snyder used a fifth-order polynomial to represent the load duration curve (LDC).

The mathematical model is :

y = Yo (1-y)(x-1/2)-3(1+y,-2y,)(x-1/2)2+8(1-y,)(x-1/2)3 +

20(1+y,-2y,)(x-1/2)4-32(1-y,)(x-1/2)3 (2.1
where
y = ratio of the load to the maximum load,;
y, = ratio of the minimum to the maximum load;
y, = ratio of the average to the maximum load; and
x = fraction of the total hours in the period that the ratio of the load to

the maximum load exceeds .
By transforming equation (2.1) into a general expression, it becomes:

y=a,ta x+a,x2+a,x3+a,x¥+asx> (2.2)
where

y = fraction of peak load

x = fraction of time



ag = L.

a; = 63y-y1-2)

ap = -82y+27y(+55
a3 = 4(38y-10y1.28)
aq = 20(-6y+y1+5)
ag = 32(y-1)

Based on equation (2.2), the coefficients of fifth-order polynomial can be calculated by

using regression analysis or other techniques where hourly load data are needed.

By its definition the LDC is a function whose abscissa specifies the number of
hours, in a given period, usually a year, during which customers' demand for power equals
or exceeds the associated demand level on the ordinate. By normalizing the time variable,
the value at any point on the abscissa can be thought of as the probability that the
corresponding load will be equaled or exceeded. The Snyder's formula expressed that

ratio of actual load to the maximum load is as a function of fraction of the total hour.

It is more convenient in probabilistic simulation work to use the load duration
curve with the ordinate and abscissa reversed. This form of the curve is called the
Inverted Load Duration Curve (ILDC). ILDC can be used to estimate the loadings of the
various generation units by plotting the units on the curve. There are several ways to

express the ILDC from load data, such as the Fourier series or the reversion series.

2.1.2. Fourier Series Expansion
A Fourier series is used to represent the inverted load duration curve.  This

method is used by WASP with the Fourier wave form analysis to invert the LDC to



ILDC. The curve is inverted numerically. The output of the numerical inversion is a
table of 1000 equally spaced values on an inverted curve covering the range from 0 to the
peak load, as explained by Jenkins and Vorce [89]. The range (peak load plus minimum
load) is chosen to represent one-half the period of the fundamental frequency of the fitted
Fourier series. Thus, the fitted curve will be periodic. For the probabilistic simulation
the region of interest is limited to equivalent loads up to the peak load plus twice the
minimum load. The abscissa values are originally in megawatts, but for computational

reasons a normalized scale is established in which peak load is defined as 1.

The fitted Fourier series is an "even" function, i.e. f(x) = f(-x). For an even
function with half wave symmetry the Fourier series has the form, Jenkin and Vorce

[89]:

o il 2.k
f(x) = % + > a, cos( T

k=1

.X) 2.3)

To fit this form to the 1000 point numerical representation of the inverted load

duration curve it is necessary to evaluate the coefficients a0 and ak. To evaluate the kth

constant, ak, we multiply through by cos(z—?) and integrate over the range 0 to T/2. Since

the integral of unlike harmonic cosine terms over the inverted is 0, only the terms with

like frequency remain. This yields the general relationships :

T
2
Sf(x) dx (2.4)
0



a, = % f(x) cos (5) dx (2.5)

o Y I

for the coefficient values yielding the Fourier fit.
where

a, = the coefficient for the kth harmonic of Fourier series
T = the period of the Fourier series in the same units as x

k = the harmonic whose coefficient is being determined

2.1.3. The Reversion Series Method

The reversion of series is used to invert the polynomial series into the inverted
polynomial. The series is y as a function of x as shown in eqn.(2.6), and the reversion of
eqn.(2.6) is as shown in eqn.(2.7).

y = ax + bx? +ox3 + dx* +ex® + ixO + gx7 +hx®+ixd + (2.6)
The reversion is

X = Ay + By2 + Cy3 + Dy* + Ey5 + Fy6 + Gy7 + Hy8 + Iy9 + o 2.7)

To calculate the coefficients in the reversion series, substitute eqn.(2.7) into eqn.(2.6),

the result is shown below.



y=aAy + (bAZ+aB)y? + (cA>+2bAB +aC)y> + (dA* +3cA’B +

bBZ + 2bAC + aD)y? + (eA’ + 4dA>B + 3cAB? + 3cA%C + 2bBC + 2bAD
+aE)y> + (fA® + 5eA*B + 6dAZBZ + B3 + 4dA3C + 6cABC + bC? +
3cA2D + 2bBD + 2bAE + aF)y® + (gA’ + 6fA°B + 10eA3B? + 4dAB3 +

5eA*C + 12dA?BC + 3¢B2C + 3cAC% + 4dA3D + 6cABD + 2bCD + 3¢AZE +
2bBE + 2bAF +aG)y’ + (hA% +7gA%B + 15FA%B2 + 10eA?B3 + dB* +
6fASC + 20eA3BC + 12dAB2C + 6dAZC? + 3¢BC? + 5¢j*D + 12 dAZBD +
3¢B?D + 6¢ACD + bD? + 4dA%E + 6¢cABE +2bCE + 3¢cA’F + 2bBF + 2bAG
+aH)y® + (1A% + 8hATB +21gABZ + 20fA3B3 + SeAB* + 7gASC +
30fA*BC + 30eA?B%C + 4dB>C + 10eA3C? + 12dABC? + ¢C3 + 6fA5D +
20eA’BD + 12dAB?D + 12dA%CD + 6¢BCD + 3cAD? + 5eA*E + 12dA?BE
+3¢B2E + 6¢ACE + 2bDE + 4dA3F + 6cABF + 2bCF + 3¢A%G + 2bBG +

2bAH +al)y’ +...o........ F (. )y3l (2.8)

Even though the degree of polynomial is 81, only the coefficient of the ninth-

degree polynomial in eqn.(2.8) is needed for calculating coefficients A,B,C,D,E, F,G,H,

and [ in reversion equation (eqn.2.7). Because we just need 9 equations for calculating 9

unknown coefficients. Those coefficients are as a function of a,b,c,d,e,f,g,h, and/or i in

original equation, eqn.(2.6). From those nine coefficients in eqn.(2.8), the coefficient A,

B, C,D,E, F, G, H, and I can be calculated. The result is shown below :

10



® |

C = §(2b2 - ac)

D = i;(Sabc - 5ba’d)

E = %(6a2bd+ 3a%c? + 14b* - a’e - 21ab’c)

F = i (7a’be + 7a® cd + 84ab’c - a*f - 28a%bc? - 42b° - 28a°b%d)

G = ;% (8a*bf + 8a'ce + 4a*d” + 120a%b’d + 180a%b%c? + 132b° - a'g -

36a°b% - 72abed - 12a°c? - 330ab'c)

H = ;11—5(-42%’ + 1287ab’c - 990a’b>c? + 165abc? - 495a%b%d +

495a°b%cd - 45a*cd - 45a*bd” + 165a°b’e - 90a*bee +
9a°de - 45a°b*f + 9a’cf + 9a’bg + a‘h)

[ = 3—11;(1430b8 - 5005ab%c + 5005a%b*c? - 1430a°b%c® + 55a%c? +

2002a%b°d - 2860a°b’cd + 660a*bc’d + 330a*b?d? - 55a°cd? -
715a’°b% + 660a*b’ce - 55a°c%e - 110a’bde + 5a%? + 220a*b’f -
110a°bef + 10a%df - 55a°b?g + 10a°cg + 10a°bh - a’i)
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2.2. Wien Automatic System Planning Package (WASP)

WASP is designed to find the economically optimal generation expansion policy
for an electric utility system within user-specified constraints. It was developed by
Jenkins and Joy [83], of The Tennessee Valley Authority (TVA) and the Oak Ridge
National Laboratory (ORNL). Tt utilizes probabilistic estimation of reliability and of
production costs and dynamic programming method of optimization. The modular
structure of WASP permits the user to monitor intermediate results, so that any input data
errors can be corrected before large amounts of computer time are wasted in simulating
and optimizing with erroneous data. It also permits use of a relatively small computer,
since the maximum core memory required by any one module is 158-166 kbytes (1246-
1328 Kbytes) using the OS/VSI1 system. WASP uses the fifth-order polynomial
describing the period load duration curve ((y = a, + a;x + a,x? + a;x3 + a,x* + a.x%),
where x is the fraction of the time during the period that load equals or exceeds the
fraction y of the period peak demand). WASP also uses the number of cosine term to be
considered in Fourier series to express the inverted load duration curve (ILDC) as
explained by Jenkins and Vorce [89,11]. A probabilistic simulation model is used to
calculate production cost for all allowable configurations. The model includes the effect

of unit forced outages and maintenance schedule.

Major features of WASP can summarized as:

. 100 multi-unit plants in the existing system, with normal hydro, emergency
hydro and pumped storage, if any, each treated as a single composite plant;
. 20 expansion candidate plant types, with hydro treated as a single plant type

consisting of up to 20 ranked candidate projects;
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. 30 years in the study period;

. 200 alternative system configurations in any one year, with a limit of 2000
configurations in the study period,;

. 5 hydro conditions; and

. up to 12 period per year.

Simulation of a 30 years fixed expansion with one period per year, one hydro
condition and 20 Fourier coefficients takes less than 2 minutes of computation time using
IBM 370/145. A full dynamic programming study with simulation of 3000

configurations would take as much as 10 - 20 hours of CPU time as mentioned in [11].

The original WASP has six inter-related code modules. After the improvement,
the seventh module, REPROBAT, which produces a summary report on the first six

module is added. The following paragraphs describe each of these modules :

Module 1, LOADSYS (load system description), processes information
describing period peak loads and load duration curves for the power system over the
study period. This module is assisted by a curve fit routine to calculate up to a Sth order

polynomial fit for each period load duration curve.

Module 2, FIXSYS (fixed system description), processes information describing
the existing generation system and any pre-determined additions or retirements. The
required data for each unit, minimum and maximum operating capacities, heat rates,
associated with these capacities, type of fuel, fuel cost, forced outage rate, and

maintenance requirement.
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Module 3, VARSYS (variable system description), processes information
describing the various generating plants which are to be considered as candidates for

expansion the generation system.

Module 4, CONGEN (configuration generation), calculates all possible year-to-
year combinations of expansion candidate additions which satisfy certain input

constraints and which in combination with the fixed system can satisfy the loads.

Module 5, MERSIM (merge and simulate), considers all configurations put
forward by CONGEN and uses probabilistic simulation to calculate the associated
operating cost and system reliability for each configuration. The module also calculates

plant loading orders if desired and keeps track of all previously simulated configurations.

Module 6, DYNPRO (dynamic programming optimization), determines the
optimum expansion program based on previously derived operating costs along with

input information on capital cost, economic parameters and reliability criteria.

Module 7, REPROBAT (report writer code), writes a report summarizing the
total or partial results for the optimum power system expansion program and for fixed

expansion schedules.

2.3. System Reliability

The ability of the power system to provide an adequate supply of electrical
energy at any point in time is referred to as the reliability of the system. Due to the

nature of electricity and the dependence of our society on its uninterrupted supply,
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reliability is one of the most important design criteria of electric power system as
mentioned by Vardi and Patton [55,6]. And also, reliability assessments are a necessary
part of power system studies in order to assist managerial decisions regarding how much
should be expected on the system in order to improve or maintain the quality, the
adequacy and reliability of the system; installation of additional capacity; timing of new

installations; and operating guidelines.

Power system reliability has two primary components: system adequacy and
system security as explained by Endrenyi et al. [S0]. This study will deal primarily with
system adequacy issues with focus on the steady state ability of a power system to
provide uninterrupted service under both normal and the most plausible multiple
contingencies. Security analysis addresses the issue of system performance degradation
as a result of dynamic events in a system as explained by Sulivan and Endrenyi et al.

[86,50].

2.3.1. Reliability Measures and Methods
Several measures have been devised to evaluate the reliability performance of a

given electric power system. Two of them will be considered in this study. They are :

. Loss Of Load Probability (LOLP)
. Energy Not Serve (ENS)

According to Day et al. [43], loss of load probability is the simplest and most

common of all. LOLP describes the expected accumulated amount of time in a given

15



period, usually a year, during which the system will experience a shortage of energy of

more than 0 kwh.

Energy not serve indicates the expected total amount of energy required by
customers and not supplied because of the inability of the system to meet the demand for

electric power as explained by Vardi [55].

2.4. Equivalent Load Duration Curve (ELDC)

The need for better analytical tools that will account in a more accurate manner
for the random nature of electric systems due to forced outages has resulted in the
development of a modified version of the load duration curve, known as the Equivalent
Load Duration Curve (ELDC). The equivalent load duration curve was first presented by
Baleriaux et al. [35], and was later refined by Booth [88], Joy and Jenkins [22]. and

others.

The ELDC has been successfully applied to the calculation of expected operating
cost of the system under a merit order loading, providing improved estimates of the
expected generation requirements for each unit in the system. In its most general form,

the ELDC contains four elements of demand :

(1) the deterministic component of customers' load
(2) the random component of customers' load
(3) requirements for forced outages

(4) requirements for maintenance
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The ELDC is a convolution of customer load, the "demand" of capacity for
maintenance, and the "demand of capacity for failure. Maintenance :fq garded as another
kind of demand for capacity with zero consumption of fuel. The ma;n advantage of the
convolution approach is that it incorporates into the ELDC outage probabilities,
maintenance requirements, and random deviations of customers' load. Hence, any
change in the characteristics of the system will also affect the ELDC as each such change
contributes to different customer's demand or to different demand for maintenance and
force outages. This property of the ELDC yields a tool which has the potential of being
most powerful and versatile for electric power system analysis. Furthermore it is

exploited here to derive a host of analysis by studying the impact of parameters of a

system through its reflection on the ELDC.

The importance of these analyses to decision making is also demonstrated. For
instance, based on the observation that any excess of combined demand over the installed
capacity results in a shortage of power supply, the ELDC lends itself rather easily to
reliability analysis, as has already been recognized by Joy and Jenkins [19], with regard
to calculating the loss-of-load-probability and various sensitivity analyses. The ability to
conveniently perform reliability analyses is an important feature in decisions regarding

reserve requirements.

A major advantage of the ELDC as an aid in decision making is the fact that it
has been formulated in an explicit analytical manner. Such a formulation will
undoubtedly open up more potential applications of the ELDC and at the same time
provide better insight into the system and its behavior. Developing a tool to analyze the

system by computation rather than by simulation enables one to rigorously compute
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many important parameters of the system in an easy way. Various applications of these

methods are described by Vardi [55] as the following:

. the expected number of hours that each individual unit will work;

. the expected fuel consumption of each individual unit for the case of
incremental cost loading and fuel budget of the system;

. the effect of adding a unit on the reliability of the system,;

. the effect of the size of a unit on the reliability of the system;

. the trade-off between better reliability of a unit versus the installed
capacity required in a system for meeting a given criterion of system
reliability;

. the loss-of-load probability;

. the distribution of capacity surplus;

. the distribution capacity deficiency;

. the expected amount of energy which cannot be supplied; and

. how different customers should share energy and capacity costs.

Joy and Jenkins [22,83] have demonstrated how the outage probabilities are
convolved with the load density function to an equivalent load curve of customers'
demand and forced outages. The resulting curve is then applied to calculate the expected
operating cost of a power system, the amount of energy delivered by each unit, the LOLP

and the ENS. The convolution method will be discussed in other sections.

The method of moments (or cumulants) was introduced by Schenk and Rau

[58,59,76] as an efficient procedure for the evaluation of LOLP, expected energy
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