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ABSTRACT

-There are isolated areas in many countries which cannot be
"connected by grid systems doe to techniecal or econecmic reasons.
In some of these isolated areas dZeneration and supply of
electricity do not exist or even i}t they exist, the history of
load growth of these areas is not properly maintained. It needs
to be recognized that the generation plan of an isolated area of
the above nature shoulid be different from the conventicnal
planning process. The generation planning process starts with
the forecast of load during the planning horizon. In the case of
isoiated areas the plaﬁner must consider the unconventional
energy sources, especially the solar and the wind sources and
hydro. Pre#ious studies showed that these sources deserve the
pianner’'s consideration olong with the conventional energy
sources. The incorporation of solar and ﬁind sources in the list
of competing methods of generation essentially requires the
appropriate models of these’ sources suitable for a planning
process. However, it has not been attempted so tar to develop a
technigue of load tforecasting suitable for an isolatedlarea
without electricity or without the history of load growth. No
-attempt has been made so far to develop oppropriate models of a

wind turbine generator,WIG and a photovoltaic generator, PVG.

.

This research presents a load forecasting technigue of an

isolated area where the electric power supply as a source of



energy has not been started yet or the history of load
development 1is not av;i;able where the supply is in operation
‘atready. The technigue introduces the concept of deriving the
load demand of an isolated area from the forecasfed load of
another area using a comparativé tfactor. The téchnique starts
with the identitfication of the variables on which the load
growth of an isolated area depend. It also evaluates the

contribution of each function towards the load growth.

The research work also develﬁps the probabilistic models of a
WTG and a PVG. These models are based on the concept of
multistate representation of a generating unit. The basic data
used tor a WIG is the bivariate function of wind velocity and
temperatﬁre while that for a PVG 1is the bivariate ftunction of
insolation and temperature. These mo&els are compared with the
models developed from the conventional concept of univariate
function, that is,in the cases where the output of a WTG is taken
as function of wind velocity only and that of a PVG as a

function of insolation only.

The proposed load forecasting technique and the models of a WTG
and a PVG. are applied to find out & most désirab;e planxof a
realistic isolated area. In this pltanning proceés the
coﬁventibnal sources are also considered while due attention has

been given to the reliability and the presently existing cost

structure of the various components,
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CHAPTER 1
INTRODUCTION
1.1 INTRODUCTION
Electrical energy consumed in a society and its economic

developments are correlated. The ultimate goal of the economic

development of a society/country is to improve the quelity of.

life. O©One of the measure of quality of life in a community or a
country is the amount of energy it consumes [1]}. Because of its
sophistication in use, high efficiency and low cost of
traﬁsmissién from one place to =another, electrical energy 1s
widely used in modern societies.

in many counfries, egpecially in developing ones, the major
portion of the population live in remote and isolated areas. In
terms of electrical gnergy use, i1solated areas are those areas
which can not be connécted with the main electrical grid system
due to economic or technical reasons. The-economic and technical
incapability of connecting isolated areas with the main grid may
evolve from the distance between the grid and the isolated area

or inconvenient connecting zones.

To meet the demands of  electrical energy in such isolated areas
where grid interconnection is not possible, there are different
sources from which electrical energy may be produced. The major
sources of electrical energy are,

i} tfossil fuels lcoal, oil and gés)

ii) nuclear fuel

1i1} hydro power-



i

There are a number of concerns about producing electricity from
fossil fuel resources in these isolated areas in the long term.

0il, déspite its recent price collapse, is not an attractive

option., The recent giobal reserve to annual consumption ratio or

tfossil fuels is less than thirty vears. Furthef discoveries may
extend the reserve but the regional concentration and the
increasing production cost may limit its use [2,31. Coal is to
some extent abundant. The high tramnsportation cost and
possibility of major environmental pollution would however,
restfict its use in isolated areas. Nuclear fuel is stiil
cheaper than the fossili fuel and the production cost of
electricity from nuclear fuel is comparatively less than other
fuels, But the installation of a nuplear power blant involve a
huge amount of capital and their economic feasibility lies in
their sizes. The installation and operation of a nuclear power
priant requires specilized and advanced technologies which many
countries do not possess. Also, recent disasters involving
nucliear power‘plants made people more aware of their possible
hazards. The production cost of hydro electric power is the
cheapest. However, the sources of hydro electric power is
regional and limited. The cgpacity cost of a hydro electric

power plant is also very high [4].

Taking into consideration of the various pros and cons of
atorementioned electrical energy sources, the planners are
looking for additional sources of electrical energy through
renewable and traditional sources for isolatedllocalities. The

ma jor unconventional sources which are being considered fer such

L
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purpose are,

i) wind

1i) solar {(thermal/photovolitaic}
i1r} waves

iv) tides

v) biomass

vi} ocean currents

vii) Eeothermal

viii} mini-hvdro

P

Wave, tidal, and occean currents energy have not yet proved to
be matured technology for generation of electricity at a

commercial level. Standard models of minihydro and geo-thermal

sources are available for probabilistic simulation. Among the

above unconventional sources of energy, the remaining three
sources, wind, solar and biomass do not have appropriate
probabilistic models although the technologies for these sourcés
are matured. However, recent studies_[S-lO] show that wind and
éolar sources deserve careful consideration from electrical

utilities.

In the above context, two uncoventionzal soﬁrces: wind turbine
generator (WTG), photovoltaic generator (PVG) and one
conventional source: thermal ¢generator with proven technology
and simulations technique are considered in this research as

sources of electrical energy.

Since electrical power generation industries &are capital

intensive, proper planning of electrical energy 1is essential. |
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Generation planning begins with estimates of peak demands =and
associated electrical energy consumption [11). After identifying
the need for generating capacity, the planner develops a number

ot teasible alternative plans on the following bases:

1} Demand for electricity,
11} Construction time,
111) Availability of sites and

iv) Availability of fuel.

Given these alternative options, it is common to subject each
option to a detailed reliability ﬁnalysis to ensure that all
options satisfy the desired level of reliability [11]. Options
that do not meet the reliability criteria are eliminated or
appropriately modified, and options which satisfy the acceptgble
reliability level are evaluated on the basis of economiecs. For
each potential option, financial and environment;l impacts are
analyzed, Finally, the alternative options are compared in order
to identify the one that impacts on the utility as a whole in

the most favourable manner. In figure 1.1 the planning process

is depicted in the form of a flow diagram.

Another approach [12), used to some extent in the power
industry, is a semiautomated procedure in which capacity
requirements are determined over the time horizon using
analytical methods. With +this inftformation, various expansicon
plans can be determined by varying the type and the timing of

unit additibns.
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Obviousif, it is an enormous task to discuss 1in detail the
entire planning process. Thereftore, it i1s chosen to concentrate
on the reliability and the economic analysis of generation plan

for an iscolated area in this research.

1.2 BACKGROUND

There is an increasing interest to develop a generation plan

incorporating the renewable/unconventional energy sources.

A number of efforts have been reported which concentrated on
developing a suitable long term planning model having the
capability to treat efficiently and accurately the introduction
of the renewable energy sources to the utility system [13-16]).
On the other hand these long term planning models do not utilize
short term study td prepare for intrbducing the renewable energy

sources as one of the decision wvariables.

Some recent studies f17,18) have been addressed to the

evaluation of the effect df unconventional sources on economy
and reliability of the utility systeﬁ. However, these studies
are mostly focused to short term benefits. The benefits afe nog
enough to decide whether these sources are competitive to the
conventional sources or not. Thus, phe short term studies can be
followed by long term generation expansion and planning studies

to decide it any one of the renewable sources or combination of

them reduce one or more of the conventional sources.

Bakirtzies et alt. (1Y% 1} presented a method for solving the

short term generation scheduling problem in a small autonomous



system with both conventional and unconventional enefgy sources

and storage battery. The system generation consists of diese;
generators, wind turbine generatorsAand rhotvoltaic panels. A
forecast of the hourly power demand, average wind veloecity and
averagé insolation were cqnsidered tfor a scheduling period of

the next 24 hours.

Farghal et al.studied [20 ] the iong term competitiveness of
introduéing the renewable energy sources alongside the
conventional generating units in a generation expansion plan by
Llinking between a short term study and a long term planning
model. In the short term study, there is a chance to study
-extensively ditfferent combinations oY the renewable energy
sources which can operate with the conventional generating
system with different objectives. These objectives are varied
between two general strategies; the fYuel saving strategy and the
peak shaving strategy. The peak shaving strategy is accomplishéd
by a storage facility to ensure the availability of power in the
peak demand periods. In the long term planning, these
combinations are considered as decision variables beside +the
conventional sources. For this purpose, & long term generation
expansion planning model is used to decide which strategy can be

used and the capacity as well as the time of addition.

The development of a computer model to facilitate the design,
sizing and operation of Remote Area Power Supply (RAPS) system
was presented by Musgrove [ 211. The paper describes the

stochastic dynamic programmipg model, RAPSODY, and gives an



example of i1ts use in optimizing tﬁe design of a small
wind/battery hybrid system including a single auxiliary diesel
generator. RAPSODY uses the mathematical technique of dynamic
programming to calculate the optimal operating strategy [22]
for a RAPS system following some given electrical load profile

and subject to a stochastically variable renewable energy input.

Xifan Wang et al.[23)] presented a model which concerned the
reliability characteristics of a large electric utility having
wind turbine generators {(WTGs). The effects of various wind
turbines/intertace system componentsri.e the forced outage rates
(FOR}) on the expected annual energy output of the farm were
examined. There are also numerous papers/reports that disdussed
wind turbine generators or photovoltaic generators as stand
alone sources or as  hybrid systems. Wind / solar electricity
generation ftor stand =alone systemé with battery and hydrogen
storages was presented by Beyer et al., [24 ). The model was
developed in a deterministic ftashion. Beyer et al. [25] aléc
investigated the renewable fraction (F) as {function of gross
renewable production (PRG), storage capacity battery and

wind/solar ratio.

A microcomputer - based analysis of stand - alone photoveoltaic
energy systems was presented by Rahman and Coulibaly [26 1. In
the resource assessment part ot the pack;ge it estimates the
hourly inscolations for any site under a cloudless sky. So the
insolation level determines the upper limit of possible

irradiance at the site.



The integrated analysis of new energy sources on the British
supply system was presented by Grubb [27]). The developed
methods were applied teo investigate the optimal thermal plant

mix structure as wind and tidal energy use increases.

Optimum load matching in direct-coupled photovoltaic power
systems was presented by\Khouzam (28 1. The load matching
factbr, the ratio ot the load energy to the array maxiﬁum energy
in a one day period [29-32), is used as = measufe for the
qualtity of load matching to the phtovoltaic (PV) array. In order
to generalize the results, a per unit system based on the array
maximum power polint parameter at 100% SUN and 25°C is developed
in which ciea; sky insolation model [29,33-35] 1is adbpted.
Simulation of photovoltaic power systems and their performance
prediction were presented by Rahman and Chowdhury [36]3. In the
model development they used the observed global horizontal
insolation, wind speed, ambient temperature and modeled direqt
normal insolation data to estimate the AC power for a 4-kW PV

test facitity in Raleigh, NC.

Most of the pabers discussed so far, use to some extent, the
derterministic models of sdlar and wind turbine generators.
However, a probabilistic model df a wind turbine generator or of
a photovoltaic generator is more realistic since the input to
these generators, wind velocity and temperature, and ﬁemperature

and insolation respectively are random in nature.

Harper et al. [37] developed 2 probabilistic model of

insolation. The model evaluates the hourly expected insolation



used to‘compute the output of a photovoltaic celil. Khallat and
Rahman [38] used a curve fitﬁing technique'to generate_fhe
probability density function (PDF) of insolation from long term
historical observations. This PDF was applied to predict the
pertormance of a photovoltaic cell. Rahman and Chowdhury t39]
presented a methodology to evaluate the cluster effects on the
power output {from a wind tarm. They considered the Weibull

distribution to develop the PDF of wind.

A method for determining the impact of wind generation on power
system reliability was developed by Giorsetto et al. [40 ]. The
method combines the effects of wind turbine forced outage rates
{FOR) and varying power Dutpuf due to wind speed variations
only. Loss of power supply probability {LPSP) of stand-alone
wind electric conversion systems was presented by Abouzahr et.
al [41]. In this paper [41] a closed form solution approach to
the evaluation of the LPSP of stand-alone wind-electric
conversion systems with energy storage is discussed. This paper
ASSUMES ; {1} the load is unitformly distributed and {ii) the

load and wind speed aré,statistically independent.

There are several others [42] who have presented probabilistic
models of wind and solar energy availabilities in the context of
power generation. Schlueter, et =al. [43] proposed a modified
unit commitment and generation control scheme for utiiities with
large wind generation penetrations. Chalmers, et al.]|44}
diécussed the effects of photovolataic power generation on
electric utility generation control performance. Desrochers, et

al. [458] presehted a Monte Carlo Simulation method for
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determining the cost-effectiveness of wind energy considering
the random variations in wind speed and the electric load.
Sutoh, |46)] presented a probabilistic model to evaluate the mean
and variance of residential photovoltaic power output based on
measured meteorologicalrdaﬁa. Thomann and Barfield [47]
discussed autocorrelation analysis dealing with wind speeds and
wind farm outputs to determine the degree of variations in such
outputs over time. Bakirtzis, et al. [48] described a
probabilistic method of prédicting the performance of customer
owned grid-connected wind arrays based on the statistical data
ot customer load and wind velocity. Jaffe |49} proposed thét the
availability of wind and solar generating units should be
treated as the Joint availability of the resource and the

equipment.

Basically, aforementioned papers consider the output of a WTG
as a function of wind velocity only and in case of a PVG its
cutput is considered as a fuhction of insolation only. However,
in reality the output of a WTG depends not only on wind velocity
but also on temperature. Similarly the output of a PVG depends
on temperature and insolation. Moreover, these papers do not
present any aﬁpropriate model of either a2 WTG or a PVG ~similar
to the model of a conventicnal generating unit suitable for

generation expansion planning.

Again researchers have developed numerous techniques [50-52) of
forecasting loads. All these techniques require the history of

load growth over the past. However, in an isolated area the

11



history of load growth may not be available. From available
literature it is revealed that no attempt has been made so far
to forecast the loads of an isolated area where the history of
load growth is not available or the supply of electricity did

not start.

1.3 OBJECTIVES OF THE RESEARCH

Review of literature clearly reveals fhat a technigue ot load
forecasting for an iSolated area either.withéut the history of
load growth or any electricity has not been attempted [50-52) so
tfar. It also reveals that an appropriate model of a PVG as well
as that of a WTG suitable for probabilistic simulation has not
been developed so far. Therefore it is decided to carry out a

research with the following objectives:

1) To develop a load forecasting technique suitable for an

isolated area either without elecfricity or the history of logd

'growth.

1i) To develop a probabilistic model of a WTG, suitable for
application in generation planning process like the model of a
conventional unit, considering the output of a WIG as a function

of both temperature and wind velocity.

iii} To develop a probabilistic model of a PVG, suitable for
application in generation planning process like a conventional
unit, considering the output of a PVG as a function of both

temperature and insolation.
iv) To apply the proposed technique of load forecasting as well

12



as the models of a WTG and a PVG to the generation planning of a

realistic isclated area.

1.4 THESIS ORGANIZATION

Recognizing the work that has already been done in this field,
this research attempts to develop appropriate probabilistie
models of 2 WIG as well as that of a PVG for use in generation
expansion planning analysis. Unlike many attempts of the past
{for example Caramanis et al.{53]1) this work does not treat the
intermittent sources of generation as negative load. Rather the
model oY a WTG is developed from the bivariate distribution
function of temperature and wind velocity, and that of a PVG
from the bivariate distributioh function of temperature and

insolation.

This research justifies the use of the bivariate function of
temperature and wind velocity and that of temperature and
insolation as basic data, It utilizes the concept of the
multistate representation of a generating unit in developing the
models. These models are applied to analyse a generation plan of
an isolated area. As forecasted load during the plan periocd is
essentially required for the analysis of a generation plan ,
this research also develops a technique to forecast the load of

an isclated area.

:

Following is an outline of the research work of different

.chapters of this thesis.

13
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Chapter 1, presents the background of the research. It also
presents the critical review of the work done in the field. The
organization as well as the objectives of the thesis are
briefly-described in the same chapter. This chapter also

presents a brief introduction to the generation planning of an

isolated area.

In chapter 2, primary stress 1s given on the concept of

reliability and cost analysis of an electrical energy system.
This chapter presents the ditferent probabilistic simulation
techniques in brief and the segmentation method iﬁ detail.
General approach of cost analysis is also briefly discussed in

this chapter.

A new technique of load forecasting for an isolated area is
presented in chapter 3. The-developed technique i=s capable of
forecasting the loads of an isolated area where the history of
load is not available. It is based on the identification of
tfactors on which electrical load growth depends. The method
develops the so called comparative factor using which the hourly
load of an isolated srea has been derived. The application of
the proposed technigque to. an isolated area of Bangladesh is

also presented in this chapter.

Wind as a source of electrical energy is described in chapter-i.
This chapter presents the general features of a wind  turbine
generation (WTG) and its typical characteristics. The basic
concept of converting wind energy into electrical energy is

also presented in this chapter. Different types of WTGs and

bl
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their characteristics are also described.

The probabilistic model of a WTG is presented in chapter-5. This
chapter presents a methodology to develop a probabilistic model
of a WIG based on the concept of the multi—sfate representation
of a generating unit. The probability density function (PDF} of
the capacity output from a WIG is derived {from the bivariate
functioﬂ of wind velocity and témperature. To Jjustify the
development of the proposed capacity generation model of a WTG
considering the bivariate tunction, wind velocity and
temperature, a capacity generation model of a WTG is also
developed by‘consideringra univariﬁte function, wind veloecity,
in this chapter. The model development procedure is exempliftied
through a simple numerical example. In this chapter, the
proposed model is applied to evaluate the expected energf

generation, the expected energy not served and the loss of load

probabilities {(LOLPs). The results are'compared with those

obtained using the model developed from a univariate tunction.
The Jjustitfication of the multi-state capacity generation model
ot a WIG by considering the bivariate function of wind velocity

and temperature is also discussed in this chapter.

Solar radiation as a source of electrical energy is described in

chapter 6. The dependence of the electrical power output of a

solar cell 1is also discussed in this «chapter. The

characteristics of silicon photovoltaic cells are described in

brief in the same chapter.

The probabilistic model of a photovoltaic generator (PVG) 1is

15
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presented in chapter - 7. This chapter presents a methodology to
develop a probabilistic simulation model of a PVG based on the
concept of the multi-state representation of a2 generating unit.
The probability density function (PDF) of the capacity output
from a PVG is derived from the bivariate function of solar
radiation (insolation) and temperature. To jﬁstify the
development of the proposed capacity generation model of a PVG
from the bivariate function of insolation and temperature, a
capacity generation model of a PVG is also developed by
considering the output of a solar cell as a univariate function
of insolation Dnlj. Both models are applied to evaluate the
expected energy generation, the expected energy not served and
the LOLPs. The results obtained using these two models are

compared and the justification of the proposed model is

discussed in this chapter.

The electrical energy system comprising WTG, PVG and thermal
generators 1s presented in chapter-8. The expected energy
generafion, the éxpected energy not served.and the LOLPs ot the
system are evaluated considering WTG, PVG and thermal units in
the sjstem. For these cases, the costs of the generating system
are also evaluated in this chapter. The results are analysed
in order to find out the most desirable generation mix tor the

considered isoclated area.

Concluding remarks and the significant contributions of this

work is highlighted in the last chapter{Y). Also recommendation

tor further work are presented in this chapter.
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CHAPTER_ 2

RELTIABILITY AND COST ANALYSIS

2.1 INTRODUCTION

F¥For a power syétem planning, it is necessary to select the most
reliable and economical generation system for the given
requirements. That is, the evaluation of the reliability as Qell
as the cost of =alternative plans of generation are the
important steps in the process of selecting a plan which suits

the system in the most favourable way.

This chapter presents the basic concepts of power system
reliability as well as the cost analysis of the system. It also
describes the technigques of evaluating the reliability and the

cost of an alternative plan.

2.2 BASIC CONCEPT OF RELIABILITY ANALYSIS

Reliability is the probability of a device or system perfﬁrming
its purpose adequately for the period of time intended under the
operating conditions encountered [54]. Different approaches are
used to evaluate the power systenm reliability.—Sohe of the

commonly used indices are described here.

Loss of Load Probability (LOLP)

The loss of load probability (LOLP) is the probability that the
available generating capacity of a system will be insufficient
to meet its demand. Thus

LOLP = Prob. [ AC <L} {2.1)

17



where ‘AC’' and ‘L’ are the available capacity and system load

respectively.

The evaluation of LOLP takes into consideration the forced and
scheduled outages of generating units as well as load forecast
uncertainty and assistance due to interconnections. The LOLP

does not give an indication of the magnitude or duration of

generation deficit. This reliability index only provides the-

probabilit# o occurrence of the loss of load. As LOLP is the
simplest and most commonly used reliability index [55,56], it
will be used in this research to evaluate the reliability of a

power system.

Loss of energy probability {(LOEP)

The ratio of the expected amount of energy not supplied during a
period to the total energy required during the same period is
defined as the loss of energy probability (LOEP). The true logs
of energy ﬁannot be accurately-computed cen the basis of the
cumulativg load curve. For this reasbn, this index is rarely

used.

Fregquency and duration {FAD)[561.

This gives the average number of times.and length of time during
which available generation is inadequate to the load. This
requires consideration ol load cycle and data of the ffequency
and duration of unit outages. One problem with FAD technique is
that it requires more detailed data than is usually available.

In addition to failure rates of various components, repair times

18



'must also be available.

Monte Carlo Simulation (MCS}[5861

Monte Carlo simulation (MCS) methods are more popular in Europe
than in Canada or thé USA. In MCS, the actual realization of the
lifé process of a component or a system is simulated on the
computer and after having observéd the simulated process for
some time, estiamtes are made of the desired reliability
indices. The MCS 1is the best suited to problems in which
reliability is significantly aftfected by system operating
policies. The method is computationally expensive. However, it
may produce a soiution in cases where more traditional

analytical technigues fail.

Among the above reliability indices the LOLP is the most popular
index to evaluate thé reliability of a electrical system. This
thesis considers it {LOLP}) as the measuring index ot

reltiability.

2.3 LOSS OF LOAD PROBABILITY {LOLP)

In section 2.2, the LOLP is expressed 1in tefms of available

capacity (AC) and system loaanL) as-
LOLP = Prob. [AC <L}~ eeal2.1)

However, this definition does not take into account the random

outage ol generating ﬁnits.

t
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outages of the unit in evaluatinglLOLP. In whaf follows\the

concept ol the effective load is pfesented-

?.3.1 Eftfective Load

The lrandomness in the ‘availability of generating capacity 1is
taken into account by défining a fictitious load, known as
‘effec£ive load’ (Lg) [57j. Figure 2.1 depicts the relationship
between the system load and generating units, where the actual
units héve been replaced by fictitious perfegtiy reliable units

and fictitious random loads, whose prabﬁﬁility‘ﬁensity tfunetions

(PDFs) are the outage capacity density functions of the units.

Capacity C,

it
(100%. reliable) o Capacity C;

(100°%, reliable)

Random outage load

Figure-2.1 Fictitious generating units and system load.
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If Loj; represents +the random outage load corresponding to the

i-th unit, the equivalent load (L.} may be expressed as

n
Le = L + Z LDi .-01202}
i=1
whefe n is the total number of generating units. When Lo; = Cj;,

the net demand injected 1into the system for the i-th unit is
zero, Just as i1t the actual unit of capacity C; were forcéd,off—

line.

The PDF of outage capacity of generating units may be taken as
independent of system load. Then the distribution of effective
load will be the convolution of two distributions: {j, and fy,
representing the PDFs of the system load and outage capacity of
generating units respectively. For the discrete case the PDFs,

iy, and fj, respectively, can be written as

fLll) = X Ppi - Oll-1j) Jeo (2.3
i
fLolle) = I PLoj Ollg - 1oj) cen(2.4)
J

Therefore, the PDF of equivalent load fLe-is

fie (lg) = £3(1) ¥ f15idg)
=3 PLi PLoj Olle - (1j + lgj)) oo (2.5)
1,J
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vwhere ¥ indicates the convolution and Py, and Py, are the
probabilities of load and outages of generating unit
respectively. The small letters within bracket of equation (2.5)

are the values of corresponding random va:iables {RVs).

2.3.2 The LOLP in Terms of the Eguivalent Load:

The LOLP of a system may be defined in terms of the equivalent
load as is the probability that the = equivalent load will be
greater than the installed capacity of the system and it is

expressed as,
LOLP = Prob.(Lg> IC } e 12.8)

where IC is the installed capacity. Installed capacity IC, may

be expressed as

ICc =3 ¢y e 12.7)
i R R

2.4 BASIC CONCEPTS OF COST ANALYSIS

The main components which enter into the determination of
révenue requirements for a given alternative plan are:

i) Capacity cost;

ii}) Production cost;

1ii) Operating and maintenance cost.

Besides these three major factors, timing of unit additions is

also important in cost analysis.




2.4.1 Capacity Cost

Utilities require a very high investment in plant and equipment
in comparison to annual revenues and a&nnual operating cost. The
relative high plant investment 1is the most distinguishing
teature of an electric utility. Factors which affect capacity
costs include type of generating unit, unit size, depreciation,
taxes, Labour costs, environmentél requirements, capital and

financing costs.

The capacity cost of unit i, denoted by CC; + 1s usually defined
as follows [821]
CC; = FCR; UC; C; (%) L. 02.8)

where

FCR; = fixed charge rate,

uc; unit capacity cost ($/kW),

S Cj capacity of i-th unit (kW).

1

The fixed charge rate reflecfs the annual amount of revenue
requirement to pay ftor £he faciliﬁy over 1its litfetime, and is
designed to meet the annual costs associated with capital
investment. In general, the FCR consists ot depreciation, income
taxes, and annual return (interest on debt, dividents on

pretferred stock and earnings on common equity}.

Unit capacity cost is self-explanatory:; however, it is important
to be aware of the relative capacity cost for various types of

units. The capital cost of PVG units varies considerably
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depending upon such variables as panel size, site and others.
Their capital cost, however, tends to be higher +than that of

corresponding WTGs or thermal units.

2.4.2 Production Cost

The estimation of the energy production cost of an electric
utility is by far the most complex part of cost analysis

assoclated with a particular expansion plan. It depends on the

loading order prbcedure, availability of units, and the demand

for electric energy in the day to day operation of the system,
which are highly variable and unpredictable, especially when the

calculation extends far into the future.

The production cost associated with a given generation plan
includes both fuel cost {(FC), which reflects the cost of fuel,
and start-up and shut-down costs. Start-up and shut-down costs
.are tixed operating costs and égn be estimated quite accurateiy
from past data and they afe added to the éystem fuel cost at the
end. In what follows the expected fuellcost is referred to as

the production cost.

2.4.3 Operating and Maintenance Cost

The operating and maintenance costs include all fixed non-
production costs such as labour, supplies and materials required
to maintain and operate a plant. These costs also include all
variable cosis associated with preparing the unit for daily

operation. Essentially these costs do not depend on the amount
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of energy produced. Data regarding operating and maintenance
cost are estimated on an annual basis in order to be integrated

into the economic analysis.

2.5 TECHNIQUES OF PROBABILISTIC STIMULATION

Various methods have been developed for predicting tuture
production costs as well as the system reliability among which
probabilistic load duration method by far is the most populaf
method. The method represents the actual operation of the system
more accurately than other méthods. It considers the forced
outage rates (FOR) and maintenance scheduling of the generating

units as well as the merit order loading.

In the probabiligtic method, it 1s recognized that the enefgr
generated by a particular unit is represented by the area it
occupies beneath the load duration curve. The position of the
unit depgnds, howevér, on the avaiiability of the more efficieht
‘units which take priority in loading. It a largé base leoad unit
is unavailable, a less efficient unit 1s likely to generate more

than otherwise,

The objective of the probabilistic method is to determine the
expected amount of energy generated by each unit, and *to

evaluate the system reliability.

Two following exact techniques for probabilistic simulation have
so far been developed:
{i1) 'Baleriaux-Booth’' [58,59) technigue more commonly known as

the ‘recursive’ method and
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{ii) ‘segmentation method’ [60].

An approximate technique is also used in the power industries.
This approximate technique based on the concept ot Gram-Charlier
series expansion. The method is popularly known as cumulant
method [61,62)}. But the accuracy of this technique 1s system
dependent 1i1.e. depends on the number of units, unit size, FOR,
load shape etc. Studies |63,64,65) show that the segmentation
method is the most desirable one regarding computational time

and computer memory requirement.

In what follows the segmentﬁtion method is described in briet.

2.6 SEGMENTATION METHOD

The method uses the brobability densit& tfunction (PDF}of demand
by sampling the chrénological load curve every hour or any other
suitable interval. The segmentation method is based on
segmenting the demand or load axis into equal capacity segments.
Each sepgment size is equal to the largest common factor of the
capacities of all-uniﬁs. These segménts are tilled with the
zeroeth and first order moments obtained from the distribution
ot load. The total number of segments is decided through the
knowledge of the installed capacity of the system as well as the
segment size and one segment beyond the installed capacity is
considered. The method uses hourly-loads and the freguency
distribupioﬂ of demand thus obviating the use of LDC. 1In
addition the numerical errors in caleulating the area under the

LDC are also aveoided.
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2.6.1 Evaluation of LOLP

In order to accounf tor the random ogtages of units 1t is
necessary 1n the segmentation method to get a2 new distribution
ot each segﬁent incorporeting the outages of all units. Prior to
finding this new distribution, each segment is assigned with a
probabiiity value which is equal to the sum of the probabilities
i.e. zeroeth moments of the impulses of PDF of ioad iying in the
range of that segment. Now fhe zeroeth moment of all the
segments are recalculated as generating units are convolved.
When a unit is convolved,the new value of zeroeth moment of n-th

segment is found from the relation

~ ~ ) ,
Pp = Ppll-q) +Ppq : .. 12.8)
where
~F
P, = zeroeth moment of n-th segment after the convoliution
A .
Pn = zeroeth moment of n-th segment after the shift
Pn, = zeroeth moment of n-th segment before convolution
q = forced outage rate of the unit to be convolived.

Following steps are used to convolve a generating unit:

a} The original moment of segments are multiplied
by the availasbility ot the unit.

b) The original segments are then shifted by the capacity
of the unit to be convoived and are multiplied by the
FOR of the unit

c} The values obtained in (a) and (b) of corresponding

segments are added to obtain the final disribution.,
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Note that the probability value of the last segment is the sum
of the probabilities of all the segments exceeding the installed
capacity. After all the generating units are convolved, the

zeroeth moment of the last segment is the LOLP of the system.

2.6.2 Evaluation of Expected Energy Generation

The expected energy generated by a particular generating unit is
obtalned from the difference of unserved energies before and
aftef the convolution of that unit. In the segmentation method
the evﬁiuation.of expected energy genefation also starts with
the formation oflsegments. A probability value 1s assigned to
each segmeﬂt from the knowledge of load impulses lying within
the segment size. Each segment 1is also assigned with another
value which is the first order moment of the load impulses lying
in the range of corresponding segment. The first order moment

is given bj

my = J Xty (x)dx . s (2.10)
- '
where, x is +the random variable and fyxix}) is the probability

density function. For discrete case the first order moment for

a particular segment is

mj = 3 X; Pi : vea{2.11)
1
where

value of the random variable

"
.
t

probability oY the random variable xj

J
[
H

28



Initially, the expected energy not served {(unserve energy) is
the summation of the first moment of all the segments. The
generating units are then convolved according to the merit order
ot toeding. The concept of merit orderlload is described 1in
section 2.6.3. As the generators are convolved, the first moment
is recalculated for each segment. In this case, unlike fhe
shitted zeroeth order moments the shifted first order moments
are chaneged |84)., The {first moment of any shifted segment is

calculated by using the tollowing relation
my MEW = m; old 4 shift ¥ m, cea 12,12

where, m, 1is the zeroeth moment ot the segment. mlold is the
tirst moment of a segment prior to shitft and mT€¥ is the
shitfted first moment. The ftirst moment of a segment atter

convolution is found by

Ei = my (l-q) +'$1q ...!3.13)
where
ai = first order moment. of & segment after convolution
of a generating unit of FOR = g
ﬂ} = shifted first moment of that segment
m} = tfirst moment of the segment prior to convolution

Unserved demands are calculated before and atter the
convoluation ot each unit. The unserved demands multiplied by
the period of study is the expected energy not served. For n-th

unit, expected energy generation is tound ftrom the relation
En = UE,~ - UE, s 02.14)
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where

En = expected energy geherated by n-th unit,
UEL™ = uncserved energy before convelving n-th unit,
UE, = unserved energy atfter convolving n-th unit,

It should be noted that the first moment oif last segment is the
sum ot the moments of al! segments exceeding the installed
capacity. When all the generating units are convolved the first

moment of the last segment is the expected energy not served.

2.6.3 Merit Order Loading

The basic tenet in the loéding order procedure 1is that the
generating units are loaded in the order of their average
incremental costs. The mést eftficient generating unit is the one
with the lowest incremental cost; this generﬁting unit is loaded
first. Next in line are generating units with higher average

incremental costs.

The merit order loading procedureftb be followed in the case of
different sizes of conventional (ihermal) units to select the
generating unit, from among the set of generating units, with
the lowest average incremental cost, to be loaded tirst. This 1is
followed by the next mosf efficient unit among the remaining
sets and so on. That is, if s generators from a total of n
generators are already committed, then the average incremental
cost of the most efficient-unit,)\i, in the set of the units

which are to be committed, is expressed as
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where

[ R
It

2.6.4 Evaluation of Production Cost

Min { Ay, k=1,2,... (n-s) oo t2.15)

{S +J.) acle-lB)

As the expected energy ¢Eenerated by a unit is known, the

production cost associated with the unit is found by multiplying

the expected energy generation {(En) with the average incremental

cost of the unit.

ECy,

where

ECp,

An

production cost of n-th unit

average incremental cost.of the n-th unit.

2.7 THE GLOBAL COST ANALYSIS

The final cost analysis must also consider,

1} service life of a generating unit.
1i) 1interest rate,
111} depreciation and

i1v}) the salvage value of the generating unit.

Several economic methods are available to determine the

cost.. Two of them are common;
1) the annual! cost method,

ii) the present worth method.
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in what follows, the annual cost method, used in the research,

is described.-

in essence, this method compares the annual costs fcapital
recovery plus operating costs) of obtaining a service from two
or more generators. The annual capital recovery {CR) cost may
be calculéted by the following formula (fo: equal annual
costs)[66,67] |

i{1 + iyn
CR ={P -~ L) | =———mm——mmmmmmmm 1 + La L 12.18)

or CR = (P - L} {(Capital Recovery Factor) + Li
or CR = (P - L) (C.R.F.) + La
where
P = first cost of-generator or initial investment l(initial
capital cost)
n = life of study or fgenerator in years
L = salvage value at end of n years

C.R.F = Capital Recovery Factor

1 = interest rate or minimum attractive return

The following example illustrates the use of the annual cost
method to compare two alternative plans. Note that in this case
it is considered that each alternative comprises of only one

generating unit.
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Generator A Generator B

Initial cost ! $10,000 $15,000
Annual operating costs: 2,000 1,500
Expected years of life: 10 10
Salvage value!: 1,000 2,000

& percent

fl

Interest rate

For Generator A:

CR a2t 6% = ($%10,000 - $1,000}(0.13587)+{$1000}(.06)
= $1222.83 + $60.00 = $1282.83
Total annual costs = CR + Operating costs

= $1282.83 + $2000 = $3282.43
For Generator B:

{$15,000 - $2,000)(0.13587) + ($2000)(.06)

]

CR at 6%

$1766.31 +$120 = $1886.31

"Total annua; costs = $18B6.31 + $1500 = $3386.31

Oh the basis of this analysis, Generatof A would be favoured,

The conceﬁts of depreciation is the spreading of the cost of a
long-term asset over‘the life, or expected vears ot usage of the
asset. It is an arbitrary figure used to "write off" the
tinancial investment 1in sucﬁ assests in terms of yearly
operating expense. Factors that enter into the calculation of
depreciation are the initial cost of the item, its anticipated
litfe, and its estimated salvage value at the end .of the

depreciation period.

Any reasonabie method that is consistently applied may be‘used

in computing depreciation [68]. The three methods most generally
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used are the

i) straeight line method,
11} the declining balance method, and
iii} the sum of the years-digits method. In what tollows the

straight line method 1s described.

The straight line method 1is the siﬁplest metheod for computiﬁg
depreciation. Under this method, the cost of the equipment less
its salvage value 1is generally deducted in equal annual amounts
over its period of estimated usetful iife; Thelmethod of
calculating this amount may be illustfated by the following
example: For an engine lathe that cost %6000, is estimated to
have a service lite of 8 years, and a salvage value atter 8
yvears is $1200, the annual depreciation (D) would be:

§6000 - 81200
D = e = 5600 per year

2.8 SELECTION OF AN ALTERNATIVE PLAN

When the feliability and the capacity, ﬁroduction and operating
and maintanance costs of the alternative plans are known then
the problem to an utility is to decide which plan it should
adopt. Many factors may influence the {final decision, such as:
service policy, delivery dates, and reputation of the
"manufacturer. Assuming that everything else 1is equél, the
problem tends to become essentially one of economic selection.
That ié, the problem is to pick up 2 plan that minimizes the

cost.

34



- =

CHAPTER 3

A LOAD FORECASTING TECHNIQUE

FOR AN ISOLATED AREA

3.1 INTRODUCTION

In the future planning of any power sector, generatiop,
transmission or distribution, the forecasted load during the
rlanning period 1s the core inforﬁation. A-plan would be
eftfective it the fbfecasted load becomes closer to the realistic
value..Researchers.have developed numerous technigues [50-52,69]
ot forecasting loads. All these tecﬁniques require the hisfory
of load growth over the past. H;FEVer, in an Visolated area
the history of Load growth may not be available. Recall that'an
isolated area .is a place where the electrical consumers canlnot
be interconnected with the main grid system either because of

technical reasons or of economic reasons.

Some 1isolated areas may be industrially (commercially3 impertant
and they might have developed their own electric power system.
However, it may not be the cése for every iéolated area.«There.
may exist some isolated areas where electriec power might not
have even developed and  the question of history of electrical
load growth does not arise. This chapter presents a methodology
to forecast the loads of an isolated aréa where the history of
1bad is not available, 1f it does, the information does not

represent the realistic demand of electricity.

The proposed methodoliogy is based on the identification of the
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tactors on which electrical load growth depends. Area/Areas with

the known load deciding variables similar to those of the

-isolated area are selected to -evaluate the contribution of load

deciding variables. A suitable area in which the load deciding .

variable are similar teo those of the typical isolated area and
whose hourly load data are known 1s selected. The average loads
of the selected area and the typical isclated area are estimated
to calculate a comparative' tfactor. Utilizing the comparative
tfactor the load of the typical isplated area is derived from the
load of the selected area. The proposed methodology is applied
by using the data available for some selected Rural Electriq

Societies{PBSs) of Bangladesh.

3.2 PROPOSED METHODQOLOGY

The method starts with the identification of factors on which
load growth depefids. These factors may be different for
difterent types of loads, Usually electric loads are domestic,

commercial and industrial.

The domestic load may be a tunction of population and standard

ot living of pebple. The variation ot standard ot livihg is

caused by per capita income and literacy rate. All these factors

are time varying quantities. The domestic load Lp may then be

expressed as

Lpit) = t7 (P(t), LR(t), PI(t)) e (3.1)
Wwhere

P(t}y = population at time t,

36



LR{t)

literacy rate at time t,

PI(t) = per capita income at time t . N

However, the industrial load may depend on the per capita E?
. - £

income, inland communication per unit area, literacy rate and 'gﬁ

agricultural land per unit area. This industrial load L may

then be expressed as
Litt) = t9(PI(t), RLit),LR{L},AL(L) ) caa{3.2)

where
RL(t) = inland communication lRoadi length per unit
area at time t
ALtt) = -agricultual land 1in percent of total area at

time t

In some isolated areas instead of inland communication,
communication across the sea may be the major type of
' communication. In that case the communication must include the

sea route length also.

The commercial load Lg mainly depends on the per capita income

and inland communication. This type of load may be expressed as
Lott) =ty { PI({t), RLit) ) : s (3.3)

The total electrical load demand L{t} in an isolated area 1is

the sum of the above three types of loads. That is,

Lit) = Lplt) + Ly(t) + Lglt) ce 3.4
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Therefore, the load of an isolated area may be expressed as
) Lity = £{Pit),LR(Lt),PI{t} ,RL{t),AL(t)) s 13.5)

Although equation (3.5) expresses that the load is a function ot
five time dependent variables, however, all variables will not
contribute. equally to the generation of load. Let x3,...,x5
represent the weighting factors by which each time varying
factor P(t}, Lth), PI({t),RL{t), AL!t),respectively, contributes
towgrds the load growth. The weighting facters X are also

random in nature. They may vary with ditferent areas. Now the

load can be expressed as

1
!

P(t)
i ‘ LR(t} )
' ' L. (3.8)
. [ L (Y } = X1 -
i ALLt)
. o

Solving eqﬁation {3.6) the weighting factors X can be
i determined as 3 1

b S A T
: E X ) = . _Lﬁ(t) [ Lit) ] e {3.7)

AL (t)
- C

Now each element of the row vector [(X], x; may,belobtained from

the relation

M
Xi = z X'Ji- P‘j . 0-‘-{3-8)

g=1 -
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where, M is the number ot areas considered to generate the

-distribution of x; and Pj is the probability that the value of

xJ; will occur. In equation (3.8), the superscript refers to the

area, 1l.e. 'xji is the value of i-th element of vector X
corresponding to the j-th area. Since, the contributions of
. : .
different areas in the evaluation of the load of an isclated

area may be differentlin reality, therefore, the values of Pj’s

may be different.

3.3 COMPARATIVE FACTOR

In many cases, especially in gene;ation expansion p%anning, the
hourly load during the plan period-is required instead of
monthly or annual-average demand. Howéver, in equaﬁion'(3.6} the
load deciding factors do not vary hﬁurly. The va£iation ot these
factors becqme only salient, if thesé are recorded annually or
halt yearly. Even consecutive monthly data may not show thg
ditfterence prominently. Therefore, the lequation maylprovide only
the halt yearly ﬁr vyearly average load;lHowever, the houriy
variation ié the required intromation. The above problem may be
solved by introducing a comparative factor. In doing so, the
first step is to select an area in which the load deciding
factors are simiiar to those of an isolated area and whose load

variation with time is known.

Now represent the planning horizon by the time interval [tg,,T]
with both t, and T assumed {inite. Partition the time interval

[tg, T] into M subintervals given by

39



M
U ftg-1s Lt T =0 5, T ) . sea(3.9)

Note that the . timé interval size should be such that the

variations in the values of the factors are identifiable.

- The next step is to forecast the load growth deciding factors

for each interval of the planning period for both the selectéd
area and the isolated area. Using the forecasted values of load
growth deciding factors of each area estimate the load for

both the areas using equation (3.6)

The next step in this process is to determine the comparative
]

factor for any interval t; as

CF¢j T mmmm————- re13.10)
Igalty)
where, lgp {ti) and lg1a (ti) are the forecasted average load of

the selected area and the considered isolated area respectively

tfor the interval t;.

Then torecast the hourly load of the selected area using its_
historical load in any standard technique [69]. The hourly load
of the isolated area ftor the interval t; may be obtained

using the following relation,
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Liati (t} = CFy¢; Lgat; (t) ' ce.(3.11)

Note that t must lie within the time interval ti.

3.4 APPLICATION OF THE PROPOSED TECHNIQUE

The proposed methodology is applied to a typic;l island. It 1is
located in the southern end of Bangladesh and it is an island
ol the Bay of Bengal. The distance of the typical island from
main land is 2 kilometer. The total population and area are
respectively 72000 and 70 kmz. Because of its distance inside
tﬁe séa, economically it ig not possible te interconnect this
area with the main grid system of Bangladesh Power Development
Board (BPDB). Basically, the soufce of earnings of peoples of
this island are agriculture products and fishiﬁg. There 1s no

industry in this island.

3.4.1 BASIC DATA TO DEVELOP COMPARATIVE FACTOR

In Bangladesh, Rural Electritication Programme is implemented
under the Area Coverage Rural Electrification (ACRE) system.
Each of the electrified area is managed by an independent co-
operative society known as Palli Bidhyut Samity {Rural Electric
Society), PBS. Starting from 1981, 30 PBSs have been electritied
upto 1Y87. Peak demgnd-of electricity for all the energized PBSs
for 1987 and their respective loaq deciding variables are shown

in table 3.1.
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Table 3.1 : Basic data of demand deciding factors

{(P) {LR) (PI) {AL) {RL) {PK)}
S1. PBS Areg Popu- Lite- Per Total Agri- Comu- Max.
No. Name (kmz la-  racy cap. area cultu- nica- demand
tion rate income{acres) re tion | {MW)
{10009 {%) {TK) land (km/kmz) 1987
1.Dhaka-1 9453 570 37.8 4492 237440 73.57 0.106 16.80

2.Tan§ail—1 1626 1032 25.3 4114 315233 84.43 0.088 9.76
3.Comilla-1 1492 1285 29,1 3865 389380 78.16 0.088 7.40

4.Chandpur-1 1704 1643 29.1 3865 419437 77.80 0.042 5.10

5.Habigonj 1254 584 23.6 4171 309120 59.03 0.171 5.20

6.Moulovi- 1228 470 23.6 4171 304640 54.02 0.1156 7.20
bazar

7.Pabna-1 _769 366 24.3 3553 190720 81.70 0.052 2.80

8.Pabna-2 945 463 24.3 3553 234240 68.10 0.115 3.90

9.8erajgonj 1005 682 24.3 3553 248960 85.67 . 0.173 6.10
10.Jessore-1 1191 &80 29.5 3874 334720 75.97 0.219 5.75
11.Jessore-2 948 532 29.5 3874 234880 77.68 0.159  6.50
12.Natore-1 1269 564 26.0 37li 312160 73.78 0.139  5.50
13.Natore-2 1202 602 26.0 3711 348060 65.21 0.201 6.30
14 .Rangpur-1 1310 637 22.7 3930 333819 72.51 0.077 ° 3.00
15.5atkhira 1299 - 573 38.3 5322 343466 67.93 0.283  1.70
16.Feni . 1175 1016 32.5 3583 279146 66.53 0.187 320

17.Mymeﬁsin— 1943 804 21.5 3800 437080 73.18 0.203 2.30
gh-1

18.Dinajpur 1063 449 27.47 3962 350080 79.17 0.215 3.00
19.Kushtia-1 1171 507 22,3 3763 312960 69.71 0.416 2.10
Zb.Joypurhat 909 422 28.3 4195 240150 80.26 6.230 0.70
21.Pirojpur 865 4865 40.9 3605 286160 70.88 0,216 0.40
22.Rangpur-2 1106 827 22.7 3930 236461 71.06 0.241 1.00

23.Jamalpur-1 1106 1366 18.1 3690 273280 B80.85 0.064 0.40
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Table 3.1 : Basic data of demand deciding tactors (Continued)

{P) {LR) (PI} { AL ) {RL) {PK)

S1. PBS Area Popu- Lite- Per Total Agri- Comu- Max.
No. Name {km¢ la- racy cap. area cultu~- nica- demand

: tion rate income{acres) re tion ) {MW)

(1000) (%)  {TK) land (km/kmZ) 1987

24 .Bogra 1080 642 28.3 4185 311370 81.682 0.332 0.40

25.Thakurgaon 1060 404 27.4 3962 215040 54.69 0,149 0.50

26 .Madaripur 805 575 26.2 3739 199040 78.57 0,273 1.30

27 .Barisal 917- 688 40.9 3605 277760 71.27 0.465 1.30
28.Chittag- - 1347 714 33.8 6504 406622 41,29 0.234 0.40
ong-2

23 .Meherpur 1347 483 22.3 3763 262400 71.93 0.245 0.30

30.Noakhali 951 981 32.5 3583 251110 69.87 0.136 0.30
X%k A typicall 70 72 35.0 6504 17280 61.92 0.60 -
island .

Sources :a) Rural Electrification Programme, Bangladesh,
: 1986-87 ,REB, 14987,
b) A brief on Bangladesh Rural Electrification:
Programme, REB, 3rd ed. July, 1988.
c) Statistical Yearbooks of Bangladesh,1981-
89 ,Bangladesh Bureau of Statistics (BBS3).
d} District Statistics, 1983 and 1987,BBS.
A close observation of the data of tabie 3.1 shows that there
are closeness among the factors of some areas. However, the peak
demand varies wideiyf Similarly, the peak demands of some areas

have closeness, however, other different tactors of these areas

vary widely.

For the purpose of present analysis a group of 5 PBS having
similar loads have been selected for estimating the contribution
ot load deciding variables and the reievant data are shown in
table 3.2. Note thét, all the PBS'grouped in table 3.2 are among

the latest energized PBSs and are in operation from the same
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year (1986-87).

Table 3.2 : DATA OF PBSs OF ALMOST SIMILAR DEMAND

Load deciding variables Lioads

NAME OF PBS P LR PI AL ‘RL Peak Average Load

l Load Load Ratio
{MW) { MW ) K

Meherpur 493 22.3 3763 71.93 0.24 0.30 0.015 20.00

Noakhali 981 32.5 3283 64.87 0.14 0.30 0.028 10.71

Bogra 642 28.3 4145 81.62 0.33 0.40 0.130 3.08

Pirojpur 485 40.9 3605 70.88 0.22 0.430 0.063 b.35

Chittagong-2 714 33.8 6504 41.29 0.23 0.40 0.078 5.13

3.4.2 SIMULATION RESULTS

The data of table 3.2 are used to evaluate [ X ]. The evaluated

values of weighting factors are given in table 3.3.

COMPUTED VALUE OF UNKNOWN VARIABLES

X1 X2 X3 - X4 X5
{P) {LR} {PT} {AL) (RL}
0.000015 0.00507 0.000006 0.000001 0.70

O0f the 30 PBS actual hourly load data of Jamalpur PBS was
available for the reference year. Because of this reason
Jamélpur PBS is selected to evaluate the houriy load of the
typical island.Thercontributioﬁ of load deciding variables tor
Jamalpur PBS and the typical island are evéluated and the
simulation results with percentage of'£he total torecasted
demand and the evaluated forecasted average locad and the

comparative tfactor are given in table 3.4.
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Table 3.4 Contribution of load deciding variables for
Jampalpur PBS and a typical island.

Name of P LR PI AL RL Forecasted Compa-
area MW - MW MW Mw Mw Average rative
: {% of (% of (% of (% of (% of load{MW) factor
total)} total) total) total) total)}
Jamalpur 0.0205 0.092 0.02214 0.000081 0.0558 0.1905
PBS {10.786) {48.30) {12.63) {0.00042) {29.30)
' 3,36
The typi- 0.00108 0.1775 0.04 0.00008682 0.42 0.64
cal {0.02) (27.73) {6.30) {0.001) {65.7)
island

Using this comparative tactor the hourly load of the typical
island is derived applying equation (3.11). The hourly load of
Jamalpur and its corresponding load of the typical island of 192

hours are depicted in figure 3.1.

Previous presentation indicate that the methodology developed by
the present study‘is suigable to estimate the hourly load
variation of a typical isltand on the basis of known data‘of load
an& load deciding factors of some selected areas for a particular

year.

The ftollowing presentation is made to forecast the average/peak

load data of the typical island for future date.

The load demand of different PBSs that are energized during the
tfirst phase oif REB programme are considered and shown in table

3.5. Among these 13 PBSs only the load demand of Dhaka PBS is
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Table 3.5 : Load demand of different PBSs.

Averagé Load demands in MW Peak

P e T T e e e e e e e Load
Name of PBS 1981 1982 1983 1984 1985 1986 1987 1988 1989 (MW)
' 1987
1.Dhaika 1.03 1.83 2.87 3.54 4.62 5.42 5,94 7.39 8.15 16.80

" 2.Tangail-1 0.14 1.09 1.77 2,28 2,92 3.30 3.68 4.46 3.77 9.76
3.Comiila-1 0.26 0.63 1.29 1.98 2.31 2.76 3.39 4.05 4.07 7.40

4 .Chandpur 0.02 0.17 0.61 0.94 0.98 1.12 1.27 1.56 1.38 5.10

5.Habigonj 0.001 0,04 0.39 1.22 1.47 l1.68 1.88 2.16 2.21 5.20

6.Moulabi~ . 0.07 0.25 0.59% 1.52 1.84 1.96 2.22 2.42 2.74 7.20
bazar ‘

7.Pabna-1 0.0 0.15 0. 1.03 1.36 1.02 2.80
8.Pabna-2 0.00 0.08 0.31 0.64 0.73 1.15 1.52 1.66 1.69 3.90
9.8erajgonj 0.25 0.78 1.36 1.93 1.85 2.11 2.34 2.68 2.32 6.10
10.Jessore-1 0.07 0.41 0. 1.92 2.29 2.12 5.75
ll.Jessore-2 0.14 0.35 0.64 1.15 1.88 2.23 2.46 2.69 2,79 -6.50
12.Natore-1 0.13 0.47 0.84 1.14 1.34 1.54 1.83 2.35 2.89 5.50
13.Natore-2 0.02 0.35 0.64 1.36 1.77 1.86 1.96 2.31 2.54 6.30

influenced by the Dhaka city and its surrounding environment of
growing different industries and other commerical institutions.
Therefore, the load demand of Dhaka PBS 1is different from the
load demands of other PBSs. To develbp the empirical equations to
tforecast the averade/peak load, the average load demands of two
PBSs, Tangail and Serajgonj are cﬁnsidered and these are depicted

in figure 3.2

By considering the average demands of Tangail and Serajgony

PBSs,the following two empirical equations are developed,

Lt = 5.313 - 14.488x + 14.729x2 - 6.94x3 + 1.743x%
- 0.231x% 4+ 0.013xb ... 13.12)
Lg = - 15.984 + 39.346x - 36.294x2 + 16.885x3 - 4,232x%
4+ 0.561x° -~ 0.033xb ' , ... 03.13)
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where

Load demand of Tangail PBS.

Lp =
Lg = Load demand -of Serajgonj PBS.
X = number of energized year of the PBS.

The above two equations satisfy the load demands of_thése Aareas
for 1981 to 1Y8Y. One hay use these two equations to have an idea
about, the possible range of variation of loads with time. Note
that, the above equations are developed by considering the
available average load demand of Tangail and Serajgonj PBSs. One

may use the load ratio factor, K (Peak load/Average load) shown

.in table 3.2, and the above two empirical equations to evaluate

the peak demands.
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3.5 OBSERVATION AND DISCUSSION

Table 3.3 shows that the weighting factors evaluated for
different load deciding variables‘ are not same. This clearly
indicates that the load growths do not depend equally on éll
tactors. This is because some factors are very sensitive to the

development of peak/average load while the others are not,

It is observed from table 3.4 that the value of the weighting
factor relating to communication is the highest while that
relating to agricultural land is, the lowest. However, the

variable *litéracy rate' has the highest contribution towards the

‘load growth of Jamalpur PBS. The reason is that although the

value of the weighting factsr relating to literacy rate is lower,
hoﬁever, the numerical value of literacy rate is much higher than
the other variables. Therefore, the product of literacy rate and
its weighting factor becomes higher {4B.30% of the total load
demand) . The load demand pattern of a typicai island 'is quite
ditferent than that of the load of Jaﬁalpur PBS, because the
#eighting factor as well as the road communication is much‘bétter
in a typical island. Therefore,-the product of road length andl
its weighting factor becomes higher({(65.7% of the total load

demand ).

Comparative factor of table 3.4 and the figure 3.1 shows that
the load of the considered typical island is 3.36 times of
Jamalpur PBS. The Jjustification for the higher value

corresponding to this typical island can be easily made from the

o0
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data of table 3.1. For example, the road communication of a
‘typical island is 7.5 times better than that ot Jamalpur PBS.

Note that this variable contributes maximum to the load growth.
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CHAPTER 4

WIND AS A SOQURCE OF ENERGY

4.1 INTRODUCTION

The wind power has been harnessedlby man Yor many centuries.
Windmills which were used to grind wheat are still in use in
many countries and similar devicés were also common in America
where they were used to pump water from deep wells. Of course,
the crowning glory of wind technology was clipper ship, used to
speed tea and other goqu from India te Britain [70)]. In recent

years, after the o0il erisis of 1973-74, there has been renewed

interest in the application of wind power to electricity

generation. This stimulated world-wide interest in alternative
sources of energy, with the U.S.A, Sweden, Denmark, Canada and
the Netherland being particuldrly active in funding wind energy
research including the construction of prototype wind turbines.
This activity led to pfogressive advances in understanding and

technology, together with increasingly encouraging .assessments

of generation costs. The construction of around 12,000 wind

turbines{1500 MW) during the past several years has firply
established wind energy as a potential source of electricity
[71]. The Califofnia Energy Commission has set 2 goal for
providing 10% of the state’s electricity from wind energy by the
yvear 2000 [39,72,73). The interﬁational activity on wind energy
has recognized wind power as one of the most proﬁising non-hydro

renewable electricity sources.
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This chapter presents the general features of a wind turbine
generator (WTG) and its typical characteristics. The basic
concept of converting wind energy into electrical energy is alsco

presented in this chapter.

4.2 ENERGY FROM THE WIND

The kinetic energy in the wind {energy contained in the speeding
air) is proportional to the square of its velocity { Jjust as for
a fﬁlling weight). Kinetic energy in the wind is partially
transtformed to pressure against an object when that object 1is
approached and air slows down. This preésure, added up over thi

entire object, is the total force on that object.

Power is force times velocity. This also applies to wind power,

Since wind forces are proportional to the square of velocity,

wind power 1s proportional to wind speed cubed.

The power that wind turbine blades can extract from the wind 1is

given by the following expression [74):

Power = 1/2 e k AP V3 ... 04.1)
where

e = efficiency of the blades

k = conversion ftfactor for units {( e.g. if units on the right
side are ft, lb and seconds, and results are desired 1in
kW)

A = area swept out by the blades (depends- on solidity of
rotors, the relationship is given in section 4.3.1)

V .= wind velocity, far enough upstream so as not to be

atffected by the wind turbine.
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P = the density of air.

Using the laws of physics, it has been shownr that the maximum
efficiency ol conventional wind system cannot exceed 59;3%
[74}1. Well designed - blades operating at ideal conditions can
extract most, but not all of the 59Y.3% maximuh power available,
About 70% of this 5Y.3% is typical. Thus, a wind turbine rotor

might have a maximum efficiency of 0.7 x 0.593 = 41.5%.

Also, gearbox, chain drive or pully losses, plus generator or
pump losses, could decrease overall wind turbine efficiency to

about 30%. This is about the maximum efficiency possible from a

conventional, well designed wind turbine, operating at its best

condition.

In equation 4.1 the symbol k is simply a number, depending on
the units used for density, velocity and area. The equation may
be written in simplified form incorporating the available

relevent data of air density [74]:

Power = K x e x DRA x DRT x A x V3 v d4.2)

Where DRA is the density ratio at an altitude and it is defined

as the ratio between the densities of air at an altitude to that
at the sea level. The DRAs at various altitudes are given in

table 4,1.

e e e e Y T G S o - o T T T —— ——— — T e il A Mo o o o v = ————
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in equation (4.2}, DRT is the demnsity ratio at a temperature and
it is detined as the ratiq between the densities of air at a
temperature to that at a standard temperature. The standard
temperature considered to be 15.56% [74]. The DRT at ditfterent

temperatures are given in table 4.2 [73].

Table 4.2 : DRT at various temperature [74,75H]

Temperature -17.78 -6.6 4,45 15.56 26,687 37.78 4B.HY
(9C) '
DRT 1.13 1.08B 1.04 1.00 0.86 0.93 0.88

4.3.BASIC ELEMENTS OF WIND ENERGY CONVERSICN SYSTEMS

Historically, the wind machines have gone through many changes

and improvemenfs. Basically, there are two types of wind

machines, Verticgl Axis WindrTurbine {VAWT) and Horizontal Axis

Wind Turbine{HAWT},

The VAWTs have rotors which run about a vertical axis and
‘which respond equally to all wind directions.The Savonius rotor
is an example of suéh a wind machine. The HAWTs are one or
multi-bladed machines having horizontal shafts. Thev have +the
advantages Qf better yﬁw control, higher power coefficients and
thus better efficiency. The Darrieus rotor is an example of this

type of wind machine.

To evaluate any wind turbine for its power and energy yields, it
is important to consider the rated wind velocity of the machine

at which rated power is achieved. Also, it is necessary to know
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the-cut—in velocity, which 1s the wind . velocity at which the
generator begins to produce power. Figure 4.1, 1llustrates the
cut-in and qut—out velocities and power curve of a hypothetical
wind turbine generator (WTG}. Note that the cut-out wvelocity
related to a WIG in that wind speed beyond which the output

power of the WTG is zero [74,76]}

Z RA\‘TED
Z «~—CUT OUT
—
=2
Q.
'—
2
O
a
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;.
)
* L

CUT IN

WIND VELOCITY IN KNOTS ——»

Figure - 4.1 Power curve of a sample wind turbine generator.

4,3.1 Performance of Wind Machines:

The relative efficiencies of different types of wind energy
conversion system (WECS)are illustrated in tigure 4.°2. The
maximum amount of power a simple rotor {without a shroud or tip
vanes) can extract from the wind is 59.3% of the wind power that
would pass through that windwheel. From figure 4.2, it is also

seen that no windwheel actually extracts 59.3%. ¥Figure 4.3 shows



the variatioﬁs in the power coefficient pr} with different

blade angles, and with tip speed ratio. It is seen that a fixed

blade setting of 59 i the most favourable, for the design and

wind regime considered , for all tip-speed ratios.
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" Figure - 4,2 Typical performance of wind power machines.
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Figure - 4.3 Power co-efficient Vs. tip speed ratio for

different blade angles.
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4,3.2 bverspeed Control

It is important to understand the various methods of rotor speed
control. Blades are designed to withstand a certain centrifugal
force and a certain wind load. The centrifugal force tends to
exert a pull on the blades, whereas wind loads tend to bend the
blades . A control is needed to prevent over stressing the WECS
in high winds. Obviously, one could désign & wind turbine strong
enough to withstand the highest.possible wind, but this would be
an expensive installation compared to a more fragile unit haviﬁg

a good control system.

Two primary methods exist for controlling a wind turbine:! 1i}
tilting the out of excessive winds, and ii) changing the blades

{pitch} angles {feathefing} to lower their loads.

4.3.3 Hub Height Correction

The wind speed increases with height. Therefore, if the
anemometer (to measure the wind speed) height is different from
that of the wind turbine generator’'s blades {(hub) height, then a
simple wind speed correction is necessary according to so-called
1/7 power law [T7] as,

/7

Voub = Vanem = | —m----- oo (4.3

Where

}]

Vhub wind velocity at hub height,

measured wind velocity at anemometer height,

V&D em
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Hanem = anemometer height,

Hhub height of the hub.

For example, if a wind velocity of 10 knots as recoreded at an
anemometer height of 10 meters from ground, then the corrected

wind velocity at a2 hub height of 50 meters will be,

Vgo = 10 L 60/10J1/7 = 12.9 knots . coold.4)

)
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CHAPTER 5

MODEL OF A WIND TURBINE GENERATOR {WTG)

5.1 INTRODUCTION

There is an increasing interest to extract electrical
power through a. wind turbine generator (WTG) due to its almost
nonexisting operating cost, nonpolluting environmental
impacts and availability as most favourable waysﬁof converting

natural resources to electrical power 1n 1isolated areas.

-

This chapter presents é methodology to develop a probabilistic
model of a WTG, applicable like a conventional generating unit
in the probabilistic simulation. The model is based on the
concept of the multi-state representation of\a generating unit.
The probability density function ({(PDF}) of the capacity output
tfrom a WTG is derived from bifafiate function qf wihd velocity
and tempgrature. To Justity thé development of the proposed
capacity generation model of a WTG considering the bivariate
function, wind velocity and temperature, a capacity generation
model of a WTG is also developed by cénsidering a univariate
function, wind velocity, in this chapter. The mode 1 development
procedure is exemplified fhrough a simple numerical example. In
this chapter, the proposed model is applied to evaluate the
expected energy generation, the expected energy not served and
the LOLPs. The results are compared with those obtained using
the model developed from a2 univariate function. The
Justitfication of the multi-state capacity generation model of a

WTG by considering the bivariate function of wind velocity and
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temperature is also discussed in this chapter.

5.2 METHODOLOGY FOR DEVELOPING A WTG MODEL

As discussed in chapter 4,the kinetic energy available in the

wind can be.‘eonverted into electrical energy through Hind
turbines. The equivalent electric power extracted from wind
can be expressed in terms of the parameters of a wind

turbine as |74] presented in equation (4.1). The equation {4.1)

can be written as

Cew = 1/2 eKAPRPVS ' cea(5.1)

where

Cow Equivalent electrical power from wind

Recall that, if the wind velocity 1s recorded at a'height
diftferent from the height of a wind turbine, in that case the
appropriate modification of the values of V is required. The
modification may be obtained using the empirical relation of

section 4.3.5. The relation is again presented below [77]:

1/7 .
Viub = Vanem [BHub/Hanem] : cee 043D AN
, "
In equation {5.1), the density of air r Q0 depends on the
temperature and altitude. The density of air at temperature,T,

and at altitude,A, may be expressed as

/DT,A = P. DRA; DRTy e (5.2)

Where,lps is the standard density of air, detined as the

density of air at sea level and at temperature 288.159K. This is
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considered as 1.225 kg/m3 175]. The DRA, and DRTrf,

respectively, are density ratios at altitude A, and at

‘temperature T. Recall that DRAp and DRT7 are defined in section

X

4,2 as

Densiﬁy at altitude A .
DRAy = eemem ek — , .. (5.3)
Density at sea level

Density at temperature T

DRTT S e a E e e L.l 5.4
Density at temperature 288.159K

Now, using DRAp and DRTT equation (5.1) may be rewritten as

Cow ' = ¥ DRTV3 - . 15.5)

where, ¥ = 1/2 e KA [ DRA,. e 15.6) &
Equations {95.5) and {(5.8) clearly reveal that for a given
type of wind turbine located at a particular place the

equivalent electrical power converted from wind depends on the

temperature and wind velocity of that place. That is,
Ceww = fty(T,Vv) Lo 15.7)

The temperature and wind velocity at any place vary randomly’
in the - temperature and velocity domains and these ;andom
variables are correlated. The ranges 6f thése domains depend on
the time and geographical locations. Assuming only
discrete values of these two random variables for computational
clarity, the PDF of tempqrature and wind velocity may be
expressed as

fo,v (t,v) =3 SP(7,v)i,5 O(T-ti) Stv-vy) ceel 5.8)

i, J :
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Figure - 5.1 Joint PDF of temperature and wind velocity

The delta function in equation (5.8),implies here that the

function fT’V(t,v) have values only for some values of T and V.

The graphical representation of fr y(t,y) is shown in figure

5.1, The impulse with probabirity,-Pk, represents the
probability of occurrence of temperature, t;, and its

corresponding velocity, Ve

The PDF of equivalent electrical pover, trewlCew! may be
derived tfrom the PDF of fr y(t,v), since Q maps T and V onto
Cew-Bs 1in eguation (5.5f. That is, for every valﬁe of Ggy in
the Cgy; domain there exists at least one pair of t and v in fhe
{(T,V) domain. 1If a value of Cgy; is generated from only one pair
6f {t,v}, then +the probability of occurrence of that value
ot Cgy 15 equal to the probability of occurrence of the

corresponding pair of ({(t.v}). That 1is,

Pcewk = Prt,vii,j : ce . {5.9)
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Howe?ér, a particular value of cew may be generated from a

number ot (t,v} pairs. In that case,

m n
. PCewk - = p-3 > PiT,Vv)i,j 6(T-—ti) 6(V-VJ‘) saa 80,100
i=l =1
where, {m,n) is the number of impulses which correspond to

the generation of the k-th value of Cgy.
Now, the general torm of the PDF of @ equivalent electrical

power may be written as

foewlCew! = = 1:"Cewri S(Cew - Cewi ! , ce.15.111)
i
So far, it has been considered that the wind velocity of any
magnitude is convertible to eleétrical power. However, | the
reality dittfers. A realistic wind turbine fails to produce
electrical power if the wind velocity goes below certain lower
Limit, va, or'exceeds certain upper ;imit, Vi and it produces
the same output for any wind velocity greater than or equal to

the rated velocity, vy, upto the velocity, vy [74,76]. The

velocity limits and the corresponding equivalent electrical
power outpﬁt are depicted in figure 35.2. In relation with a
wiﬁd turbine the lower and the upper limits ot wind
.velocities ;re called ‘cut-in’ and tcut-out’ velocity,
respectively.
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Figure - 5.2 Electrical power output vs wind velocity
The equivalent electrical power, Cgy, corresponding to vg, Vvr

and vy velocities may be expressed as,

0 for V<vg and Vivy
Cow = Cew for vsVeve .2 {5.12)
Cewrf for v,.&VEvy
Note that since Ceywy i3 a function of temperature and
velocity, the wind velocity, vy oOr vy may not produce the

maximum equivalent electrical power.

The value of the function, trewlcew!r at Cew” »that 1is, thé
probability that Cga, will be equal to Cey, any value of
temperature is obtained by summing the marginal probabi@ities
of the Jjoint PDF, fT'V(t,v}, starting from a point
COrresbonding to the wind velocity, fr, upto the poiht

corresponding to the wind velocity, v¢. That 1is,

PlCay = Cawy } = =  Plr,vyi,j ST-tj) SV-v3;) ... {5.13)
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In equation {5.13), K, and Ky correspond to the wind velocities
vy and Vf respectively. Similarly the value of the fﬁnction
fCeow (Cew!? at zero equivalent capacity is obtained by summing
the marginal probabilities starting from a point corresponding
to the minimum wind velocity upto the point corresponding to
the wind velocity v, and those starting from a‘point
corresponding to the wind velocity vy upto the point

corresponding to the maximum veleocity. That 1is,

Kc
P{Cey =0 = 2 :EPfT,V){i,j) SIT-t;) S(V‘Vj)

J=Kpin 1

K]'I'.'IE!.}‘{
+ = SPlp,yyi,j O(T-ti) §V-vj). ...(5.14)
Jj=Kg¢ 1
That is,
KC !Kmax
P{Cay = 0} = = I Pir,v)yi,j §(T-ti) SV-vj) ...1(5.15)

J=Kpins Ky i

In equation (5.1%) Kngin+Ke Ky and Kpay correspond to minimum,

cut-in, cut-out and maximum velocities respectively.

S0 far, it has been assumed that the wind turbine generator
is 100% reliable . However, it is not in reality. Assuming the

PDF of wind turbine generator as

fow ley) =3 Powi SOy - cyi ) ereiD.16)
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the PDF of electrical output ,fcgw{cgw), from a wind turbine

generator may be obtained by multiplying fgeylcew! by foulcoy)

togw(caw)= = ZPcewi tCew—Cewi) PCwj &(Cy—cuy) el 154170
i
Note that fggwlcgy)s is equivalent to the PDF of the

available capacities of a multistate generating unit.

The maximum value of Cgy, is the minimum of the two random
variables Cgay and Cy, since the values of Cgy can not exceed

the values of any one of these two. That is,

Cgw = Min{ Cgy, Cy) L. 05,18)
The capacity output on ocutage ot the multistate wind
turbine generator, ngo' may be obtained by subtracting the
value of capacity output trom Cgyimax) . That 1is,
Cgwo = Cgwimax) - Cgwirated) ve.{5.19})

The probability of occurrence of Cgyg is the probability of

its corresponding value of ng and ngo lying between { and ng

=

That is,

5.3 NUMERICAL EXAMPLE TO CLARIFY THE METHODOLOGY

In order to clarify the proposed methodology to develop a

model,a simple but revealing example will be considered
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in what follows.

.Consider the chronological variation of +temperature and wind
velocity as shown in figure 5.3. The dotted curves show the
chronological variation and firm curves show two hourly average

variation.
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Figure - 5.3 Chronological variation of temperature and wind

velocity and their two hourly average

~

Note that the average is taken only for computational clarity.
Now, sample the termperature and wind velocity. The sampling
inte;val may be one hour or any appropriate interval. In this
case, the interval size 13 two hours. ASsigniﬂg equal
probability of occurrence to each sample, the joint PDF of
temperature and wind velocity as shown in figure 5.4 1is

obtained.
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Figure - 5.4 Joint PDF of temperature and wind velocity

_ Note that there are ten samples and as each sample is considered
to be equally probable, the probability of occurrence of a

sample will be 1/10.

Using equations {5.1) through (5.6}, for every value of
temperature and its corresponding value/values of wind velocity
of figure 5.4 the value/values of equivalent eletrical power can
be ecalculated. The distribution of equivalent eiectrical power
may be obtained from the distribution of figure 5.4 and it is

depicted in figure 5.9.

69



Not to scale

' ‘2/10
e |
‘ 1101710 1710 1(10 1/10 1710 1710 1/10
0 1%-3 23 4 5 § 189  32-7 107.8
06 Cew in kW——
Figure - 5.5 PDF of equivalent electrical power

Note that each impulse of figure 5.5, corresponds to a single
p;ir of temperature and velocity of tigure 5.4, except the
impuise at 8 kW. The impulse ét 8 kW is generated from two
pairs of tempefaturé and velocity, 259C and 15 knots, and 30°C

and 15.27 knots respectively.

Now, consider the veloecity constraints vg, v, and vy as 5, 20
and 40 knots respectively and modify the PDF of equivalent
electrical power of figure 5.5 using equation (5.12)}). The

modified distribution is depicted in tigure 5.65.

210 Not to scale 2710 '
feonlCow) ) 2/10
, _ 110 1/‘10 140 110
0 -3 23 L 5 8 | 189
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Figure - 5.b PDF of equivalent electrical power incorpofating

the velocity constraints.
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Note that in figure 5.5 the impulse at 0.06 kW corresponds to

.,a velocity, 3 knots, less than v, and that at 107.8kW
corresponds to a velocity, 45 knots, greater than vf as seen
from figure 5.4. Therefore, the equivalent electrical - power .
must be Zero corresponding to these wvelocities and the

impulse at 0 kW power ot tigure 5.6 represents this result.
Also note that the tweo impulses at 18.9 and 32.7 kW of figure
5.5 correspond to the velocities 20 and 24 knots of figure 5.4
which ltie within v, and vy¢. Therefore,both the velocities 20
and 24 knots must produce the same output as these two impulses
also correspond to the same temperature,25°C. The impulse at

18.9 kW of figure 5.6 confirms this.

Consider the PDF of a wind turbine generator of 20 kW capacity
as shown in figure 5.7. Note that the available capacity of a
wind turbine generator does not depend on the velocity of wind

or temperature.

W
Not to scale
| | S
0 ;
’ Cw n kw-——-— 20
Figure - 5.7 PDF of available capacity of a wind turbine
generator

From the PDFs of figures 5.6 and 5.7 the PDF of electrical
output may be obtained using equation (5.17) and it is shown 1in

figure 5.8,
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Figure 5.8 PDF ot electrical ocutput from a wind turbine
generator

This figure shows that although the rated capacity of the wind

" turbine generator is 20 kW the maximum electrical power output

1s limited to only 18.9 ~ kW because of the equivalent

electrical power generation constraint.

Considering the PDF of electrical power output shown in

tigure 5.8, equivalent to a multistate probabilistic model of
a wind turbine generator, the PDF of capacity output on outage
may be developed as in figure 5.9, Now the probabilistic

model of figure 5.9 may be used like the conventional generating
unit in any standard method [55,60,61) for probabilistic

simulation .

fogwisand
. .8/10 .8/10 .8/10 .8/10
I ' 1 4710
0 . 10.9 13.9 149 16:6 18.6 18.9

ngo in kKW —=

Figure - 5.9 PDF of capacity output on outage
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5.4 NUMERICAL EVALUATION

.For a reliable hybrid electrical energy system from
intermittent sources namely wind turbine, a model has.been
developed in section 5.2. The developed model 1is applied to
realistic systems. In the numerical evaluation the
segmentation method 1is applied té determine the reliability of
the systems. The reliability and the segmentation method are

described in details in chapter 2. The model of a wind turbine

generator {WTG) is developed from the bivariate function of
wind velocity and temperature. The methodology Jjustifies
the use of bivariate function of wind veloecity and

temperature for a WTG model.

This section presents a brief description of the systems.
The simulation results ﬁre also presented in thié section. The
result of each model includes the multistate representation of
the individual generating unit. This section also presents the
description of the data used for the probabilistic simulation of

a WIG. It also presents the simulation results of WTGs.

5.4.1 Basic Data

Wind Velocities and Temperatures

As dyécussed in section 5.2 the output of a WIG is a function of

wind vélocity and temperature. From the Bangladesh
Meteorological Department (BMD),the wind velocities as well as

the corresponding temperatures of 1987 to 198Y were collected.
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The BMD records. wind velocities and temperatures at every
three hour. Analyzingfthe data of wind velocities for the above
" ‘three years it is observed that the higher protfile of wind

velocities are recorded during the months of June to August.

The fhree hourly wind velocities and the corresponding
temperatures from June to August of 198Y are shown in tables AW1
and AWZ respedtively in Appendix-A. The wind velocities and the
corresponding temperatures are given in nautical mile per hour
{knots) and in degree celsius (°9C} fespectively. Recall that,
in computing the equivalent capacity generation using equation

{5.1) fhe wind velocities should be appropriately modified

through equation (5.2) to take into consideration the
ditfference between the heights of an anemometer and the hub
of a WTG,

Note that the highest wind velocity during this period is 24
ftnots and the minimum velocity is zero knots. Most of the time
the wind flows at a speed less than 10 knots. The maximum and
the minimum temperatures during this period, June to August, are

33.50C and 24.2°C respectively.

Parameters of a WTG

For this research a WTG ofrEnergy Development Co., UBA 1is
considered. The parameters of this WTG supplied by the
manufacturer are given in table 5.1 [74]. The cut-out and cut-in
velocities of this WTG are 34.7 and 4.3 knots respectively. That

is, for any wind velocity less than 4.3 knots or greater than
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34.7 knots the output will be zero kW. The rated output of this
WTG is 45 kW and it harnesses a con=2tant output power for any
‘wind velocity that lies between 23.4 to 34.7 knots. This 1is
shown in figure 5;10. Note that with the wvariation of
temperature, the rated outpuf will also vary. In this WTG, the
overspeed control is accomplished through a system of mechanical

brake.

Load data

The load data used for the simulation of a WTG is the load of a
typical island. As presented in chapter 3, the load of the
typical island is obtained by evaluating first the so called
comparative factor. Then the load ftor the plan period is derived
tfrom the load of that period of the area cérrESponding to which
the comparative tactor is evaluated. Recall that in determining
the loads of the typical island, Jamalpur Palli Bidhyut Samity
(PBS) is considered as the model area. The peak and base loads

during the plan period are 2520 and 252 kW respectively.

. 45kW
SOr 23 4Knots(roted) ‘
> -—34'7 Knots B
Xx 40 CuT QuT ‘
=
5 30
T
o
=
o 20
&
z 10 ‘ :
8 A 34'7 Knotsicut out)

0 5 10 5 20 25 30 35 &0
WIND VELOCITY IN KNOTS
Figuref5.10 Power output curve{Energy Development Co.model 4-45)
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Table 5.1: Parameters of a WIG a Energy Development Co[74].

Model Number : 4-45
Rated power {kW): ' 45.0 @ 23.4 knots {shown in Figure 5.10)
Power output at 10.4 knots : 16 kW

Power output at 12.2 knots: 20 kW

Rotor blade diameter : 12.2 meters
Number of blades : 4
Machine type: ) Downwind horizontal-axis

Operating speed
Rated speed {(knots): 23.4

Cut-in speed (knots)!: 4.3

Cut-out speed (knots}: 34.7
RPM at rated coutput 60
Blade materials ! Aluminium T-6
Rotor weight : — , 567 K.
System weight on tower : 4309 Kg.
Overspeed control : Mechanical brake

e e ————— . — — — — . kb T — R T T P e il WML ML W M M S e A e L R L L
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5.4.2 The PDF ot Eguivalent Capacity Generation from the Wind

In what follows, the probability density function (PDF) of
equivalent capacity generation from wind is developed. In this
development process, wind velocities and temperatures are
sampled at every three hours. Each sample is considered to be
equally probable. That is, the probability of occurrence of a
sample of 0.0 knots wind velocity and 27.59C temerature is same
as the probability of occurence of a sample of 4 knots wind
velocity and 31.5 9C temperature. It is also considered that
wind velocities and temperatures are completely correlated for a
particular time. By complete correlation, it is meant that for a
particular wind velocity thére-exists only one particular
temperature for that particular time iﬁ the bivariate {wind and
temperature) domain. On the other hand, it wind velocities and
temperatﬁres are independent for a particular time, in that
case, for a particular wind velocity any value ot the

temperature in the temperature domain may occur.

In what tollows,the PDF of equivalent capacity generation 1is
developed assuming this as a ftunction of a wind velocity and a
temperature (bivariate function). The PDF is also developed

assuming that the equivalent capacity generation is a function

of wind veloctiy only {univariate function).

5.4.3 Multi-State Model of a WTG Developed from Bivariate

Function

In this case, the equivalent capacity generation from wind 1s

assumed to be a function of wind velocities and temperatures.
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Wind velocities énd'temperatures are sampled at an equal
-interval of time. The interval considered here is three hours.
To reduce the coﬁputationai invoivement, data of eight days from
June 10 to 17 are considered. Using equations (5,1} through (5.5}
the value of equivalent capacity generation for each sample is
computed. In this computation,the velocity constraints of a WTG
is implemented through equation {5.12). The values of equivalent
capacity generation along with the correspondipg wind
velocities and temperatures are presented in table 5.2. Since
the occurrence ot éach sample 1is consideréd to be equally
probable, the probability of each sample would be 1/{total

number otf samplesj, that is, 1/64.

Table 5.2 : Equivalent capacity generation considering bivariate
tunction
WIND VELOCITY TEMPERATURE EQUIVALENT CAPACITY
(Knots) {OC) GENERATION {kW)
02 27.8 0.0000
02 31.6 0.0000
03 31.5 0.0000
04 31.8 0.3258
04 - 29.5 - 0.3287
02 29.0 : 0.0000
02 28.6 0.0000
01 28.2 0.0000 N
02 ' 27.8 : 0.0000
02 32.3 0.0000
04 33.5 0.3238
03 ' 33.2 0.0000
06 30.2 1.1062
05 29.4 0.6421
0Y 28.86 3.7565
10 27.8 5.1687
10 27.2 5.1806
12 30.8 8.8294
10 - 31.8 : 5.0849
13 29.8 11.28691
13 28.0 11.3471
10 27.2 5.18086

03 26.6 2.6585
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Table 5;2 : EQuivalent capacity generation considering bivariate
tunction {Continued) :

‘WIND VELOCITY TEMPERATURE EQUIVALENT CAPACITY
{Knots} {oc) GENERATION (kW)
09 26.2 3.7910
07 25.8 1.7864
06 25.2 1.1275
03 27.0 0.0000
14 28.0 14,1722
16 27.7 21.1793
11 27.6 6.8848
12 27.4 8.9452
12 27.4 8.9452
13 27.3 11.3774
11 27.1 6.8380
12 28.5 8.9077
12 28.6 8.9043
13 ' 28.3 11.3341
14 28.2 14.1614
10 28.0 . 5.1648
24 . 27.7 45.0030
11 27,4 . 6.8901
12 27.3 8.9486
14 _ . 25.3 14,3183
00 20.4 0.0000
08 26.7 2.6575
08 25.8 2.6666
04 25.6 0.3336
04 ' 26.0 0.3331
05 - 25.8 0.6510
05 25.8 0.68510
04 27.2 0.3316
06 28.2 1.1147
05 28.4 0.6446
03 27.0 0.0000
04 26.6 0.3323
04 26.0 0.3331
04 25.5 0.3337 “
04 25.4 0.3341
03 26.0 0.0000
05 29.0 0.6431
03 29.2 0.0000
03 28.0 0.0000
03 27.4 . 0.0000
03 27.0 0.0000
b3 - 26.6 0.0000

- T e o ke e R AR Y ey . M e T L M A M W M S W S S e e e i N S M e

The fractional values of equivalent capacity generations 1in

table 5.2 are rounded otf and the probabilities of the eqgual
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capacities are added. The probability density ftunction {PDF) of
‘equivalent electrical power generation computed in the above

tashion from a WTG, is depicted in figure 5.11

01‘-375 "~ NOT TO SCALE
\ )
T Q125 .
fCew(cew) .. 078125 078125
o ’ "~ 0.06 25
0046875 004875 0.046875
0.03125 o
0015625 T ‘ 1 0-01§625 0015625
00 ] 2 3 4 S 7 9 1 14 21 45
Cew in kW —
Figure - 5.11 PDF of equivalent electrical geheration considering

bivariate ftunction.

To incorporate the random outages of a WTG the binary model of
the generator, shown in figure 5.12, 1s considered. Note that
this model 1is independent of wind velecities and temperatures.
That is, the model assumes that the WIG is always capable of
producing the rated power output. The impulse at O kW is due to
thé mechanical failure of the WTG. The PDF of figure 5.12Z2 1is

convolved with the PDF of tfigure 5.11

fe o _ _ o 0-8
wicw) ' NOT TO SCALE
T 02 X |
i
0 45

Cw in kW -

Figure - 5.12 PDF of available capacity of a WTG.
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The outcome of this. convolution results in the multistate model

of a WTG. The values of different

"in terms

states of the multistate WTG

of the innage and outage capacities and their

corresponding probabities are given in table 2.3.

Table 5.3: Capacity states otf a WTG and the corresponding state
probabilities (for bivariate function)

CAPACITIES (kW)

0.0 45
01 41
02 43
03 - 42
04 41
05 10
07 38
09 36
11 34
14 31
21 24
45 0.0

The PDF of this multistate WTG is also depicted in figure 5.13.

The state Valués in this figure

on outages.

are given in terms of capacity
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Figure ~ 5.13 PDF of capacity output on outage considering

bivariate function.
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5.4.4., Multistate Model of a WTG Developed from a Univariate
Function . .

"In order to jusfify that the equivalent capacity generation from

a WPG is a ftunction of both wind velocities and temperatures,
the multistate model otf a WTG is also developed from a
univariate function. In this case, only the profile of wind
velocitieé is samplied at every_three hour interval and a
temperature of constant value, 15.15°9C, is considered. Note that
in this case also,the occurrence of each sample is assumed to be

equally prdbable. Theretore, the probability of each sample would

be 1/64, The capacity constraint of the WTG is not considered.

The equivalent capacity generation for each sample 1s computed

using equation {5.1) through (5.5). The wvelocity constraints
are implemented by ufilizing equation {5.12), The values of
equivalent capacity generations along with the wind velocities

are presented in table 5.14.

Table 5.4: EQUIVALENT CAPACITY GENERATION CONSIDERING

UNIVARIATE FUNCTION.

WIND VELOCITY EQUIVALENT CAPACITY
(knots) : GENERATION (kW) -
02 0.0000
02 0.0000
03 0.0000
04 0.3423
04 - _ 0.3423
02 0.0000
02 0.0000
01 0.0000
02 0.0000
02 0.0000
04 0.3423
03 0.0000
086 1.1552
05 0.6685
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Table 5.4: EQUIVALENT CAPACITY GENERATIQON CONSIDERING
UNIVARTATE FUNCTION (Continued)

WIND VELOCITY EQUIVALENT CAPACITY

e
s L e

(knots) GENERATION (kW)
09 3.8987
10 5.3480
10 5,3480
12 9.2414
10 5.3480
13 11.7496
13 11.7496
10 5.3480
08 2.7382
09 3.8987
07 1.8344
06 1.1552
03 0.0000
14 14.6750
16 21.9055
11 7.1182
12 9.2414
13 11.7496
11 7.1182
12 Y.2414
12 9.2414
13 11.7496
14 14.6750
10 . 5.3480
24 46.5462
11 7.1182
12 9.2414
14 14.6750
00 0.0000
08 2.7382
08 2.7382
04 0.3423
04 0.3423
05 0.6685
05 0.6685
04 0.3423
06 1.1552
03 0.0000
04 0.3423
04 0.3423
04 0.3423
04 0.3423
03 0.0000
05 0.6685
03 0.0000
03 0.0000
03 0.0000
03 0.0000
03 0.0000
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After rounding off the fractional values ot equivalent

capacity generation in table 5.4, the PDF of equivalent capacity

generation for a univariate function is depicted in figure 5.14.

The PDF of figure 5.14 1is then convolved with the binary
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A ‘
NQT TO SCALE &
fce_wfcew)
‘ 0125
0.078125 0-078125
‘ ' 00625
0.046875 0-04687¢% 0.046875
0.03125
0.015625 0.015625 0.015625
i e o +
00 ] 2 3 4 5 7 9 12 15 22 47
Cew in kW oo
Figure - 5.14 PDF of equivalent electrical generation considering
univariate function
model of a WTG. The final distribution is depictéd in figure
5.15 which is a probabilistic model of a WTG considering the
coutput of a WIG as independent of temperature. The different
' ' 055
° - {_\'m{\l (:—T
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Figure - 5.15 PDF of capacity output on outage considering

univarijiate function
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states of the multistate model of the WTG tfor a univariate

function ; in terms of outage and innage capacities, along with

"the corresponding probabilities are presented in table 5.5.

"Table 5.5 : Capacity states of a WTG and the corresponding state

probabilities { for univariate function)

CAPACITY{ kW) PROBABILITY (P;)

INNAGE (Cj ) OUTAGE (Cgj?
0.0 47 0.5500
01 46 0.1000
02 45 0.0125
03 44 0.0375
04 43 0.0250
05 42 . 0.0625

07 30 0.0375
09 38 0.0625
12 . 35 , 0.0500
15 . , 32 _ S 0.0375
22 o 25 0.0125
47 0.0 0.0125

9.4.50 Simulation Results

The two multistate models of a WTG developed in section 5.2
are applied separately to evaiuate the expected enersgy
generation, expected energy not served and LOLP of thé system.
The segmentation method [60 ] is used for the numerical
evaluation and the segment size considered for the segmen%ation
method 1is 1 kW. The load data used in this evaluation 1is
described in chapter 3. Note that in the simuliation, the WTG is

considered as the only source of energy supply to meet the

system demand.

The expected energy generation, expected energy not served and

LOLP evaluated corresponding to different number of WTGs from
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15 to 160 are presented in tables 5.6 and 5.7. The results of

table 5.6 corresponds to the model of a WTG developed trom a

‘bivariate function and those of table
model of a WTG developed from a univariate function. The second

column of these two tables presents the maximum possible

available capacities from the corresponding number of WTGs.

The expected energy genérated by each individual unit of a
of 112 WTGs

generating system comprising is also presented in

table 5.8. The results of second column of this table are
obtained by applying the model developed from a bivariate
function and those of last column obtained applying the model

developed from a univariate function.

Table b.6 Simulation results tor the bivariate model
NO.OF INSTALLED E ENERGY - E{ENS) LOLP
UNITS CAPACITY GENERATION {MWh ) (%)
{ kW) {MWh) '
15 675.00 9.720 184,780 99,999
20 900.00 12.960 186.540 99,999
25 1125.00 16,200 183.300 99,999
30 1350.00 19.440 180.0860 99.998
35 1575.00 22.680 176 .820 99.994
40 1800.00 25.919 173.581 99,982
45 2025.00 29.158 170.342 99,4953
50 2250.00 32.385 187.105 949,897 -
56 2520.00 36.275 163.224 99,7176
B0 2700.00 38.859 160.641 99,655
65 2925.00 42,082 157.418 949,459
70 " 3150.00 45,298 154,202 99.218
75 3375.00 45.506 150.994 898.950
80 : 3600.00 51.704 147.796 9B.670
85 3825.00 54,893 144.607 Yy,3495
90 4050.00 58.074 141.448 98.127
95 4275.00 61.246 138.254 97.860
100 4500.00 64,409 135.091 97.569
112 5040,00 71.948 127.552 98 .527
125 5625.00 79.966 119.534 94,191
160 7200.00 94,757 98,743 80.505
86
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Table 5.7 Simulation results for the univariate model

E ENERGY E {ENS)

NO.,OF - INSTALLED LOLP

UNITS CAPACITY GENERATION {MWh) (%)

' {KW) {MWh)

15 705 10.080 189.420 99,999
20 900 13.440 186.060 99.999
25 1175 16,4800 182,700 99.999
30 1410 20.160 179.340 99.997
35 1645 23.520 175,980 99,990
40 1880 26,880 172,621 99,972
45 2115 30.240 169.263 99.931
50 2350 33.592 165,910 Y9.856
56 2632 37.014 161,886 99,704
60 2820 40,290 159.210 99,560
65 3055 43.630 155.870 99,337
70 3290 46.960 152.540 Y49.,076
75 3525 50.280 149,220 ug.794
80 3760 53.591 145,910 98.508
85 3995 56 .894 142,606 9g8.226
90 4230 60.190 139.313 97.942
95 4465 63.470 136,031 97.630
100 4700 66.740 132,761 97.268
112 H264 74,514 124,986 95.8386
160 7620 102.724 -96.776 78.083

Table 5.8 Expected energy generation ot individual generators

for bivariate and univariate function.

UNIT EXPECTED ENERGY GENERATION (MWh)

GL.NO, ~emmmm e e e e — e —— e —
CONSIDERING VARIABLE CONSIDERING CONSTANT
TEMPERATURE {BIVARIATE TEMPERATURE (UNIVARIATE
FUNCTION} FUNCTION)

1 648.000 672.000
2 648.000 672.000
3 648.000 672.000
4 6438.000 672.000
5 648.000 672.000
6 648.000 672.000
7 647,998 BT1.999
8 647,999 6571.999
9 647.999 671.999
10 647,999 671,999
11 647 .999 671.999
12 647.999 671.999
13 647,999 671,989
14 647,999 671,999
15 647.999 671.999
16 647.999 671.999
17 647.999 671.949
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Table 5.8 ¢

UNIT
SL.NO.

62

CONSIDERING VARIABLE

TEMPERATURE {(BIVARIATE

FUNCTION)

647.999
647.999
647,999
547 .999
647.999
647,998
647.998
647.997
647.4996
6547.995
647.993
647.991
647.987
647.983
647.978
647.971
647.963
647.902
647.940
647 .924
647.905
647 .883
647.8586
647.824
647.787
647.744
647.694
647 .637
647.072

647,498

647.415
647.321
647.218
647.102
646.975
646,836
646.684
646.519
646.341
646.149
545.944
645.725
645.493
645.247
644.989
644.718

88

Expected energy generation of individual generators
$or bivariate and univariate function.{Continued)

CONSIDERING CONSTANT
TEMPERATURE
. FUNCTION)

671.999
671.999
671.999
671.999
671.998
671.997
671.996
671.995
671.993
671.990
671,987
671.982
671.9717
671.969
671.960
671.949
671.935
671.918
671.897
671.872
671.842
671.807
671.766
671.719
671.663
671.600
671.528
671.446
671.354
671,251
671.136
671.009
670.869
670.716
670.550
670.369
670.174
669.964
669.741
669.502
669.250
668,984
668.705
668.412
668.108
667.792

{UNIVARIATE

1_.
c’:"f'r



Table 5.8 : Expected energy generation of individual generators
for bivariate and univariate function.{Continued)
UNIT EXPECTED ENERGY GENERATION (MWh}
“SL.NO, —=——mmmmm e e — e ———— =
CONSIDERING VARTABLE CONSIDERING CONSTANT
TEMPERATURE {BIVARIATE TEMPERATURE (UNIVARIATE

FUNCTION) FUNCTION)
64 644.436 667.465
65 644.142 667.128
66 643.837 666.782
67 643.523 666.428
68 643.199 666 .0686
69 642.868 665.699
70 642.529 bbb.326
71 642.184 664,950
72 641.833 . 664,570
73 641.478 664.187
74 641,120 663.803
75 640.760 663.418
76 640.397 563.034
77 640.034 662.649
78 639.671 662.266
79 539.309 661.883
80 538.948 661.502
81 638.589 661.122
82 638.232 660.744
84 637.877 660.366
84 6537.525 659.989
85 637.176 659.611
86 636.828 659.233
87 636.483 658.852
88 636.140 658.463
39 6535.797 658.080
80 635.454 657 .685
91 635.111 657.282
92 534,766 656.870
93 634.417 556.445
94 634.064 656.007
95 633.705 655.053
96 633.338 655.079
97 632,962 654.584
98 632.574 654.065
99 632.172 653.5189
100 6531.754 652.943
101 631.317 652.335
102 630.860 651.690
103 630.379 651.007
104 629.872 650.281
105 629.336 649.511
106 628.769 648.692
107 628,167 647.822
108 627.528 646.898
109 626.849 645.917
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Table 5.8 : Expected energy generation of individual generators
for bivariate and univariate function.{Continued)

UNIT EXPECTED ENERGY GENERATION (MWh)}

"GL.NO, — e m e
CONSIDERING VARIABLE CONSIDERING CONSTANT
TEMPERATURE (BIVARIATE TEMPERATURE (UNIVARIATE
FUNCTION } FUNCTION}

110 ' 626,126 644,877

111 625,358 643.774

112 624.541 | 642,606

TOTAL TOTAL TOTAL

NO. OF EEG=71.949 MWh EEG=74.514 MWh

UNITS=112 [E(ENS)=127.552 MWh and E(ENS}=124.986 MWh,and

LOLP =386.53% LOLP =35.84%
This tablie also presents the totai expected energy generation
{EEG), total expected energy not served E(ENS) and LOLP

corresponding to 112 WTGs at the bottom of the table.

To Jjustify the consideration of the output of a WTG as a
function'df wiﬁd velocity and température . {bivariate function),
the simulation results obtained using both the models {(bivariate
and univariate} are also compared graphically. Figﬁres 5.16,
5.17 and 5.18 respectively, depict the LOLP, expectéd energy
generation and expected energy not served tfor ditfferent number

of WTIGs obtained using both the models. - ~

Note that the total system energy demand for +the plan period

considered is 199.50 MWh.
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5.5 DISCUSSION

'In what follows, the salient points observed from the numerical

evaluation of the proposed WTG model are briefly discussed.

It is observed from table 5.2 that for many samples the
equivalent capacity generations are zero. These =zero capacity
gdenerations are because of the wind velocities corresponding to
their samples are less than the cut-in velocity of the
considered WTG; Note that the cut-in velocity of the WIG 1is 5
knots which correspopds to 4.39 knots betfore hub height
correction. The table 5.2 also shows that the equivalent
capacity denerations vary with the variatioﬂ of temperatures.
For example, the two samples wiﬁh 13 knots wind velocity and
29.8 9C temperature and 13 knotﬁiﬁind velocity and 28.0 oC
temperature produce two differeﬁt magnitude of equivalent

capacity generations of 11.2691 and 11.3471 kW respectively.

Now, the‘comparisionlcﬁf the equivalent capacity generation of
tabies 5.2 and 5.4'fe§eals that the values are different for
each set of‘temperature and wind‘veiocity. Recall that table 5.2
presents the equivalent caﬁacity generation from a WTG
considering temﬁérature as a variable quantity, while.table 5.4
presents the equivalentlcapacit& geheration considering
temperature as a constant quantity .Similar observations are

alse made regarding the capabity states of .tables 5.3 and 5.5.

That is, the innage or outage capacities of a WTG obtained

-applying the model corresponding to the bivariate . tfunction,

wind velocity and variable temperatures, and those obtained
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applying the model corresponding to the univariable function,
wind velocity and a‘constant temperature of 15.15dC, are
‘ditterent. For the considered data the maximum generﬁtion
capacity for the model corresponding tc bivariate function is 45
kW while for thé médel cdrresponding to wunivariate function, it
is 47 kW. The comparison betweén tfigure 5.11 gnd tfigure 5.14
-also clearly reveals the above difference. Although the values
of the random variables, outage capacities, given,in tables 5.3
and 5.5 are different in two cases, however, the probability
values for the impulses become same 1in the process of rounding

off.

It is expected that with the increase of number of WTGs /the

instalied capacities in the system, the total expected energy -

generation should increase and the expected energy not served
and the LOLP should decrease. Table 5.6 as well as _.table 5.7
contirms this. However, it is observed from table 5.6 that the
-expected energy generated by WTGs is very low and the LOLP is
very high. For example, the installed capacity ot 285.71% of
peak load {corresponding to 160 WTGs), that is, for 185.71%
reserve capacity, the total expected energy generation is onily
50.004% of total energy demand and the LOLP of the system

reaches to only 80.506%.

The poor performance of the WTG would be clear from the capacity
states of table 5.3 or tfrom the distribution of the WTG of
figufe 5.11. This table or the tigure shows that élthough the
maximum peossible available capacity is 45 kW, however, the

expected capacity of the WTG is only 3.375 kW. That 1is, the
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probability values of capacity states of higher innage capacity

are smaller compared to those of the capacity states of lower

"innage capacity. Similar observation c¢an also be easily made

tfrom table 5.5 or from figure 5.14 in case of univariate

funection.

The comparison oif tables 5.6 and 5.7 show that the expected
energy Eenerations, the expected eneréy not served and the LOLPs
are diftferent for the same number of WIGs,if the model of a WTG
applied tfor the evaluation ié difterent. The expected energy
ggneration is higher and the expected energy not served and tﬁe
LOLP are lower when the model of a WTG developed from a

univariate function is applied for the evaluation.

The higher expected capacity generation is also .observed from
table 5.8 even fqr each individual unit. Fof example, in table
5.8, the unit at 10th loading order position is expected to
generate 647.999 MWh if £he model of a WTG developed from a
bivariate function is applied, while it is expected to generate
by the same unit an enérgy of 671.999 MWh it the model developed

tfrom a univariate function is applied.

-~

Note that the maximum possible capacity as well as the expected
energy Egeneration of the model developed from a univariate
function are higher‘than those o©of the model developed from a

bivariate function.

From figure 5.16 it is observed that tor the smaller number
ot WTGs, the LOLPs obtained applying both the models are very

close. However, the difference in LOLPs increases with the
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increase of higher number of WTGs and it is quite high, 2.43 %
.180.51% for the model of bivariate function and 78.08% for the
model of univariate function) in case of 160 WTGs in the

system. .

The comparison among the expected energy generations as ﬁell as
the expected energy not served obtained applying two dittferent
models in figure 5.17 and in figure 5.18 respectively, show the
increased saliency 1in difference between the results with the
increase of number ot WTGs in the system. For example, for 25

WTGs in the system, the dittference in case of expected energy

not served is 0.6 MWh and in case of LOLP, the difference is

0.0002%:; while for 160 WTGs in the system, the difference in
case of expected energy generation is 2.967 MWh and in case of

LOLP the ditterence is 2.43%.
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CHAPTER 6

"

SOLAR RADIATION AS A SOURCE OF ENERGY

6.1 INTRODUCTION

Solar radiation energy 1is as an important renewable energy
resource which will bé increasingly used in the future to meet
the world’'s growing energy requirements. Photovoltaic devices,
%hich convert light directly into electricity, provide a
. particularly attractive and promising method of solar radiation

energy utilization.

,Such photovoltaiec devices had long been used in light exposure
meters, but it was not until the 1950's that higher performance
devices became available that could be used for péwering small
specialised equipment in remote areas. The technology was
gréatly advanied in the 19650's when photoveltaic generators
fiyst came inte regular use for space satellites. Costs were
initialiy very high, but over the last 15 years improvements in

manutacturing techniques and increased voiume of production have

enabled photovoltaic cell costs to be greatly reduced [7&}.

This chapter presents the basic conceﬁts ot the conversicon from
solar radiaticen into.electrical energy. 1t describes the
operating principie and;éharacteristics of a solar ceil. This
chapter also presents the description and operatioﬁ of an

instrument which measures solar radiation.

ug
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6.2 BASIC CONCEPTS OF PHTOVOLTAIC SYSTEM

A photqvoitaic generator conéists of photovoltaic celis mounted
Ain modules which form part of an array. The cells are
electrically connected and the modules are 1n turn
intérCOnnected by.wires to take the electricit& t6 éﬁﬁe fofm of
control and power conditioning sysfem. In the simplest
-systems,ail that is required 1is a switch to isolate the array
from the electrical load. The term ‘'‘photovoltaic system’ 1is
.applied to tbe set of components needed to convert solar energy
into electrical energy. The power produced by any photovoltaic
device is direct current {dec), and conversion to alternating
current {ac}_af étandard voltage and frequency is often

required.

6.3 THE PHTOVOLTAIC PROCESS

The interaction between photons and electrons is the basic
pfinciple underlying all photovoltaic devices. The energy
generated continously by the sun is radiated as a sffeam of
photons of various energy levels leaving the surtace 6f the sun
in all directions.The total radiant power from the sun reéeived
by a surface of unit area is known as the ‘irradiance’. Qutside
the earth's atmosphere, the irradiance on a plane normal to the

solar beam amounts to about 1367 W/m2 L78,79}.

As the radiation passes through the earth’s atmosphere, a
considerable amount is lost by scattering and absorption, some

wavelengths being affected more than others. The amount of
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energy lost dépéﬁds on the path length through the atmosphere
and the amount of dus; and water vapour at the time. The term
" tair mass’ is commonly used to denote the length of path
traversed through the atmosphere the direct solar beam,
expressed as é;ﬁﬁltiﬁlé ot the path traversed to a pbint at sea
level with the sun overhead. Air Mass 1 {(AM 1) is the path
length to sea level with the sun directly overhead, but Air Mass
1,5({AM 1.5) is generally more appropriate for latitudes between
309 and 60° [78,79]). Figure 6.1 shows the spectral energy
distribution ofqdirect sunlight at sea level on a clear day ftor
AM 1;5. The speciral energy distribution outsidé the atmosphere
(AM 0) 1s also'shownrfor comparison. This bears a marked
similarity with the curve tfor a black-beody radiator at 5300° K,

the temperature of the surface of the sun {78,79% ].

The irradiance at ground level is made up of two components:
~direct and ditffuse. The sum of these two components is termed
£he *global irradiancé’. The ditfuse component can vary 1from
abouf 20% of the global on clear day to 100% in heavily‘overca;t
conditions. On a clear day in the topics, with the sun high
overhead,the global irradiance éan be as high as 100~0W/m2

[78,791].

The conversion lor cell}) etficiency is defined as the ratio of
the maximum power output to the product of area and irradiance
expressed as a percentage!-

maximum powef

etftficiency = =—=-==-—cmmmmmm e X 100% sl lBL.1)
' irradiance X gross cell area
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Figure 6.1 Spectrali energy distribution.

6.4 OPERATING PRINCIPLE OF SOLAR CELLS3

The material most commonly used at present to make photpvoitaic
cells 1s mono-crystalline =silicon. The essential features of
this fype of cell are shown in figure 6.2. it is made from =a
thin water of high purity silicon crystal, doped with a minute
quantity of boron. Phosphorous is diffused into the active
surface of the slice at high temperature. The front electrical
contact is made by a metallic grid and-thelback contgct usually

covers the whole surface. The front surche has an anti-

refiective coating.
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The phosphorous introduced into the silicon gives rise to an
excess of what is known as conduction«-baﬂd electrons and the
boron and excess of holes, which act like positive charges. At
the Jjunction, conduction electrons from the n (negative) region
&iffuse into the p {positive) refgdion and combine with holes,
thus cancelling their charges. The opposite action also occurs,
with holes from the p region crossing into the n region and
;Umbining with electrons. The area arcund the Jjunction 1is thus
‘depleted’' by the disappearance of electrons and holes. Laye?s
of charged impurity atoms, positive in the n region and negative
in the p region, are fYormed on either side of the Junction,

thereby setting up a ‘reverse'’ electrié fiéld.

When light falls on the active surface, photons with energy
exbeeding a certain critical level known as the bandgap or
energy gap (1.1 electron volts in thé cﬁse of silicon) [78-81]
interact with the valence electrons and elevate them to the
conduction band. This activity leaves ‘holes', so fhe photons

are said to generate telectron-hole pairs’'. These electron-hole
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pairs are generated throughout the thickness of the silicon in
concentrations depending on the intensity and spectral
distribution of the light. The electrons move throughout the
cryﬁtal and the less-mobile holes also move by valénce—electron.
substitution ftrom atom to atom. Some recombine, neutralising
their charges and the energy 1is converted to heat.Othérs reach
the Jjunction and are separated by the reverse field, the
electrons being accelerated to the negative contact and the
holes towards fhe positive. A potential diftference 1is
established across the cell which is capablerof driving a

current through an external load.

The generated current is built up from increments produced by
photons of different energy levels {wavelengths). The high
energy {short wavelength} photons are absorbed near the surface
while the longer wavelength photons penetrate deeper, most being
a?sorbed within 100 um. By plotting the incremental current
generated by-unit irradiance against wavelength, the ﬁabsolute

spectral response’ is obtained, as shown in figure 6.3
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Figure - 6.3 Spectral response of silicon cell.

103



6.5 CHARACTERISTICS OF SOLAR CELLS

The commonly used equivalent circuit otf a solar cell is depicted
in figure 6.4, By multiplying the ordinates of the absoclute
spectral response of tigure 6.3 by the ordinates of the
spectral energy distribution of figure 6.1 of the incident
radiation gnd integrating, the total generated current I, 1is

obtained . The ltoad current I, is the difference between the

Rs internal series resistance I L oad current

) A a
Sogrted W—e
v L
I
n e — J
p :: Junction Cell voltage R. Load
current Ye resistance
Equivalent circuit
Figure - 6.4 Equivalent circuit a silicon cell
q

ggperated current Ij and the junction current 1I35. In the
short-circuit condition (Vo=0}, I3 is very small. As the.cell
series ?esistance Rg is also very small tor most types of solar
cell, the short-circuit current provides a usétful measure qf the
generated current. The open-circuit voltage is about 0.6V at 25°

C for crystaliine silicon cells [78 1.

The current/voltage (I-V) characteristic for a typical silicon
cell is dependent on irradiance and temperature, as illustrated
in figures G.S{Q) and (b). The till ftactor 1is the ratio of the
maximum power to the product of short-circuit current and open-

circuit voltage, In general, the higher the {ill factor, the
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better the cell as a practical photovoltaic device. Maximum

power is represented by the area of the largest rectangle that

‘gcan be fitted under the curve. The output current is practically

constant for all voltages up to a voltage close to that.for peak
power, and 1is proportional to cell area. Figure 6.5(b} shows
that as temperature increases the current increases slightly and
the voltage decreases; in cosequence the maximum power
obtainable decreases. It is therefore desirable to operate the

cells at as low a temperature as possible.

CELL TEMPERATURE 25 C IRRADIANCE 1000 wim?
t 2
E 30 _1000W/m Maximum power 30O Maximum
3 o points © power points
E El 0 L)
;éa 201 E% EZO =
= W . Fu 25°C
3 o = ' °
[ &) Q‘ 1.1 Wby BQ c
10} , 3 5tof 53
200W/m x! 51 %
Z|
0 i J Q " i J
] 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 .9 -
Voitage V ' Voltage V
Figure&.5(d) I-V chdracteristics for Figure 6.5(B)I-V characteristics for

different irradiances different temperatures
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CHAPTER__ 7

MODEL OF A PﬂOTOVOLTAIC GENERATOR (PVG)

7.1 INTRODUCTION

Due to phe recent tumultuous events in the power industries,
utilities are putting their renewed emphasis on unconventional
sources. The photovoltaic generator (PVG) attracts the power
syétem planners to consider it as a source td meet the
électricai demand, because of its nonpolluting environmental
impacts, nonhazardious opefation and almost nonexisting
bperating cost [37,38]. Howevér, an appropriate model of a PVG,
suitable for probabilistic simulation, is essentially required

to consider it as an alternative source of electricity.

A probabilistic model of a PVG ; applicable like a conventional
mﬁltistate generator in the probabilistic Simulation,is
presented in this chapter. The model is based on the concept of
the multi-state represenfation ot a generating unit. The
probability density function {PDF} of the capacity output from
a PVG is derivedlfrom the bivariate function of solar radiation
(insolation)-and temperature. To Jjustify the proposed ﬁodeb‘of a
PVYG function of insolation and temperature, a model of a PVG
is also developed by considering the output of a solar cell as a
function of insolatipn only. Both the models are applied to
evaluate the expeefed energy generation, the expected energy not
served and the LbLPs. The results obtained using these two

models are compared and the justitication of the propésed model

is discussed in this chapter.
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7.2 METHODOLOGY FOR DEVELOPING A PVG MODEL

The behaviour of é photovoltaic generator may be closely
represented by a current source in parallel with a p-n junction
diode.The commonly . used equivalent circuit of a photovoltaic

cell is shown in figure 7.1

IL D

Figure - 7.1 Equivalent circuit of a photovoltaic Cell

The shunt resistance, Rgpg, 1s introducéd in the equivalent
circuit to incorporate the leakage around the edge of thg cell,
while , Rg, takes care of fhé contact resistance between the
metallic contacts and the semiconductor  as well as the

resistance of the semiconductor material of the solar cell.

The cutput of a solar cell, a dc power source, may be expressed
in terms ot the cell current, I., and the cell terminal voltage,

Vo as
Pge = Ve Ig A ‘ see 7.1)

The cell current may be expressed in terms ot cell parameters as

{38,79,80,81-84]
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Io = Iy, - Ip { explaiVe +IoRg)/AKT1-1}-V./Rgy e 17.2)

Where, I,7and I; is light generated and diode saturation
current respectively and q i1s the charge of an electron. In
equation (7.2}, AK,T represent diode quality constant,
Boltzmann's consfant and temperatufé respectively. The last
term of equation.(7.2), Vo/Rgy, is much less compared to

first two terms of the right hand side. Thus neglecting the

etftfect of Rgy, the equatioh (7.2) can be rewritten as,
Io = Iy, - Igl explqi{Ve+IoRg)/AKT)-1} sea b 7.3)
The terminat voltage, Vos of a cell may be derived from

equation (7.3) as

Ve e In [-——===m=uu= 4+ 1) - IsRg ...17.4)

The diode saturation current, I,, of equation (7.3) or of

equation {7.4)(the minimum value) is given approximately as [81]

Io, = 1.5 x 105 exp(-Eg/KT) e (7.5)
Where, Eg is the energy band gap. The Eg for a semiconductor
is almost constant. Therefofe, I, 1is the functién of

temperature only. That is
Io = £9(T) o : se.17.6}
The -light generated current, Ij,, may be expressed as

Ip = AJ ce (7.7)
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The current aensity~J of equation (7.7) 1is given as [45]

J

L § -
a .

q‘/r_G(x) dx ' ...(753) j o

(o) )

Where, L is thé;thicknéss_of the cell, and Gi{x) is the

generation rate of charge-carriers at a peint x.

4 -
| ] :
|

Now, the generation térm is given at a point, x, as a function,

of wavelength as [85]

G{ A

where

N(A

a (A
R (A

= [1-3(2\)]0&(5\;14(«1)exp[-a(Ju_x] e (7L

number of incident photons with energies greatér
f
than the band gap (no./cmzs)

absorption coetficient (cm‘l)

reflection coefficeint

Now the intensity of light, sometime termed as insolation

number of photon, N, and its energy, § , as [807F [

where

and

That iS,

corresponding to a2 solar cell, Q)is expressed in terms of
i

- NE e (7. 10)

o {#ﬁﬁﬁ

= h 9 ' 111y
] :
R cee {7,112
Y x )
c
b =NR -—- e (T7.13)

where, h i3 the Planck’s constant and ¢ is the speed of

propagation. -
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If one sees the energy spectrum of the sun as shown in figure

6.1 in chapter 6, he will observe that the wave length, J\ )

"varies in the neighbourhood of 0.3 to 2.3 microns and the

maximum energy contribution comes from a small range of -&

Moreover, a solar cell of a parficulér semiconductor material
does not operate all through the range ot J\ +Therefore,
reasonably oﬁe can assume some average value of A_, ,Aé; y for
a particular cell. In that case, for a given insolation the

number of photons N can be computed using equation (7.13) as
N o ' A el {7.14)
where

X - h ——————- : ' .. . {7.15)

Again for a given Aay and for a particular cell J and I,

in-turn become

[ ]
1]

£o (D) | | . (7.16)

I3, £3 (D) : cee 07.17)

In +this condition, from equation (7.3), {7.4) and {7.1) one

can write

I = 41T, $) o et 7.18)
Vo = t5(T, §) e (7.19)
Pde = telT, §) ce (7.20)
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Like the temperatufe'dnd the wind vélocity, the temperature and

the insclation are random in -nature, they - vary with +time

"and locations. The density function of these two random

variables, temperature and insolation, may be expressed like

fp,v(t,v) of equation (5.8) as of chapter 5

f'r-,'p(t,?)) == 3 Pir,vii,; SlT-ti) S(q)—ﬂ‘j) v 17,210

i 7

Equation (7.20) shows that the output power of a solar cell 1is

a function of temperature and insclation only. However, as the

temﬁeratﬂre and insolatioh‘ are two correlated random

variables, theretore, the output poﬁer Pye will =also be a

réﬁdom variable. The univariate distribution of Pgo, fpyc{Pde)
j .

ma"y be obtained from the bivariate distribution, fy, q) tt, 95).

l :
TWE tpde{Pge ) may be exp;essed as

{
/

tPdciPdc) =% Ppdci &!Pdc - Pdei! cee (7.22)
1 .

The dc power output may be converted to alfernating power using

a converter. Thus, .o~

Ces = chpdc v (7.23)

where, Cgog 1is the equivalent electrical power generated from
a solar source and T[C 18 the converter efficienc%. The PDF of
Cegr fresicegl)sy 18 similar to frdc{Pde!+ That is, N maps
dec(Pdc)>0ﬂt° fces{Ceg) and for every value of Py, in the dc

power output domain-there exists a value of Cog in Cpg domain.

<
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The probability of Cgog 1s same as the probability of P4, and the
value Cog may be obtained from equation (7.23). Now, fregl(Ceg!

mey be written as

foeslces! =3 Pecesi S(CES - Cesi"):' cead7.24)

1

The availability of the output of a solar cell, Cgas depends-

on the availability of a solar cell and a conve:ter. It the PDF

of a solar cell incorporéting the random cutages of a
converter, . tfegleg) is
fos!€s) =X Posi §(Cs - cgi ) ' e 17.25)
: T :

then the PDF of Cgg, fogs (cggl, can be expressed as

-

fogsicgs) £ T Pcsi PCsj &) Ces-Cesi! OCs=Cgj ) ce (7.26)
i g A

Note that this time also the PDF, fcgs{cgg) 13 equivalent to

a multistate representation of a generating unit.

- ES

7.3 NUMERICAL VERIFICATION OF THE PROPOSED (PVG) MODEL

The proposed model of a photovoltaic cell of section 7.2 is
Justified by developing two different mulfistate models of a
photovoltaic generator (PVG) using realistic data in this

section. The first one 1is developed by considering the

electrical power output from a PVG as a function of both solar-

radiation and temperature (bivariate {function) and the second
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one is deveiobed by considering the elctrical power output tfrom

a PVG as a function of solar radiation {univariate funetion)

"only. Both these models are applied, in this section, to

evaluate the reliability indices and expected energy generation.

This section also describes the basic data used for the

probabilistic simulation ot a PVG. In this study, a solar panel

¢onsisting of 1 million solar cells is considered.

T.3.1 Basic Data

Solar Radiation and Temperature

The amount of irradiance available at any location on earth at
any given time depends on various factors 126}, The most

important ones are!:

i} the earth-sun distance,
ii} the declination angle of the earth’'s axis with respect
to the sun,

iii}) the atmospheric conditions,

iv}y the location {i.e. the latitude},
v) the time of day, and ~
vi) solar clock time relationships

Using the data ofr the above tactors the maximum
radiations,diffused and direct, for a particular day of a month
under clear sky condition may be calculated. With the calculated
values of diffused and direct radiations and the daily average
sunshine hours, the average daily or monthly solar insolation at

noon time may be calculated as [28}.
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{Ditfused radiation + Direct radiationf
Insolation = ———=--—"-—eemc—o———r—— e ——————— s (7,27
{Maximum + Minimum sunshine hours)/2 '

However, now a days, the instruments are available to measure

the solar radiation directly.

Bangladesh Meteqrological DepartmentrtBMD) [86,87) has installed
Solar Radiation Recorders,R 401- Mechanical P}ranogfﬁph*[ﬁ?], to
‘record daily solar radiation at different p;aces in the country.
However, it has no arrangement to record solar radiation at the
typical island.rTherefore, the solar radiations of Barisal

neareét to the typical island are conside:ed for this research .

The pyranograph makes continuous record on a graph paper. From

such a graph one can easily calculate the hourly solar

radiation. Note that the ordinate of the graph gives the solar
radiation in‘cai/cmz/min. To convert this value into watt/m2 a
conversion factor is used. In what follows, the conversion

procedure is described.

Solar insolation, § = K X lchart (graph) reading] cee (7.28)

. 7 ~ )
where , K = instrument constant. The value of K for  this

instrument is 0.398. For example. consider that the it the chart
reading 1is 2.75, then the solar radiation ¢ may be calculated
as,

0.398 x 2.75 cal/cm?/min

L=
1

0.398 x 2.75 x 697.8 w/md

!

763.74 w/m? or 0.076342 w/cm L (7.29)

= e
B 1]
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In equations (7.29), 687.8 is the conversion factor [86,88]} to

convert (cal/cmzlmin) into (w/mz). Pertinent intformation and one

‘sampie graph {(figure BP-1) collected trom BMD are given in

Appendix-B. The hourly solar radiation in cal/cm?/min {(chart

value}) and the corresponding hoﬁrly temperature iﬁ oC for the

same period tfrom June to August are given in table BP-1 in

Apppendix-B . Note that this table presents the solar radiation
from 6 A.M. upto 7 P.M. Moreover, in some hours between 6 A.M
and 7 P.M. the solar radiation and its corresponding temperﬁture
are not shown. During these hours the solarrradiation are zero
{fnil). That 1s, during +the hours in which the data value of
solar radiations are not shown in the.table indicafe the zero
value of scolar radiation. During this period the temperature

varies from 23.0 to 34.5 ©C while the insolation varies from

0.0 to 2.75 cal/cm?/min.

Sclar Cell Characteristics

Solar cells made of different semiconducing materials have
differrent characteristics. The electriqal power output ifrom
solar cells of different materials will be different even ftor
the same insolation. In this research, silicon 'solar céll is

considered.

The energy band gap for the silicon cell is considered to be 1.1
eV [7Y-81]. A solar cell with a geometry of 2 cm x 1 cm area,

0.05 em thickness, shown in figure 7.2, is considered [84].
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Figure - 7.2 Typical schematic representation of a solar cell

The series resistance of a silicon cell assumed to be 0.7 ohm
[B4). The spectral distribution of sunlight presented in figure
6.27[79—81,89] in section 6.3 shows that fhe solar energy per
unit area is a contribution of photons of different wavelengths.
~ The bandwidth of this-wavelength is usualtly from 0.3 to Z.B_pm.
However, the major contributors fowards the energy lie within a

small range of wave lengths.

Moreover, the eduations {7.7} through (7.9) express that the
light generated purrent, I;, varies with the variation of
wavelength. Thus to calculate Iy, forla measuréd value of
insolation,.the energy density funcﬁion for this insolation is
to be eyaluated by comparing with the standard one (as in figure

- 6.2)., Using this density function Ij, is to be calculated for

each values of wavelength. To avoid this complicated
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computational procedure and as the photons within a smaller
' range of wavelength contribute maximum to the total insolation,
an average valﬁe of wavelength for this research is assumed. The
average value is of wavelength 6000 A (80]. The absorpﬁion
.éoefficient Q for a silicon solar cell for the assumed value of
AJwave'length) is obtained f{from figure 7.3 i84,89]. Note ﬁhat
this figure presents the variation of X at 3009K. For simplicity

it is assumed £hat & is independent ot temperature.

Now, the reflection coetticient (R} can be calculated by using

the following relation [7%,80],

R = (n-1)2/(n+1)%2 _ | o (7.30)
where, n is_the index of refraction.
An empirical relation due to Moss [Y0] 1s used to estimaﬁe the
index of refraction [79,80],'

Bgnt = 173 | - N cen (7.31)
Thus,for Eg =1.1 ev, n=3.54 the retflection coefticient would be
0.313.

The properties o©of silicon solar cell and other physical
constants considered for this research are summarized in tables

7. and 7.2.
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Table 7.1 : Physical constants [38,79,81]

Symbol Short Description Value
"¢ electric charge  1.60z x 10 -19 coulomp
c Yelocity of light . 2.998 x 1010 cm/s
in vacuum ,
h Planck’s constant- 6.625 x 10‘34‘J0ule—s
k Bo;tzman’s constant 1.380 x 10743 Joule/k
A diode quality consfant 3

{a dimensionless constant}

Table 7.2: Selected properties of silicon (at 3009K) [38,79-
81,84,89,907

Symbol Short description Value
Eg Energy Zap 1.1 eV or

1.1 x 1.502 x 10-19 Joule
}kav average wave 6000 A

between .3 to 6000 x 10-8 cm
2.3 microns :

R{J\av) reflection coet't- 0.313
icent or monoch-
romatic reflec-
tively at wave
length av

a (;\av ) absorption _ ) 4.5 x 1073 cm~1 N
coefficient
L thickness of the 500 m = 0.05 cm
cell -
Rg series resistance 0.7 ohm
A Area of solar {2 cm x 1 cm!)
cell = 2 cm?
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7.3.2 Eguivalent Capacity Generation Considering it as
" a Bivariate Function

‘The values of solar insolations {obtained from the charts) and
the corresponding temperatures, table BP-1, in appendix - B, are
utilized 1in mbdel'equatiohé {7.3) through (7.15) to compute the
values of celi current, I., cell voltage, V. The corresponding
equivalent electrical power generation (EQGEN) is alSOICDmputed
using equétion (7.1). For each set of insolation and temperature
the values of I, and V, are computed through trial and error
approach. In this approach, the value of 'g { error function or
criteria of convergence } 1s considered to be 5x10-9, The
radiation lcal/cmz/min), temperature (°C) and computed values of
cell #oltage {volts},cell current (amps)J and EQGEN {watts}! are
given in table BP-2 in appendix“B.‘Note- that the méximum‘power'

output tfrom a solar cell is 0.0198 watt.

The distribution of EQGENs 1is obtained by-355um;ng that. each
sample of insolation and corresponding temperaturé is qually
~probable. The equal value impulses are added and also the vﬁlues
ﬁﬁf_impulses are rounded off. The distribution of EQGENs is

depicted'in tigure 7.4.

°";72 B NOT TO SCALE
J . .
0.168
'y Q147 7
fCes(Ces) 4 0124, ‘
I . 0.083
0.006
, b
0 [ 2 3 4 5
Ces inmilli watl —————————i=

Figure - 7.1 PDF of equivalent electrical generation of a

silicon solar cell considering bivariate function.
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7.3.13 Equivalent Capacity Generation Considering it as a
Univariate Function
To justify the consideration of the output of a solar cell as a
function ot temperature and insolation, the equivalent capacity v

generation is also computed assuming the output as independent

of teﬁperature.

A constant témperatufe of 34.59C is considered. All other
pertinent data are taken from tables 7.1 and 7.2 solar radiation
dafa trom table BP.1 in Appendix-B is considered. The computed
cell current, I, cell voltage,-Vc, and the EQGEN are given in

tabie BP.3 in gppendix. B.

Proceeding in the =simiiar vein of section 7.3.1 the PDF of
equivalent‘capacity generation is developed from table BP.3 1in

appendix - B and this is depicted in figure 7.5.

0-472
A
0.183 NOT TO SCALE
|
. 04133 0127 |
feesices) 4 A ‘
' - 0.081
0.004
A
0 ] 2 3 - 4 5
Ces_' in milliwatt - -
Eigure - 7.5 PDF of equivalent eiectricél generation ot a

silicon solar cell considering univariate function
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7.3;4 Multistate model of a PVG

.Photovoltaic solar cells are very reliable. However, in reality;

there is no device which is 100% reliable. Therefore, consider
the FOR of a solar cell as 0.001. The realistic data may be

1
lower than this assumed value.

. To take the FOR of a solar cell into consideration the binary

distribution of a solar cell, shown 1in figure 7.5 1is convolved
with the distribution of EQGEN of figure 7.4, The resultant

distribution of the solar cell is depicted in tigure 7.7.

0999
NOT TO SCALE
0-00!
0 5
Available capacity (mMw) ——
Figure - 7.6 The binary model of a solér cell.
0-472528
A
0.167832 NOT TQ SCALE
Fy 0146853 ’
fCeso(cesa) 0423876
0.0082917
0005994
‘ .

0 ] 2 3 4 5
: Ceso in mw ————» '

Figure - 7.7 Available solar cell output
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Now, it one compares the distributions of EQGEN in figure 7.7

with the distribution bf a solar cell in tigure 7.4 it would be

"glear that the probabilities values are almost same. Moreover,to

find the distribution of a panel of a unit which consists of 1
million solar cells, 1 million times convolution would be
required. This detfinitely involves a huge computational
requirements. Theretore, a solar cell with zero FOR 1is

considered in this study.

Now, the distribution of a panel of 1 million solar cells 1is
obtained by appropriately modifying the, values of the random
variables (EQGEN) of figurg 7.4. That ié, the values of the
random variables are muitiplied by 1 million. The resulting
distfibution is depicted in figure 7.8. Note that the maximum
avaiable capacity from the solar panel is 5 kW. The PDF of the
corresponding capécity on outage is depicted in figure 7.9.

Figures 7.10 and 7.11 depict the PDFs of equivalent capacity

- 0.472 :
i NOT TO SCALE
f . - 0168 '
CgstgS) ) 0147
? 0124 _ .
|
0083
0006
L)
0,0 1 2 3 4 5
Cgs in kW -
Figure - 7.8 PDF of equivalent generation {(of 1 million solar

cells) considering bivariate function.
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generation and the capacity of & solar panel on outage
respectively considering the output of a2 cell as a function of

"univariate function.

0.472
NOT TO SCALE A
0168
f 0.147 A
Cgso( ¢
gsol igso oz
0.083 !
0.006
A
0,0 1 2 -3 4 5
Cgsoin kW —— pa—
Figure - 7.9 PDF of capacity output on outage (of 1 million
solar cells) considering bivariate function.
i 0472
' NOT TO SCALE
_ 0183
ngs(-é’gs) A
A | 0133 0.127 .
! \
0.08
0-004
'\
00 ! 2 3 4 S
Cgs in kW —
Figure - 7.10 PDF of equivalent electrical generation of ({1

million solar cells) considering univariate function.
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Figure - 7.11 PDF of capacity output on outage {of 1 million

solar cells) considering univariate function.

7.3.5 Numerical Results

The two géneration models developéd in-sections 7.3.1—3 are
aprplied separately to evaluate expected energy generation,
expected energy not served and LOLP considering dittferent number
of solar paneils from 50 upto 1550 as the only source of energy
to the system. The results obtained, using the model of a PVG
developed from a bivariate function, are given in table 7:3 and
table 7.4 presents the results obtained using the model of a PVG
developed from an univariate function. Note that in this case

also the load data used are those evaluated in chapter 3.

The first column of table 7.3 as well as of table 7.4 represents
the total generating capacities of the system. The corresponding
number of solar panels are shown in the second column of both

these tables.
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Table 7.3: Numerical results corresponding to the model
developed from bivariate ftunction

126

INSTALLED NO.OF SOLAR E ENERGY E{ENS) LOLP
" CAPACITY PANELS GENERATION {%)
{ kW) {MWh) {MWh)
250 50 11,457 ~188.043 100.000
500 100 22.830 T 176.670 99,512
750 150 33.628 165.872 96.868
1000 200 43.108 159.392 92.287
1250 250 51.546 147.954 90,274
1500 300 58.083 141.417 82.598
1750 350 63.941 135.559 78.132
2000 400 68.839 130.661 76.414
2250 450 73.265 126.245 74.781
2500 500 77.428 122.072 74.612
2750 550 80.439 119.061 66.407
3000 600 83,099 116.401 65.053
3250 650 #465.526 113.974 64.623
3500 700 87.670 111.830 62,266
3700 750 89.627 109.873 61.944
4000 800 91.280 108,220 59.958
4250 8450 92.794 106.706 57.639
4500 900 93,985 105.515 57.5662
4750 950 95.158 104,342 57.387
5000 1000 96.323 103.177 57.387
5250 1050 97.132 102.368 53.423
5500 1100 97.860 101.640 53.040
5750 1150 98.513 100.987 52.810
6000 1200 99,093 100,407 52.043
7750 1550 101.787 97.713 50.225
Table 7T.4: Numerical results corresponding to the model
developed from an univariate tunction
INSTALLED NO.OF SOLAR E ENERGY E (ENS) LOLP
CAPACITY PANELS GENERATION (MWh) {%).
(kW) {MWh}
250 50 11.271 188.229 100.000
500 100 22.460 177.040 99.514
750 150 33.103 166.397 96,989
1000 200 42.443 157.057 92.385
1250 250 50.756 148.744 90.391
1500 300 57.235 142.265 83.057
1750 350 63.046 136.454 78.680
2000 400 67.914 131.586 77.051
2250 450 72,324 127.176 75,527
2500 500 76.505 122.945 75.377
2750 550 79.548 119,951 67.123
3000 600 82,245 117.255 “65.806
3250 650 84,717 114,783 65.384



Table T.4: Numérical results corresponding to the model
developed tfrom an univariate ftunction (Continued)

.INSTALLED NO.OF SOLAR E ENERGY E (ENS) LOLP

CAPACITY PANELS GENERATION {MWh) (%)
{kW) {MWh)
3500 700 . ... 86,801 112,599 62.901
3750 750 ' 88.893 110.607 62.57%2
4000 800 90.580 108.920 60.547
4250 850 92.127 107.37% 58.166
4500 800 93.350 106.150 58.097
4750 850 94.554 104.9486 57.806
5000 1000 95.750 103.750 57.906
5250 1050 96.571 102.929 53.679
5500 1100 97.310 102.190 53.334
5750 1150 - 97.98981 101.519 53.127
6000 1200 98.582 100,918 52.324
7750 1550 101.481 98.019 50.488

The LOLPs obtained tor different numberrof solar panels using
the PVG model developed from bivariate function and those
obtained using the PVG model developed trom the univariate
function are depicted in tigure 7.142 forlcomparison. The
expected energy generation and expecﬁed enerdy not served
d?tained for différent number of solar panels applying the above
two different models are also compared in figures 7.13 and 7.14

respectively.
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Figure - 7.12 LOLPs for different no. of PVGs.
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Figure - 7.13 Expected energy generation for different PVGs
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7.4 DISCUSSION

In what follows, the salient points observed tfrom the numerical
evaluation of the proposed PVG model are briefly described
below. .

The comparison between tables DP-2 and D?wB-shéﬁé th;t the value
~of equivalent electrical power generation (EQGEN) ftor each
sample of 1insolation and 1its corresponding temperature 1is
ditferent. Recall that the EQGEN in table DP-2 is computed
considering EQGEN as a ftunction of insolation and temperature
while the EQGEN of table DP-3 is computed considering EQGEN as
independent of temperature.

Comparing the figures 7.4 and 7.5 it is observed thét though the
equivalent capacity ¢generation are same, however, the
probability values show significant variations. The similarity
between the wvalues of EQGENs of tigures 7.4 and 7.5 cccur only
due to the rounding otftt digits. It is also observed from figures
748 and T7.10 or trom tigures 7.9 and 7.11 that the PDFs of
available equivalent capacities or capacities on outage ot a
solar panel developed considering the output of a solar cell as
a function of both tempe?ature and insolation are significantly
diftferent from the PDFs of those developed considering the

output of a solar cell as a function of insolation only.

It is clearly observed from tables 7.3 and 7.4 as well as from
fhe figures 7.12 to 7.14 that the expected energy generation of
the system increases while the LOLPs as well as the expected
energy not served decrease with the increase of number of solar

panels in the system. The results are expected.
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In table 7.3, it is .observed that the LOLPs corresponding to 950

and 1000 solar panels‘are same which is 57.387%. However, the

‘expected energy genration, expected energy not served are

different. Similarly, it is also observed in table 7.4 that the
LOLPs corresponding to 950 panels is same as the LOLP
corresponding to 1000 panels. The difference, for these two
solar panels, 1in expected energy generation and expected energy
not served is.also observed in table 7.4. The reason of this
similarity in LOLPs is that there is no load implusg within the
range of 4750 and 5000 kW as observed from the load model of
chapter 3‘_. However, as-ihe'iﬁétalled capaclity 1ncreases froﬁ
4750 kW to 5000 kW the exﬁected energy generation increases and

the expected energy not served decreases.

Tables 7.3 and 7.4 as well as the figures 7.12 to 7.14 clearly
show that the results obtained using two ditferent model of a

solar cell are distinctly diffterent.

If is observed in figure 7.12 that although the diftference
between the LOLPs obtained considering the output of.a solar
cell as a bivariate function and those obtained considering the
output as a univariate function is less for lesser number 6f PVG
panels however, this difference increases with the increase of

the number of solar panels.

Similarly it is also observed from figures 7.13 and 7.14 that
the difference between the results obtained using the two
ditftferent PVG models 1increases with thé increase of number of

solar panels,.
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CHAPTER B

THE EVALUATION OF RELIABILITY AND COSTS

OF AN TSOLATED AREA WITH DIFFERENT SOURCES

8.1 INTRODUCTION

Uninterrupted supply of electricity is very much important for a
modern society. To secure continuous supply of elctrical power,
different areas are supplied from a grid. The interconnection
even among the utilities is a common practice - now zaldays.
However, there are many isolated areas that cannot be connected
with the main electrical grid because of geographical or

meteorological or economic reasons.

For an isolated area, the potential sources of energy may be:

Conventional:
1) thermal
ii} nuclear, and

iii} hydro

Unconventional:

i) wind

1i} solar photovoltaic
iii) wave, and

iv) tidal

However, wave and tidal energy have not yet proved to be matured
technology. Therefore, for the target isolated area a generation
mix of WTGs, PV(G3s and thermal l(diesel) generatoré are

considered. For obvious reasons, hydro units and nuclear units
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are not considered as possible source of electrical energy tor

the target isolated area.

This chapter presents a comprehensive comparison among the
different sources of electrical energy fo meet the demand of the
target isolated area in terms of reliability and cost. It also

presents a brief description of the data required for this study

8.2 CASE STUDY

The propos-ed models of a WTG and a PVG as well as the load
forecasting technique are applied to analyze the generation plan
of a typical isolated area. It is located in the southern end of
Bangladesh and it is an island of the Bay of Bengal. The -
distance of this island from the main land is more than Z km.
Because of 1its distance inside thgqsea, economically it is not
possible. to interconnect this island with main grid system of
Bangladesh Power Deyelopment Board{BPDB). The necessary
geographical data of this island are presented in chapter 3. The
load data considered for the analysis of the generation plan are
those obtained for this island in chapter 3. Note that the base

and peak demands of this area are 252 and 2520 kW,

8.2.1 Generation System

Three different types of generating sources are considered to
meet the demand of the typical island. Among these three types,
two are unconventional, WTG and PVG and one is conventional,

thermal {diesel)} unit.
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Wind turbine generator (WTG)

. The model of a WTG used to evaluate the reliability and cost of
the potential power system of the typical island is developed in
chapter 5. The developed multistate model shown in figure 5.13

is redrawn below in figure 8.1.

0.55
NOT TO SCALE 4
0.10
Cgwolcgwo) 005 0.0625 00625
‘ 00375 0.0375 c.037%
' ‘ 0.025
0.0125 0.0i125 T 0-012%
A ) _ 4
00 2 31 36 36 38 40 4 &2 &1

‘Cgwo in kW —————m

Figure - 8.1l Multistate model of a WTG

Note tﬁat the maximum possible output of this WITG is 45 kW. The
WTG similar to that in chapter 5 is considered in this chapter.
The general parameters of this WTG is given in table 5.1 of
chapter 5. The additional features of this WTG required for the
cost analysis is given in table CC-1 in appendix C. Also note
that the actual cost data of all items are not available. For

the purpose of sample cost analysis, data available from

45

published literatures [ 19,26,74,92] and local source [Y3] are

utilized. The annual operation and maintenance cost ot a WTG 1is

of {fixed type.
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Photoveltaic generator (PVG)

Like a WTG the multistate model of a PVG dévéloped in chapter 7
is considered in this chapter. The PDF of a PVG panel of tigure

7.9 is depicted in tigure 8.2 again.

0.472
i NOT TO SCALE
0168 )
fCgs(‘-ﬂ"‘—g‘S) - 0147
A 0124
A
0.083
0.006
&
0,0 1 2 3 ) -5
Cgs in kW - —

Figure - 8.2 The PDF of a PVG pranel

Recall that the maximum possible output from a solar panel of 1
millién solar cells is 5 kW. The parameters of a solar cell is
given in tables 7.1 and 7.2 of chapfer 7. The additional data
required for the cost analvsis is presented in table-CC.1 in
appendix C. Like that ot a WTG, the operation and maintenance
cost of a PVG does not depend on the variation of its cutput
power. The maintenance cost of a PVC is higher than that of a
WTG because of its delicate technology. The study also assumes
that the solar cell is 100% reliable. Recall that this
assumption is only to reduce the computational requirements. It
is considered tfor this research that the average lite of a WTG

as well as that of a PVG is 10 years.
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Thermal

Thermal I{diesel} generating units of two different capacities
are considered in order to find out a most desirable generation
mix., Some relevant data of these two thermal generators are

Eiven in table 8.1.

Table B.1 : Basic data relating to the considered thermal units
{19,23,38]

Types of tuel Capacity (kW) FOR

oir 1o o8

0il 200 0.10

The data related to cost analysis are given in tablte CC-~1 in
appendix - C. Note that the operation and maintenance costs of
these two thermal units depend on the amount of energy produced
and the major portion of the cost is the fuel cost. The {fixed
portion ;f this cost which arise due to wages of employees etc.

is much lower compared to fuel cost.

The data of the two thermal units are obtained {from the local

market [93)

B.3 NUMERICAL EVALUATION

The power system of a typical island is evaluated considering
each of the &above three difterent types of units'separately.
That is, the system is evaluated assuming that the power system
of the typical island comprises only one type Qf source to meet
the demand. Moreover, for each type of sources different number

of units are considered.
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In case of a WTG, the expected energy generation, expected
energy not served and LOLPs are evaluated for WTG units ranging
in number from 15 upto 150,each of capacity 45 kW . That is, the
system is evaluated guite a number of times varying the
installed capacities of the typical island from 675 to 7200 kW.
The results are +tabulated in table 5.6. Similarly, the power
syvstem of the typical island is also evaluated coﬁsidering PVGs
as the only sources of energy to meet the demand. In this case,

the installed capacities of the system are varied from 250 to

7750 kW.The resultis are presented in table 7.3.

Finally thermal generating units are considered as the onty
source of energ& to meet the demand of the system. The system is
evaluated assuming that the thermal units of two different
capacities, 100 kW and 200 kW,.with different numbers comprise

the generating system. The results are presented in table 8.2,

. The first column of this table presents the number of units and

the corresponding capacity and the second column presentsrthe
total installed capacity of the system. Table 8.2 also presents
the total annual cost in the last column. The sixth column of
£his table presents the expected fuel cost which varies with the
expected eﬁergy generation. Recall that the annual recovery cost
may be computed using the formula presented in chapter 2. The

tformula is rewritten below.

CR = (P-L) L1i (1 4+ )P}/{(1 + i)D-1}] + Li cen 12019y 7
~or CR = (P-L) (Capital Recovery factor) + Li ‘ﬂ f
or CR = {P-L}) (CRF) + Li
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Table 8.2 Simulation results when thermal{diesel) generators
ot 100 and 200 kW capacities are considered.

NO.OF INSTA- E ENERGY E{ENS} LOLP ANNUAL TOTAL

UNITS LLED GENERA- {MWh) (%) FUEL +4 ANNUAL

AND CAPA- TION ' O &M COST(M$)

CORRES- CITY {MWh) COST

PONDING (kW) {%)

CAPACI-

TIES{ kW)

2x100 400 70.867 128.633 97.69600 4669.54 0.017

1x200

Ix100 500 88.852 . 110.648 97.47424 5851.10 0.022

1x200

2x100 600 101.186 98.314 78.76743 6673.68 0.024

ZXZUO '

3x100 700 115.051 84.449 70.15680 7582.81 0.029

2x200

4x100 800 126.864 72.636 61.08B727 8356.48 0.034

2x200 :

- 5x100 900 137.357 62.143 . 53.78981 9042.88 0.038

2x200 '

6x100 1000 146.930 52.570 0.73341 9669 .86 0.043

2x200

5x100 1100 152.732 46,768 37.13704 10059.13 0.044

3x200

6x100 1200 158.961 40,539 31.87383 10465.14- 0.049

3x200

5x100 1300 163.306 36.194 27.65216 10758.06 0.500

4x200

6X100 1400 168.056 31.444 24.58Y55 11066.29 0.056

4X200

5X100 1500 171.807 27.693 23.55242 11319.989 0.056

5x200

6x100 1600 175.706 23.794 20.57811 11571.96 0.060

Hx200

Tx100 1700 179.314 20.186 18.15459 118B05.22 0.064

bx200

8x100 1800 182.428 17,072 16.23323 12006.45 0.068

5x200



CORRES -
PONDING
CAPACI-
TIES({kW)

Tx100
6x200

Bx100/
6x200
Tx100
Tx200
10x100
6x200
9x100
Tx200

10x100
Tx200

Yx100
Bx200

10x100
Bx200

11x100
8x200

12x100
Bx200

100

1900

2000

2100

2200

2300

2400

2500

2600

2700

Table 8.Z:Simulation results when thermal({diesel)generators of
and 200 kW capacities are considered({Continued)

E ENERGY E(ENS) LOLP ANNUAL TOTAL
GENERA- {MWh) (%) FUEL + ANNUAL
TION O& M COST({Ms)
(MWh) COST
(8}
184.934 14.564 15.10859 12176.80 0.069
187.639 11.861 14.32001 12350.982 0.073
189.730 9.770 12.84244 12493.70 0.074
192.2956 7.205 11.19279 12650.93 0.081
193.910 5.590 9.616056 12761.35 0.082
195.567 3.933 B.06166 12867.23 0.08¢6
196.756 2.744 7.11746 12949.52 0.092
197.774 1.726 4.76237 13013.12 D0.092
198.522 0.978 3.67782 13059.86 0.09%
198.969 0.531 2.02782 13087.28 0.09Y
199.187 0.313 1.46478 13103.83 0.100

11x100
9x 200

Thermal

units of only 100 kW capacity

stand-alone source.

type i1s also considered as

For this type of unit this system is again

evaluated varying the installed capacities of the system from

400 upto 1600 kW. The results are presented in table 8.3.

The cost of the generating system is also evaluated for WTGs as
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well as PVGs as stand alone source.The calculation procedure of
the total annual costs for WTG, PVG and thermal ¢generators are

shown in appendix - C. Note that, in the total annual cost

calculation, the depreciation is not considered. The fuel costs
for WTGs and PVGs are considered to be zero 1n the cost

analysis.

The simulation results of the total annual costs corresponding

to WIGs & PV(Gs are presented in tables 8.4 and 8.5 respectively.

The results obtained cdnsidering three different types of

generating wunits as stand-alione sources are compared in the

tfigures from 8.3 to 8.7 Figure 8.3 presents the expected

energy generation for different installed capacities of the
system. The wvariation of reliability indices; expected energy
not served and LOLP with the installed capécities are compared

in figures 8.4 =and 8.5 respectively.

Table 8.3 Simulation results when thermal{diesel) generators of
only 100 kW capacity are considered
RO.OF INSTALLED E ENERGY E{ENS) LOLP ANNUAL ANNUAL
UNITS CAPACITY GENERA- {MWh ) {%) FUEL+ RECO~
{ kW) TION O & M VARY
(MWh} COST{ %} COST(MSs)
4 400 73.144 126.356 97.49325 4805.54 0.020
5 500 91,103 108.397 97.40477 h985H.49 0.025
6 600 105.5615 93.Y85 77.82757 6932.32 0.030
7 700 118.610 80.890 65.69419 T792.69 0.035
8 800 130.107 69.393 bH8.44581 85448.04 0.040
10 1000 149.435 50.065 49.22414 9817.86 0.049
11 1100 156.076 43.424 35.27374 10254.22 0.053
12 1200 161.427 38.073 27.07471 10605.73 0.057
13 1300 166.118 33.382 24.58B226 10913.92 0.062
14 1400 170,466 29.034 22.88177 11199.861 0.066
15 1500 174.604 24.896 22.,13667 11471.560 0.070
16 1600 178.296 21.204 19.,75877 11714.03 0.074
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Table 8.4: Total annual cost of WTGs

1800
20256
2250
2520
2700
2925
3150
3375
3600
3825
4050
4275
4500
5040
bbZb
7200

INSTALLED
CAPACITY
{kW)

142
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Table B.5: Total annual cost for PVGs {Continued}

INSTALLED NO.OF TOTAL
CAPACITY SOLAR ANNUAL
(kW) PANELS COST(M$)
5250 1050 6.528
5500 1100 6.839
5750 1150 7.150
5000 1200 7.461
7750 1550 9.637

Figure 3.6 depicts the comparison of the total cost for the
above three types of units. This figure also depicts the
variation of costs with the variatién of installed capacities.
Figure B.6{A)} also depicts the comparison ot costs tor the three
types of units. However, in this case a different set of data is
considered: the capacity costs given in table CC-1 in appendinC
for wind and solar are decreased by 50% and those of thermal
units are increased by 100%. The fuel and O & M cost of ﬁind and
so;ar are considered to be same whilg those for thermal units
are increased by 300%. For ail three tyﬁes of units the interest

rate 1s increased from 12% to 16%.

In order to ﬁake the decision of the inclusion of the generﬁting
units in the mix, the performance compariscon among the three
differrent‘types ol units is depicted in figure 8,7, This figure
shows the requirement of the total cost to achieve different

levels of reliability for different types of units.
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8.4 DISCUSSION

' In what follows, the salient points observed from the computer

simulation of different types of units are discussed.

Figure 8.5 clearly shows that the rate of improvement ot the
reliability of the system is very slow in case ot WTGs, ﬁs
stand-alone source, however, the rate is very fast in case of
thermal units. In case of PVGs, tﬁe rate of reliability
improvement lies between that for Wst and the rate for thermal
units. Ig is observed from tables 5.6, 7.3 and 8.2 that even
with a reserve of 185.71%,the LOLP of the system talls to 80.50%
ileTGs are installed as the source of electrical supply.
Howeﬁef, the LOLP falls to 19.759% for 100 kW type unit (table
8.3) and to 23.794% ftor 100 and 200 kW types together (table
8.2) with an installed capacitylof 1600 kW, equivalent to -
36.50% reserve,if thermal units are the source of power supply.
If an installed capacity of 1600 kW comprises of PVGs, the
reliability is again very low; the LOLP is about B0% and in case
of WTGs, the LOLP is about 98.98% in case of PVGs. The reason
behind the poor pertformance of WTGs or PVGs in improving £he
system reliability 1is the low probability values of ;utput
capacities . Although the rated capacity of a WIG is 45 kW ,
however, the expected capacity output of a WIG is only 3.375 kW
and the expected capacity of a solar panel is 1.196 kW while
the rated capacity of a solar panne!l is 5 kW. Note that, the
output tfrom a PVG is available during the day time only while
its output is zero during the night time. Also note that, the

output of a WIG is zero if the wind velocity is less than cut-in
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velocity or greater than cut-out velocity.

From tigure 8.4, it is observed that the performances of
.different types of units are similar to the pertformances of
those observed in figure 8.5. That is, the expected energies not
served are very high when WTGs or PVGs are considered as the
sources of power supply, while the expected energy not served of
the system becomes very low when thermal units are considered as
the sources of power supply. For example, at 2500 kW installed
gapacity the expected energiés not served are 1.375%, B1.7% and
‘61.64% of the total energy demand tfor thermal units, WTG and PVG

units respectively.

From figure 8.3, 1t is cleafly Dbserved that the expected
energies generated by the difterent types of units are ditfferent
for a given installed capacity; The thermal units generate

maximum while the WTGs generate minimum energy.

The thermal units afe gquite superior to WTG or to PVG regarding
the cost also. This 1s clearly observed from figures 8.6 and
8.7. For example; for én installed capacity of 2000 kW the
thermal units require only 0.073 (M$) to meet Fhe total annual
cost while WTG and PVGs require about 0.24 {(M$) and 2.487 (M$)
respectively. However, figure B.6[(A) shows that the superiority
of the thermal unit among the considered three types of units
does not hold if the capacity cost as well as the cost of fuel
and O & M cost of thermal units increase - with the gradual
exhaustion of fuel and those of WTG and PVG decrease with the

more familiarization of the technology.
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The diifferences in qost tfor different types are very much
distinct from figure 8.7. The total annual cost increases very
rapidly for slight improvement of fhe reliability of the system
when WTG, or PVGs are considered. The curve related to thermal
units lies with the abscissa for the variation of LOLP from

Y7.696% to 0.313%.

The comparison of different types of unit clearly reveals that
the addition of thermal units at any level of installed capacity
provides better improvement of the system reliability as well as
involves‘ lower additional! cost compared to the addition of
either WTGs or PVGs. For example, at an installed capacity of
1500 kW comprising of thermal! units the system LOLP and +the
total annual cost are 23.552% and 0.056 M$ respectiively. Now an
addition of 500 kW thermal units increases the annual 0pst by
30.36% andrdecreases the LOLP by 39.19%. However,it 500 kW of
WTG are added the annual cost increases by about Y38.21% (with
respect to thermal unit cdst) and £he LOLP decreases only by
0.04% and the addition ot 500 kW of PVGs the total annual cost
increases by about 1111% (with respect to thermal unit coét) and
the LOLP decreases onlf by 6.184%. Therefore, the thermal units
installation in the system to meet the demand is the most
desirable solution for the considered isolated area from thé

cost as well as reliability point of view.
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CHAPTER ¢

CONCLUSTION AND RECOMMENDATION

9.1 CONCLUSTON

Electrical energy and the economic development of a society are
interlinked and the quality of life achieved in a community or

country can be assessed from the amount of energy it consumes.

In a modern society, uninterrupted electric power supply 1is
desirable, To ensure the uninterrupted power supply, usually the

electric networks are interconnected to form a grid. However,

there are areas, which may not be incorporated within a grid due

to technical or economic reasons. This makes the generation
plan otf an isolated area different ftrom that of an area which
is a part of a grid and in a generation plan, the appropriate
models of load aﬁd generating sources are the basic

requirements.

Therefore, the objectives of this research have been to develop:

1) a load forecasting technique appropriate for an isolated
area, ’
ii) an appropriate probabilistic model of a WTG considering

the output of the QTG as a function of both temperature
and' wind velocity,

1ii) a suitable probabilistic model of a PVG considering the
output of the PVG as a function of both temperature
and 1insolation, and

iv) to apply the developed load forecasting technique and the

models of a WIG and a PVG to a typical isolated area.
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The first objective of this research has been achieved by

presenting a load forecasting technique of an isolated area

‘where either the electric power supply as a source of energy has

not started yet or the history of load development is not
available . The technique 1is based on the concept of the
development of a comparative facﬁor and consists of the
following steps: a}) identification of the load dependent
variables; b} evaluation of the weighting factor tor each load
deciding variable from the data of different known electrified
areas; c) selection of a suitable area in which the load

deciding variables are similar‘to those of the typical isolated

area and whose hourly load data are known ; d)} evaluation of

the average loads of the selected area and the typical 1isolated
area to estimate the comparative ftactor. Utilizing this
comparative factor the load of the typical isolated area 1is

derived from the load of the selected area.

The second and third objectives of this research have been
achieved by developing models of a WIG as well as that of a
PVG. The basic input to the model of a WIG is.the bivariate

distribution of wind‘velocity and temperature and the input to

the model of a PVG is the bivariate distribution of solar

insolation and temperature. The models are based on the concept

of multistate representation ot a generéting unit.

The fourth objective of the research has been achieved by
applying the load forecasting technique and the models of a

WTG and a PVG to a typical isolated area.
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In the cost analysis , two sets ot data are utilized: one set
is based on published literatures and local data and the other
one represents a hypothetical situation . The studies show that

the results are sensitive to case studies.

9.2 PRECOMMENDATION FOR FURTHER RESEARCH

The sensitivity study of the proposed load forecasting technique
may be pertformed by incorporating additional! prospective load

growth depended variables.

" The accuracy of the proposed load forecasting technique may be

compared with the conventional one.

Only one type of WTGs and PVGs are considered here, different
WTGs and PVGs of different make may be considered to verifty the

applicability of the proposed models.

A study may be conducted to find out the break even point in

which WTGs and PVGs are comparable, in terms of reliability and

cost, with the conventional generating units.

A study may be carried out to evaluate the optimal generation
mix of an isolated area by considering all possible sources of

energy.
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APPENDIX - A

REPRESENTIVE WIND VELOCITY AND TEMPERATURE DATA

TAELE-AW.1 THREE HOURLY WIND VELOCITY{IN ENOTS)

DATE 00UTC 03UTC 06UTC 08UTC 12UTC 15UTC 18UTC Z21UTC
TIME

JUNE 1 00 00 00 0o 04 06 06 08
JUNE 2 00 00 04 04 04 04 04 04
JUNE 3 02 0o 07 08 03 03 04 04
JUNE 4 05 06 05 06 05 04 06 06
JUNE © 04 06 06 04 04 06 03 03
JUNE 6 04 06 08 06 06 03 03 02
JUNE 7 00 04 03 - 04 04 00 00 00
JUNE 8 00 00 03 02 02 02 02 . 02
JUNE 9 02 00 03 02 02 03 03 03
JUNE 10 02 02 03 04 04 02 02 01
JUNE 11 D2 02 04 03 06 05 09 10
JUNE 12 10 12 10 13 13 10 08 09
JUNE 13 07 06 03 14 16 11 19 13
JUNE 14 11 12 12 13 14 10 24 11
JUNE 15 12 14 00 08 08 04 04 05
JUNE 16 05 04 06 05 03 04 04 04
JUNE 17 04 03 05 03 03 03 03 034
JUNE 18 03 02 04 03 04 03 04 06
JUNE 19 08 10 432] 09 14 13 14 14
JUNE 20 12 14 08 12 11 08 08 09
JUNE 21 09 08 08 08 05 05 04 03
JUNE 22 03 04 03 06 03 03 03 03
JUNE 23 03 04 04 o4 03 04 03 03
JUNE 24 04 04 04 04 04 03 03 03
JUNE 25 03 03 03 04 04 04 03 03
JUNE 26 03 03 02 05 05 06 05 05
JUNE 27 05 04 05 08 08 07 05 06
JUNE 28 06 05 07 08 03 06 06 06
JUNE 29 04 07 03 03 03 03 03 03
JUNE 30 07 06 07 10 04 03 03 03
JULY 1 03 05 07 10 09 04 04 04
JULY 2 04 05 06 04 02 05 06 05
JULY 3 04 05 07 04 03 04 04 04
JULY 4 03 03 03 02 02 03 03 03
JULY b 03 03 05 06 02 03 03 03
JULY 6 03 03 .03 02 02 02 02 02
JULY 7 02 02 02 02 02 02 02 02
JULY 8 03 03 03 02 02 02 02 02
JULY 9 0o 04 03 06 04 05 05 03
JULY 10 04 02 03 03 05 04 04 04
JULY 11 04 04 D6 05 03 04 03 03
JULY 12 03 03 02 03 02 02 03 03
JULY 13 04 04 05 06 07 07 06 06
JULY 14 07 02 04 05 03 00 00 00
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TABLE-AW.1 : THREE HOURLY WIND VELOCITY(IN KNOTS){Continued)

DATE 00UTC 03UTC O06UTC 09YUTC 12UTC 15UTC 1BUTC 21UTC
TIME :

JULY 15 00 02 o2 04 00 0o 06 06
JULY 16 02 06 04 06 04 04 04 04
JULY 17 04 04 04 06 02 06 06 04
JULY 18 04 06 02 02 01 04 06 06
JULY 19 00 04 02 02 00 02 04 04
JULY 20 02 03 06 04 04 06 04 04
JULY 21 0o 03 02 02 06 04 12 15
JULY 22 06 06 08 12 10 06 16 14
JULY 23 10 08 08 07 12 08 08 08
JULY 24 09 09 05 08 03 05 03 04
JULY 25 00 06 04 05 05 06 05 06
JULY 26 08 08 05 10 04 05 06 05
JULY 27 04 04 13 12 15 14 13 11
JULY 28 14 14 08 18 21 14 12 12
JULY 29 13 14 12 12 04 06 06 06
JULY 30 10 08 08 02 02 02 02 02
JULY 31 02 03 06 02 02 03 03 03
AUG. 1 07 06 07 12 06 04 03 02
AUG 02 02 04 02 08 10 10 12
AUG. 3 08 12 o8 08 06 08 10 10
AUG. 4 06 06 06 12 10 08 08 08
AUG. o 04 06 - 0b 08 08 08 10 10
AUG. 6 06 06 04 06 06 06 08 06
AUG. 7 03 06 04 08 06 04 10 10
AUG. 8 07 06 08 15 12 08 08 08
AUG. 9 06 03 03 04 04 04 10 06
AUG.10 00 04 05 04 05 04 05 04
AUG. 11 03 07 13 13 13 12 10 11
AUG, 12 13 11 11 16 09 06 056 04
AUG.13 0b 06 07 07 05 07 07 071
AUG.14 05 07 056 09 056 07 01 03
AUG.15 04 0b 02 03 04 03 04 03
AUG.16 03 05 05 05 03 04 03 03
AUG.17 05 06 05 05 08 086 03 03
AUG. 18 03 04 04 05 05 03 03 03
AUG. 19 03 02 02 02 03 02 02 02
AUG. 20 03 03 02 02 02 02 02 02
AUG.21 o2 03 03 02 02 02 02 02
AUG. 22 02 02 02 03 03 03 00 00
AUG. 23 oo 06 06 06 08 12 10 08
AUG. 24 03 06 06 10 10 08 06 10
AUG. 25 03 03 06 06 06 02 06 06
AUG. 26 03 04 04 06 06 0b 06 04
AUG. 27 00 04 06 06 04 04 04 08
AUG.28 04 02 04 04 02 06 06 04
AUG. 29 04 03 03 03 03 03 02 03
AUG. 30 02 07 08 11 14 12 12 11
AUG. 31 06 06 05 08 10 06 04 03
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TABLE - AW.2Z : THREE HOURLY DRY-BULB TEMPERATURE {IN DEGREE

CELSIUS)
DATE OOUTC 03UTC OBUTC OYUTC 12UTC 15UTC 1BUTC 21UTC
JUNE 1 27.5 31.0 32.7 33.2 31.5 30.5 29.4 28.2
JUNE 2 27.86 31.0 32.0 31.5 30.5 30.0 28.8 28.2
JUNE 3 27.5 27.5 31.0 31.5 29.8 29.0 28.5 28.0
JUNE 4 26.4 30.0 31.8 31.5 28.8 28.2 28,0 27.8
JUNE 5 27.5 27.8 28.5 29.8 29.5 29.0 28.0 27.2
JUNE 6 26.8 30.0 31.5 31.0 30.0 28.8 27.8 26.2
JUNE 7 27.0 31.0 31.5 31.7 30.5 29.0 2B.0 27.0
JUNE B8 27.5 30.4 31.5 32.1 30.2 29.0 28.4 27.8
JUNE 9 27.2 32.6 32.3 33.2 31.8 30.8 30.0 28B.6
JUNE 10 27.8 31.6 31.5 31.8 29.5 29.0 28B.6 28.2
JUNE 11 27.8 32.3 33.5 33.2 30.2 29.4 28.6 27.8
JUNE 12 27.2 30.8 31.8 29.8 28.0 27.2 26.86 26.2
JUNE 13 2b.8 25.2 27.0 2B.0 27.7 27.6 27.4 27.3
JUNE 14 27.1 28.5 28.6 28B.3 28.2 2B.0 27.7 27.4
JUNE 15 27.3 25.3 25.4 26.7 25.8 256.8 26.0 25.8
JUNE 16 25.8 27.2 28B.2 28.4 27.0 26.6 26.0 25.5
JUNE 17 25.2 26.0 29.0 29.2 28.0 27.4 29.0 26.6
JUNE 18 26.0 27.8 29.0 29.0 28B.5 2B.0 27.4 26.2
JUNE 18 25.8B 27.8 26.0 27.5 27.1 26.2 25.6 25.0
JUNE 20 24.7 26.7 26.4 27.2 27.6 27.0 26.4 25.8
JUNE 21 25.4 25.5 24.4 25.6 26.0 25.6 25.4 25.0
JUNE 22 24.8 28.5 30.5 29.7 29.0 28.0 27.2 26.6
JUNE 23 26.0 29.3 30.0 29.86 28.5 28.0 26.8 25.4
JUNE 24 25.8 28B.3 29.5 29.5 28.0 27.2 28.0 25.6
JUNE 25 29.2 27.8 29.2 30.0 28.0 27.2 27.0 26.8
JUNE 26 26.6 29.0 30.0 30.4 28.7 28,0 27.4 27.0
JUNE 27 26,7 28.0 30.5 31.0 29.2 28B.6 28.0 27.4
JUNE 28 . 27.0 29.0 29.3 30.5 28.5 2B.0 27.5 26.0
JUNE 289 245.5 28.3 27.5 25,8 27.4 27.0 26.4 26.0
JUNE 30 25.6 28.0 289.4 30.8 26.2 26.2 26.0 25.8
JULY 1 25.8 27.3 29.5 27.6 28.4 27.8 27.0 26.4
JULY 25.5 26.5 25.5 27.0 27.1 26.6 26.2 25.8
JULY 3 25.6 27.8 27.8 27.4 26.6 26.4 26.2 25.8
JULY 4 25.5 26.7 26.0 26.8 26.3 26.0 26.4 26.2
JULY 5 26,0 28.0 2Z89.8 30.4 28.7 28.0 27.2 26.7
JULY & 26.0 27.7 28.8 27.0 26.6 26.0 25.6 25.4
JULY 7 25.0 25.4 26.8 2b6.2 25.7 25.6 25,4 25.2
JULY 8 25.0 27.4 28.2 27.5 27.7 25.5 26.0 25.5
JULY 9 26.0 29.0 30.6 31.2 29.0 28.0 27.5 27.0
JULY 10 27.1 28B.5 30.0 30.4 29.0 28,2 27.3 27.0
JULY 11 26.8 29.5 31.0 31.5 30.0 2B.2 27.4 2b6.6
JULY 12 26.0 27.6 25,6 27.4 27.0 26.6 26.3 26.0
JULY 13 25.8 27.0 30.5 30.0 28.0 26.4 25.8 25.2
JULY 14 24.8 26.7 30.0 30.3 19.0 28.0 27.2 26.8
JULY 15 26.8 28.5 31.5 31.7 30.7 29.8 29.0 28.0
JULY 16 27.5 29,6 31.5 32.2 30,0 29.5 29.0 28.5
JULY 17 27.0 29.0 31.5 32.5 29.2 29.0 28.5 28.0
JULY 18 27.4 27.7 29.7 28.4 27.0 26.8 26.5 25.7
JULY 19 25.0 27.7 30.5 30.7 30.4 29.0 28,1 27.8
JULY 20 27.0 30.2 30.7 30.2 29.4 29,0 28.1 27.0
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691

RADIATIONS{R)* IN Cal/cmzlmin, TEMPERATURE (T) IN 9K & TIME 1IN HOUR (HR)

27.4 27,4 29.4 29,4 29.4 32.0 32,0 32.0 32,0 32.0 32.0 30.0 30.0

0.100 0.375 0.750 1.100 1.500 1.750 1.550 1.000 0.550 0.300 0.150 0.050

27.0 27.0 27.0 29.4 29.4 29.4 31.0 31.0 31.0 30.6 30.6 30.6

0.100 0.300 0.650 0.850 1.250 1.750 2.250 2.225 2,075 1.650 1.250 0.900 0.600 0.350
26.8 26.8 26.8 29.0 29,0 29.0 30.2 30.2 30.2 32,0 32.0 32.0 30,0 30.0
0.125 0.525 1.000 1.350 1.5756 1.650 1,600 1,575 1.350 1.100 0.815 0.400 0.100

27T.2 27.2 27.2 28.0 29.0 29.0 30.0 30.0 30.0 32,0 32.0 32,0 31.0

0.050 0.200 0.400 0.655 0.975 1.250 1.550 1.850 2,250 2.750 2.175 1.900 1.450 0.950
28,0 28.0 28.0 30,0 J0.0 30.0 32.0 32.0 32.0 33.0 33.0 33.0 32.4 32.4
0.200 0.650 1.050 1.450 1.675 1.790 1.800 1.725 1.475 1,200 0.700 0.375 0.125 0.013
27.4 27.4 27.4 Z29.6 Z¥.6 ZH.6 31,0 31,0 31.0 30.5 30.5 30.5 29.4 29.4
0.125 0.400 0.675 0.950 1,200 1.375 1.475 1.375 1.150 0,850 0.600 0.350 0.100
27.8 27.8B 27.8 289.6 28.86 29.6 29.0 29,0 29.0 27.6 27.6 27.6 28.8

0.050 0.250 0,450 0.625 0.850 1.150 1,400 1.475 1.275 0.800 0.600 0.345 0.100
27.8 27.8 27.8 28.0 28.0 28.0 29.0 29.0 29.0 30.2 30.2 30.2 29Y.4

0.050 0.175 0.400 0.700 1.150 1.550 1.750 1.700 1.475 1.200 0.9%00 0.675 0.350 0.100
279.9 27.9 27.9 28.3 28.3 28.3 31.0 31.0 31,0 31.68 31.6 31.6 3I0.0 30.0
0.300 0.850 1.350 1.800 2.100 2.200 2,150 1.950 1.650 1.300 0.800 0,300 0.050

27.8 27.8 27.84 31.0 31.0 31.0 31.5 31.5 31.5 32,0 32.0 32.0 30.4

0.050 0.200 0.400 0.5565 0.775 1.250 1.550 1,250 1.000 0,715 0.500 0.325 0.250 0.050
27.4 27.4 27.4 2.0 28.0 2.0 30.0 30.0 30.0 29.5 29.5 289.5 8.0 ¢8.0
0.050 0.200 0.400 0.650 0.950 1.200 1.350 1.375 1,275 1.100 0.750 0.450 0.250

26.0 26.0 Z6.0 27.4 27.4 27.4 30.0 30,0 30.0 30.0 30.0 30.0 29.0

0.150 0.500 0,800 1,000 1,100 1.1560 1.175 1.075 1.025 0,925 0.725 0,500 0.300 0.100
26.4 26.4 26.4 29.4 29.4 29.4 30.0 30.0 30.0 28.0 28.0 28.0 28.4 28.4
0.050 0.300 0.650 1.000 1.400 1.700 1.850 1.825 1.625 1.350 1.000 0.6850 0.400 0.200
27.4 27.4 27.4 29.4 29.4 29.4 31.2 31.2 31.2 31.0 31.0 31.0 30.0 30.0
0.100 0.350 0.800 1.550 1.700 2.000 2,100 2.000 1.750 1.400 0.Y950 0.450 0.100
27.6  27.6 27.6 - 29.4 29.4 29,4 28.0 2B.0 28.0 31.0 31.0 31.0 30.0

0.125 0.375 0.650 0.950 1.250 1,500 1.750 1.700 1.800 1.600 1.250 0.H00 0.450 0.200
27.8 27.8 27.8 28.8 28.8 Z28.8 29.0 29.0 29.0 30.0 30.0 30,0 29,4 29.4
0.050 0.225 0.475 0.800 1.150 1.500 1.825 2.000 1.4975 1.875 1.600 1.200 0.700 0.300
27.8 27.8 27.8 30.0 30.0 30.0 31.0 31.0 31.0 31.6 31.6 31.6 31.0 31.0
0.050 0.200 0.400 0.750 1.550 2,100 2,000 1.700 1.300 0,950 0.650 0.300 0.050

27.6  27.6 27.6 28.0 28B.0 28.0 29.6 29.6 29.6 29.0 29.0 29,0 29.5

0.045 0.175 0.350 0.500 0.700 0.925 1.225 1.600 1.8B00 1.650 1,250 0.6850 0.275

27.2 27.2 27,2 28.6 28.6 28.68 27,0 27.0 27.0 30.0 30.0 30.0 28.0

0.050 0.150 0.400 1.300 2,050 2.050 1.800 1.350 0.950 0.650 0.300 0,050

26.0 Z26.0 26,0 27.6 27.6 27.6 31.0 31.0 31.0 31.0 31.0 31.0

e T - B B e B B B I B B B BB B B B R B B - R oI B~ I - B I - - I - -
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R 0.060 0.200 0.425 0.675 0.500 1.300 1,300 2.100 1.775 1.425 1.200 0.950 0.650 0,250
T 2%.0 27.0 27.0 28.8 29.8 29,8 30.0 30.0 30.0 30.2 30.2 30.2 30.0 30.0
R 0.100 0.450 1.200 1.650 1.550 1.375 1.125 0.825 0.525 0.250 0.050

T 26.5 26.5 26.5 26.8 26.8 26.8 30.0 30.0 30.0 29,6 29.6

R 0.750 0.250 0.400 0.525 0.600 0.650 0,625 0,550 0.450 0.250 0,050

T 26,6 26.6 26.8 26.8 26.8 27.8 27.8 27.8 27.0 27.0 27.0

R 0.050 0.200 0.450 0.800 1.350 1.700 1.100 0.300 ©.050

T 26.8 26.8 26.8 28.4 -28.4 28.4 30.6 30.6 30.6

R 0.050 0.200 0.550 0.925 1.215 1.350 1.225 1,000 0.750 0.400 0,100

T, 26.2 26.2 26.2 26.8 26.8 26.8 29.2 29.2 29.2 2.4 24,3

R 0.050 0.150 0.350 0.650 1.400 1.950 1.500 0.925 0.650 0,400 0.150

T 26.8B 26.8 26.8 28.4 '28B.4 28B.4 29.8 29.8 2.8 28.2 28.2

R 0.025 0,075 0.175 0.475 1,100 1.450 1.250 1.000 0.800 0.600 0.400 0,150

T 26.0 26.0 26.0 27.4 27.4 27.4 29.0 29.0 29,0 31.0 31.0 31.0

R 0.150 0.500 0.800 1.000 1.200 1.400 1.550 1.550 1.400 1.150 0,800 0.450 0.150
T 27.4 27.4 28.4 29.4 24,4 31.0 31.0 31,0 32.0 32.0 32,0 30.2 30.2
R 0.150 1.550 1.050 1.450 1,700 1.800 1.750 1.600 1.250 0.750 0.350 0.100

T 27.0 27.0 29.8 29.8 29.8 28.0 28.,0. 28.0 30.4 30.4 30.4 28.8

R 0.100 0.450 0.950 1.400 1,800 2,000 1.950 1,800 1.550 1.150 0.700 0.250 0.050
T 26.4 26.4 29.6 29.6 29.6 30.0 30.0 30.0 30.2 30.2 30.2 29.6 2Y9.6
R 0.125 0.400 0.725 1.050 1.450 1.800 1.800 1.600 1.350 1.000 0.600 0.250

T 27.0 27.0 28.6 29.6 29.6 2B.4 2B.4 28.4 31.6 31.6 31.6 28.6

R 0.3100 0.350 0,750 1.200 1.450 1.525 1,450 1.200 0.900 0.700 0.500 0.250 0.050
T 27.4 27.4 27.4 27.4 27.% 27.4 27.0 27.0 27.0 26.8B 26.8 26.8 27.8

R 0.100 0.350 0.600 0.800 1.050 1.300 1.400 1.350 1.200 0.8B00 0.400 0.150

T 26.4 26.4 26.4 28.6 28.8 28.6 30.0 30.0 30.0 30.6 30.6 30.6

R 0.200 0.650 1.150 1.550 1.715 1.700 1.500 1.150 0.900 0.700 0,450 0.150

T 27.0 27.0 27.0 29.6 29.6 29.6 31.6 31.6 31.6 30.2 30.2 30.2

R 0.100 0.350 0.650 0.875 1.075 1.275 1,350 1.350 1.150 0,850 0.550 0.250

T 27.0 27.0 29.0 29.0 -29.0 30.2 30.2 30.2 30.5 30.5 30.5 29.2

R 0.150 0.450 0.700 0.925 1,225 1.550 1.750 1,650 1,100 0.750 0.BOO 0.250 0.050

T 27.0 27.0 27.0 29.0 29.0 2Y9.0 31,0 31.0 31,0 31.6 31.6 31.6 30.0

R 0.100 0,400 0,850 1.300 1.6850 1.900 2.025 2.025 1.850 1.150 0.500 ¢.200

T 27.6 27.6 30.2 30.2 30.2 31.4 31.4 31.4 30.B 30.6 30.6 29.0

R 0.050 0.200 0,450 0.800 1,150 1.325 1.325 1.250 1.000 0.650 0.400 0.200 0.050

T 28.2 28.2 28.24 29.6 29.6 29.6 30.0 30.0 30.0 29.6 29.6 29.56 28.4

R 0.050 0.300 0.700 1.025 1.200 1.250 1.225 1.100 0.800 0.550 0.300 0.150

T 27.0 27.0 30.2 30.2 30.2 26.0 26.0 26.0 27.4 27.4 27.4 28B.6

¥ (reading)x (instrument constant,k=.3Y8B)=insolation in Cal/cm?/min



TABLE -BP-2:

Radiat?on

cal/cmd/min

¥

SIMULATICGN RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL

Cell
Voltage
{volts)

:H0000E-01
.Z25000E+00
s T0000E+00
.12500E+01
+16500E+01
.19200E+01
.21000E+01
.21500E+01
.21000E+01
.17000E+01
»12000E+01
.85000E+00
.40000E+00
. DU000E-0L
. 10000E+00
.55000E+00
»13500E+01
.17500E+01
. 20500E+01
.21500E+01
»21700E+01
.16500E+01
.10500E+01
. 10700E+01
.10700E+01
.30000E+00

»B80000E+00

.B0000VE+00
.30000E-01
.12000E+00
. 40000E+00
. 90000E+00
L157T00E+01
L20000E+01
+18000E+01
.16700E+01
. 14000E+01
.11500E+01
L90000E+00
. 10000E+00
.50000E-01
.25000E+00

T0000E+00

«12500E+01
.16200E+01
.18200E+01
.19000E+01
.18500E+01

.29815E+03
. 29815E+03
. 29815E+03
L29615E+03
»29615E+03
.29615E+03
.30475E+03
.30475E+03
. 30475E+03
.3044Y95E+03
. 30495E+03
L J04Y5E+03

-

30455E+03
30455E+03

.30015E+03
-.30015E+03
. 30015E+03
.30355E+03
.30355E+03
»30355E+03
.30095E+03
.J05Y95E+03
. 30595E+03

“30715E+03

.30715E+03
.J0715E+03
.305b5E+03
.305650E+03
.289850E+03
. 29855E+03
L 29955E+03
. 30275E+03
L JU275E+03
-30275E+03
. 30515E+03
.30015E+03
.30515E+03
. 30B75E+03

30675E+03

.30675E+03
.30075E+03
.30075E+03
.30075E+03

30435E+03

. 30435E+03
.30435E+03
. 30315E+03
+30315E+03

171

.20445E+00
. 04394E+00
.OBYZ2BE+0U
. 58671E+00
.D9352E+00
.29T723E+00
.38B17E+00

.08B676E+00 -

.D8B17E+00
.280D04E+00
.27177E+00
«.06310E+00

54482E+00

LA92T8E+00
.21789E+00
.56004E+00
.08229E+00
.58344E+00
.08741E+00
.DB861E+00
.08515E+00

-

57823E+00
56682E+00

.26540E+00
.06540E+00
.26101E+00

-

56045E+00

. 95320E+00
LA49119E+00
+.02345E+00
.3531BE+00
.DB80BE+00

58197E+00 -

. 28803E+00
.58303E+00
.0797T8BE+00
.57534E+00

5B785E+00

.56165E+00
»00B621E+00

49970E+00

.23951E+00
. 56504E+00
.97375E+00
.5802B6E+00
LO8318E+00
.D8613E+00
.5854BE+00

03701E-02

. T4053E-02

12147E-01

.17881E-01
.22051E-01
.248BBE-01
L2B743E-01
L27264E-01
L26743E-01
L22572E-01
.17360E-01
.13711E-01
.90191E-02

53701E-02

.08914E-02
.10583E-01
.18923E-01
.23094E-01
J2B221E-01
L27264E-01
L27472E-01

-

22051E-01

.15796E-01
-16004E-01
.16004E-01
.14232E-01

13189E-01

.11104E-01
.51616E-02
. BOYYYE-02
.90191E-02
.14232E-01

21217E-01

 20TUQE-01

-

24657E-01

22260E~-01
.19445E-01

16838E-01

L14232E-01
.58Y14E-02
.5370TE-02
.T4553E-02
.12147E-01

17881E~01

L21738E-01
L23823E-01
.24657E-01
.2413B6E-01

.Z2TO80E-02Z
.40052E-02
.69147E-02
.10491E-01
«13088E-01
.14851E-01
.15676E~01
.158997E-01
.15B676E-01
13104E-01
L99257TE-02
LTT204E-02
»49138E-02
+26463E-02
.30511E-02
59Z68E-02
.11019E-01
.13474E-01
.15403E-01
.16048E-01
»16076E-U1
12951E-01
.89034E-02
.Y0487E-02
LH0487E-02
.7T9843E-02

-

wT3918E-02

.61428E-02
.25354E-02
.31930E-02
L A9BY0E-02
.80846E-02
.12348E-01
.15112E-01
L14376E-01
.12906E-01
.11187E-01
.95617E-02
. T9934E-02
L29823E-02
.26835E-02
LA0Z222E-02
.68633E-02
,10259E-01
L 12614E-01
.13894E-01
.14452E-01
.14131E-01



TABLE BPsz SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL{Continued)

Radiation®
cal/em?/min

Cell
Voltage
{volts)

L17200E+401
.15700E+01
.13000E+01
.75000E+00
. 30000E+00
.80000E+00
. 50000E~-01
.20000E+00

-

45000E+00

. BOOO0E+0O
.12500E+01
.18000E+01
+21000E+01
. 20500E+4+01
«19000E+01
.16500E+01

»

95000E+00

.30000E+00
.10000E+00
.15000E+00
.95000E+00
.11000E+00
»14700E+01
.16000E+01
.157T00E+01
.11500E+01
.60000E+00
.35000E+00
. 25000E+00
.12000E+00
.30000E-01
. 30000E-01
.80000E-01
.25000E+00
+45000E+00
.13000E+01
.21000E+01
. 20000E+401
.15500E+01

-

90000E+00

.45000E+00
. 20000E+00
. 10000E+00

J0000E+00

.50000E+00
. T5000E+00
.10500E+01
.13500E+01

.30315E+03
.J0415E+03
.30415E+03
.30415E+03
. 30515E+03
.30515E+03
.30015E+03
.J0015E+03
.30015E+03
.30415E+03
.30415E+03
-30415E+03
.30675E+03
.30675E+03
.3067HE+03
.30765E+03
.30765E+03
. 30765E+03
. 30615E+03
.30275E+03
L30275E+03
«JUZ27H5E+03
.30515E+03
-30515E+03
.30515E+03
.30695E+03
. JU06Y5E+03
. 30695E+03
.30175E+03
.30175E+03
.30175E+03
.30156HE+03
. 30155E+03
.30155E+03
. 2497bHE+03

-

28755E+03

. 29755E+03
. 28795E+043
-2979HE+03
.29795E+03
.30215E+03
.30215E+03

-

2997HE+03

.29875E+03
. 29975E+03
.30275E+03
»30275E+03
L30275E+03
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.58363E+00
.HTITIE+0LO
.57505E+00

56125E+00

. 93660E+00
.06125E+00
.50080E+00
.9035601E+00
.55507E+00
.36286E+00
. 57T406E+00
.D8322E+00
.58310E+00

-

58249E+00

.58056E+00

57559E+00

.06158E+00
«D3239E+00
LB0T27TE+00
.52338E+00

5557TE+00

.51566E+00
.57657TE+00

-

57T8TOE+00

.BT823E+00

56754E+00

.2D5108E+00
.53746E+00
.5378B0E+00
.51958E+00
.48523E+00
.48561E+00
.50888E+00
.53814E+00
.55838E+00
. 38546E+00
.39T26E+00

59544E+00

«58916E+00
.5757TE+00
«55175E+00
.53157E+00
.51860E+00

54571E+00

.25834E+00
.56361E+00
«57T1Y92E+00
-5TBZ0E+00

22781E~-01
21217E-01
18402E-01
.12668E-01
. TY9TB5E-02
.13189E-01
:D3T01E~-02
69340E-02
.95404E-02
.13189E-01
.17881E-01
.23615E-01
26743E-01
L26221E-01
.24657E-01
.22051E-01
14753E-01
LT9T65E-~-02
. D8Y14E-02
LB64127E-02
10583E~-01
.HY957E-02
20174E-01
. 21530E-01
+21217E-01
L 16838E-01
.11104E-01
.84978E~-02
.T4553E-02
60899E-02
.51616E-02
.51616E-02
.56829E-02
. T4553E-02
.95404E-02
.18402E-01
L26T43E-01
L 25T00E-U1
.21008E-01
. 14232E-01
.95404E-02
L69340E-02
.58Y914E-02
.T976HE-02
10062E-01
12668E-01
.15796E-01
. 18923E-01

-

-

. 13296E-01
.12301E-01
.10582E~01
LT1099E-02
L.42B02E-02
.T4025E-02
L 26893E-02
.3T098BE-02
. HZ2Y56E-02
.7T4238E-02
.102B65E-01
»13773E-01
15583E-01
15274E~-01
.14315E-01
.12692E-01
B2851E-02
A42466E~-02
. 2988BHE-02
33563E-02
58816E-02
.308917E-02
»11632E-01
. 12458E-01
2 12268E-01
.95563E-01
61193E-02
JASBT2E-U2
40085HE-02
.31694E-02
.25046E-02
.2506HE-02
.2B976E-02
.40120E-02
.53368BE-02
.10774E-01
.15972E-01
.15303E-01
L12377E-01
.81943E-02
H2B39E-02
J685YE-02
.30553E-02
LA43529E-02
.56178E-02
.71386E-02
L90338E~-02
»10941E-01

»

-

-

-

-



TABLE BP-2:

Radiation

cal/cmz/min

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MCDEL{Continued)

Cell
Voltage
(volts)

.16000E+01
.17000E+01 .
.17T000E+01
.16000E+01
.14000E+01
.11000E+01
. TOO00E+00
. 35000E+00
. 50000E-01
.15000E+00
.30000E+00
.45000E+00
.60000E+00
. THB000E+00
. 92000E+00

.10500E+01

.90000E+00
.65000E+00
+45000E+00
.35000E+00
. 22000E+00
.7T0000E-01
.15000E+00
.55000E+00
.11000E+01
.14200E+01
.13200E+401
.90000E+00
.30000E+00
.35000E+00
«22000E+00
.7TU0000E-01
. 10000E+00
«30000E+00
.45000E+00
. 50000E+00
.45000E+00
. 35000E+00

J0000E+00

. 25000E+00
.10000E+00
.50000E-01
.10000E+00

25000E+00

.35000E+00
.22000E+00
LTT000E+00
.10500E+01

»30355E+03
.30355E+03
.30355E+03
.30315E+03
»30315E+403
.30315E+03
. 302560E+03
.30255E+03
29915E+03
.29915E+03
.289915E+03

.29885E+03
.29895E+03
.2988HE+03

.30175E+03
.30175E+03
.30175E+03
.30115E+03
30115E+03
.30115E+03
.30115E+03
.30115E+03
. 29975E+03
.29975E+03
.29975E+03
.30135E+03
.30135E+03
.30135E+03
. 30255E+03

.30255E+03

. 30255E+403

-30055E+4+03

.JO07HE+03
.30075E+03
»30075E+03
,29815E+03
29815E+03
.29815E+03
.JO015E+03
.30015E+03
.30015E+403
-30015E+03
.3001HE+03
.30015E+03
. 30215E+03
. 30215E+03
. 30215E+403
»30315E+03

-

173

.08120E+00
DBZ2T2E+00
.BB2TZE+00
. 28182E+00
.27848E+00
.D7244E+00
.H56211E+00
. 04482E+00
.D0262E+00
.02960E+00
.54673E+00
.05TUBE+00
.56416E+00
L9686 7E+00
.DT022E+00
L23T351E+00
.56967E+00
. D6254E+00
+95341E+00
.D47T17E+00
.53565E+00
.50729E+00
. 52860E+00
56070E+00
.57T78H5E+00
.D8166E+00
.DT7984E+00
.HBT031E+00
.D5372E+00
.54482E+00
.03326E+00
.20837E+00
.51683E+00
.04402E+00
.55407E+00
. 26088E+00
.55839E+00
.55221E+00
54504E+00
.504053E+00
. 3178B8E+00
. 20080E+00
.5178Y9E+00
»54053E+00
.54550E+00
.55535E+00
.56514E+00
OT128E+00

-

. 21530E-01
.225T2E~-01
22572E-01
.21530E-01
. 19445E-01
.16317E-01
0 12147E-01
.84978E-02
.53701E-02
.64127E-02
79765E-02
. 95404E-02
.11104E-01
12668E-01
.14440E-01
.15796E-01
14232E-01
.11625E-01
.95404E-02
B497BE-02
. T1425E-02
.55T7T8BTE-02
LB64127E-02
10583E-01
+1B8317E-01
19653E-01
.18611E-01
. 14232E-01
»10062E-01
.84978E-02
7T1425E-02
.55787E-02
.58914E-02
.19765E-02
. 95404E-02
10062E-01
«85404E-02
.84978E-02
.T89TB5E-02
.7T45503E-02
.38814E-02
+D3701E-02
.08914E-02
.T4553E-02
.B4978BE-02
»10270E-01
.12877E-01
+15796E-01

-

-

-

.12513E-01
.13153E-01
.13153E-01
.12526E-01
.11248E-01
.93405E-02
L.E8278E-02
46298E-02
26991E-02
.33965E-02
43610E-02
.53146E-02
.62645E-02
72165E-02
.82341E-02
L90590E-02
.B1075E-02
.65398E-02
L527T97E-02
46498E-02
.38259E-02
.28300E-02
33898E-02
.59338E-02
L94287E-02
.11431E-01
.10791E-01
.B1166E-02
.55713E-02
46298E-02
.38088E-02
.28360E-02
30448E-02
.43394E-02
.52861E-02
56444E-02
.53272E-02
LABYZBE-02
.43475E-02
40298E-02
.30511E-02
2BBY3E-02
.30511E-02
LA0298E-02
.46355E-02
.57038E-02
LT27TT0E-02
.90238E-02

.

-

-

-



TABLE BP-2:

Radiat?on

cal/cmd/min

Y

SIMULATION RESULTS OF A SCLAR CELL
CONSIDERING BIVARIATE MODEL{Continued}

Cell
Voltage
(volts)

Cell
Current
{amp)

EQGEN
{watt)

L23000E+01
.23500E+01
L 22000E+01
.19000E+01
. 52000E+00
. 22000E+00
.50000E-01
. 30000E-01
.10000E+00
. 22000E+00
. 37000E+00
.BTO000E+00
.12500E+01
.17500E+01
.19700E+01
.20500E+01
.20000E+01
.17500E+01
.13000E+01
. T5000E+00
.35000E+00
. 12000E+00
.47000E+00
.97000E+00
.13000E+01
.15500E+01
.16500E+01
.17000E+01
.16700E+01
.15500E+01
.12000E+01
.TO000E+00
. 25000E+00
.50000E-01
.7T5000E-01
.22500E+00
. 35000E+00
.55000E+00
.80000E+00
.95000E+00
.95000E+00

80000E+00

. 57500E+00

35000E+00

.12500E+00
. 25000E-01
. 10000E+00
.20000E+00

.30315E+03
«30315E+03
.30215E+03
»30215E+03
+3021HE+03
.30215E+03
.J0215E+03
.30015E+03
. J0015E+03
.30015E+03
»30345E+03
.30345E+03
.30345E+03
»30495E+03
- 30495E+03
. 30485E+03
» 30565E+03
.30565E+03
.30065E+03
.30360E+03
. 30365E+03
. JO055E+03
.30055E+03
. 30055E+03
.30375E+03
.30375E+03
30375E+03
. 30475E+03
.30475E+03
.30470E+03
. 30565E+03
.30BB5E+03
. 30565E+03
.30415E+03
2987H0E+013
.29875E+03
. 298T5E+03
L29815E+03
.29815E+4+03
.29815E+03
.299150E+03
289915E+03
.29915E+03
.30175E+03
30175E+03
»30015E+03
.30015E+03
.30015E+03

-

174

.59091E+00
.59145E+00
«5Y133E+00
.58767E+00
.5BbB35E+00
.53394E+00
.49715E+00
.48821E+00
.51789E+00
.53737E+00
.54471E+00
.5bY56E+00
.57517E+00
.58127E+00
. 08425E+00
.58526E+00
.D8356E+00
.58019E+00
.DT269E+00
.D6205E+00
.54298E+00
»02169E+00
.55548E+00
27345E+00
.07568E+00
.58008E+00
.58166E+00
. 08085E+00
.58040E+00
.57853E+00
27T067E+00
.95TUBE+0L
.53117E+00
.49350E+00
.51331E+00
54032E+00
.5D5120E+00
»D6333E+00
.0T255E+00
57T678BE+00
.5T751BE+00
.9TU94E+00
.06278E+00
54617TE+00
.52059E+00
48373E+00
.51789E+00
.53501E+00

-

-

L28828E-01
29349E-01
.27785E-01
.24657E-01
210270E-01
.7T1425E~-02
53701E-02

~51616E-02

.58914E-02
.T1425E-D2
.B7T063E-02
»11834E-01
.17881E-01

23094E-01

.256387E-01
L26221E-01
J25T00E-01
.23094E-01

-

18402E-01

. 12668E-01
.84978E-02
.B0YY8E-02

YT4HYE~02

L 14962E-01
»18402E-01
.21008E-01
.22051E-01
J220T2E-01
L22260E-01
. 21008E-01
.17360E-01
.12147E-01
.T4553E~-02
.33T01E-02

S6308E-02

.7T18946E-02
.848978E-~02

-

10583E-01

.13189E-01
.14753E-01
.14753E~01
»13189E-01
.10844E-01
.84978E-02
.61521E-02

.51095E-02

»58914E-02
LB9340E-02

.17035E-01
+17358E-01
.16430E-01
.14490E-01
.57036E-D2
.38B137E-02
. 26698E-02
.25200E~-02
+30511E-02
.38381E-02
A7T424E-02
.B66218E-02
.10284E-01
.13424E-01
.14833E-01
.15346E-01
.14997E-01
.13398E-01

.10539E-01

. T1201E-02
L46142E-02
.31823E-02
.54153E-02
.857TY9BE-02
.10584E-01
»12187E-01
12826E-01
.13111E-01
12920E-01
.12154E-01
98065E~02
BTE6TE-0Z
. 39600E-02
.26002E-02

L 28903E-02

.38874E-02

.46840E-02
.59617E-02"

. 75516E~02
.B5094E-02
.84857E-02
.T5302E-02

+B61025E-02 ...

A46412E-02
32027E-02
L247T16E-02
.30011E-02
.3TOYBE-02

o



TABLE BP-2: SIMULATION RESULTS OF A SOLAR CELL

CONSIDERING BIVARIATE MODELIContinued)

X

175

Radiation Temp Cell Cell EQGEN
cal/cmZ/min { OK) Voltage Current {watt)
{volts) {amp)
.25000E400 .30195E+03 .53746E+00 .74553E-02 .40069E-02
LA42500E4+00 .30195E403 .55086E+00 ,92797E-02 .51100E-02
.57500E+00 .30195E+03 .558B19E+00 .10844E-01 .60527E-02
.T2500E+00 .30015E+03 .56688E+00 ,12407E-01 .70335E-02
.90000E+00 .30015E403 ,57224E+00 .14232E-01 .81440E-02
.97500E+00 .30015E+03 .57422E+00 .15014E-01 .B6212E-02
L92000E+00 ,30175E403 .57035E+00 .14492E-01 .82658E-02
.7T0000E400 .,30175E+403 .56341E+00 .12147E-01 .68436E-02
:40000E+00 .30175E+03 ,5494Y9E+00 .Y0191E-0Z .49559E-02
.20000E+00 .30175E+03 .53228E+00 .69Y340E-02 .36907E-02
.50000E-01 .30175E+03 .4978BE+00 .53701E-02 ,28737E-02
. 50000E-01 .30015E+03 .500BOE+00 .53701E-02 .,268Y3E-02
.25000E+00 .30015E+03 .54053E+00 ,74553E-02 .,4029BE-02
.B5000E+00 ,30315E+03 .56599E400 .13711E-01 .77601E-02
L17000E+01 .30315E403 .58B334E4+00 J22572E-01 .13167E-01
.21500E4+01 .30315E+03 .5H8YZ22E+00 .,27264E-01 .16064E-0D1
.21500E+01 .30335E+03 .5BBY91E+00 .,27264E-01 .16056E-01
.19500E+01 .30335E+4+03 .58647E+00 .2517YE-01 ,147686E-01
.16500E+01 ,30335E+4+03 .58228E+00 ,22051E-01 .12B40E-01
»12000E+01 .30455E403 .57241E4+00 ,17360E-01 .YY367E-02
.65000E+00 ,30455E403 .55701E+00 .11625E-01 .b4755E-02
.25000E4+00 .30455E+403 .53304E+00 .74553E-02 ,39739E-02
.50000E-01 .30055E+403 .50007E+00 .53701E-02 .26854E-02
.15000E+00 .30055E403 .52721E+400 .64127E-02 .33808E-02
.30000E+00 .30255E+03 .5409BE+00 .79765E-02 .43152E-02
LAZ2000E400 .30255E403 .54937E+00 .Y2276E-02 .50694E-02
.48000E+00 .30255E+03 ,55270E+00 .Y98531E-02 .54458E-02
LA7000E+00 .30515E+403 .54788BE+00 .Y7489E-02 .53412E-02
.47000E+00 .3051HE+03 .5478BBE+00 .9748BYE-02 .53412E-02
.45000E+00 .30515E403 .54678E+00 .Y5404E-02 .52165E-02
.42500E+00 .30515E+03 .54535E+00 .Y2797E-02 .H060O7E-0Z2
.37500E+00 ,30615E+03 .,54220E+00 .87584E-02 ,47489E-02
.J0000E+00 .30515E+03 .536B0E+00 .7Y765E-02 .42802E-02
L20000E400 .30315E+03 .5298B5E+00 .BY340E-02 .36740E-02
.75000E-01 .,30315E+03 .50541E+00 .5630BE-02 ,28459E-02
.10000E4+00 .30015E+03 .351789E+4+00 .D8BY14E-02 .30511E-02
.37500E+00 .30015E+03 .55056E+00 .875B4F-02 .48220E-02
.75000E+00 .30015E+03 .56772E+00 ,1266BE-01 .71919E-02
.11000E+01 .30255E+403 .57340E+00 .16317E-01 .93561E-02
.15000E+01 ,30255E+03 .58B115E+00 ,20487E-01 .,11906E-01
.17500E+4+01 .30255E+4+03 .58500E+00 .23094E-01 .13510E-01
.15000E+01 .,30415E+403 .57Y47E+00 .21008E-01 ,12174E-01
.10000E+01 .30415E403 .568B46E+00 .15274E-01 .86829E-02
.25000E+00 ,30415FE403 .55347E+00 .10583E-01 .585T7T3E-02 .
.30000E+00 ,30375E+03 .538BYBE+00 ,79765E-02 ,42990E-02
.15000E+00 .30375E+03 .52164E+00 .64127E-02 .33451E-02
.50000E-01 . 30375E403  .49423E+00 .53701E-02 .26541E-02
.10000E+00 .29985E+03 .51825E+00 ,5BY14E-02 ,30532E-02



TABLE BP-2:

Radiat;on
cal/cmzlmin

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODELIContinued)

Cell
Voltage
{volts)

Cell
Current
{amp)

EQGEN
{(watt)

.30000E+00
.65000E+00
. 8BBU000E+00
.12500E+401
.17500E+01
.22500E+01
22250E401
+20750E+01
.16500E+01
.12500E+01
. 90000E+00
.60000E+00
. 35000E4+00
.12500E+400
.5Z2b00E+00
.10000E+01
.13500E+01
.15750E401

.18500E+01

.16000E+01
.15750E+01
.13500E+01
.11000E+01
.B1500E+00
.40000E+00
.10000E+00
.50000E-01
.20000E+00

40000E+00

.65500E+00
897500E+00
.12500E+01
.15500E401
.18b00E+01
«22500E+401
,2T500E+01
.21750E+401
.19000E+01
.14500E401
.95000E+4+00

20000E+00

.65000E+00
.10500E+01
.14500E401
.16750E+01
.178900E+01
. 18000E+01
.17250E+401

» 29995E+03
. 29995E+03
.30215E+03
»30215E+03
.30215E+03
30335E+03
.30335E403
.30335E+03
+.30515E+403
.30b15E+03
.30515E+0D3
.30315E+03
.30315E+03
.30035E+03
.30035E+03
.30035E+03
.30215E+03
.30215E+03
. 30215E+03
.30315E+03
.30315E+03
30315E+03
.30515E+03
.30515E+03
.3051bE+03
.30415E+4+03
30115E+03
.30115E+03
.30115E+03
.30315E+03
.30315E+03
-30315E+03
.30515E+03
»30b15E+03
J0515E+03
.30b15E+03
.30615E+03
30615E+03
. 30555E+03
. 3J0bbBE+03
. 30055E+03
.30055E+03
.30055E403
3U275E+03
»3027H6E+03
.30275E+03
.30415E+03
.30415E+03

-

-

176

.54537E+00
.56450E+00
.b6760E+00
.DTT22E+00
.5B562E+00
»59005E+ 0V

58977E+00

-28802E+00
.D7948E+00
«OT248E+00
.D6422E+400

-

55728E+00

.54382E+00
.02305E+00
-5b856E+00
.97453E+00
.57T914E+00
. DBZ9Y9E+00
.58415E+00
.bBIBZE+00
. 5814 3E+00

-

57757E+00

«BBYZ2TE+0D
.56172E+400
.5438BZ2E+00
.b1081E+00
LAYBYTE+00
.D3329E+00
. 55049E+00

-

5584H8E+00

.H5BY43E+00
.D7564E+00
.57790E+00
. DB238E+00
.D8T30E+00
.59084E+00
. 28491E400
.58148E+400
9756 0E+00

-

56494E400

.53432E+00
.DB8352E+4+00

D7542E+00

. 5T998E+00
. 58358E+00
.58525E+00
«DB3ZZE+00
.5B8Z1HE+00

. THYTHHE-02
.11625E-01
.13711E-01
.17881E-01
. 230494E-01
. 28306E-01
.28046E-01
264B2E-01
.22051E-01
.178BB1E-01
.14232E-01
.11104E-01
.B4YTBE-02
61521E-0Z
.10322E-01
+15274E-01
.18Y23E-01
L21269E-01
.22001E-01
. 21530E-01
L21289E-01
. 18823E-01
+16317E-01
.13346E-01
:90191E-02
.58Y14E-02
.537T01E-0Z
-689340E-02
LY0191E-02
.11878E-01
.15014E-01
.17881E-D1
.21008E-01
.24136E-01
28308E-01
.335019E-01
.275024E-01
24657E-01
19968E-01
»14753E-01
69340E-02
.11625E-01
.15746E-01
.189866E-01
22312E-01
.23511E-01
. 23615E~01
-22833E-01

.

-

.43502E-02
.B5626E-02
LTT822E-02
.10321E-01
.13024E-01
L16TU2E-01
.16041E-01
.15572E-01
.12778E-01
. 10237E-01
.BUOZ2YYE-02Z
»B1BB2E-02
,46213E-02
2 32178E-02Z
.DTEH6E-02
B7758E-02
.10859E-01
.12400E-01
.12881E~01
»12526E-01
J12368E-01
. 10930E-01
H28BT7E-02
.T49B65E-02
.49048E-02
. 30094E-02
ZB6T7YBE-02
. 36878E-02
«49649E-02
.65333E-02
85492E-02
. 10293E-01
«12141E-01
.14056E-01
L18624E-01
.19804E-01
«16099E-01
. 14338BE-01
.11492E-01
B3346E-02
.37050E-02
65512FE-02
.J0BY2E~-02
.11580E-01
.13021E-01
»13760E-01
+137T73E-01
.13292E-0U1



TABLE BP-2: SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL{Continued)

Radiat?on
cal/cmzlmin

Voitage
(volts)

Cell
Current
{amp)

EQGEN
(watt)

.14750E+01
-12000E+401
.7T0000E+00
. 37500E+00
«12500E+00
.13000E-01
.12500E+00
.40000E+00
.67500E+00
.95000E+00
.12000E+01

13750E+01

.14750E+01

-

13750E+01

«11500E+01
.85000E+00

60000E+00

. 35000E+00
.10000E+00
»90000E-01
. 25000E+00
.45000E+00
.62500E+00
.85000E+00
.11500E+01
.14000E+01
.14750E+01
L12750E+01
.90000E+00
.60000E+00
. 34500E+00
»10000E+00
. 20000E-01
.17500E+00
.40000E+00
L TOOO0E+0O

-

11500E+01

.153500E+01

17500E+01

»17000E+01
.14750E+01

-

12000E+01

. 90000E+00

-

67500E+00

.35000E+00
. 10000E+00
.d0000E+00
.80000E+00

.30415E+03
.30365E+03
. 30365E+03
.30365E+03
.30255E+03
.30255E+03
.30085E+03
.30095E+03
.30085E+03
.30275E+03
«30275E+03
LJO27T3E+03
.30215E+03
30215E+03
.30215E+03

-

»30075E+03 -

.30075E+03
.J0075E+03
.30195E+03
.30095E+03
JO0O93E+03
.30085E+03
.30115E+03
.30115E+03
.30115E+03
. 30215E+03
.30215E+03
. 30215E+03
.30335E+03
. 30335E+03
.30335E+03
.30255E+03
.30105E+03
.30105E+03
.30105E+03
.30145E+03
.J0145E+03
.30145E+03
.30415E+03
JO415E+03
.30415E+03
.30475E+03
.30475E+03
.30475E+03
.3J0315E+03
.30315E+03
,30085E+03
. 30095E+03

-

-

177

D7822E+00
b7383E+00
26033E+00

.54471E+00
.51918E+00
.46303E+00
«92200E+00
.55082E+00
.5638B1E+00
.56942E+00
.27525E+00
.078B66E+00
.58135E+00
.2T960E+00

57T514E+00

.06986E+00
.D6121E+00

-

54784E+00

»01470E+00

L49934E+00

.53916E+00
.95374E+00

bB6107E+00

.0B921E+00
. D76T73E+00
.28005E+00
.58135E+00
LBT7TTT2E+00
.267T10E+00
.35696E+00
+04312E+00
.21364E+00
.49915E+00
.53015E+00
.05065E+00

56390E+00

.27625E+00
. 08368E+00
.58B251E+00
.08179E+00
.07822E+00
2 2T7T209E+00
.56486E+00
.55763E+00
.04382E+00

51258E+00

. 24368E+00
.56903E+00

L20227E-01
.17360E-01
L12147E-01
.BT584E-02
.B61521E-02
L4AY9844E-02
.61021E-02
.901891E-02
.11886E~01
.14753E-01
.17360E-01
.19184E-01
L20227E-01
.19184E-01
. 16838E-01
.13711E-01
.11104E-01
.84978E-02
. 58Y14E-02
.523701E-02
»T4553E~-02
.95404E-02
.11365E-01
.13711E-01
»16838E-01
.19445E-01
L20227E-01
.18141E-01
14232E-01
.11104E-01
+84457E-02
+58Y14E-02
»03701E-02
.66733E-02
.90191E-02
.12147E-01
.16838E-01
»21008E-01
.23094E-01
L22572E-01
L20227E-01
. 17360E-01
»14232E-01
.11886E-01
+849T78E-02
.28914E-02
LT9T7T65E-02
.13711E-01

.11695E-01
.99614E-02
.68061E-02
.47T08E-02
.31941E-02
.23079E-02
.32113E-02
.49679E-02
.67015E-02
.84007E-02
9986 1E-02
.11101E-01
.11759E-01
.11119E-01
.96844E-02
.78131E-02
.62318E-02
.46555E-02
.30323E-02
. 26815E-02
.40196E-02
.52829E-02
.63822E-02
LT8042E-02
L97111E-02
.11279E-01
,11759E-01
.10481E-01
+BOT0YE-02
.61846E~02
.45871E-02
. 30261E-02
. 26805E-02
. 35379E-02
. 49664E-02
L6B4Y5E-02
.97031E-02
L 12262E-01
.13452E-01
.13132E-01
.11695E-01
.99312E-02
.80390E-02
.66280E-02
.46213E-02
.30198E-02
.43367E-02
. T8086E~02



TABLE BP-2:

Radiation

cal/cmzfmin

.13500E+01
. 18000E+01
.21000E+01
.22000E+401
.21500E+01
.195600E+01
.165000E+01
»13000E+01
.BO0O0O0OE+00
. J0000E+00
.b0000E-01
. 50000E-0]
. 20000E+00
.40000E+00
. 55500E+00
.77500E+00
»12500E+01
.156500E+01
.12500E+01
.10000E+01
. T1500E+00
.20000E+00
«32500E+00
.256000E+00
.50000E-01
.50000E-01
. 20000E+00
.40000E+00
.65000E+00
.95000E+00
.12000E+01
.13500E+01
.13750E+01
.12750E+01
.11000E+01
.TH000E+00
.45000E+00
.25000E+00
.15000E+00
.50000E+00
.80000E+00
.10000E+01
.11000E+01
.11500E+01
.11750E+01
.10750E+01
.10250E+01
.892500E+00

X

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL(Continued)

.30095E+03
.30415E+03
.30415E+03
. 30415E403
.30465E+03
.30465E+03
.30465E+03
.30515E+03
.30515E+03
.30515E+03
.30355E+03
.30055E+03
.30055E+03
.30055E+03
.30215E+03
.30215E+03
.30215E403
.30315E+03
.30315E+03

30265E+03
. 30265E+03
. 30265E+03
.30115E+03
»30115E+03
.298915E+03
.29915E+03
L29915E+03
»30055E+03
. 30055E+03
-30055E+03
.30315E+03
.30315E+03
JO315E+03
.303165E+03
.30315E+03
.30315E+03
L30215E+03
.29955E+03
. 29955E+03
.29955E+03
. 30255E+03
»30255E+03
.30255E+03
.J0315E+03
30315E+03
.30315E+03
.3J0115E+03

-

178

Cell
Voltage
{volts}

.08103E+00
. DBI3Z22E+00
.58T7T09E+00
. bBBZBE+00
. 38892E+00
.08446E+00
.58026E+00
-27347E+00
.06125E+00
.53660E+00
L4946 0E+00
.50007E+00
«.53432E+00

«50149E+00

.55698E+00
.506530E+00

LBTT22E+00°

.58103E+00

.57564E+00
.30315E+03 . .

57006E+00
.56248E+00
.55355E+00
.54281E+00
.5388ZE+00
.4989TE+00
. 5026 2E+00
.53673E+00
. 55382E+00
.56352E+00
. 5T294E+00
.5T8T4E+00
5775TE+00
.5T803E+00
.57614E+00
.57244E+00
56286E+00
.55010E+00
.53712E+00
. 52895E+00
.55867E+00
.5T029E+00
.57102E+00
. 57340E+00
.57451E+00
.5T409E+00
.57187E+00
.5T068E+00
.57T131E+00

Cell
Current
{amp)

.18923E~-01
23615E-01
.26743E~-01
.27785E-01
27264E-01

-

.25179E-01

.22051E-~01
. 1840ZE-01
.13188E-01
.T9765E-02
.53701E-02
b3701E-02
69340E~-02
.90191E-02
.10635E-01
.12929E-01
17881E-01
L21008E-01
.17881E-01
15274E-01
. 12303E-01
. Y0062E-01
82372E-02
. 74553E-02
.53T01E-02
53701E-02
.689340E-02
.80191E-02
11625E-01
14753E-01
.17T360E-01
. 18923E-01
.189184E-01
.18141E-01
16317E-01
12668E-01
.95404E-02
74553E-02
64127E-02
10062E-01
.131839E-01
.15274E-01
.16317E-01
.16838E-01
.17099E-01
.18056E-01
. 15535E-01
.14492E-01

-

»

-

.

EQGEN
{watt)

.10995E-01
. 13773E-01
.15700E-01
. 16345E-01
.16002E-01
.14716E~01
.12795E-01
.10553E-01
.T4025E-02
42802E-02
26561E-02
. 26854E-02
.37050E-02
19739E-02
.59235E-02
73086E-02
. 10321E-01
.12206E-01
. 10293E-01
.87074E-02
.69203E-02
.55696E-02
.44712E-02
.40171E-02
.267T95E-02
.26991E-02
.37217E-02
.49950E-02
.65512E-02
84526E-02
.10047E-01
.10930E-01
.11089E-01
.10452E-01
.93405E-02
.71304E-02
.52481E-02
40044E-02
. 33920E-02
.56211E-02
.75217E-02
.87219E-02
.93561E-02
.96 737TE-02
.98164E-02
.91821E-02
.B8B55E-02
,BZTYSE-02

-

-

-



TABLE BP-2:

Radiat;on
cal/cm4/min

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL{Continued)

Voltage
{volts)

Cell
Current
{amp)

.T2500E+00
.50000E+00
. 30000E+00
. 10000E+00
.50000E-01
.30000E+00
.65000E+00
.10000E+01
.14000E+01
.17000E+01
18500E+01
-18250E+01
. 16250E+01
. 13500E+01
10000E+01
.65000E+00
40000E+00
. 20000E+00
.10000E+00
.35000E+00
+B80000E+00
.15500E+01
.17000E+01
.20000E+01
.21000E+01
. 20000E+01
.17500E+01
.14000E+01
. 95000E+00
.45000E+00
.10000E+00
»12500E+00
.37000E+00
. 65000E+00
.95000E+00
.12500E+01
.15000E+01
.17500E+01
.17000E+01
.18000E+01
. 16000E+01
12500E+01
.80000E+00
. 45000E+00
.20000E+00
+50000E-01
.22500E+00
.47500E+00

.30115E+03
.30115E+03
.30155E+03
.30155E+03
.30055E+03
.30055E+03
.30055E+03
.30255E+03
.30255E+03
.30255E+03
.30435E+03
. 30435E+03
30435E+03
.30415E+03
.30415E+03
30415E+03
.30315E+03
.30315E+03
.30075E+03
.30075E+03
.30075E+03
.30255E+03
30255E+03
.30255E+03
.30115E+03
.30115E+03
.30115E+03
.30415E+03
.30415E+03
.30415E+03
.30315E+03

»

-

.30095E+03

«30095E+03
. 30085E+03
«30195E+03
»30195E+03
+3J0185E+03
»30215E+03
+J0Z215E+03
. 30215E+03
«3J0315E+03
.30315E+03
30315E+03
s 30255E+03
30255E+03
. 30095E+03
«J0085E+03
. 30095E+03

179

-96526E+00
.55603E+00
.54267E+00
.21541E+00
.50007E+00
.54436E+00
»DB3SZ2E+00
.37102E+00
. 57942E+00
58427E+00
. 58360E+00
.58326E+00
»08034E+00
.57T600E+00
.O6846E+00
.05766E+00
.954715E+00
.02985E+00
.51883E4+00
.04784E+00
.56835E+00
58196E+00
58427E+00
.D8834E+00
L089171E+00
. 99050E+00
58717E+00
.D7691E+00
.06718E+00
.54844E+00
«51258E+00
. 22200E+00
L 04922E+00
.D6Z87TE+00
L97070E+00
.07T54E+00
.08208E+00
.58562E+00
+58490E+00
.08632E+00
. 58182E+00
. DT7264E+00

-

© .56448E+00

.55108E+00
.53088E+00
»49934E+00
»593B55E+00
. 55508E+00

12407E-01

. 10062E-01
LTY9765E-02
.58Y914E-02
.03701E-02
LT9765E-02
.11625E-01
.15274E-01
.19445E-01
L2257T2E-01
«24136E-01
. 23875E-01
.21790E-01
«18923E-01
«15274E-01
. 11625E~-01
»90191E-02
.69340E-02
«D8914E-02
. B4978E-02
»13189E-01
. 21008E-01
L220742E-01
.Z25700E-01
.26743E-01
.257T00E-01
.23094E-01
.19445E~-01

-

14753E-01

.95404E-02
«58Y914E-02
.61521E-02
B7H8B4E-02
.11625E-01
.14753E-01
.178481E-01
.20487E-01

23094E-01
22572E-01

.23615E-01

21530E-01

.17881E-01
.13189E-01

95404E-02

.69340E-02
»53T01E-02
.71946E-02
.98010E-02

.70134E-02
.55945E-02
. 13286E-02
. 30365E-02
. 26854E-02
. 43421E-02
.65512E-02
LBT219E-02
.11267E-01
.13188E-01
.14086E-01
.13926E-01
L12646E-01
.10900E-01
LB6829E-02
.64830E-02
.49348E-02
.36740E-02
.30448E-02
.46555E-02
.7T4961E-02
L12226E-01
.13188E-01
.15120E-01
.15824E-01
.15176E-01
.13560E-01
.11218E-01
L83676E-02
.52323E-02
.30198E-02
.32113E-02
.48103E-02
.65436E-02
LB4196E-02
L10327E-01
.11925E-01
.13524E-01
.13202E-01
.13846E-01
.12526E-01
.10293E-01
.74451E-02
.52576E-02
.36811E-02
.26815E-02
.38603E-02
.54404E-02



TABLE BP-2:

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL{Continued)

Cell
Voltage
(volts)

Cell
Current
{amp)

Radiation Temp
cal/cm4/min (9K)
.80000E+00 .30315E+03
.11500E+01 ,30315E+03
.15000E+01 .30315E+03
.18Z250E+01 .30415E+03
»20000E+01 .30415E+03
.19750E+01 .30415E+03
.18750E+01 .30475E+03
.16000E+01 .30475E+03
.12000E+01 .30475E+03
.70000E+00 .30415E+03
.30000E+00 .30415E+03
.50000E-01 .30075E+03
.Z20000E400 .30075E+03
A0000E+00 . 3J0075E+03
«T75000E+00 .3J0115E+03
.15500E+01 .30115E+03
L21000E+01 .30115E+03
L20000E+01 ,30275E+403
.17000E+01 .30275E+03
.13000E+01 ,3J0275E+03
.95000E+00 .30215E+03
.65000E+00 ,30215E+403
«30000E+00 .30215E+03
.50000E-01 .30265E+03
.45000E-01 .30035E+03
.17500E+00 .30035E+03
»35000E+00 .30035E+03
»00000E+00 .30175E+03
.7T0000E+00 .30175E+03
.92500E+00 ,30175E+03
.12250E+01  .30015E+403
.16000E+01 .30015E+03
.18000E+01 .30015E+03
.16500E+01 .30315E+03
«12500E+01 .30315E+03
.65000E+00 .30315E+03
27500E+00 .30115E+03
»00000E-01 .29915E+03
. 15000E+00 .29915E+403
.40000E+00 .29915E+03
.13000E+01 .,30075E+03
.20500E+01 .30075E+03
»205600E+01 .30075E+03
.18000E+01 .30415E+03
«13500E+01 .30415E+03
.95000E+00 ,.30415E+03
B5000E+00 .,30415E+03
2 JO0000E+00 L, 30415E+03

180

.56448E+00
.57356E+00
.58021E+00
. 58357E+00
.58587E+00
.58555E+00
58332E+00
57933E+00
.57T209E+00
.55952E+00
53828E+00
.49970E+00
.53398E+00
.55115E+00
.56610E+00
58415E+00
. 5917 1E+00
58803E+00
.58396E+00
.57725E+00
.57038E+00
5609 1E+00
.54166E+00
.49624E+00
.49783E+00
.53137E+00
.54851E+00
.55504E+00
.56341E+00
.5T035E+00
.5TY8BE+00
. 58651E+00
.58943E+00
58259E+00
.57564E+00
.55929E+00
.54119E+00
.50262E+00
52965E+00
.55382E+00
.58041E+00
.59173E+00
.59173E+00
.58322E+00
.5T600E+00
.56718E+00
.557T66E+00
.53828E+00

-

-

- -

»13188E-01
.16838E-01
.20487E-01
.2387H5E-01
.25700E-01
.20439E-01
2 24397E-01
.21030E-01
»17360E-01
.12147E-01
.7T9765E~-02
.03701E-02
.B9340E-02
L80191E-02
.12668E-01
.21008E-01
.26743E-01
.25700E-01
»22572E-01
.18402E-01
14753E-01
.11825E-01
. T97T6HE-02
.53T01E-02

»93180E-02

6673I3E-02
.B849T78E~-02
.10062E-01
»12147E~01
14492E-01
. 17620E-01
. 21530E-01
.23615E~-01
.22051E-01
. 17881E-01
11625E-01
«TT158E-02
.53701E-02
LB64127TE-02
.90191E-02
.18402E-01
L26221E-01
W 26221E-01
.23615E-01
»18923E-01
.14753E-01
.11625E-01
.TY765E-02

-

.

.74451E-02
L96077TE-02
»11887E-01
»138933E-01
.15057E-01
.148Y6E-01
:14231E-01

.12473E-01 -

.99312E-02
.67963E~02
.42936E-02
,26835E-02
.37026E-02
.49709E-02
.71714E-02
L12272E-01
.15824E-01
.15112E-01
.13181E-01
.10623E-01
.84148E-02
.65209E-02
L43206E-02

L 26649E-02
.26475E-02
.35460E-02
.46612E-02
.55846E-02
.68436E-02
,82658E-02
.10218E-01
.12627E-01
+13919E-01
.12847E-01
.10293E-01
.65020E~-02
.41758E-02
.26991E-02
.33965E-02
.49950E-02
.10681E-01
.15516E-01
,15516E-01
.13773E-01
.10900E-01
.83676E-02
,64830E-02
. 42936E~-02



TABLE BP-2:

Radiation

cal/cmzjmin

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL{Continued)

Cell
Voltage
{volts}

Cell
Current
{amp)

EQGEN
(watt)

.50000E-01
.30000E-01
. 20000E+00
.42500E+00
.6T500E+00
.90000E+00
.13000E+01
.19000E+01
.21000E+01
.17750E+01
.14250E+01
. 12000E+01
.95000E+00
.65000E+00
. 25000E+00
.10000E+00
. 45000E+00
.12000E+01
.16500E+01
15500E+01
.13750E+01
11250E+01
. 82500E+00
.52500E+00
25000E+00
.50000E-01
.75000E+00
. 25000E+00
. 40000E+00
. 52500E+00
.60000E+00
. 65000E+00
.62500E+00
. 55000E+00
.45000E+00
25000E+00
.50000E-01
50000E~01
. 20000E+00
45000E+00
. BOOUUE+00
.13500E+01
.17T000E+01
11000E+01
.30000E+00
.50000E-01
.50000E-01
.20000E+00

-

-

-

-

-

«30410E+03
»30015E+03
.J0015E+03
.J0015E+03
«30295E+03
. J02Y5E+03
30295E+03
.30315E+03
J0315E+03
.30315E+03
.3033H5E+03
.30335E+03
»J0335E+03
J0315E+03
.30315E+03
. 29965E+03
. 2898965E+03
2Y9965E+03
L29995E+03
. 299Y95E+03
.29995E+03
:303153E+03
»30315E+03
J0315E+03
. 30275E+03
. 30275E+03
29875E+03
29Y975E+03
. 29885E+03
-29995E+03
L29895E+03
.30095E+03
.30095E+03
. JO0YHE+03
«30015E+03
.30015E+03
.30015E+03
29995E+03
289995E+03
. 29985E+03
.30155E+03
.30155E+03
.30155E+03
.30375E+03
.3037H5E+03
.30375E+03
. 2Y9935E+03
.29935E+03

-

»

181

+49350E+00
. 50080E+00
«D3501E+00
+55366E+00
»96055E+00
.56T774E+00

.D7684E+00

.58613E+00
.58863E+00
.58442E+00
.57861E+00
.57430E+00
. 56846E+00
.55929E+00
.53542E+00
.51878E+00
.55590E+00
.58016E+00
.58758E+00
.58603E+00
.58306E+00
.57301E+00
. 56525E+00
.55395E+00
.53610E+00
. 49605E+00
.56837E+00
.54121E+00
.55249E+00
.55922E+00
.56252E+00
.5628TE+00
.56 190E+00
.55872E+00
.55507E+00
. 54053E+00
.50080E+00
.50116E+00
.53536E+00
.55540E+00
.56 TOEE+00
.58009E+00

+58583E+00

.57148E+00

. 338Y96E+00

.49423E+00
. D0226E+00
.D3639E+00

.53701E-02
.53701E-02
. BY340E-02
L92797E-02
.11886E-01
L.14232E-01
.18402E-01
L24657E-01
.26743E-01
.23354E-01
.19705E-01
.17360E-01
.14753E-01
.11625E-01
.74553E-02
.58914E-02

. 95404E-02

. 17360E-01
. 22051E-01
.21008BE-01
. 19184E-01
s 16578E~01
+13450E-01
L10322E-01
. 74553E~02

.53701E-02

.12668E-01
. T4553E-02
.90191E-02
L10322E-01
«.11104E-01
11625E-01

-.11365E~-01

.105843E-01
.95404E-02
,7T4553E-02
.53701E-02
.53701E~-02
.BY340E-02
.95404E-02
.13189E-01
.18923E-01
L22572E-01
.16317E-01
L.79765E-02
.53701E-02
.53701E-02
.69340E-02

L26502E-02
L26893E-02
.37088E-02
,51378E-02
.BEBLZBE-02
.B0BOOE-02
.10617E-01
.14452E-01
.15742E-01
.13649E-01
.11402E-01
.99BYBE-02
.83865E-02
.B5020E-02
,39917E-02
.30563E-02
.53035E-02
.10071E-01
.12957E-01
.12312E-01
.11185E-01
.94991E-02
LT6025E-02
.57180E-02
,39968E-02
266 3YE-02
.72001E-02
.A0349E-02
.A49829E-02
.57724E-02
.B2463E-02
.B5436E-02
LBIB5Y9E-02
.59129E-02
.52956E-02
A0298E-02
L26893E-02
.26913E~-02
L 37121E-02
.52987E-02
LT4791E-02
.10977E-01
.13224E-01
93250E-02
LA2990E-02
L26541R-02
L2BYTL2E-02
.37193E-02



TABLE BP-2:

Radiation
cal/cma/min

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL{Continued)

L " s s s s Al i s e . g oy T} D W b E AN N win i —————— i —— A —lh ok — — iy — — e Tm S

Voltage
{volts)

Cell
Current

{amp)

.25000E+00
L92500E+00
+12150E+401
.13500E+01
12250E+01
10000E+01
.T5000E+00
. 40000E+00
. 10000E+00
. 50000E~-01
«15000E+00
»35000E+00
.65000E+00
.14000E+01
»19000E+01
15000E+01
.92500E+00
.65000E+00
40000E+00
.15000E+00
+25000E~-01
.7T5000E-01
. 17500E+00
.47500E+00
.11000E+01
. 14500E+401
.12500E+01
»10000E+01
. 80000E+00
.60000E+00
A0000E+00
.15000E+00
.15000E+00
. 20000E+00
.80000E+00
.10000E+01
.12000E+01
-14000E+01
15500E+01
.15500E4+01
. 14000E+01
»11500E+01
.80000E+00
45000E+00
15000E+00
.15000E+00
.15500E+01
.10500E+01

-

.289835E+03
.28995E+03
.29995E+03
29985E+03
.30235E+03
LJ0230E+03
.J0Z235E+03
. J0255E+03
.30255E+03
. 29995E+03
29985E+03
- 289995E+03
»30155E+03
. 30155E+03
.30155E+03
. J0295E+03
30295E+03
.30295E+403
«30135E+03
. 30135E+03
28915E+03
.29815E+403
29915E+03
. 30055E+03
«30005E+03
.30055E+03
. 30215E+03
J0215E+03
.J0Z215E+03
J30415E+03
.30415E+403
.30415E+03
. 30055E+03
.30055E+03
.30255E+03
. 30255E+03
30255E+03
.30415E+03
30415E+03
. 30415E+03
.30515E+03
.30515E+03

-

-

.30335E+03
.30335E+03
.30015E+03
.30015E+03
»30292E+03

182

30515E+03

.56135E+00
.57324E+00
.58000E+00
5826 1E+00
57640E+00
.57134E+00
.56416E+00
.54815E4+00
.51364E+00
.50116E+00
.52825E+00
.54919E+00
.56 18YE+00
.5B099E+00
.58925E+00
.58052E+00
5684 3E+00
.55961E+00
55015E+00
52581E+00
.48560E+00
51259E+00
.53344E+00
.55575E+00
.57658E+00
.58344E+00
.57722E+00
.57165E+00
.56609E+00
55565E+00
.54549E+00
. 52094E400
52721E+00
55702E+00
.56545E+00
.57102E+00
57557E+00
57691E+00
.57947E+00
.57947E+00
.57534E+00
L 5TO3YE+00
56125E+00
.549T6E+00
.52233E+00
.527T90E+00
.58572E+00
.57T160E+00

=

x

-

.10583E-01
.14492E-01
.17516E-01
.18923E-01
.17620E-01
.15274E-01
+12668E-01
.80191E-02
.58914E-02
.53701E-02
.64127E-02
.84978R-02
.11625E-01
.19445E-01
L25179E-01
.20487E-01
.14492E-01
.11625E-01
.90191E-02
.64127E-02
.51095E-02
.56308E-02
.B6733E-02
.Y8010E-02
.16317E-01
.19966E-01
,17881E-01
.15274E-01
.13189E-01
.11104E-01
L.90191E-02
L64127E-02
LB64127TE-02
.10062E-01
,13189E-01
.15274E-01
.17360E-01
.19445E-01
. 21008E-01
.21008E-01
.19445E-01
.18838E-01
.13189E-01
.95404E-02
.64127E-02
LB4127E-02
.21008E-01
.15796E-01

.509408E~-02
+83077E~02
«10159E-01
»11025E-01
.10156E-01
.8T268E-02
T1468E-02
.49438E-02
.30261E-02
.26813E-02
»33875E-02
.46669E~-02
.65323E-02
L11287E-01
+.14837E-01
.11893E-01
»82380E-02
.B65057E-02
LA9619E-02
+33719E-02
L24812E-02
»2BB63E-02
.35598E~-02
L04469E~02
. 34080E-02
.11649E~01
.10321E-01
.B873YTE-02
.T4663E-02
L61700E-02
.49198E-02
.33406E-02
«33808E-02
.060645E-02
.74578E-02
L8T219E-02
.99916E-02
.11218E~01
.12174E~-01
.12174E-01]
.11187E~-01
. 96043E-02
.T4025E-02
«H2450E-02
+33496E-02
+33853E-02
.12305E-01
+J028BE-02



TABLE BP-2:

Radiation

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL{Continued)

cal/cm?/min  (°K)

Cell
Voltage
{volts)

Cell
Current
(amp)

EQGEN
{watt)

. 14500E+01
.17T000E+01
.18000E+01
.17500E+01
. 16000E+01
. 12500E+01
. 75000E+00
.35000E+00
.10000E+00
. 10000E+00
.45000E+00
.95000E+00
«14000E+01
. 18000E+01
.20000E+01
-19500E+01
.18000E+01
.15500E+01
.11500E+401
.70000E+00
.25000E+00
.50000E-01
.12500E+00
.40000E+00
.T2500E+00
.10500E+01

14500E+01

.18000E+01
.1B000E+01
.18000E+01
.13500E+01
 10000E+01
.60000E+00
.25000E+00
.10000E+00
. 35000E+00
.75000E+00
- 12000E+01
.14500E+01

15250E+01

.14500E+01
.12000E+01
.90000E+00

70000E+00

.50000E+00
. 2B000E+00
.50000E-01
.10000E+00

.30295E+03
. 30295E+03
.30115E+03
.30115E+03
.30115E+03
.30350E+03
JO355E+03
.30355E+03
«30195E+03
.29955E+03
29955E+03
»30275E+403
.30275E+03
.30275E+03
.30315E+03
.30315E+03
-30315E+03
JO335E+03
. J0335E+03
. J0335E+03
L J02785E+03
.30275E+03
J0015E+03
.30015E+03
.30275E+03
.30275E+03
«30275E+03
.30155E+03
.30155E+03
.30155E+403
.30475E+03
.30475E+03
30475E+03
.J0175E+03
.30055E+03
.30055E+03
.30055E+03
JOO55E+03
.30055E+03
.30055E+03
.30015E+03
.30015E+03
.J0015E+03
.29995E+03
. 29995E+03
. 29995E+03
.30095E+03
.29955E+03

L]

-

»

183

.ST7YBTE+0CO
. B8365E+00
.D8TB7E+00
.58717E+00
«.58494E+00
.57501E+4+00
.56222E+400
.54315E+00
.51470E+00

-

51896E+00
55607E+00

.56942E+00
.B7911E+4+00
.58539E+00

58741E+00

.586T8BE+00

58477E+00

.58071E+00
.57T324E+00

-

56081E+00

.53610E+00
49605E+00

52340E+00

.55215E+00
«5B266E+00
.57192E+00
.57998E+00
.58725E+4+00
. D8TZBE+00
.58432E+00
+57505E+00
.26751E+00
.55467E+00
.53780E+00
517T1BE+00

54818BE+00
56T707E+00

.37T874E+00
.58344E+00
.58B469E+00

b8406E+00
57937TE+00
57224E+00

.56B34E+00
.55801E+00
.D408BTE+00
.49934E+00
.518Y96E+00

. 19966E-01
.22B72E-01
.23615E-01
. 23094E-01

»21530E-01

.17881E-01
.12668E-01

-

84978E-02

.58914E-02
.58914E-02
»95404E-02
.14753E-01
.19445E-01

-

23615E-01

.25700E-01
.25179E-01

23615E-01

.21008E-01
. 16838E-01
.12147E-01
.74553E-02
«53701E-02
.61521E-02
.90191iE-02
.12407E-01
.15796E-01
. 19966E-01
.23615E~01
23615E-01
.21630E-01
«18923E-01
.15274E-01
.11104E-01
. T4553E-02

58914E-02

.8B497HBE-02

-

1266HE~01

.17360E-01
.19966E-01

20748E~-01
199686E-01

- 17T360E-01
.14232E-01
.12147E-01
.10062E-01
.T4653E-02
«53701E-02
.58914E-02

.11574E-01
.13174E-01
.13883E-01
.13560E-01
.12594E-01
10282E-01
LT1222E-02
. 46156E-02
. 30323E-02
.30574E-02
.53051E-02
B4007E-02
.11261E-01
.13824E-01
15096E~01
.14774E-01
13809E-01
.12200E-01
.96523E-02
.68121E-02
.39968E-02
.26639E-02
32200E-02
L49799E-02
.69812E-02
.90338E-02
.11580E-01
. 13868E-01
.13868E-01
.12580E-01
.10882E~01
. BEE8IE-02
.61592E-02
. 40095E-02
.30469E-02
. 46583E-02
.T1837E-02
10047E-01
.11649E-01
.12131E-01
.11661E-01
.10058E-01
. 81440E-02
68791E-02
.56145E-02
.40323E-~02
. 26815E-02
.30574E-02

-

-



TABLE BP;Z: SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL{Continued)

Radiation

X

cal/cm?/min (9K}

Cell
Voltage
{volts}

Cell
Current
{amp)

EQGEN
{watt)

.35000E+00

.BO000E+00

B0000E+00
.10500E+01
. 13000E+01
.14000E+01
. 13500E+401
. 12000E+01
-80000E+00
. 40000E+00
15000E+00
. 20000E+00
.B5000E+00
.11500E+01
.15500E+01
.17150E+01
17000E+01
.15000E+01
.11500E+01
.90000E+00
. 7T0000E+00
.45000E+400
. 15000E+00
. 10000E+00
«.35000E+00
.65000E+00
87500E+00
.10750E+01
.12750E+01
.13500E+01
»13500E+01
.11500E+01
.85000E+00
.55000E+00
. 25000E+00
.15000E+00
.45000E+00
- TOO00E+00
.92000E+00
. 12250E+01
.15500E+01
17500E+01
.16500E+01
.11000E+01
.75000E+00
.60000E+00
. 25000E+00
» 50000E-01

. 29855E+03
. 29955E+03
.30175E+03
30175E+03
L 30175E+403
.30315E+03
.30315E+03
.30315E+03
.30378E+03
JO375E+03
.30375E+03
.30015E+03
.30015E+03
.30015E+03
.30275E+03
30278E+03
.30275E+03
.30475E+03
. 30475E+03
.30475E+03
. 30335E+03
»30335E+03
.30335E+03
.30015E+03
+30015E+03
L30215E+03
.30215E+03
.30215E+03
.30335E+03
.30335E+03
«30335E+03
.3J0365E+03
.30365E+03
.30365E+03
.30235E+03
30015E+03
.30015E+03
.30015E+03
.30215E+03
.30215E+03
.30215E+03
30415E+03
»30415E+03
.30415E+03
. 30475E+03
.30475E+03
+30475E+03
.30315E+03

L]

-

184

+D49B6E+00
.56318E+00
. 56B74E+00
.9T351E+00
57T883E+00
.5T848E+00
«HTT57TE+00

L 5T462E+00

56351E+00
.54615E+00
52164E+00
.953501E+00
.56418E+00
97831E+00
.58165E+00
.58418E+00
5839BE+00
.57770E+00
.5T7102E+00
D648BE+00
.56081E+00
.54976E+00
52233E+00
.H178YE+00
54885E+00
.56091E+00
.06832E+00
.57346E+00
.S5TH82E+00
LDTT25E+00
LDTT25E+00
LDT276E+00
.D6519E+00
.95429E+00
.D3678E+00
-827H0E+00
+95507E+00
»B6601E+00
. 56971E+00
. D7672E+00
. 58259E+00
.58251E+00
.58104E+00
.57086E+00
.06028E+00
.D0467E+00
«53270E+00
-49533E+00

-

«84878BE-02
.11104E-01
.13189E-01
.157Y6E-01
. 18402E-01
.19445E-01
L 18923E-01
.17360E-01
.13189E-01
«30191E-02
.64127TE~-02
.B9340E-02
.11625E-01
.16838E-01
.21008E-01
L22T29E-01
s22572E-01
.20487E-01
.16838E-01
. 14232E-01
.12147E-01
.95404E-02
.64127E~-02
+58914E-02
.84978E-02
.11625E-01
»13971E-01
.16056E-01
.18141E-01
»18923E-01
+18823E-01
.16838E-01

.13711E-01

.10583E-01
.74553E-02
.64127E-02
.95404E-02
»12147E-01
.14492E-01
.17620E-01
.21008E-01
»23094E-01
«22051E-01
.16317E-01
.12668E-01
.11104E-01
.74553E~-02
.53701E-02

+A4BT26E-02
.B2536E~-02
LT4T49E~-02
«H0590E-02
.10652E-01
.11248E-01
.10930E-01
HYT751E-02
.T4323E-02
49258E-02
.33451E-02
.37098E-02
.65588E~02
. 87378E-02
L 12220E-01
. 13278E-01
.13181E-01
.11836E-01
.96150E-02
.80390E-02
B68121E-02

" .52450E-02

.33496E-02
.30511E-02
.46640E-02
.65209E-02
. T9402E-02
.92076E-02
.10446E-01
.10924E-01
.10924E-01
.96143E-02
.T7T491E-02
,58B60E-02
.40018E-02
.33853E-02
.52956E~02
.68752E-02
.82565E-02
.10162E-01
v 12239E-01
.13452E-01
.12812E-01
.93146E-02
LTO0YT6E-02
.61592E-02
.39714E-02
.26600E-02



TABLE BP-2: SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING BIVARIATE MODEL(Continued)

——— T e . . ks okl el il s ke ek ek k. S W TR W e TER e A A e W S . ——

Radiation

cal/cmz/min

Cell
Voltage
{valts)

EQGEN
{watt)

. 10000E+00

w40000E+00

.85000E+00
.13000E+01
.16500E+01
. 19000E+01
20250E+01
.20200E+01
.18500E+01
.11500E+401

50000E+00

.20000E+00

.

50000E-01
20000E+00

.45000E+00
.B0000E+00
.11500E+01
.13250E+01
. 13250E+01
.12500E+01
.10000E+01
.65000E+00
. 40000E+00
. 20000E+00
.50000E-01
.50000E-01
.30000E+00
. 7T0000E+00
.10250E+01
. 12000E+01
.12500E+01
L12250E+01
.11000E+01
.80000E+00
.55000E+00
.30000E+00
.15000E+00

. 30075E+03
. J0075E+03
«30335E+03
.30335E+03
.30335E+03
.30455E+03
.30455E+03
.30455E+03
.30375E+03
»d0375E+03
.30375E+03
. 3021 5E+03
. 30135E+03
.30135E+03
.30135E+03
»30Z70E+03
L3027H5E+03

JUOZT75E+03

.30315E+403
.30315E+03
.30315E+03

J0275E+03

. 30270E+03
.30275E+03
.30155E+03
-30015E+03
.30015E+03
.30335E+03
.3J0335E+03
+.30335E+03
L 29915E+03
.29915E+03
.29915E+03
. 300560E+03
. 30056B0E+03
.30055E+03
.30175E+03

.51683E+00
.955115E+00
.536567TE+00
.07631E+00
.BBZ2Z8E+00
58386E+00
.58556E+00
.D8556E+00
.58453E+00
2DT260E+00
«0B17T4E+00
.53157E+00
.49861E+00
.D3295E+00
.535308E+00
.DB51ZE+00
.57T419E+00
.5TTT3E+00
57T7T10E+00
.27564E+00
.57T00BE+00
.55994E+00
.D4T782E+00
.93054E+00
L49824E+00
.50080E+00
.204504E+00
.53B6081E+00
. 57036E+00
.07T430E+00
.58196E+00
.58148E+00
.37880E+00
.568BTE+00
+ 559 3BE+00
»54436E+00
.D2512E+00

.D8814E-02

S90191E-02

«13711E-01
.18402E~-01
.22051E-01
24657E-01
. 25961E-01

25961E-01

.24136E-01
.16838E-01
.100682E-01
.69340E-02
.D3701E-02
.69340E-02
.95404E-02
»13189E-01
.16838E~01
.18663E-01
«18663E-01
.17881E~01
.15274E-01
.11626E-01
«80191E-02
.89340E-02
.53701E-02
.03701E-02
.79765E-02
»12147E-01
. 156563H5E-01
.17360E-01
. 17881E-01
.17620E-01
.16317E-01
.13189E-01
.10583E-01
. 1T9765E-02
.B4127E-02

.30448E-02
.49709E-02
.T7557TE~02
.10605E-01
.12840E-01
.14399E-01
.15202E-01
.15202E-01
.14108E-01
.96417E-02
.55514E-02
.36859E-02
L26776E-02
36954E-02
.527T66E-02
74536E-02
LY6683E-02
L10782E-01
.10770E-01
.10293E-01
.87073E-02
B5095E-02
49408E-02
. 36T88E-02
L 26756E-02
26893E-02
.43475E-02
.68121E-02
.B8605E-02
99696E-02
.10406E-01
L10246E-01
.94443E-02
.715004E-02
.59199E-02
L43421E-02
. 33674E-02

-

¥({reading) x {instrument constant, k=.398)=insolation in

cal/cmz/min.

185



TABLE BP-3

Radiation_
cal/cmzlmin

CONSIDERING UNIVARIATE MODEL

Cell
Voltage
{volts}

Cell
Current
{amp)

SIMULATION RESULTS OF A SOLAR CELL

.261B0E-02

.50000E-01
.25000E+00
TOO00E+00
.12500E+01
.16500E+01
.19200E+01
.21000E+01
.21500E+01
. 21000E+01
17000E+01
12000E+01
.85000E+00
. 40000E+00
o0000E-01
.10000E+00
.50000E+00
.13500E+01
.17500E+01
.205600E+01
21500E+01
21700E+01
.16500E+01
.10500E+01
. 10700E+01
.107T00E+01
.90000E+00
.80000E+00
.60000E+00
-30000E-01
.12000E+400
-40000E+00
. 90000E+00
».15700E+01
.20000E+01
.19000E+01
. 16T00E+01
.14000E+01
.11500E+01
90000E+00
.10000E+00
. 50000E-01
.25000E+00
. TOO00E+00
.12500E+01
.16200E+01
.18200E+01
.19000E+01
. 18500E+01

-

-

-

-

.

.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
. J0TEBE+03
.30765E+03
»30T6HE+03
.J0T65E+03
.30765E+03
.30765E+03
.JO0765E+03
.30765E+03

.JOTEHE+03

.d07T65E+03
. 307B5E+03
.30T6H5E+03
.JO0T65E+03
.30765E+03
. 30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.3J0T65E+03
.3J0T65E+03
.30765E+03
.J0OTE5E+0]
.30765E+03
.J07T60E+03
.JUOTEHE+03
. 30765E+03
.30765E+03
.3J07T65E+03
.3J0765E+03
. J0T65E+03
.30765E+03
.JO765E+03
.30765E+03
.30T65E+03
3J0T65E+03
.30765E+03
.JU0T6H5E+03
.30765E+03
.J0TBE5E+03
.30T65E+03
. J076HE+03

186

.48714E+00
LH92TTTE+00
.5538B4E+00
568550E+00
.97559E+00
5T944E+00
.5B8172E+00
.58231E+00
.D8172E+00
57635E+00

-

. b6T7HIE+00

55876E+00
. 53967E+00
LA48714E400
50462E+00
»04TT73E+00
.57T050E+00
.5TTO09E+00
.58110E+00
.58231E+00
.D825H5E+00
.57B58E+00
.D641Z2E+00
.56460E+00
.56460E+00
.06021E+00
.D5T23E+00
. D4984E+00
LA4TA2TE+00

-

-

. 20923E+00

«939B67TE+00
. 56021E+00
.57433E+00
.08048E+00
«.57917E+400
LDTH80E+00
.57142E+00
»06643E+00
.H56021E+00
50462E+00
.48714E+00
LD27TTTE+00
.55384E+00
.56855E+00
.57513E+00
,57T808E+00
LDTYITE+0O
.2 T8D0E+00

.53701E-02
T4553E-02
.12147E-01
.17881E-01
.22051E-01
.24866E-01
L26T43E-01
27264E~01
.267T43E-01
L22572E-01

-»17360E-01

13711E-01
.90191E-02
.53701E-02
.D8Y14E-02
.10b83E-01
. 18923E-01
.23094E-01
26221E-01
. 2T264E-01
2T472E-01
L.22051E-01
«15796E-01
.16004E-01
16004E-01
14232E-01
.13188E-01
.11104E-01
.531616E-02
.BOBBYE-O2Z
.90191E~-02
L14232E-01
.21217E-01
.25T00E-01
.2465TE-01
22260E-01
19445E-01
.16838E-01
.14232E-01
.H8914E-02
.53701E-02
T4553E~02
12147E-01
.17881E-01
. 21738E-01
.23823E-01
+24657E-01
.24136E-01

-

»

J9I47TE-02

LBT2T4E-02
.10166E-01
«12682E-01

»

14408E-01

.155657E-01
.15876E-01
.15557E-01
.13010E-01
.9851TE-02
.T6610E-02
.486T73E-02

-

26160E-02

J29T2Z8E-02
.57966E-02
. 10786E~01

-

13327E-01
15237E-01

.15876E-01
.16004E-01
12692E-01
.89107E-02
.Y90360E-02

Y0360E-02

LT9T2YE-02
.T3494E-02
.61066E-02

-

24480E-02

.31063E-02
-4867T3E-02
»TYT29E-02
»12186E-01
.14918E-01
.14281E-01
»12819E-01

11111E-01

L95377E-02

-

-

TY9T29E-02
28729E-02
26160E-02

.39347TE-02
BTL2TAE-02
.10166E-01
.12502E-01
»137TT7T2E-01
.14281E-01
»13963E-01



TABLE EBP-3

Radiation

cal/cmzfmin

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNIVARIATE MODEL{Continued)

Cell
Current
{amp)

EQGEN
(watt}

.17200E+01
.15700E4+01
.13000E+01
. T3000E+00
. 30000E+00
.80000E+00
.20000E~01
.20000E+00
.42000E+00
.80000E+00
. 12500E+01
.18000E+01
.21000E+01

20500E+01

.19000E+01
. 16600E+01
.95000E+00
.30000E+00
.10000E+00
.15000E+00
. 55000E+00
.11000E+00
.14700E+01
. 16000E+01
.15700E+01
»11500E+01
.60000E+00
. 35000E+00
.25000E+00
»12000E+00
.30000E-01
. 30000E~-01

-

80000E-01

.25000E+00
.45000E+00
.13000E+01
.21000E+01
. 20000E+01
.155600E+01
.80000E+00

-

45000E+00

.20000E+00
.10000E+00
. JOO00E+00
.50000E+00
.7T5000E+00
«10500E+01
-13500E+01

.JOT6D2E+03
.30765E+03
.307T65E+03
.30765E+03
.d0T6HE+03
.30765E+03
.d0T6HE+03

-

-

30765E+03
30765E+03

.30760E+03
.30765E+03
.30762E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03

L 30765E+403

.30765E+03
.30765E+03
.30765E+03

30765E+03

.30765E+03
.30765E+03
.30765E+03
.J0TB5E+03
.30765E+03
.30765E+03
+30765E+03
»30765E+03
.30765E+03
. 3J0765E+03
»30765E+03
»30765E+03
.30765E4+03
.30765E+03
.30765E+03
. 30765E+03
.307650E+03
.307T65E+03
.307T65E+03
.30765E+03

-

-

JO76HE+03
30765E+03

.30765E+03
+30T60E+03
.30765E+03
.30765E+03

187

.37663E+00
.27433E+00
.56954E+00
.55059E+00
.93239E+00
.556723E+00
.48714E+00
.D2213E+00
.94265E+00
.55 T723E+00

-

56855E+00

BH5T780E+00

.HB172E+00
.58110E+00
LDTY917E+00
.97559E+00
.D615YE+00
«D3239E+00
».20462E+00
.5148BE+00

. 547T73E+00

.50704E+00
DT7266E+00
.07481E+00

57433E+00

.06643E+00

54994E+00

.H3629E+00
.D2T77TE+00
. 20923E+00
LAT427TE+00
SAT427E+00
L49899E+00
L0277T7E+00
. 04260E+00

-

56854E+00

.208172E+00

58048E+00

.27T401E+00
. 26021E+00
.54265E+00
.02213E400
.50462E+00
»03239E+00
.54532E+00
. 593599E+00
.56412E+00
.57050E+00

22781E-01.

.21217E-01
.18402E-01
.12668E-01
.79765E-02
.13189E-01
.53701E-02
.69340E-02
«95404E-02
»13189E-01
.17881E-01

.

23615E-01

. 26743E~01
L26221E-01
. 24657E-01
.22051E-01
.14753E-01

»

79765E-02

.H8914E-02
.64127E-02
.10683E-01
.D9957E-02
.20174E-01
.21530E-01
21217E-01
.16838E-01

-

11104E-01
84978E-02

. 74553E-02
.B60999E-02
.D1616E-02
.01616E-02
.D6828E-02
.7T4553E~-02
.95404E-02
.1840Z2E-01
.26743E-01
.25TU0E-01
«21008E-01
.14232E-01

-

Y5404E-02

.69340E-02

5B914E-02

. 79765E~-02
.10062E-01
. 12668E-01
.15796E-01
. 18923E-01

. 13136E-01
.12186E-01
.10481E-01
»TO383E-0Z
.42466E-02
. 73484E-02
. 26160E-02
»382050E-02
51771E-02
L73494E-02
.10166E-01
»13645E-01
. 15557E-01
.15237E-01
14281E-01
L 12682E-01
«82851E-02
L424BBE-02
L2Y9T29E-02
.33017E~-02Z
57Y66E-02
.J0401E-02
. 11553E-01
12376E-01
. 12186E-01
95377E-02
61066E-02
.45573E-02
+3Y9347E-02
.31063E-02
. 2448B0E-02
. 2448B0E-02
.28357E-02
.39347TE-02
B177T1E-02

-

-

.10481E-01

.15557E-01
.14918E-01
«12059E-01
T8729E~-02
b1771E-02
J6205E-02
L29729E-02
.42466E-02
. 54868E-02
.TO3B3E-02

-

L 89107E-02

.107T96E-01



TABLE BP-3

Radiat?on
cal/cmzlmin

SIMULATION RESULTS OF A SOLAR CELL

CONSIDERING UNIVARIATE MODEL{Continued)

Cell
Current
(amp}

EQGEN
{watt)

.21530E-01
225T2E-01
L22572E-01
»21530E-01
. 19445E-01
.16317E-01

.16000E+01
»17000E+401
.17000E+01
.16000E+01
.14000E+01
.11000E+01
. TOODOE+0O
. 35000E+00
.00000E-01
. 15000E+00
.30000E+00
.45000E+00
.60000E+00
75000E+00
L92000E+00
.10500E+01
.90000E+00
.65000E+00
+45000E+00
.35000E+00

. 22000E+00

.TO000E-01
. 15000E+00
. 55000E+00
.11000E+01
.14200E+401
13200E+01
. 90000E+00
.50000E+00
.35000E+00
»22000E+00
»TOO00E-01
. 10000E+00
.3J0000E+00
s45000E+00
. 20000E+00
45000E+00
+.35000E+00
.30000E+00
.250000E+00
. 10000E+00
.50000E-01
.10000E+00
. 25000E+00
»35000E+00
.D2000E+00
.T7000E+00
. 10500E+01

.30765E+03
.30765E4+03
.30765E403
.30765E403
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E403
.30765E+03
.30765E+03

»30765E+03°

.30765E+03
.30765E+03
.30T65E+03
s 30765E+03
.30765E+03
. 307TB65E+03
307B5E+03
L JOTHHE+03
»307T65E+03
.30765E+03
. 30763E+03
»30765E+03
JO07T65E+03
3U0765E+03
. 30765E+03

»307653E+03

.30765E+03

.30765E+03

.30T65E+03
»30763E+03
JU07T65E+03
-307T65E+03
.30T65E+03
. 30765E+03
.307T65E+03
. 30765E+03
.30TB5E+03
.30765E+03
+JOTBHE+03
»307T65E+03
«30765E4+03
. 30765E+03
.30765E+03
.30765E+03

188

«27T481E+00

«97635E+00
.27635E+00
.9748B1E+00
«DT142E+00
. 06530E+00
55384E+00
.33629E+400
.48714E+00
.51486E+00
. 53239E+00
.D4265E+00
»04844E+00
.55559E+00
06077TE+00
.96412E+00
.96021E+00
+955187TE+00
. 54265E+00

+DIBL2YE+0VO.

.52454E+00
4956 2E+00
51486E+00
. 547T73E+00
DB230E+00
s5T1I7T8E+00
. 0BYY3E+00
.36021E+00
«.54532E+00
»53629E+00
. 52454E+00
. 49562E+00
.20462E+00
.D3239E+00
.54265E+00
894532E+00
.94265E+00
.DIBZ2YE+00
.53239E+00
«D2TTTE+00
.50462E+00
.48714E+00
.50462E+00
«527TTTE+00
. 923628E+00
+54631E+00
. B5B2ZBE+00
.56412E+00

-

.

12147E~01

.84978E-02
. 53701E-02
,64127E-02
.7T9T65E-02
.95404E-02
.11104E-01
.12668E-01
.14440E-01
. 15796E-01
.14232E-01
.11625E-01
.95404E-02

84978E-02

.71425E-02

5578BTE-02
B4127E-02

.10583E-01
.16317E-01
»19653E-01

18611E-01

.14232E-01
+10062E-01

84978E-~02

.71425E-02
-53787E-02
.D08914E-02
L TY9TH5E-02
«95404E-02

10062E-01

. 90404E-02
849T78E-02
LT9T65E-02
. 74553E-02
.58914E-02

.03701E-02

.D8YI4E-02
. T4553E-02
.B489TBE-02
.10270E-01
J12B87T7E-01
.15796E-01

.12376E-01
.13010E-01
.13010E-01
L12376E-01
.11111E-01
.92240E-02
67274E-02
.45573E-02
L26160E-02
.33017E-02
.42466E-02
.51771E-02
L.61066E-02
70383E-02
.BOYTTE-02
84107E-02
LT9T29E-02
.B4169E-02
.51771E-02
45573E-02
.374B5E-02
L27T649E-02
33017E-02
.57Y966E-02
L92240E-02
L11237E-01
.10607E-01
797 29E-02
.54868E-02
.45573E-02
.374B5E-02
L27649E-02
29729E-02
LA2466E-02
.51771E-02
.54868E-02
.51771E-02
.45573E-02
42466E-02
.39347E-02
L29729E-02
26160E-02
L29729E-02
. 39347E~02
.45573E-02
.56107E-02
L.7T1627E-02
.89107E-02

-

-



TABLE BP-3

Radiatgon
cal/cmdfmin

SIMULATION RESULTS OF A SOLAR CELL

CONSIDERING UNIVARIATE MODEL(Continued)

Cell
Voltage
(volts)

Cell

»23000E+01
.23b00E+01
. 22000E+01
.19000E+01
+52000E+00
.22000E+00
.H0000E-01
.30000E-01
.10000E+00
. 22000E+00
+37000E+00
.67000E+00
.12500E+01
.17500E4+01
.19700E+01
20500E+01
<20000E+01
. 17500E+01
.13000E+01
.T5000E+00
»30000E+00
. 12000E+400
-47000E+00
«97000E+00
.13000E+01
. 15500E+01
+16500E+01
.17000E+01
«16700E+01
.15000E+01
. 12000E+01
.TOO00E+00
.25000E+00
.500000E-01
. 7T5000E-01
.22500E+00
-35000E+00
.25000E+00
. 80000E+00
.95000E+00
.95000E+00
-BODOOE+00
.27500E+00
«35000E+00
. 12500E+400
.25000E-01
«10000E+00
.20000E+00

»30765E+03
.307T65E+03
«30765E+03
.3076H5E+03
«30765E+03
.30765E+03
.307T65E+03
.J0765E+03
. J0TEDE+03
.30765E+03
J07T65E+03
JOTEHE+03
»30765E+03
»30765E+03
.30765E+03
.J0T65E+03
.307T65E+03

.J0765E+03

.JOTE5E+03
.30765E+03
30765E+03
.J0765E+03
.3J0T65E+03
.30765E+03
. 30765E+03
.30765E+4+03
«30765E+03
.30765E+03
. 30765E+03
. 30765E+03
.30765E+03
.30765E+03
JUO765E+03
30765E+03
L30765E+03
JOTE5E+03
.30765E+03
.30765E+03
+30765E+03
.J0765E+03
+30765E+03
.30765E+03
J0765E+013
.30765E+03
.30765E+03
. 30765E+03
30765E+03
.JO7T65E+03

-

189

.58403E+00
.58457E+00
. 58290E+00
.57917E+00
.54631E+00
.52454E+00
.48714E+00
. 4T427E+00
. 5046 2E+00
. 52454E+00
. 53769E+00
.55273E+00
. 56855E+00
.57TOYE+00
.58009E+00
.58110E+00
.58048E+00
. 57709E+00
. 56954E+00
.55559E+00
.53629E+00
.50923E+00
.54375E+00
.56211E+00
.56954E+00
.57401E+00
. 57559E+00
.57635E+00
. 57590E+00
.5T201E+00
.56751E+00
.55384E+00
.527TTTE+00
.48714E+00
. 497 36E+00
.52511E+00
. 53629E+00
.547T3E+00
.55723E+00
.56159E+00
. 56159E+00
. 55723E+00
.54886E+00
.53629E+00
.51026E+00
. 2696 9E+00
.50462E+00
.52213E+00

28828E-01
.29349E-01
27785E-01
.24657E-01
+10270E-01
T1425E-02
.D37T01E-02
.51616E-02
.58914E-02
<T1425E-02
8TO063E~02
11834E-01
.17881E~-01
23084E-01
.25387E-01
26221E-01
«25T00E~-01
. 23094E-01
.18402E-01
.12668E-01
84978E-02
60999E-02
.97T484E-02
»14962E-01
. 18402E-01
.21008E-01
+22051E~-01
L220T7T2E-01
L 22260E-01
.21008E-01
L 17360E-01
.12147E-01
. T4553E-02
+53701E~02
.96308E-02
71946E-02
+84978E~-02
.10583E~01
.13188E-01
.14753E~-01
. 14753E-01
.13188E-01
.10844E-01
L84878E-02
61521E-02
.01095E-02
.28914E-02
«69340E-02

-

-

»

. +16836E-01

.17157E-01
+.1681896E-01
»14281E-01
.D6107TE~-02
+37T465E-02
+26160E-02
.24480E-02
+29T728E-02
.37485E-02
L46813E-02
+.65410E-02
»10166E~01
+13327E-01
L14727E-01
+15237E-01
.14918E~01
+13327E-01
.10481E-01
. TOIBIE-02
.45573E-02
.31063E-02
.53010E-02
84101E-02
.10481E-01
. 12059E-01
- 12692E-01
.13010E=01
»12819E-01
.12059E~-01
.98517E-02
LBT727T4E-02
3934 T7E-02
. 26160E-02
. 2BO0OBE-0O2Z
-37T7T80E-02
.45573E-02
»0T966E~02
. 73494E-02
.82851E-02
.82851E-02
. T3494E~02
.D9516E-02
»45573E-02
. 31392E-02
. 23998E-02
L28T28E-02
.36205E~-02



TABLE BP-3

Radiat;on
cal/cmzlmin

SIMULATION RESULTS OF A SOLAR CELL

CONSIDERING UNIVARIATE MODEL!(Continued)}

Voltage
(volts}

Cell
Current
(amp)

+25000E+00
" 42500E+00
.57500E+00
.T2500E+00
.90000E+00
.97500E+00
.92500E+400
.70000E+00
.40000E+00
. 20000E+00
50000E-01
.50000E-01
< 25000E+00
.85000E+00
.17000E+01
.21500E+01
.21500E+01
.19500E+01
.16500E+01
.12000E+01
.B5000E+00
. 25000E+00
.50000E-01
.15000E+00
. 30000E+00
. 42000E+00
.4B000E+00
. 27T000E+00
.27000E+00
. 45000E+00
. A2500E+00
. 37500E+00
.30000E+00
. 20000E+00
.75000E-01
10000E+00
. 37500E+00
. 75000E+00
.11000E+01
. 15000E+01
.17500E+01
.15500E+01
.10000E+01
.55000E+00
.30000E+00
.15000E+00
.50000E-01
. 10000E+00

-

.30765E+03
.307T65E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
-30765E+03
.30765E+03
JO0765E+03
. 30765E+03
. 30765E+03
. 307T65E+03
. 30765E+03
.30765E+03
.30765E+03
.J0TBEE+03
30765E+03
.30765E+03
. 30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
. 30765E+03
. 30765E+03
L307T6H5E+03
J0765E+03
.30765E+03
.30765E+03
.30765E+03
.J0TE65E+03
.30765E+03
.30765E+03
30765E+03
«J0T65E+03
30765E+03
.30765E+03
JO0765E+03
»30765E+03
.307T65E+03
+30765E+03
.30765E+03
JU765E+03
. J0765E+03
J0765E+03
30765E+03
.30765E+03
.30765E+03

-

-

190

«D2TTTE+00
«94120E+00
.24886E+00
.595473E+00
L9B6021E+00
b6224E+00
. 96091E+00
.55384E+00
«538967E+00
.02213E+00
.48714E+00
48714E+00
LH27T7T7TE+00
.5587BE+00
.57635E+00
S5BZ31E+00
«58231E+00
.57983E+00
.DTE5YE+00
.56751E+00
55197E+00
S52TT7TTE+00
.48714E+00
+51486E+00
D3238E+00
.54090E+00
. 044288400
.D4375E+00
. 54375E+00
.54265E+00
.54120E+00
.53803E+00
L 53239E+00
02213E+00
49736E+00
50462E+00
.53803E+00
. 55559E+00
.58530E+00
.97317E+00
«D7T7T09E+00
57401E+00
«D5B6289E+00
.04773E+00
. 53239E+00
.51486E+00
.48714E+00
.50462E+00

-

-

-

. T4553E-02
LHZTYTE-02
.10844E~01
.12407E-01
.14232E-01
.15014E-01
.14492E-01
.12147E-01
90191E-04
.BY340E-02
.53701E-02
.03701E~-02
74553E-02
»13711E-01
22572E-01
L2T264E-01
27264E-01
2B179E-01
.22051E-01
.17360E-01
. 11625E-01
74553E-02
53701E-02
.64127E~-02
s TYTHB5E-02
. 92278E-02
. 98531E-02
L9T489E-02
«97489E-02
.95404E-02
O2797E-02
.87584E-02
T9765E-02
.69340E-02
.26308E-02
.58914E-02
LB7584E-02
L12668E-01
.18317E-01
.20487E~01
23094E-01
» 21008E-01
»15274E-01
. 10583E-01
. 7T9760E-02
.B64127E~-02
.03701E-02
.O8914E-02

.39347E-02
.50222E-02
5Y516E-02
6B8BLBE-02
LT9728E-02
.84414E-02
LB1290E-02
B6727T4E-02
»48673E-02
d6205E-02
.26160E-02
. 26160E-02
.39347E-02
.T6B610E-02
.13010E-01
. 1587BE-01
.15876E-01
14599E-01
.12692E-01
.98017E-02
64169E-02
J9347E-02
.26160E-02
33017E-02
.42468E-02
L49912E-02
53B828E-02
.03010E-02
53010E-02
.51771E~-02
S0222E-02
47123E-02
-42466E-02
L 36200E-02
.28005E-02
L29729E-02
LAT123E-02
L TO38B3E-02
92240E-02
«11743E-01
.13327E-01
.12059E-01
+B85978E-02
.57966E-02
»42466E-02
+33017E-02
26160E-02
L29T729E-02

-

-

-

-

-

-



TABLE BP-3

Radiation

cal/cmzlmin

SIMULATION RESULTS OF A SOLAR CELL

CONSIDERING UNIVARIATE MODEL{(Continued)

Cell
Voltage
{volts)

Cell
Current
{amp)

. 30000E+00
.65000E+00
. 85000E+00
.12500E+01
.17500E+01
. 22500E+01
+ 22250E+01
.20750E+01
.16500E+01
.12500E+01
. S0000E+00
.60000E+00

35000E+00

.12500E+00
.02500E+00
.10000E+01
+13500E+01
.15750E+01
.16500E+01
.16000E+01
.15750E+01
. 13500E+01
-11000E+01
. 81500E+00

40000E+00

.10000E+00
. 50000E-01
. 20000E+00
.40000E+00
.65000E+00
.897500E+00
.12500E+01
.15500E+01
.18500E+01
.22500E+01
«27D000E+01
. 21750E+01

-

19000E+01
14500E+01

.95000E+00
.20000E+00
.65000E+00
.10500E+01
.14500E+01
.18750E+01
s 17900E+01
.18000E+01
.17250E+01

.30765E+03
L30765E+03
.30765E+03
.30765E+03
.30765E403
.30765E+03
.30765E+03
.30765E+03
30765E403
.30765E+03
30765E+03
.30765E+03
30765E+03
. 30765E+03
.30765E+03
. 30765E+03
.30765E403
.30765E+03
.30765E+03
30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E403
.30765E4+03
. 30765E+03
.30765E403
. 30765E+03
L30765E+03
.30765E403
. 30765E+03
.30765E403
30765E+03
.30765E4+03
.30765E403
.30765E+03
. 307T65E+03
30765E+03
.30765E+03
30765E+03
.30765E403
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03

-

-

=

-

191

«D3Z239E+00
.95197E+00
+55876E+00
.96855E+00
.07T09E+00
.08347E+00
.58318E+00
.08141E+00
«57509E+00
56855E+00
.06021E+00
549894E+00
.53629E+00
. D1026E+00
.54655E+00
.06289E+00
.07050E+00
.57441E+00
07559E+00
.07481E+00
.57441E+00
57050E+00
.06530E+00
.55T77T0E+00
53967E+00
.90462E+00
.48714E+00
«D2213E+00
+DJYBTE+OO
»0bZ216E+00
.96224E+00
.56855E+00
«.97401E+00
. D7850E+00
58347E+00
.D8856E+00
.58281E+00
LDTY917E+00
.DT231E+00
06159E+00
52213E+00
»55197E+00
. 06412E+00
.57231E+00
.D7597E+00
.97TT66E+00
.57780E+00
.9TB72E+00

-

»

-

»

LT9765E-02
.11625E-01
.13711E-01
.17881E-01
L 23094E-01
.28306E-01
.28046E-01
L26482E-01
.22051E-01
.17881E-01
. 14232E-01
.11104E-01
.84978E-02
61521E-02
.10322E-01
.15274E-01
. 18923E-01
.21269E-01
.22051E-01
.21530E-01
21269E-01
.18923E-01
.16317E-01
.13346E-01
.90191E-02
.58914E-02
53701E-02
.69340E-02
.90191E-02
.11678E-01
,15014E-01
17881E-01
.21008E-01
.24136E-01
.28306E-01
.33519E-01
.27524E-01
24657E-01
19966E-01
+14753E-01
.69340E-02
11625E-01
.15796E-01
19966E-01
L22312E-01
.23511E-01
.23615E-01
L22833E-01

»

.

-

-

-

A42466E-02
.64169E~02
. T6610E-02
.10166E-01
13327E-01
16516E-01
.16356E-01
.15397E-01
«12692E-01
.10166E-01
LT9T29E-02
61066E-02
45573E~-02
L31392E-02
56417E-02
.85978E-02
L10796E-01
+12217E-01
12692E-01
12376E-01
»12217E-01
.10796E-01
L92240E-02
.T4429E-02
.48673E-02
L29T7T29E~-02
.26160E-02
36205E~02
+48673E~-02
6447TY9E-02
84414E-02
.10166E-01
«12059E-01
13963E-01
+16516E-01
19728E-01
.16036E-01
»14281E-01
1142Z27E-01
82851E-02
.36200E-02
.64169E~02
»89107E-02
+11427E-01
.12851E-01
.13581E-01
.13645E-01
.13168E-01

-



TABLE BP-3

Radiation

cal/cmzjmin

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNIVARIATE MODEL{Continued)

Cell
Voltage
{volts)

Cell

. Current

{amp)

EQGEN
[watt}

.14750E+01
.12000E+01
.7TO0000E+00
.37500E+00
.12500E+00
» 13000E-01
.12500E+00
.40000E+00

-

67500E+00
95000E+00

. 12000E+01
.13750E+01
.14750E+01
.13750E+01
.11500E+01
.85000E+00
.60000E+00
.35000E+00
.10000E+00
.50000E-01
.25000E+00
. 45000E+00
B62500E+00
.85000E+00
+11500E+01
.14000E+01
14750E+01
. 12750E+401
.90000E+00
.60000E+00
.34500F+00
.10000E+00
.50000E-01
.17500E+00
.40000E+00

-

TO000E+00

.11500E+01
.15500E+01
.17500E+01
.17000E+01
.14750E+01
.12000E+01
.90000E+00
.67500E+00
. 35000E+00
.10000E+00
. 30000E+00
.85000E+00

.30765E+03
.30765E+03
.30765E+03
.30765E+03
»30T65E+03
.30765E+03
.307T65E+03
. 30765E+03
.30765E+03
.30760E+03

-

JO0765E+03

-30765E+03
.30765E+03
.30765E+03
.3JOT65E+03

-

30765E+03

.30T6HE+03
.30765E+03
.JOTB5E+03
.3J0765E+03

30765E+03

.30760E+03
L30765E+03
.30765E+03
»30765E+03
.30765E+03
.30765E+03
. JO0T6HE+03
.30765E+03

.30765E+03 .

.30760E+03
.J07T65E+03

-

30765E+03

.30765E+03
. 30765E+03
.JOTE5E+03
. 30765E+03

-

JOT765E+03

.30765E+03
.307T65E+03

-

307T65E+03
JO7T65E+03
30765E+03

.30765E+03
.JOT65E+03
.3076DE+03
L30760E+03
.30765E+03

192

.57275E+00
,56751E+00
.55384E+00
.53803E+00
.51026E+00
.45325E+00
.51026E+00
.53967E+00
.55292E+00
.56159E+00
.56T51E+00
.5T0Y96E+00
.57275E+00
.57T096E+00
56643E+00
.55876E+00
.54994E+00
.53629E+00
.50462E+00
.48714E+00
.52777E+00
5426 5E+00
.55097E+00
.55876E+00
.56643E+00
57142E+00
.57275E+00
.56905E+00
.56021E+00
.54994E+00
.535Y92E+00
.50462E+00
.48714E+00
51876E+00
53967E+00
.55384E+00
.56643E+00
.57401E+00
.57TTOYE+00
,57635E+00
.57275E+00
56751E+00
.56021E+00
55292E+00
.53629E+00
.50462E+00
.53239E+00
.55876E+00

-

-

-

20227E-01
.17360E-01
.12147E-01
.87084E-02
B1521E-02
L49844E-02
.61521E-02
«90191E-02

11886E-01

.14753E-01
.17360E-01

»

19184E-01

L20227E-01
.19184E-01
.16838E-01
.13711E-01
.11104E-01
.B84978E-02
.58914E-02
.53701E-02
.74553E-02
.95304E-02
.11365E-01
L.13711E-01
.16838E-01
,19445E-01
L20227E-01
L.18141E-01
.14232E-01
.11104E-01
.84457E-02
.,58914E-02
.53701E-02
.66733E-02
.90191E-02

12147E-01

»16838E-01

21008E-01

. 23094E-01
L225T2E-01
2Z20227TE-01
»17360E-01
»14232E-01

-

11886E-01

»B4YTHE-02
.b8914E-02
TY9765E-02
.13711E-01

.11585E-01
+98517TE-02
LBT7274E~-02
.47123E-02
.31392E-02
J242592E-02
.31382E-02
.A88T73E-02
.65721E~02
.82801E-02
98B1TE-02
. 10953E-01
.11585E-01
. 10953E-01
95 3TTE-02
.7T6610E~-02
.61066E-02
LA5573E-02
L29T29E-02

. 26160E-02

L3Y9347TE-02
5177T1E-02
B2617TE-02
. 7T6610E-02
L9537TTE-02
»11111E-01
.11585E-01
.10323E-01
CTYTLY9E-02
,6106B6E~0%
.40262E-02
L29T29E-02
+26160E-02
s 34618E-02
.48673E-02
.B6T27T4E-02
J9537T7TE-02
.12059E-01
L13327E-01
.13010E-01
.11585E-01
+98517TE-02
LT9T29E-02
.65721E-02
45573E-0%
22Y9TLZYE-02
L42466E-02
.T6610E-02



TABLE BP-3

Radiat}on*
cal/cmd/min

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNIVARIATE MODEL{Continued}

Cell
Voltage
(volts}

Cell
Current
{amp)

EQGEN
{watt}

.30765E+03
.30765E+03
. 30765E+03

.13500E+01
.18000E+01
L21000E+01
22000E+01
21500E+01
.19500E+01
,16500E+01
.13000E+01
30000E+00
«JO000E+00
.50000E-01
.50000E-01
. 20000E+00
.40000E+00
.55500E+00
L TT500E+00
.12500E+01
.15500E+01
. 12500E+01
. 10000E+01
.T1500E+00
.50000E+00
.32500E+00
.25000E+00
.50000E-01
.50000E-01
. 20000E+00
.40000E+00
.65000E+00
.95000E+00
L 12000E+01
. 13500E+01
. 13750E+01
L12750E+01
.11000E+01
. T5000E+00
45000E+00
. 25000E+00
15000E+00
. 50000E+00
80000E+00
. 10000E+01
.11000E+01
,11500E+01
L11750E+01
L10750E+01
.10250E+01
.92500E+00

-

-

-

30765E+03

. 30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03

JO765E+03

.30765E+03
.30765E+03

,30765E+03 -

.30765E+03
,30765E+03
.30765E+03
.30765E+03
.30765E+03
. 30765E+03
.30765E+03
,30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03

30765E+03

.30765E+03
.30765E+03
.30765E+03
.3076H5E+03

30765E+03

LJO765E+03
.30765E+03

JOT65E+03

.30765E+03

-

30765E+03
30765E+03

.30765E+03
.30765E+03
.30765E+03

193

.57050E+00
.57T80E+00
.58172E+00
LHB290E+00
.58231E+00
.57T983E+00
.5T559E+00
.56Y54E+00
.55T23E+00
.53238E+00
LA8714E+00
.48714E+00
.52213E+00
.533967TE+00

C.54796E+00

.35642E+00
.56805E+00
.27401E+00
56855E+00
.56288E+00
.55438E+00
54532E+00
53441E+00
LB2T7T7TE+00
.A8714E+00
.48714E+00
52213E+00
.53Y6TE+0Q0
.H5519T7TE+00
.36159E+00
.56751E+00
.570%20E+00
. 57T0968E+00
.56905E+00
56530E+00
.55559E+00
.54265E+00
LB2TTTE+QO
.51488E+00
.54532E+00
«55723E+00
. 562H9E+00
.56530E+00
.56643E+00
.56698E+00
.56472E+00
.56351E+00
. 56091E+00

-

-

.18923E-01
.23615E-01
.267T43E-01
»2TT85E-01
L27264E-01
L25179E-01
.22051E-01
18402E-01
»13188E-01
LT9765E-02
.53701E-02
53701E-02
.69340E-02
S0191E-02
.10635E-01
»12929E-01
.17881E-01
.21008E-01
.17881E-01
.15274E-01
.12303E-01
10062E-01
LB2372E-02
74553E-02
.53701E-02
LH3701E-02
.69340E-02
.90191E-02
11625E-01
.14753E-01
. 17360E-01
L18923E-01
.19184E-01
.18141E-01
.16317E-01
.12668E-01
.95404E-02
.T45b63E-02
64127E-04
.10062E-01
. 13189E-01
15274E-01
.16317E-01
.16838E-01
.17099E-01
.16056E-01
.15535E-01
., 14492E-01

-

-

s 10796E~-01
.13645E-01
.15667E-01
.16196E-01
15876E-01
.14599E-01
L12692E-01
.10481E-01
.T34Y4E-02
42466E-02
26160E-02
.26160E-02
.36205E-02
486T3E~02
. D8276E~02
LT1Y938E-02
.10166E-01
.12058E-01
10166E-01
.H5Y978BE-02
,68206E-02
54868E-02
.44020E-02
.38347E-02
,26160E-02
26160E-02
J6Z20HE-02
.48673E-02
.64169E-02
‘B82851E-02
.98517TE-02
.10796E-01
.10953E-01
10323E-01
L 92240E-02
.TO38B3E-02
.51771E-0D2
L 3Y9347E-02
+33017E-02
.54868E-02
73494E-02
LB5978E-02
Y2240E-02
.95377E-02
.96947E-02
.90673E-02
LBT7522E-02
B1290E-02

-



TABLE BP-3

Radiation
cal/cm?/min

: SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNIVARTIATE MODEL({Continued)

Cell
Voltage
{volts)

Cell
Current
{amp}

L307T65E+03
.307T65E+03
.307T65E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.307T65E+03
.30765E+03
.30765E+03
.30765E+03

.T2500E+00
.50000E+00

.10000E+00
.50000E-01
.30000E+00
.65000E+00
.10000E+01
-14000E+01
.17T000E+01
.18500E+01
. 18250E+01
.16250E+01
.13500E+01
.10000E+01
.65000E+00
.40000E+00
. 20000E+00
.10000E+00
. 35000E+00
B30000E+00
.15500E+01
. 17000E+01
. 20000E+01
. 21000E+01
» 20000E+01
17500E+01
.14000E+01
-95000E+00
.45000E+00
.10000E+00
.12500E+00
.37500E+00
.65000E+00
-95000E+00
.12500E+01
. 15000E+01
17500E+01
.17000E+01
18000E+01
.16000E+01
.12500E+01
.80000E+00
.45000E+00
20000E+00
. 50000E-01
. 22500E+00
L4T000E+00

-

-

30000E+00 -

JO0765E+03

.30765E+03
.307T65E+03
.JO0765E+03
.30765E+03
.30765E+03
.JUT65E+03
.30765E+03
. 30765E+03

-

30765E+03

.30765E+03
. 30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.JOTE5E+03
.30765E+03
.JU0765E+03
LJ0T65E+03
.30765E+03
.30765E+03

30765E+03

.JU0765E+03
.30765E+03
.30765E+03

JOT65E+03

.30765E+03
.30765E+03
.30765E+03
. 30765E+03
.307T65E+03

194

.5547T3E+00
.54532E+00
«53239E+00
.50462E+00
.48714E+00
53239E+00

.55197E+00.

. 5828B9E+00
.D7142E+00
.5T635E+00
.57850E+00
.57815E+00
. 07T520E+00

.DT050E+00 -

.56 288E+00
.55197E+00
53967E+00
.52213E+00
.20462E+00
.53629E+00
»55723E+00
HT401E+00
.57635E+00
.58048E+00
.5B172E+00
.58048E+00
oTTO9E+00
.57142E+00
.56159E+00
.54265E+00
.S50462E+00
.51026E+00
53803E+00
.551897E+00
.56159E+00
56855E+00
57317E+00
.S5TTOYE+00
.57635E+00
.HTTBOE+00
.97T48B1E+00
.56855E+00
.95T23E+00
.54265E+00
«.52213E+00
.487T14E+00
.92511E+00
.54402E+00

+12407TE-01
.10062E-01
» TYT6HE-0Z
08914E-02
.53701E-02
.TYT65E-02
.11625E-01

-

. 15274E-01

.19445E-01
. 22572E-01
24136E-01
.23875E-01
21780E-01
18923E-01
15274E-01
.11625E-01
.90181E-02
.69340E-02
.58914E-02
B344T78E-02
.13189E-01
. 21008E-01
22572E-01
.25700E-01
.26743E~-01
.25700E-01
.23094E-01
.19445E~-01
.14753E-01
.95404E-02
. 0BY14E-02
.61521E-02
.37584E-02
.11625E-01
14753E-01
. 17T881E~-01
.2048B7TE-01
»23084E-01
L225T72E-01
.23615E-01
21530E-01
.17881E-01
.1318B8E-01
895404E-02
69340E-02
53701E-02
.T1946E-02
»98010E-02

-

-

.

.BBB828E-02
.54868E-02
L42466E-02
L29T729E-02
L26160E-02
L.A2466E-02
.B1169E-02
L,85978E-02
.11111E-01
.13010E-01
.13963E-01
.13804E-01
.12534E-01
.10796E-01
L,85978E-02
,64169E-02
LA48673E-02
L 36205E-02
L29T29E-02
.45573E~-02
.73494E-02
.12059E-01
.13010E-01
.14918E-01
.15557E-01
.14918E-01
.13327E-01
,11111E~01
.B2851E-02
.51771E~02
L29729E-02
L,31392E-02
LAT123E-02
.64169E-02
.8B2851E-02
.10166E-01
.11743E-01
.13327E-01
.13010E-01
.13645E-01
.12376E-01
.10166E-01
.T3494E-02
.51771E-02
.36205E-02
L 26160E-02
.37780E-02
.53319E-02



TABLE BP-3

Radiation

cal/cmé/min

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNIVARIATE MODEL{Continued)

Cell
Voltage
(volts)

Cell
Current
{amp)

EQGEN
{watt}

.80000E+00
.115600E+01
.15000E+01
.18250E+01
. 20000E+01
.18750E+01
.18750E+401
. 16000E+01
«12000E+01
. TOOU0DE+0O
»30000E+00
.50000E~-01
. 20000E+00
»40000E¥+00
.75000E+00

.

15500E+01

.21000E+01
.20000E+01
.17T000E+01
»13000E+01
.95000E+00
.65000E+00
. 30000E+00
.50000E~-01
.45000E-01
.17500E+00
.35000E+00
.50000E+00
. TOO00E+00
. 92500E+00
.12250E+01
.16000E+01
.18000E+01
.186500E+01
. 12500E+401
.B5000E+00
.27T000E+00
.20000E-0Y

15000E+00

.40000E+00
.13000E+01
.20500E+01
.20500E+01
.1B000E+01
«.13500E+01
.95000E+00
.65000E+00
+30000E+00

.30765E+03
.30765E+03
.30765E+03
»307T65E+03
.30765E+03

-

30765E+03

.30765E+03
»30765E+03

30765E+03

.30765E+03
.30765E+03
.30TBHE+03

-

30765E+03

»30765E+03
. 30762E+03
.30765E+03
. 30765E+03
s 30765E+03
.30765E+03
.30765E+03

JOT65E+03

.30765E+03
«30765E+03
. 30765E+03
.30765E+03
.30765E+03
+30765E+03
.30T65E+03
.30765E+03
» 30765E+03
.30765E+03
30765E+03

30765E+043

LJ076H5E+03
.30765E+03

-

-

30765E+03
30765E+03

L307T65E+03
.30765E+03
.30T65E+03
.30765E+03
.30765E+03
30765E+03
.30765E+03
.JOTBH5E+03
.30765E+03
»J0T65E+03
.307T65E+03

145

»D5T723E+00

L 56643E+00

. D7317TE+00
.27815E+00
58048E+00
.58016E+00
.DT884E+00
.57481E+00
L5870 IE+00
. 55384E+00
.D3238E+00
L48714E+00
.52213E+00
.D3987E+00
.B5559E+00
.57T401E+00
.D8172E+00
.b8048E+00
.97635E+00
.56954E+00
.58159E+00
.595197E+00
b3239E+00
.48714E+00
.48448E+00
.01876E+00
«03629E+00
.04532E+00
.55384E+00
.0B0UY91E+00
.56803E+00
.07481E+00
57TT80E+00
»07H508E+00
.06852E+00
L25187E+00
.53019E+00

.48714E+00

.D148BE+00

.D396TE+00

.06954E+00
+D8110E+00
.58110E+00
LOTTBO0E+00
.HT050E+00
.DB159E+00
.B55197E+00
.D3239E+00

.13189E-01
. 16838E-01

20487E-01

.23875E-01

26700E-01

s 25438E-01

24397E-01

.21530E-01
.17360E-01
.12147E-01
.79762E-02
.H53701E-02
.69340E-02
.90191E-02
.12668E-01
. 21008E-01
26743E-01

.

25700E-01

L22DT2E-01
.18402E-01
. 14753E-01
.11625E-01
.T9760E-02
.53701E-02
.03180E-02
.B6733E-02
.84878E~-02
. 10062E-01

-

12147E-01
14432E-01

s 17620E-01
»21530E-01

23815E-01

.22051E-01
»17881E-01

11625E-01

LTT1H9E-02
.53701E-02

64127E-02
90181E-02

.18402E-01
L26221E-01
L26221E-01

-

23615E-01

.18823E-01
.14753E-01
.11625E-01
.T9TBH3E-02

. T3494E-07
L95377E-02
.11743E-01
,13804E-01
»14818E-01
.14758E-01
14122E-01
L12376E-01
.98517E-02
.B7274E-02
A2466E-02
.26160E-02
.36205E-02
.48673E-02
»TO3B3E~-02
. 12059E-01
.15557E-01
«14918E-01
.13010E-01
»10481E-01
L82851E-02
LH54169E-02
«42466E-02
»26160E-02
«2D76DE-02
-34618E-02
.45573E-02
+54868E~02
LBT2T7T4E-02
.81290E-02
. 10008E-01
.12376E-01
+13645E-01
., 12692E-01
.10166E-01
.64168E-02
.40908E-02
L2616 0E-02
33017E-02
.48673E-02
.10481E-01
.15237E-01
15237E-01
.13645E~01
.10796E-01
.828501E-02
LB4168E-02
.424686E-02



TABLE BP-3

Radiat;on
cal/cmé/min

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNWIVARIATE MODEL{Continued)

Cell
Voltage
(volts)

Cell
Current
{amp)

EQGEN
{watt)

. 30765E+03
.3U0765E+03
30765E+03

.50000E-01
.50000E-01
. 20000E+00
L42500E+00
.67500E+00
.90000E+00
.13000E+01
. 19000E+01
.21000E+01
17750E+01
.14250E+01
.12000E+01
. 95000E+00
.65000E+00
. 25000E+00

-

. 10000E+00 |

.45000E+00
. 12000E+01
.16500E+01
.153500E+01
»13750E+01
.11250E+01
LB2500E+00
52500E+00
+25000E+00
»bU0000E-01]
. T5000E+00
. 25000E+00
.40000E+00
+52500E+00
.60000E+00
.B65000E+00
.62500E+00
.55000E+00
«45000E+00
. 25000E+00
.20000E-01
.530000E-01
. 20000E+00
.45000E+00
. 80000E+00
.13500E+01
. 17000E+01
.11000E+01
. 30000E+00
.50000E-01
«30000E-01
. 20000E+00

30765E+03

.30765E+03
. 30765E+03

30765E+03

. 30765E+03
«30765E+03

30765E+03
307T65E+03

»3JU765E+03

3U0765E+03 .

.30765E+03

.

30T65E+03

.30765E+03
»30765E+03
.30765E+03
.30765E+03
. 3076D0E+03
.30765E+03
. JVUT65E+03
«30765E+03
.307B65E+03
LJUTB5E+03
. JUTBDE+03
.30765E+03
.30765E+03
.30765E+03

30765E+03

.30765E+03

.30765E+03

.J0TBHE+03
.30762E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
LJ07T65E+03
»30765E+03
.30765E+03
. 30765E+03
.30765E+03
.30765E+03
.30765E+03
.3U765E+03
.30765E+03

186

.48714E+00
A8T14E+00
. 52213E+00
-54120E+00
.55282E+00
.56021E+00
.56954E+00
LSTY1ITE+OO
.581T7T2E+00
5T7TT7T45E+00
.5T187E+00
.56751E+00
.56159E+00
.55197E+00
S527TTTE+00
.50462E+00
54265E+00
.56751E+00

+5T559E+00

.57T401E+00
.57096E+00
.96087TE+00
.55801E+00
.54655E+00
02T7TTE+00
LA48B7T14E+00
.55558E+00
D2TTTE+OV
5396 7E+00
.594653E+00
.54884E+00
55197E+00
.95087TE+00
»04TT3E+00
54265E+00
«D27TTTE+00O
.48714E+00
.48714E+00
.52213E+00
.54265E+00
55723E+00
+DTUS0E+00
.37635E+00
56530E+00
«53239E+00
.48714E+00
.48T14E+00
:52213E+00

-

«D3T701E-02

,53701E-02

.69340E-02
92797E-02
.11886E-01
»14232E-01
.18402E-01
.24657E-01
.26T43E-01
.23354E-01
19705E-01
.17360E-01
.14753E-01
»11625E-01
.T7T4553E-02
.58914E-02
95404E-02
.17360E-01
.22001E-01
.21008E-01
19184E-01
.16578E-01
..13450E-01
.10322E-01
.T4553E~-02
.533701E-02
12668E-01
. T7T4503E~02
s90191E-02
»10322E-01
.11104E-01
.11625E-01
.11365E-01
»10583E-01
«95404E-02
»T4553E-0%
. 53701E-02
.53701E~02
69340E-02
.95404E-02
. 13189E-01
18923E-01
L 228T2E-01
.16317E-01
79765E-02
.23701E-02
.53701E-02
.69340E-02

-

-

-

. 26160E-02
. 26160E-02
. 36205E-02
.50222E-02
.65721E-02
.T9T29E-02
.10481E-01
.14281E-01
.15557E-01
.13486E-01
,11269E-01
.98517E-02
.82851E-02
L6416 9E-02
.39347E-02
.29729E-02
.51771E-02
LY8517E-02
.12692E-01
.12059E-01
.10953E-01
.93808E-02
.75052E-02
.56417E-02
. 39327E-02
.26160E-02
.T0383E-02
. 39347E-02
4867 3E-02
.56417E-02
.61066E-02
.641B9E-02
.62617E-02
.5TY966E-02
.51771E-02
.39347E-02
.26160E-02
L26160E-02
. 36205E-02
,51771E-02
.73494E-02
.10796E-01
.13010E-01
.92240E-02
. 42466E-02
.26 160E-02
.26 160E-02
L36205E-02

.
N
i



TABLE BP-3

Radiat;on

cal/cm&/min

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNIVARIATE MODEL{Continued}

Voltage
fvolts)

Cell .
Current
{amp)

EQGEN
(watt)

.55000E+00
.92500E+00
»12150E+01
.13500E+01
. 12250E+01
.10000E+01
.75000E+00
.40000E+00
.10000E+00
.50000E-01
.15000E+00

35000E+00

.65000E+00
.14000E+01
«.19500E+01
.15000E+01
.92500E+00
.65000E+00
.40000E+00
.15000E+00
. 25000E-01
.7T5000E-01
.17500E+00
.47500E+00
.11000E+01
. 14500E+01

12500E+01

.10000E+01
.8B0000E+00
.60000E+00
. 40000E+00
.15000E+00
.15000%E+00
. 20000E+00
.80000E+00
.10000E+01
.12000E+01
. 14000E+01
.15500E+01
.15500E+01
» 14000E+01
.11500E+01
.80000E+00
.45000E+00
. 15000E+00
.15000E+00
.15500E+01
.10500E+01

.30765E+03
.307865E+03
.J0T65E+03
.30765E+03
.30765E+03

30765E+03

.30765E+03
. 30765E+03
.30765E+03
.30765E+03

JOT65E+03
30765E+03

.30765E+03
.3076B5E+03
.30765E+03

-

30765E+03
30765E+03

. 30765E+03
.30765E+03
. 30765E+03
.J0765E+03
-30765E+03
. 30765E+03

-

30765E+03

.30760E+03
.30765E+03

30765E+03

.30765E+03
.30765E+03

.J0TE5E+03

.JO765E+03
.30765E+03
L30765E+03
. 307T65E+03
«JO0765E+03
L307T65E+03
.307T65E+03
» 30765E+03
LJ0765E+03
.J0765E+03
.30765E+03

30765E+03

.3J0T65E+03
. 30765E+03
. 30765E+03
.30765E+03
.30765E+03
.J07T65E403

197

.547T73E+00
. 26091E+00
.56783E+00
- 57T050E+00

.56803E+00 -

: 06289E+00
.55559E+00
»53967E+00
.50462E+00
.48714E+00
.51486E+00
. D3629E+00
.55197E+00
.57142E+00
.27TY83E+00

L.57317E+00

.56081E+00
.55197E+00
.339B67E+00
.951486E+00
48369E+00
LA9736E+00
.5218768E+00
. 94402E+00
.58530E+00
«D7231E+00
o6855E+00
.0B628YE+00
.05T23E+00
.934994E+00
.53987TE+00
.51486E+00
.51486E+00
»04532E+00
«55723E+00
» DB2B9E+00
.BB751E+00
. 5T7T142E+00
. 07T401E+00
»57401E+00
.07T142E+00
56643E+00
55723E+00
.54265E+00
.51486E+00
.51486E+00
.57401E+00
.D6412E+00

-

.10583E-01
. 14492E-01
.17516E-01
.18923E-01
. 17620E-01

15274E-01

12668E-01
+890191E~-02
.58Y914E-02
.53701E-02

64127E-02

. 84978E-02
.11625E-01
.19445E-01
.250179E-01

-

20487E-01
14492E-01

.11625E-01
.90191E-02
.64127E-02
.51095E-02
.56308E-02
.66733E-02
.98010E-02
.16317E-01

.198966E-01

17881E-01

.15274E-01
.1318YE-01
.11104E-01
.90191E~-02
.64127E-02

-

64127E-02

»10062E-01
.1318BYE-01
.15274E-01
.17360E-01
.19445E-01
.21008E-01
.21008E-01
.19445E-01

16838E~01

.13189E-01
.95404E-02
.B4127E-02
B4127E-02
.21008E-01
.15796E-01

+OTYBBE-02
SB1280E-02
39460E-02
.10786E-01
10009E-01
.8B5978E-02
TO3B3E-02
.48873E~-02
28T28E-02
26180E-02
.33017E-02
.45573E-02
64169E-02
11111E-01
.14599E-01
.11743E-01
81290E-02
.64169E-02
18673E-02
.33017E-02
. 239949E~-02
.2BO0O5E-02
.34618BE-02
.53319E-02
LY92240E-02
11427E-01
10166E-01
.B5Y78E-02

-

»

-

+73494E-02

.61066E-02
.48673E-02
33017E-02
.33017E-02
.048BB8E-02
73494E-02
.85978E-02
.98517E-02
.11111E-01
.12058E-01
.12059E-01
11111E-01
.89537TE-02
.T3494E-02
51771E-04
.33017E-02
.33017E-02
.12054E-01
.BY9107E-02

-

.



TABLE BP-3

Radiat}on
cal/cmz/min

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNIVARIATE MODEL{Continued)

Cell
Voltage
{volts)

Ceil
Current
{amp)

EQGEN
{watt}

.97T231E+00
.D7635E+00
.DTTBUE+00
.DT7TOYE+00
.57481E+00

.14500E+01
.17000E+01
.18000E+01
. 17500E+01
.16000E+01
. 12500E+01
. T5000E+00
. 35000E+00
. 10000E+00
. 10000E+00
.45000E+00
L95000E+00
. 14000E+01
. 18000E+01
. 20000E+01
.19500E+01
. 18000E+01
.15500E+01
.11500E+01
. T0000E+00
.25000E+00
.50000E-01
.12500E+00
. 20000E+00
. 7T2500E+00
.10500E+01
.14500E+01
. 18000E+01
.18000E+01
. 16000E+01

»13500E+01 -

-10000E+01
.60000E+00
. 25000E+00
.10000E+00
. 35000E+00
.75000E+00
.12000E+01
.14500E+01
.15250E+01
.14500E+01
.12000E+01
.90000E+00
.TO000E+00
.50000E+00
.20000E+00
.50000E-01

. 10000E+00

.30765E+03
. J0765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03

-

30765E+03
30765E+03

.30765E+03
. J0765E+03
.30765E+03

30765E+03

.30765E+03
. 30765E+03
.30765E+03
. 30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03

-

JOT65E+03

.30765E+03
.30765E+03

-

30765E+03

. 30765E+03
.30763E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03

L30765E+03

.30760E+03

-

30765E+03

.30765E+03
.30765E+03
.30765E+03
.30765E+03
. 30765E+03
. J0765E+03
,30765E+03
»30765E+03

30765E+03

.30765E+03
.30765E+03
.30765E+03

198

.

56855E+00

.55559E+00
L. D3629E+00
.50462E+00
.50462E+00
.54265E+00
.56159E+00
.57142E+00
.57TT8B0E+00
. 58048E+00
.578983E+00
.B7780E+00
.97T401E+00
.56643E+00
.55384E+00
.527TT7T7E+00
.48714E+00
.51026E+00
.93967E+00
.05473E+00
.56412E+00
.BT231E+00
.D7TB0E+00
.57780E+00
., 574831E+00
.57T050E+00
.HhB28B89E+00
.54994E+00

.H277T7TE+00

50462E+00

.93629E+00
.55559E+00
.96751E+00
.5T231E+00
.57309E+00
.57231E+00

»

56751E+00
56021E+00
55384E+00

.54532E+00
LH2TTTE+00
.48714E+00
.50462E+00

. 19966E-01
L22D072E-01
.23615E-01
. 23084E-01
.21530E-01

-

17881E-01

.12668E-01
. B4978BE~02
.98914E-02

-

.

58914E-02
95404E-02

.14753E-01
.19445E-01
.23615E-01
. 25T00E-01
.25179E-01
.23615E-01
.21008E-01
.16838E-01
+12147E-01
.T4553E-02
.53701E-02
.61521E-02
.90191E-02
.12407E~01
.157TY6E~01
. 19966E-01

»

23615E-01

L23615E-01
.21530E-01
.18923E-01
.15274E-01
.11104E-01
.7T4553E-02
.58Y14E-02
.84978E-02
.12668E-01
.17360E-01
.199B6E-01

-

20748E-01

.19966E-01
.17360E-01
.14232E-01
.12147E~-01
.10062E-01
. T4553E-02
.53701E-02

.58Y14E-02

-.11427E-01

»13010E-01
.13645E-01
»13327E-01
.12376E-01
10166E-01
.T0383E-02
.455T7T3E-02
L29T29E-02
L 29729E~02
.D1771E-02
.832851E~02
.11111E-01
.13645E-01
. 14918E-01
»14599E-01
.13645E-01
.12059E-01
.9537TTE-02
B72T4E-02
«39347TE-02
L26160E-02
»31392E-02
.48673E-02
BHBBZ2BE-02
s89107E-02
.11427E-01
.13645E-01
.13645E~01
. 12376E-01
.10796E-01
,859T8E-02
.61066E-02
.3Y347TE-02
L29T29E-0%
.45573E-02
.T038B3E-02
.98517E-02
.11427E-01
.11901E-01
.11427E-01
,98517E-02
. TYUTZYE-02Z
JBT274E-02
. D4868E-02
.39347E-02
. 26160E~02
L29T729E-02



TABLE BP-3.

Radiatgon
cal/cmalmin

b 4

SIMULATION RESULTS OF A SOLAR CELL
CONSIDERING UNIVARIATE MODEL{Continued)}

Voltage
(voltis)}

Cell
Current
(amp)

.30765E+03

. 35000E+00
.60000E+00
.80000E+00
.10500E+01
. 13000E+01
.14000E+01
.13500E+01
.12000E+01
.80000E+00
.40000E+00
. 15000E+00
.20000E+00
. .65000E+00
.11500E+01
.15500E+01
.17150E+01
.17000E+01
.15000E+01
.11500E+01
.30000E+00
. TO000E+00
.45000E+00
.15000E+00
. 10000E+00
.35000E+00
.BBOO0E+0O
.87500E+00
.10750E+01
+12750E+401
»13500E+01
.13500E+01
.11500E+01
-85000E+00
.55000E+00
.253000E+00
.15000E+00
.45000E+00
.70000E+00
L92500E+00
.12250E+01
. 15500E+01
.17500E+01
.16500E+01
.11000E+01
. T5000E+00
.B0000E+00
. 25000E+00
.50000E-01

+30765E+03

.3076H5E+03
.30765E+03
.30765E+03
.3J07T65E+03
.3J076HE+03
.3J0765E+03
.30765E+03
»30765E+03

J0765E+03

. J07T65E+03
. 30765E+03
.JO0T65E+03
.30765E+03
.J0T65E+03
»30765E+03
.J07T65E+03
. 30765E+03

-

JO765E+03

.30765E+03
.JO765E+03
.30765E+03
-30765E+03
.30765E+03
.3J0765E+03

JOT65E+03

.30765E+03
.30765E+03
»30765E+03
.30765E+03
.30765E+03
.30765E+03
L30765E+03
.30765E+03

-

30765E+03

.30765E+03
.30765E+03

JO7T65E+03

.30765E+03
.30765E+03
.30765E+03

JOT65E+03

.30765E403
.30765E+03
.30765E+03
.30765E+03
. 307658403

199

.H36Z9E+00
.54994E+00
«55723E+00
.56412E+00
.DB6954E+00
.D7142E+00
.57050E+00
.D6751E+00
.55T7T23E+00
.53967E+00
.51486E+00
.D2213E+00
«55197E+00
.56643E+00
«.57401E+00
.5T65TE+00
.b7635E+00
.27317E+00
. b6643E+00
.56021E400
55384E+00
«.54265E+00
.51486E+00
.D0462E+00
.53629E+00
.D55187E+00
. 55950E+00
.56472E+00
56905E+00
.DT050E+00
57050E+00
.56643E+00
55876E+00
.54773E+00
.527T7E+00
51486E+00
.54265E+00
.55384E+00
«56091E+00
.56803E+00
«.57401E+00
»5TTO9E+00
.57559E+00
56530E+00
»5555H9E+00
:54984E+00
«H2TT7TTE+00
LA87T14E+00

-

B497H8E-02

-11104E-01
.13188E-01
.15796E-01
.18402E-01
.19445E-01
.18823E-01
.17360E-01
»13188E-01
.90191E-02
64127E-02
.69340E-02
+11625E-01
. 16838E-01

-

21008E-01
22T29E-01

J22072E-01

-

20487E-01

.16838E+01
.14232E-01
. 12147E-01
-95404E-02

64127E-02

.58914E-02
B84978E-02
.11625E-01
«13971E-01
.16056E-01
.18141E-01
.18823E-01
.18923E-01
.16838E-01
.13711E-01
.10583E-01
.74553E-02
s64127E~-02
«95404E-02
.12147E-01
.14492E-01
»17T620E-01
.21008E-01
.23094E-01
.220531E-01
»16317E-01
.12668E-01
.11104E-01
.T4553E-02
.53701E-02

.45573E-02
.61066E-02
.T3494E-02
.89107E-02
.10481E-01
»11111E-01
.10796E-01
.98517E-02
.T3494E-02
»48673E-02
»33017B-02
. J6205E-02
.64169E-02
.95377E-024
.12059E-01
.13105E-01
.13010E-01
.11743E-01
.95377E-02
LTYT28E-0D2
.67274E-02
»517T71E-02
+33017TE-02
L28T729E-02
.45573E-02
.64169E-02
. T8169E-02
L 90673E<02
L10323E-01
+10796E-01
.10796E-01
L9537T7TE-02
LTER10E-02
sHTIY66E-D2
39347E-02
»33017E-02
.B517T71E-02
BT27T4E-02
L81280E-02
»10009E-01
.12059E-01
.13327E-01
L12682E-01
292240E-02
.TO383E-02
61066E-02
+38347E-02
L26160E-02



TABLE BP-3

Radiation*
cal/cmé/min

SIMULATION RESULTS OF A SOLAR CELL

CONSIDERING UNIVARIATE MODEL(Continued)

Cell
Current
{amp)

. 10000E+00
. 40000E+00
-.85000E+00
.13000E+01
.16500E+01
.19000E+01
.20250E+01

. 20250E+01
» 185600E+01
.11500E+01
.00000E+00
s 20000E+00

50000E-01

. 20000E+00
.45000E+00
.80000E+00

.11500E+01

.13260E+01
. 13250E+01

.12500E+01

.10000E+01
.62000E+00
.40000E+00

.20000E+00
.50000E-01
.50000E-01
«30000E+00
.T0000E+00
L10250E+401
.12000E+01
.12500E+01
.12250E+01
.11000E+01
.B0000E+00
.25000E+00
. 30000E+00
. 15000E+4+00
Chart reaging X {instrument constant,K=0.,398)=Insolation
inVCaL/cmd/min.

.30765E+03
. J0T65E+03
.30760E+03
. d0765E+03
.30765E+03
. J076H5E+03
.3J0765E+03
.30765E+03
30765E+03
»30765E+03
.J0765E+03
.30765E+03
. 3076H5E+03
.30765E+03
. 30765E+03
.30765E+03
.30765E+03
.J0765E+03
.J0765E+03
. JO7T65E+03
.30765E+03
-30765E+03
.30765E+03
.30765E+03
. 30765E+03
.30765E+03
.3J0765E+03
.30765E+03
.30765E+03
.30765E+03
.J0765E+03
.30765E+03
. JOTB65E+03
.30765E+03
.30765E+03
.30765E+03
.30765E+03

200

.00462E+00
»53867E+00
.D38TBE+00
. 26854E+00
.5THH8E+00
.5T7T917E+00
58079E+00
.08079E+00
. 07850E+00
.56643E+00
.D4532E+00
.D2213E+00
48714E+00
.02213E+00
.04265E+00
.B5T723E+00
.56643E+00
.27002E+00
.5TO0Z2E+00
.068b60E+00
.26289E+00
D5197E+00
.03967E+00
. D2213E+00
.48714E+00
48714E+00
53239E+00
+30384E+00
.D6351E+00
+dB6751E+00
. 56855E+00
.56803E+00
.56530E+00
.D9T23E+00
.54773E+00
.D3239E+00
.D1486E+00

-

-

-

-

«D8814E-02
.90191E-02
.13711E-01
.18402E-01
» 220H51E-01
.24657E-01
. 25961E-01
.258961E-01
.24136E-01
16838E-01
. 10062E-01
.69340E-02
.03701E-02
.BY340E-02
.95404E~02
.13189E-01
.16838E-01
.18663E-01
.18663E-01
17881E-01
+15274E-01
L 11626E-01
.90191E-02
.69340E-02
«03701E-02
.53701E-02
. T9760E~-02
.12147E-01
.15535E-01
»17360E-01
.17881E-01
.17620E-01
.16317E-01
»13189E-01
»10583E-01
LTYTB5E-02
sB64127E-02

-

L289729E-02
.48673E-02
.T6610E-02
.10481E-01
L12692E-01
L14281E-01
.15078E-01
.15078E-01
13963E-01
L95377TE-02
.54868E-02
L36205E-02
.26160E-02
36205E-02
.51771E-02
L73494E-02
L95377E-02
.10638E-01
.10638E-01
.10166E-01
.85978E-02
.64169E-02
LABBT3E-02
,36205E-02
26160E-02
L26160E-02
42466E-02
.B7274E-02
.87542E-02
.98517E-02
.10166E-01
10009E-01
L92240E-02
LT3494E-02
.5796BE-02
LA2466E~02
+33017E-02
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Table CC-1

ITEM/TYPES
OF UNIT

RATED

CAPACITY -~

{KW)

CAPACITY

- EXPECTED

LIFE{YRS}

FUEL COST
O & M
COST (%)

SALVAGE
VALUE( $)

INTEREST
RATE(%)

la) Reference
Ilb] Reference
lc] Reference
ld} Reference
leJ Reference

APPENDIX - C

Data used for cost analysis 119,26,74,92,93]

329,900 c 329800 e}
(@ 8 5.961/Wpeak)

$26800te] $340001e)

1014 10ld] 151d) ~ 151d]

$300/year $ 1000/year $0.0657/kwh $0.0661/kwh
ld} lb] la} Lal

$10001d4] $100014d]) 51500|d] $1500|d])
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ANNUAL CAPITAL (RECOVERY) COST

"ANNUAL CAPITAL RECOVERY COST

P = Initial Investment fInitial Capital Cost)
L = Salvage value at thg enq;of n years

n = Life of-the machine

i = Interest rate

Cost Analysis

(a) WIND TURBINE GENERATOR

P = Capacity Cost = 29,500 § tor 45 KW, WTG
L = 8 1000

i= 12%

n = 10 years

Annual Capital Recovery Cost (excluding O & M Cost)

= (29,900-1000) —mmmmmmmmmmmmmmmmmme +0.12 x 1000

= 28900 B + 120 .
3,105848208 - 1
= 28900 (.176984164) + 120
= 5234.842345
TOTAL ANNUAL COST (INCLUDING 0 & M COST/YEAR)

= 5234.842345 + 300

§ 5534.842345

202



(b)) SOLAR

" S0LAR PHOTOVOLTAIC GENERATOR

P = § 29800 for 1M Solar Cells generating 5 KW capacity
L = 8 1000

i o= 12%

n = 10 years

Annual Capital Recovery Cost (Excluding O & M Cost)

0.12(1 + 0,120 ,
=(29,800 - 1000)  —oemmmmmem—— e + 0.12 x 1000
' {1 + 0.12310 - 1.

288300 0.37270178/2.105848208 + 0.12 x 1000

]

28,800 L 0.176984164) + 120

5217,.143923

H

TOTAL ANNUAL COST {(INCLUDING 0 & M CO8T)

5217.143923 + 1000

§ 6217.143923

il

{ec) THERMAL GENERATOR

{I} 100 KW GENERATOR UNIT

P = 3§ 26800
L = 8 1500

1 = 12%

n = 15 years'

203



TOTAL CAPITAL RECOVERY COST (EXCLUDING FUEL +{0O & M)COST)

"

26800 -1500 [ 0.120(1 +0.12)15/¢(1 +0.12)15 ~1) +0.12 X 1500

25300 10.146824239 | + 180

$ 38Y94.653263
ANNUAL EXPECTED FUEL AND 0O & M COST
= |Expected Fuel Cost/NH] x 8780

{11) 200 KW GENERATOR UNIT

P = 8§ 34000
L = 8 1500

i = 12%

n = 15 years

ANNUAL CAPITAL RECOVERY COST {(EXCLUDING O & M COST)

1t

34000 - 1500 { 0.12{1 + 0.12¥15/¢¢1 +0.12¥15 - 1)) +0.12 x 1500

32500 | 0.146824239) + 180

(L

4771.787768 + 180

$ 48951.787768
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