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CHAPTER I 

INTRODUCTION 

1.1 Development and Utilization of Renewable 

Energy Resources 

Energy resources that are renewed on a short term (daily, weekly, 

monthly, or annual) basis are designated as renewable energy 

resources. Almost a 11 the renewab 1 e energy resources cons ide red for 

utilization at the present time trace back to the Sun. Wind energy, 

solar radiation and heat, falling water, and biomass are different 

manifestations of solar energy and they have received most of the at t en­

tion. They are fairly evenly distributed around the world, are plent ­

iful [1], and free. However, these resources are di l ute and convers i on 

to usable forms require capita l -intensive hardware. 

Wind is the movement of air caused by the uneven heat i ng of the 

earth's atmosphere and the associated t emperature gradients . Wi nd 

energy has been used, in some form or other, for cent uries to satis fy 

different energy needs of human beings. However, it was not until th e 

turn of the 19th century that wind power was used for electricity gen­

eration as well as for supplying rotat i ng shaft power. Denmark, Franc e , 

Germany, and the United Kingdom are some of t he European countries whi ch 

initiated the early works in t hi s area [2-7]. This inter est was main ly 

due to the f uel short age caused by t he Fir st and Second World War s . 
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Solar radiation is the emission of photons from the Sun. One of 

the ways these photons can be utilized is by means of the photoelectric 

effect which is the primary effect of photons on solids [8]. This 

effect was discovered by H. Hertz in 1887. The generation of a po-

tential when the region in or near the built-in potential barrier of a 

semiconductor is ionized by radiation is known as the photovoltaic 

effect. Photovoltaic effect was known long before its feasibility fo r 

direct energy conversion was illustrated by Chapin, Fuller, and Pearson 

[9]. Recently, the concept of utilizing solar radiation for electric ity 

generation using solid-state power plants has gained momentum [10-12]. 

The recent interest is primarily due to the decreasing cost of photo­

voltaic devices, coupled with increasing conversion efficiencies. 

Solar heat is due to thermal agitation of matter initiated by the 

absorption of solar radiation. The Sun has been used as a source of 

heat for a long time. For example, solar heat has been used, and sti l l 

is, in many countries by farmers .to dry their crops [13 -15]. Solar 

energy has been used for space heating and cooling since the fifth 

century B.C., when the Greeks developed the bas i c principles to be used 

in solar architectural designs. Recently, the concept of utilizing the 

Sun as a source of energy for heat ing purposes has also been gaining 

momentum [16,17]. 

Falling water is a term used to denote the potential energy of 

water s tored at an elevation. It is a renewable source of energy made 

ava i 1 ab 1 e through · the hydro 1 og i c eye 1 e operated by the Sun's energy. 

Potent ia l energy of water has made major contribut i on s to the deve l-

opment of human beings. Watermi ll s were among the f i rst engines in-

ven ted to assist humans [18]. Waterwheels have been used for milling, 
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pumping, and other functions since 300 B.C. Watermills are still used 

in many countries to provide economical, low-level mechanical power 

[19]. With the invention of the dynamo in the 19th century, water 

turbines were used to generate electricity as well as rotating shaft 

power. Its potential as a source of energy for electricity generation 

was improved significantly with the deve 1 opment of high-voltage 

transmission lines. 

All land and water plants, their wastes or by-products, and the 

wastes and by-products produced by their transformation are collectively 

labeled as biomass. The primary source of biomass production is the 

photosynthesis process by which plants capture sunlight and convert it 

to biomass [20]. The fact that a fl arrmab l e gas will be produced if 

biomass is allowed to rot under certain conditions has been known for 

centuries. The first reported application of biogas was in Exeter, 

England in 1895, where the gas obtained by allowing manure to decompose 

in a carefully designed septic tank was used for street lighting. 

Countries such as India, China, Taiwan, Philippines, and Korea have been 

leading the development of th i s resource in recent times [21, 22]. 

Common feedstocks for a biogas digester are crop residues, animal 

wastes, and urban wastes. Use of these wastes for biogas generation not 

only provides a cheap source of energy but a 1 so reduces the he a 1 th 

hazard posed by these wastes. The residue obtained after the production 

of gas const itutes an excellent fertili zer . 

1.2 Literature Survey 

There is a new awareness of the advantages of utilizing renewable 

energy sourc es such as solar radiation, solar heat, wi nd , biomass, and 
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falling water. This is a consequence of the realization of the limi­

tations of conventional energy sources (oil, coal, and natural gas), 

ever i_ncreasing demands be i ng placed on t he finite resources of the 

world [23], and the adverse effects of utilizing conventional energy 

resources on the environment. But, there is one basic problem inherent 

to most of the renewable energy sources and that is their intermittent 

and highly variable nature. The problem caused by the i ntermittency of 

these resources can be partially overcome by adding energy storage and 

reconversion f acilities [24-26], and/or by using the strengths of one 

source of energy to overcome the weakness of the other. 

One problem associated with most of the methods used for the des i gn 

and analysis of systems utilizing renewable energy resources is the lack 

of a direct relationship between the system power output and the storage 

system capacity [27, 28]. For example, Karmeli, et al. [29] have deve­

loped a linear prograrrming approach for fi nding an opt imal combination 

of therma 1 and water storage for a solar pump. However, the r andom 

nature of load and insolation were neglected and average inso l ation 

va l ues were used instead; load was divided into two periods - a day time 

load and a night time load. Also, most of the approaches curren t l y 

available for design and analysis of systems utilizing renewable r e­

sources concentrate either on t he economic feasibility of t he system or 

on system reliabi l ity [30, 31]. For exampl e , Sl esser [32] uses the 

energy pay back approach and compares systems ut ili z ing sol ar ener gy 

with systems utili z ing fossil fuels from an economic point of view. 

Sa if El Rahman "[33] has defined a new performance i ndex which can be 

used to ass ess the economi c competitiv enes s of so l ar energy with other 

resourc es. 
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Ofry and Braunstein [34] have presented a design method using hou r ­

by-hour simulation of a Solar Electric Conversion System (SEC). Fol­

lowing this, one can calculate the SEC rat i ng and the required energy 

storage capacity that would satisfy the energy needs at a given level of 

re 1 i ability. The approach minimizes the t ot a 1 cap ita 1 cost wh i1 e ar­

riving at the f i nal design values and it is based on employing Loss of 

Power Supply Probabi l ity (LPSP) as the key system parameter. LPSP i s a 

f unction of the amount of energy stored in the energy storage system, 

which, in turn, characterizes the overall status of the system very well 

because it is a function of system output, rated capacity of the s t orage 

system as well as load demand. This approach bridges the gaps ment i oned 

earlier. Ofry's approach requires the availability and processing of a 

large amount of data. Bucciarel li [35 ] has presented another approac h 

for designing a stand-alone SEC. It uses a one step Markov process [ 36] 

and treats the energy production and storage as a random wa 1 k in t he 

energy storage domain. In order to use t his approach the desig ner 

requires the following information: a) variance of the daily record ed 

insolation, and b) an estimate of t he mean of the daily ener gy inpu t t o 

the storage. This approach al so ut i1 i zes LPSP as the key sys t ern var ­

iable. However, i t does not r equire deta iled record ed data as i n Ofry ' s 

approach. Farghal, et. al. [ 37] use linear programming t o calculate a 

first approximation of the des i gn and then use an LPSP ba s ed approach to 

f i nd t he combin at i on of storage capac ity and t he SEC rating t hat sat­

isfie s th e required reliability constra i nts and minimizes t he cost. 

A system utili z ing mor e t han one r enewable ener gy resour ce as i nput 

to sat isfy a var i e ty of ener gy needs i s ca ll ed an "IRES", an ac ronym 

whi c h s t ands for "Integrated Renewab l e Ener gy System". A number of 
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energy centers utilizing one or more of the renewable energy resources 

mentioned have been established around the world in order to demonstrate 

the feasibility of harnessing renewable energy resources [38, 39 ] . 

Recently, the concept of utilizing different manifestations of solar 

energy in an integrated fashion has been gaining momentum world-wide 

[40-44]. 

Two approaches have been proposed for the uti 1 i zat ion of sever a 1 

manifestations of solar energy in tandem. In the first approach, one 

form of energy is selected as the form which is to be made available to 

the consumers. All the available resources are then converted to this 

form for storage and supply to the consumers. The second approach 

advocates the matching of resources, devices, and needs a priori and 

achieves the integration of benefits at the user's end [45 ] . One of the 

fundamental technical problems facing the designers of IRES is to match 

the varying energy and power requirements of the loads with the mostly 

stochastic characteristics of the resources in an appropriate manner. 

However, the suitab i lity or appropriateness of an IRES depends on many 

technical and socioeconomic factors [46, 47 ] which are highly site spec­

ific and country specific. Most earlier attempts at the design of an 

IRES simply consisted of independent (decoupled) design of individual 

components and subsystems. Reddy and Subramanian [48] have proposed a 

mathematical formulation of the IRES in an attempt to optimize i ts 

design. The s tated obj ect i ve was to f ind the opt i mum way of us ing a 

resource to satisfy a particular energy need by employing a spec ifi c 

device, subject to a set of constraints on resource availabilities and 

energy and power requirement s of the l oads. Op t imum rat ings of 

components of t he IRES that wou l d s atisfy the energy needs and th e giv en 
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constraints are those that minimize the chosen performance index. 

However, this approach is too involved and it is almost impossible to 

obtain even reasonable estimates for all the variables, factors, and 

parameters needed. Because of its complex nature it has not yet ad­

vanced far beyond the formulation stage. 

Almost all the attempts at designing an IRES up to this time have 

relied on detailed recorded data. Though the design results obtained by 

this procedures are accurate for the site in question, they require the 

availability and processing of large amounts of recorded data which are 

not readily available for many sites. 

1.3 Problem Statement 

The goal of the problem under study is to design an IRES to satisfy 

a given set of energy requirements by utilizing different renewabl e 

energy resources in an optimal manner as defined. The system is assumed 

to be "stand-alone", and energy storage is used as needed to supply the 

load at a predetermined level of reliability. An objective function, 

which could be either total capital cost or total · cost per year, i s 

minimized in arriving at opt imum designs. In the case of total annua l 

cost, cost of capital as well as operation and maintenance costs must be 

included. The resources under consideration are: 

1. Biomass 

2. Solar 

a. Heat 

b. Radiation 

3. Wind 

4. Falling water (natural or human-made over-head storage) 



8 

The energy needs are classified into four groups as follows: 

1. Medium-Grade thermal energy (100° to 300° C) 

2. Low-Grade thermal energy (less than 100° C) 

3. Rotating shaft 

a. fixed 

b. mobile 

4. Electricity (ac and de) 

The design procedure must take into account the stochastic char­

acteristics of the resources under consideration as well as the prob­

abilistic nature of the load demand. Resources such as wind and solar 

radiation are highly variable and site-specific. They have 

instantaneous, minute-by-minute, hourly, diurnal, interanual, and 

seasonal variations. On the other hand wa.ter resources are pr imarily 

seasonal in nature and biomass availability is fairly predictable. Both 

deterministic and probabilistic design procedures are to be explored and 

they have the following common elements: 

1. Categorize the needs 

2. Catalog the resources 

3. Consider the stochastic nature of resources and load 

4. Find the ratings of different devices and size of energy storage 

that will minimize the chosen performance index. 

1.4 Method of Study 

In order to design a stand-alone IRES it is necessary to develop an 

understanding of the operation of the components involved as well as t he 

interactions between them. The steps taken towards achi eving t his goal 

are enumerated below. 
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(i) Develop both deterministic and probabilist i c models as appro­

priate, for each of the renewab l e energy resources under 

consideration. 

(ii) Employ these models to study the performance of components 

and subsystems utilizing these resources in conjunction with 

energy storage and a suitable load model. This step wil l 

include a study of the influence of changes i n key sys t em 

parameters on the operation of the components and subsystems. 

(i i i) Develop a deterministic formulation for optimiz i ng the des i gn 

of an I RES. Consider typical examples and perform some 

sensitivity analysis. 

(iv) Develop a probabilistic approach for the desi gn of an IRES 

and formulate a computer program for executing the des ign. 

Consider a few realistic examples. 

The results of this research work will be presented i n the form of 

mathematical models, tables, fam i lies of curves, and a computer progr am 

"IRES". Further, t hese results are analyzed and some useful conclus ions 

are drawn which could be of assistance in des i gn ing an IRES. This wor k 

will also pave the way for f utur e s tudies. 

1.5 Organization of the Thes is 

Chapter II discusses the mathematical mod els (bot h prob abi l is tic 

a nd determ i ni sti c as appropriat e ) used f or char ac t e ri z i ng t he vari ou s 

renewable energy resource (wind, sol ar, biomass , and falli ng wat er) and 

en er gy convers ion devices employed. 

Chapter I I I f ocuses on t he conc ept of an integrated r enewab 1 e 

ene r gy system , and d i scusses t he ter minology used. The var iou s 
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approaches used for integrating different renewable energy resources are 

discussed in this chapter. Also~ possible design objectives are out­

lined. 

Chapter IV develops a deterministic model for an IRES, and a des ign 

approach based on this is presented. The approaEh utilizes l inear 

programming to minimize the total annual cost of operating an IRES. 

Chapter V develops a probabilistic approach to the design of an 

IRES. The approach utilizes LPSP as the key system parameter and aims 

at minimizing the initial total capital i nvestment. 

Chapter VI presents a collection of design exampl es using both 

deterministic and probabilistic approaches. 

and discussed. 

The results are compared 

Chapter VII summarizes the dissertation, draws some conclusions and 

discusses the strengths and limitations of this work. Also, some sug-

gest i ons for future studies are outlined. 



CHAPTER II 

RESOURCE, DEVICE, AND LOAD MODELS 

This chapter presents and discusses mathematical models (bot h 

deterministic and probabilistic as appropriate) used for characterizing 

the various renewable energy resources (wind, solar, biomass, falling 

water) and some of the energy conversion devices empl oyed to harness 

them. 

2.1 Resource Models 

Over the past decade, many attempts have been made to model sto­

chastic energy resources such as wind and solar radiation as wel l as 

other renewab 1 e energy resources . [ 49-54]. However, not much use has 

been made of these models in designing systems that utilize these rene­

wabl e energy resources. Instead, the des igners have often re l ied on 

detailed recorded data [55]. The resulting calculations and designs are 

fairly accurate, but the procedure used requires the ava i 1 ab i 1 i ty and 

processing of 1 arge amounts of deta i 1 ed data which are not readily 

available for many sites. 

This chapter discusses both probabilistic and deterministic model s 

as appropriate for describing the character i stics of various renewabl e 

energy resources and some of the commonly used energy conversion devices 

employed to harnes s these r esources. 

11 
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2.1.1 Wind 

Wind is highly variable and site specific [56]. It has minute-by-

minute, hourly, daily, monthly, and seasonal variations. Continuous 

plots of wind speed and its direction as a function of time are required 

if complete information on the nature of the wind regime at any given 

site is to be obtained. Figure 1 illustrates typical plots of wind 

speed for a site in Albuquerque, New Mexico. However, such detailed 

information is not readily available for many sites, and designers of 

wind energy systems typically have to rely on far less information. 

The most commonly available data are hourly wind speed and dir­

ection measurements. Different probabilistic models have been suggested 

for modeling wind speed distributions. [57, 58]. However, the Weibull 

distribution has found considerable acceptance [59, 60], primarily 

because of the possibility of adjusting the shape and scale of the 

distribution by manipulating the shape (f3w) and scale (aw) parameters. 

This would allow for modeling a wide range of data. The density and 

distribution functions for wind speeds are expressed as follows. 

13 V f3w-1 V 13 
= (a w) (a w) exp [_(a w) w] 

w w w 
(2.1.1.1) 

(2.1.1.2) 

The scale (aw) and shape (f3w) parameters can be obtained from mean (~w) 

and vari ance (crw) of record ed wind speed [61] by using the following 

equations. 

,.,. = a r ( 1 + ~) w w f3 w 
{2.1.1.3) 
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where 

00 

r(x) = jux-le-udu 
0 

This is the model that will be used in this study. 

2.1.2 Insolation 

14 

(2.1.1.4) 

(2.1.1.5) 

Solar radiation is highly variable and it also has minute-by-min-

ute, hourly, daily, monthly and seasonal variations. Continuous plots 

of insolation as a function of time are required if complete information 

on the characteristics of the insolation at any given site is to be 

obtained. Figure 2 illustrates typical plots of insolat i on for a site 

in New Mexico. However, such detailed information is not readily 

available for many sites, and designers of solar energy systems typ­

ically have to rely on far less information. 

The simplest method for modeling insolation (Icc) on a horizonta l 

surface is to calculate the clear sky radiation (Ics) and multiply [62] 

that by the random variable (1 - kk), where kk is a r andom variable 

representing the portion of the sky covered by cloud (0 2 kk 2 1). 

Icc = Ics (1 - kk) (2.1.2.1) 

Clear sky radiation on a hori zontal surface is independent of kk and can 

be computed using Equation (2.1.2.2) [63]. 

Ics = 0.5 Iex[exp(-0.65m(Z, a 5A)) + exp(-0.095m (Z, aSA ) )] (2.1. 2.2 ) 

where 



MONTHLY AVERAGE 
INSOLATION 

DAILY AVERAGE 
INSOLATION 

HOURLY 
INSOLATIO~~-

Figure 2. Insolation Records on Expanding Time Scale 

15 



16 

(2.1.2.3) 

(2.1.2.4) 

Figure 3 illustrates the nature of the daily variation of clear sky 

radiation recorded using a recorder mounted on a fixed horizontal sur-

face. But, the maximum amount of insolation is collected when the 

incidence angle is zero. In other words maximum insolation is collected 

when the aperture points directly towards the Sun [64]. The angle of 

incidence can be made zero at all times if the aperture has two degrees 

of freedom to track the sun as it moves. Figure 4 shows the insolation 

received by a surface with two degrees of freedom [65]. As can be seen 

the insolation is almost constant for most of the day, and is equa l t o 

the maximum radiation received by the horizontal surface. Therefore, 

Equation (2.1.2.1 ) can be modified to Eqution (2.1.2.5) for a two ax i s 

tracking system. This modified equation is valid during most of the 

sunshine hours. 

Icc = Imax (1 - kk) (2.1.2.5) 

Using Equation (2.1.2.2) it can be shown that 

(2.1.2.6) 

where 

(2.1.2.7) 

But from Equation (2.1.2.4) 

(2.1.2.8) 
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therefore 

Icc = 0.5 Iex[exp(-0.65 ~ + exp(-0.095 ~)] (1 - kk) (2.1.2.9) 

or 

(2.1.2.10) 

It has been shown that the cloud cover at a site can be described 

in terms of a continuous random variable with a Beta distribution 

[66]. The corresponding density function is defined in terms of a scale 

parameter a 8 and a shape parameter ~B [67] which can be obtai ned from 

the mean and variance of recorded data [68]. 

fKK ( kk) = 

where 

r( x) 

r(aB + f3s) 
r(aB)r(f3s) (1 

0 

{3 - 1 0! - 1 
kk) B kk B 

j.I.B ( 1 -,.,.B) 
aB = j.LB[ - 1 ] 

uBZ 

0 < kk < 1 (2.1.2.11) 

otherwise 

(2.1.2.12) 

(2.1.2.13) 

(2.1.2.14) 

The pdf of insolation can now be obtained by combining Equations 

(2.1.2.10) and (2.1.2.11) using the well known theorem given below [69]. 

Theorem: Suppose that X is a continuous random variable with pro­

bability density function f(X). Let Y = U(x) define a 
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one-to-one correspondence between the values of X and Y so 

that equation Y = U(X) can be uniquely solved for X in 

terms of Y, say X = W(Y). Then the probability density 

function of Y is 

g (Y) = f[W(Y)] IJI' 
where J = W' (Y) and is called the Jacobian of the trans-

formation. 

The pdf of solar radiation derived using the theorem noted above is 

given below. 

1 r(aB + .BB) 1cc aB - 1 ICC .BB - 1 

1cmax r(aB) r(.BB) (1 - 1cmax) (1cmax) 

fi (Icc) = 
cc 

o ~Icc~ Icmax (2.1.2.15) 

0 otherwise 

This is the model used in this study. 

2.1.3 Other Resources 

Other renewable energy resources such as biomass and fall i ng water 

can be successfully modeled in terms of their average va l ues over the 

study period because their characteristics are not as variable as in the 

case of wind speed or insolation. For example, total energy available 

per cubic meter of water is function of the height at which it is stored 

and using the average rainfall the total energy available can be cal-

culated. Equation (2.1.3.1) gives the potential energy per cubic meter 

of water stored at a height of h meters. 

R4 = gh/3600 (2.1.3.1) 
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If the water resource is a river or stream, then using hi storical data 

the average amounts of water available during different seasons can be 

estimated [70]. 

Anaerobic digestion of biomass is a process by which complex or-

ganic substances are broken down to produce biogas [71]. Biogas is 

simply a mixture of methane and a few other gases such as hydrogen 

sulfide. Information on the construction of plants converting biomass 

to biogas is readily available. In general, the plant consists of a 

tank where feedstock and water are mixed and allowed to ferment in t he 

absence of oxygen (see Figure 5). The biogas is usually collected at 

the top of the tank and the solid residue is removed from the buttom. 

Common feedstock used for a biogas digester are crop residues, animal 

wastes, and urban wastes. The total energy available can be calculated 

for any site using volume of biogas produced and energy per unit volume 

of biogas as given by Equation (2.1.3.2). 

(2.1.3.1) 

The total volume of the biogas produced depends on the amount and ty pe 

of material used as feedbac k as well as the ratio of water to feeds t oc k 

(see Figure 6). It also depends on the period of digestion and the 

temperature in the digester (see Figure 7). It should be noted that 

wastes f r om similar sources could produce differ ent quantities of gas 

either under different operating conditions or because of differences in 

the characteristics of solid wastes used. 

2.2 Energy Conversion Device Models 

This section discusses some of the commonly used energy conversion 
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devices for harnessing renewable energy resources in terms of the math­

ematical models used to describe their characteristics. 

2.2.1 Wind Energy Conversion System 

The mechanical power output, Pm, of an aeroturbine with a rotor 

diameter D is given by 

(2.2.1.1) 

where Cp is the power coefficient of the aeroturbine, P0 is the air 

density, and Vw is the incident wind speed. The coefficient CP is a 

function of the tip speed to wind speed ratio A., commonly known as the 

tip speed ratio. Typical variations of Cp with A. are shown in Figure 8 

[72] f or different types of aeroturbines. The power output of a wind 

electric conversion system (WECS) will, in addition, depend on the 

efficiencies of the mechanical interface and the electrical generator, 

and also on the manner in which the turbine is operated -- constant­

speed or nearly-constant-speed or variable-speed. Figure 9 shows the 

theoretical power output characteristics for a typical large [~ 100 kW) 

constant-speed (or nearly-constant speed) wind electr i c conversion 

system [73]. However, it has been shown that [74] the actual, meaning 

measured, power output characteristic of a typical wind turbine can be 

approximated i~ terms of two straight line segments as shown in Figure 

10. 

As mentioned before the wind speed at a site can be considered as a 

continuous random variable with a Weibull distribution. The density 

f unction for wind speed between the cut-in (Vc) and furling (VF) values 

can be expressed as f ollows. 
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f ( v ) w w 

(2.2.1.2) 

0 otherwise 

where fw(Vw) and Fw(Vw) represent the Weibull density and distribution 

function respectively. Considering only the wind speeds resulting in 

non-zero outputs (Vc < Vw < VF) the density function fpe(Pew) for the 

random variable Pew' the power output of the WECS, is derived by com­

bining equations (2.2.1.2) and the characteristics shown in Figure 10. 

The result is given below. 

where 

(VR - Vc) ~w)vc + 
~w ----~------

p Rl nw 

[ (vc + 

exp -

Fw1 = Fw(VF) - Fw(Vc) 

PR - PRl 
Gl = V F - V R 

(2.2.1.3) 

otherwise 

(2.2.1.4) 

(2.2.1.5) 

(2. 2.1.6 ) 

However, what is desired is the density function FpA (Pew) that is 
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applicable for all wind speeds and power outputs, including the zero 

value. The power output will be zero if the wind speed is either below 

v C or above vF. Therefore, the actua 1 di str ibut ion function FpA (Pew) 

can be written as 

(2.2.1.7) 

in which Fw1 is the fraction of the time during the study period that 

wind speed is between cut-in and cut-out and Fpe(Pew) i s the distri­

bution function corresponding to the densi t y function fpe (Pew). The 

plot of FpA(Pew) will have a jump at zero output, the height of which is 

equal to the fraction of the time (equal to 1 - Fw1) the output i s 

zero. Corresponding to this, the actual density function fPA (Pewl will 

have an impulse of magnitude (1 - Fw1) at zero. This is the model used 

for this study. 

2.2.2 So1ar Photovoltaic Energy Conversion 

System (SEC) 

The Photovoltaic (or solar) cell can be modeled in terms of a 

constant-current source delivering a current Is, a nonlinear juncti on 

impedance Rj, and the load resistance R0 [75] as shown in Figure 11. 

Several idealizing assumptions have been made to arrive at this s imple 

equi valent circuit. The most important assumptions are : ( i) cell ser i es 

resistance is negligibly small, and (ii) cell shunt res i stance is very 

large. When a photovoltaic cell is illuminated, the photovoltaic effect 

causes a current I to flow through the load. 

(2 . 2. 2.1) 
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Figure 11. Simplified Equivalent Circuit of an 
Illuminated Photovoltaic Cel l 
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where Is is the source current - - the current that would flow through a 

short circuit (R0 = 0), ! 0 is the saturation or dark current, Vj is the 

voltage across the junction, k is the Boltzmann constant, and Te is the 

temperature in degrees Kelvin. Figure 12 illustrates the I-V 

characteristics of a photovoltaic cell for different levels of incident 

radiation. The power output of a solar array, P5 , at any given time can 

be calculated using 

(2.2.2.2) 

or 

(2.2.2.3) 

where 

{2.2.2.4) 

1cc = Icmax (1 - kk) (2.2.2.5) 

By combining Equations (2.2.2.3) and (2 2 2 5) t • . • we ge 

(2.2.2.6) 

For design purposes, the performance of a photovoltaic module can be 

characterized in terms of a constant average efficiency of 10% [ 76 ] . 

Figure 13 illustrates the output characteristics of a typical phot o-

voltaic module. us,·ng th· 1 f 
lS va ue o average efficiency for the module, 

Equation (2.2.2.6) becomes 

Ps = 0.1 Ac Icmax (1 - kk) (2.2. 2.7) 
or 
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(2.2.2.8) 

where Psmax = maximum output power under clear sky condition. 

As mentioned before, kk can be represented by a continous random 

variable with Beta distribution. Considering only the non-zero output, 

the pdf for the output of a PV array output can be obtained by trans­

forming the pdf of the random variable Icc using Equation (2.2.2.8) and 

the well known theorem given before. The resu l t is given below. 

0 ~ Ps ~ Psmax (2.2.2.9) 

0 otherwise 

However, what is desired is the density function fsA (Ps) that is ap­

plicable for the entire range of possible output including zero. The 

power output will be zero if the , sky is completely covered or during 

night times. Therefore, the actual distribution function FsA (Psl can 

be writ ten as 

(2.2.2.1 0) 

where F51 is the fraction of time during the study period the output 

power is not zero and Fps (Ps) is the distribution function corre­

sponding to the density function fps (Psl· 

The plot of FsA (Ps) will have a non-zero, finite, val ue at Ps = 0, 

the magnitude of which is equal to the fraction of time, (1 - Fs1l, 

during which the output is zero. Corresponding to th is, the actual 

density function fsA (Ps) will have an impulse of magnitude (1 - Fs1l at 
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zero. This is the model used in this study. 

2.2.3 Other Devices 

In the previous sections probabilistic models describing the output 

characteristics of devices utilizing wind and solar radiation were 

developed. In this section deterministic models describing the output 

of devices utilizing other renewable energy resources are considered. 

Some of these devices such as gas-burners used for burning biogas 

and solar collectors used for water heating, etc. can simply be repre-

sented in terms of their average efficiencies. This is justified be-

cause these devices wi·ll constitute only a minor part of the overa l l 

IRES and detailed models may not be necessary. Others, such as 

microhydro units, require a somewhat more complex expression. The el ec-

tric output power of a hydroturbine, PkW• in terms of combined turbine 

-generator effic i ency ~H• water flow Q, h net head, density of water Pw, 

and acceleration due to gravity g is given by [77] 

(2.2.3.1) 

2.3 Load Models 

As mentioned before, the energy required by the loads can be clas­

sified into four groups based on the type and quality of the energy 

needs as follows: · 

1. Medium-grade thermal energy (100°- 300°C) 

This need is primarily for cooking and small-scale i ndustries. 

2. Rotati ng mechani ca l shaft power 

This form of energy is required for 
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a) pumping water 

b) small-scale industries 

c) agricultural operations 

d) transportation (mobile rotating shaft) 

3. Electricity 

a) ac electricity 

This is needed for domestic and community lighting and for 

supplying ac motor 

b) de electricity 

This form is used for charging storage batteries for emer­

gency lighting, educational, communication, health-related 

activities, and for supplying de motors. 

4. Low-grade thermal energy (less than 100° C) 

This form is needed for water and space heating, crop drying 

as well as process heat for small-scale industries. 

Both probabilistic and determinist,ic models for load demand are dis­

cussed next. 

2.3.1 Electricity 

Typical electricity demands have temporal variations between a 

maximum, LM, and a minimum, Lm, value and in general can be represented 

by a continuous random variable. For the purpose of this study, a 

simple load model with uniform distribution is used. Figure 14 shows 

the probability density function and distribution function employed. 

The corresponding load duration curve is illustrated in Figure 15. 

Practical load duration curves can be reasonably idealized to correspond 

to the one used here [78,79]. 
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2.3.2 Other Loads 

The approaches used to arrive at the total energy needs af each of 

the remaining three groups require a certain amount of aggregation and 

approximation. For example, all the loads requiring rotating shaft 

power (water pumping, agricultural operation, etc.) are aggregated as 

one load. Similar procedure is employed for other demands as well. 

In order to arrive at the total energy needs in each group, average 

load requirements are used and as such they are the same for the entire 

study period. The energy required per capita or task is estimated and 

the total amount of energy required by each group is then found by 

multiplying these numbers by the population and the number of tasks to 

be performed during the study period. In practice, load requirements 

will vary from season to season and the design procedure must be applied 

during different seasons, the resulting designs compared, and an overal l 

compromise design might have to be evolved. 

Models (both deterministic and probabilistic as appropriate) used 

for describing the characterist i cs of renewable energy resources, de­

vices employed for harnessing them, and different loads were presented 

in this chapter. It was shown that the output of a WECS can best be 

represented by a continuous random variable with Weibull distribution. 

Also, it was concluded that the output of SEC can best be approximated 

by a continuous random variable with Beta distribtuion. In both cases, 

pdf will have to have an impulse corresponding to zero output. It was 

also shown that electricity demand can be approximated by a continuous 

random varible which is uniforml y distributed between a maximum and a 

minimum value . Total energy ava il abl e f rom the othe r renewable energy 

resources such as falling water and biomass was shown to be a function 
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of the site, height of the storage tank in the case of hydroturbine 

units, and the type of feedstock used in the case of biogas units. 



CHAPTER I II 

INTEGRATED RENEWABLE ENERGY SYSTEM(IRES) 

In this chapter the concept of an Integrated Renewable Energy 

System (IRES), is defined and two different approaches used for inte­

grat; ng different renewab 1 e energy resources are discussed. A 1 so, the 

termi no 1 ogy used and definitions of some of the important terms are 

presented. 

3.1 Definitions and Termi nology 

The amount of energy available in the form of renewable resources 

such as wind or solar radiation is sufficiently large to make a signi f ­

i cant contribution to the overall supply of energy [80]. However, there 

are several difficulties associated with t he harnessing of these re­

sources. Some of these difficulties are due to the dil uteness of the 

resources and the consequent low overal l efficiencies of devices us ed 

for conversion of these resources into useful energy forms. Some of the 

more serious of these difficulties are due to the highly variable nature 

of some of these r esources such as wind and insolation [81 ] . The prob-

1 ems caused by the intermittency of these resources can be part i a 11 y 

overcome either by adding energy storage and reconversion facilities, or 

by using the strengths of one source of energy to overcome the weakness 

of the ot her. For exampl e , during summer th e middl e and high north ern 

latitudes receive more insolation; however the average wind speed is 

42 
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higher in winter [82]. Table I presents the average monthly insolation 

available on a horizontal surface, and horizontal wind flow at 10 meters 

above ground for ten northeastern U.S. locations [83, 84]. Values 

corresponding to months of maximum and minimum energy availability are 

underscored. As expected, solar availability is greatest in summer and 

is at its lowest during winter. On the other hand, wind availability is 

greatest in winter and is at its lowest during summer. It is obvious 

that by combining different resources the variations in the overall 

output can be reduced and, in turn, the need for storage can be 

minimized [85]. 

A system utilizing more than one renewable energy resource is 

called an "IRES", an acronym which stands for "Integrated Renewable 

Energy System". A typi ca 1 IRES wi 11 consist of two or more of the 

following: wind energy conversion system (WECS), solar photovoltaic 

energy conversion system (SEC), microhydro, biogas d igester, solar 

therma1 system, and some means of storing energy. This list is not 

meant to be exhaustive and as new devices are developed, they can also 

be included. Figure 16 illustrates one possible combinat i on of devices 

and their interconnections suitable for utilizing different renewable 

energy resources in an integrated manner. In such a system each dif­

ferent manifestation of solar energy will have a role to play in order 

to (see Reference 45) 

a) provide the most appropriate and cost effective form of energy 

need ed by each t ask, 

b) minimize the need for transportation and transmiss io n of ener gy, 

and 

c) protect the environment and improv e the quality of l ife. 



TABLE I 

AVERAGE MONTHLY HORIZONTAL GLOBAL INSO LATION 
AND HORIZONTAL WIND FLOW AT 10m HEIGHT 

Jan Feb Ma r A~r Mal Jun Jul Aug 5e~t Oct Nov Dec 

Al bany, NY 5 1. 44 2.17 3. 11 4. 21 4.95 5. 46 5.44 4.73 3. 69 2.58 1. 44 1.12 
w 3. 84 4.08 4. 56 3.84 2.40 D2 1.68 1. 44 1. 68 2. 16 2.64 j']f<f 

Bi nghamton, NY s 1. 22 1. 82 2 . 72 3 . 92 4.72 5.30 5.23 4 ,"49 3.57 2. 46 l. 31 0 . 94 
w 3. 84 3.84 3.84 3.60 2.40 1. 68 l. 44 1. 44 1.68 2. 40 2.88 3. 84 

Bost on, MA 5 1. 50 2. 24 3. 21 4. 18 5. 11 5. 73 5.52 4. 69 3. 97 2. 81 l. 59 1. 27 
w 7 .44 7.44 6. 72 5. 76 4.56 J.1Z 2.88 2.88 3.12 4.08 5.04 DO 

Buffa lo , NY s 1.10 1. 72 2.80 4. 15 5.04 5.69 5. 60 4. 77 3. 63 2. 47 l. 27 0.89 
w 8.64 7. 20 6.00 5.52 3.60 3.36 2.88 2.40 2.64 3.84 4.80 6.00 

Bur li ngton, VT 5 l. 22 l. 91 2.97 4.09 4.97 5.45 5.43 4. 65 3.54 2. 34 1.18 0.89 
w 2. 64 2.40 2.64 2. 40 2.16 m 1.68 1. 20 1.68 2.16 2.40 2:04 

Caribou, ME s 1. 32 2. 28 3.58 4.46 4.98 5. 54 5.56 4. 73 3.48 2.17 1.16 0. 98 
w 5 .52 6. 48 6.96 4. 80 4.56 3.60 m 2. 40 3. 12 3. 84 4.32 "4:"ml 

New York City s l. 73 2. 51 3. 53 4.60 5.33 5. 69 5.63 5.00 4.04 3.00 1.87 1.44 
w 5.76 6.00 5. 28 4. 56 3.60 2.ffiT 2. 40 2. 40 2.88 3.36 4.32 "5":7D 

Phi lade l phia, PA s l. 75 2. 51 3.50 4.52 5. 24 5. 71 5. 55 4. 97 4. 04 3. 02 l. 95 1.48 
\~ 4.08 4.32 4 . 32 3.84 2.64 1. 92 1.44 1.68 1. 92 2. 40 2.88 3.60 

Pi t tsburgh, PA s 1. 34 l. 97 2. 97 4.15 5. 05 5. 53 5. 33 4. 77 3.81 2.82 1. 59 1.09 
w 3.84 3.84 3. 60 3.36 2.40 m 1. 44 1. 20 1.44 2. 16 2.88 T.blr 

Washington, DC s 1. 80 2. 57 3. 55 4.60 5.42 6.00 5. 73 5. 10 4.23 3.17 2.05 1. 52 
w 3. 36 3. 60 3.60 3. 36 1.92 1.68 l. 44 1. 20 1. 44 2.1 6 2.40 2.88 

S = So l ar 
W "' Wind 

Underl i ned va lues ar e months of maximum or minimum energy avai l abil i t y . 

+::-
+::-
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A typical IRES utilizes a mixture of energy sources to perform a 

variety of tasks. This mixture of resources can consist of only primary 

sources or a combination of primary and intermediate sources which are 

obtained either from primary sources or from other intermediate 

sources. Primary sources are those which are inputs to the IRES and 

intermediate sources are those produced at various stages inside the 

system from primary sources. Examples of primary sources are wind, 

insolation, biomass, etc., and examples of intermediate sources are 

biogas, electricity, rotating mechanical shaft, etc. 

3.2 Approaches to Integration 

Recently, the concept of utilizing d1fferent manifestations of 

solar energy in an integrated fashion has been gaining momentum world­

wide [86, 87]. Both cascaded and tandem approaches have been proposed 

for the integrated utilization of several renewable resources (see 

Reference 46). 

In the cascaded approach, the primary sources are utilized to 

satisfy some of the energy needs and the intermediate sources such as 

heat obtained because of these processes are used to satisfy some of the 

remaining needs. For example, in a concentrating solar energy system, 

the dilute solar radiation (primary source) can be concentrated firs t 

for use in generating electricity by a point-focus solar-thermal-elec­

tric system. The rejected medium-grade thermal energy ca n be used f or 

refrigeration, and finally the low-grade heat rejected by the cooling 

system can be used for water heating, space heating, etc. Figure 17 

i l lustrates a schematic of this approach. 
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Two approaches have been proposed [88] for the utilization of sev­

eral manifestations of solar energy in tandem. In the first approach, 

one form of energy (typically electrical) is selected as the form which 

is to be made available to the consumers. All the available resources 

are then converted into this form for storage and supply to the con­

sumers. The second approach advocates the matching of resources, de­

vices, and needs a priori and achieves the i ntegration of benefits at 

the user's end. In the latter, the objective is to minimize the cost 

and maximize the overall efficiency of ut i lization of the energy 

resources. 

For example, instead of converting wind energy into rotary mechan­

ical energy and then to electricity to be used for pumping water by 

means of an electric pump, the rotary mechanical energy can be used 

directly for pumping water. Biogas derived from anaerobic fermentat i on 

of biomass can be directly used for cooking instead of converting it 

into electricity (by means of a biqgas-fueled-engine driven generator) 

and then distributing it to consumers for use in electric stoves. There 

are many ways to integrate di fferent energy resources. For example, 

solar radiation and wind energy can be integrated in potential energy 

form using the scheme shown in Fi gure 18. Figures 19 and 20 illustrate 

possible schemes for integrating wind and solar radiation in the form of 

low-grade thermal energy and electrochemical energy respectively. 

By employing a string of energy conversion and utili zation devices, 

almost any energy need can be satisfied by any energy source. However, 

a word of caution is in order. Not all possibilities are attractive 

from the economic view point. Figures 21 through 25 show, in conceptual 

block diagram form, possibilities for supplying medium-grade thermal 
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energy, low-grade thermal energy, fixed rotating shaft power, mobile 

rotating shaft power, and electricity demand respectively using dif­

ferent renewable energy resources. 

3.3 Design of Integrated Renewable Energy Systems 

There is a new drive towards utilizing renewable energy sources 

such as solar radiation, solar heat, wind, biomass, and falling water. 

This drive is motivated by realization of the limitations of non­

renewable energy resources and by the environmental impacts of their 

uncontrolled use. One of the fundamental technical problems facing the 

designers of an IRES is to match the varying energy and power require­

ments of the loads with the mostly stochastic characteristics of the 

resources [89, 90] in an appropriate manner. However, the suitability 

or appropriateness of an IRES depends on many technica l and socio­

economic factors [91] which are highly site specific and country 

specific. Therefore, the first step ,in the process of designing an IRES 

is to identify the goals and define what i s optimal or appropriate. 

Technical, economic, and more importantly, social aspects of the intro­

duction of an IRES should be carefully analyzed before making specific 

choices. 

The goal is to design an IRES to satisfy a set of energy require­

ments by utilizing different renewable energy resources. The system is 

assumed to be "stand-alone," and energy storage is used as needed to 

supply the load at a predetermined level of reliability. An objective 

function, which could be either total capital cost or total cost per 

year, can be minimized to arrive at optimum designs. In the case of 

tot a 1 annua 1 cost, cost of capita 1 as we 1l as operation and rna; ntenance 
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costs must be included. The resources under consideration are 

1. biomass 

2. solar 

a. heat 

b. radiation 

3. wind 

4. falling water (natural or human-made storage) 

The energy needs are classified into four groups as follows: 

1. medium-grade thermal energy (100° to 300° C) 

2. low-grade thermal energy (less than 100° C) 

3. rotating shaft. 

a. fixed 

b. mobile 

4. electricity 

The design procedure must take into account the stochastic character­

istics of the resources under consideration as well as the probabilistic 

nature of the load demand. Resources such as wind solar radiation are 

highly variable and site-specific. They have instantaneous, minute-by­

minute, hourly, diurnal, interannual, and seasonal variations. On the 

other hand, water resources are primarily seasonal and biomass 

(especially animal wastes) availability is fairly predictable. 

The design procedure can be either deterministic [92] or prob-

abilistic [93] and it must have the following elements. 

1. Categorization of the needs 

2. Cataloging of the resources 

3. Consideration of the stochastic nature of resources and load 
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4. Finding the ratings of different energy conversion and util­

ization devices and the size of energy storage component that 

will minimize the chosen performance index. 

To reiterate, an IRES utilizes different manifestations of solar 

energy in cascade or tandem to satisfy a set of energy needs. Two 

different approaches are available for utilizing different renewable 

resources in tandem. In the first approach all the resources are con­

verted into a chosen form to be made available to the consumers. The 

second approach advocates the matching of resources and needs to achieve 

economy, efficiency, and the integration of benefits at the user's 

end. Also, the key steps in the process of designing an IRES were 

presented and discussed. The rest of this dissertation focuses on the 

modeling and design of tandem IRES that integrate the benefits at the 

user's end. Both deterministic and probabilistic techniques are 

considered. 



CHAPTER IV 

DETERMINISTIC APPROACH TO THE DESIGN 

OF INTEGRATED RENEWABLE 

ENERGY SYSTEMS 

In this chapter a deterministic approach for designing an IRES is 

presented. The approach utilizes linear programming to minimize the 

tot a 1 annua 1 cost of operating the system. The objective and the pro­

blem to be considered are described first, then the mathematical form­

ulation of the problem and the design approach based on this formulation 

are presented. 

4.1 Problem Description and Objective 

The basic objective is to supply some of the important energy needs 

by harnessing locally available renewable energy resources. The design 

of the system should minimize the total annual cost of operating the 

system, subject to constraints on resource availabilities and load 

demand. 

The renewable energy resources available are: 

1. Biomass 

2. Solar radiation 

3. Wind energy 

4. Potential energy of water 

5. Solar heat 
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6. Other resources such as geothermal, ocean thermal, tidal, and 

wave energies are extremely site-specific and as such are not 

considered. However, they can be included in the design if the 

appropriate parameters applicable to these resources are avail­

able. 

Energy needs can generally be grouped into different tasks, de­

pending on the type and quality of the energy required. 

1. Medium-grade thermal energy (100° - 300° C) 

Medium-grade thermal energy is needed primarily for cooking and 

possibly for heating needs of small-scale industries. 

2. Low-grade thermal energy (less than 100° C) 

Low-grade therma 1 energy is used for domestic water heating, 

space heating, and process heat for small-scale industries. 

3. Rotating mechanical shaft power 

Rotating shaft power is needed for small scale industries and/or 

of transportation purposes. 

4. ac electricity 

Electricity in ac form is primarily used for lighting and sup­

plying ac motors. 

5. de electricity 

de electricity is primarily used for charging the batteries. 

Theoretically, by employing a string of energy conversion hardwares, any 

resource can be used to satisfy the energy needs of any task in the list 

given above. However, some of the resource-task combinations are ob­

viously not practical (either too expensive or too low in overall effic­

iency) and can be eliminated from further consideration. Thus i n the 

general case of M resources and N tasks, the number of resource-task 
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combinations to be considered will be far less than the product "MN". 

Table II lists the paths between resources and tasks that are judged to 

be feasible at the present time from economic· and technical view 

points. As different and improved hardware becomes avai l able, this list 

can be modified to reflect the new matchings. As mentioned earlier, 

when several renewable energy resources are used in tandem to supply a 

number of energy needs, two basic options are available for integrated 

system design. 

a. Convert a 11 the resources into one convenient form for storage 

and supply to all needs. 

b. Use each resource in a way that is most convenient and efficient 

from the resource - task combination view point. 

The deterministic design approach discussed here follows the second 

approach. The problem formulation that follows uses the partitioning of 

the components and devices as shown in Figure 26. 

4.2 Problem Formulation 

Consider the -th 1 resource being used to satisfy, i n part or fully, 

the energy needs of the ·th task. Let the capital cost p .. of the J 1J 
hardware involved be expressed in dollars per kW, with the kW r ating 

being computed at the output of the energy conversion plants (point A in 

Figure 26). The cost C;j in dollars per year for this r esource - task 

combination can then be expressed as [94] 

where 

c .. = 
1J 

T . . cr, 1 J 

T .. P .. E . . cr,1J 1J 1J 
8760 k .. 1J 

n . . 
= r(1 + r) 1J 

n . . 
(1 + r) 1J - 1 

+ m .. 
1J 

( 4. 2.1) 

(4. 2. 2) 
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TABLE II 

LIST OF RESOURCES, DEVICES, AND TASKS 

Resources 

1. Biomass-­
Anaerobic 
Fermentation-­
Biogas 

2. Solar radiation, 
PV Array 

3. Wind energy, 
Aeroturbine 

4. Water Head 

5. Solar heat, 
Collectors 

Devices and Tasks 

Burner - medium temperature heating, primarily 
for cooking 

Biogas fueled engine - mechan ical rotating 
shaft power 

Biogas fueled engine driven generator, elec­
tricity generation 

Heater - low temperature heating, water heat­
ing, and space heating 

de motor - mechanical rotating shaft power 

Power conditioner - ac electricity 

Controller - de electricity for batteries 

Water pump - mechan i cal rotating shaft power 
for pumping water 

Generator - electrical energy generator 

Water turbines - mechanical rotating shaft 
power 

Water turbine driven generator (micro or min i 
hydro) - electrical energy generation 

Solar cooker - medium t emperature heating 
for cooking 

Heat exchanger - low temperature water heating 
and space heating 

Heat engine - mechanical rotat i ng shaft power 

Heat engine driven generator - el ectrical 
energy generation 
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Summing over M resources and N tasks, the total cost CA in dollars 

per year becomes 

M N 
CA = L L c .. 

i =l j=l 1J 
(4.2.3) 

In Equation (4.2.3), many terms in the double summation could be missing 

since the resource-task combinations are usually preselected based on 

several technical and economic considerations. 

For design purposes, it is convenient to express energy supp l ied by 

resource ito satisfy demand j (E i j) in terms of quantity of resource i 

required for performance of task j (xij) and energy equivalent of re­

source i ( Ri) as fa 11 ows. 

E .. = R. x . . 
1 J 1 1 J {4. 2.4) 

Combining Equations (4.2.1), (4.2.3), and (4.2.4), the total cost per 

year for satisfying all the energy needs becomes 

where 

CA =! t Ri 
i=l 

fa .. x. ·I j=l lJ lJ 

a .. 
lJ 

T .. p . . 
= cr,1~ lJ 

8760 .. 
1 J 

(4.2.5) 

(4.2. 6) 

The design approach focuses on minimizing CA, subject to the set of 

equality and inequality constraints listed below •. 

1. The sum of the energies supplied by theM resources for the jth 

task should be equa l to the to ta l energy uj required for the jth 

task. 

M 
u. = L R. 

J i =l 1 ij x ij' j=1,2, •.• ,N (4 . 2 .7) 
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2. The total quantity of some of the M resources is l imited due to 

availability or other considerations. Therefore, the total 

amount of a particular resource consumed or used for various 

tasks should be less than or equal to the corresponding maximum 

l 1 F th . th . f E . th . availab e va ue. or e 1 resource, 1 imax 1s e max1mum 

available, then 

E. 1max 
N 

> L R. 
1 j=l 

X •. 
1J 

Since E;max = Ri ximax• Equation (4.2.8) can be written as 

N 
ximax ~ L X;J·' i = 1,2, ••• ,M', (M' ~ M) 

j=l 

(4.2.8) 

(4.2.9) 

The range of i in Equation (4.2.9) takes into account the possibility 

that for some of the resource there may be no upper bound f or x;. 

3. Obviously, all the xij values must be non-negative. 

X .. > 0 
1 J -

for i 
j 

= 1,2, . •. ,M 
1,2, ••• ,N (4.2.10) 

4. In addition to satisfying the total energy requirements of each 

task, the constraints imposed by the rate of energy use (power) 

should also be considered. For the ith resource, if Pij is the 

maximum power r equired for handling the share of the j t h task 

supplied by the i th resource, then the maximum rate of energy 

use expected of the i th resource, P;• is 

1 N 
P· - L p 

1 - a.. 1 iJ"' 
1 J= 

= 1,2, ... ,M (4.2.11) 

In Equation (4.2.11) d; is the diversity for the tasks supplied by the 

ith resource and it is greater than or equal to one. 

= Sum of individual maximum demands 
di Net max1mum demand (4.2.12) 
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If the total energy derived per year from the ith resource for al l 

the tasks is Ei, and if k; is the effective load (or plant) factor 

experienced, then the available power rat i ng Pai in kW can be expressed 

as 

Ei 
Pai = 8760 k . ' i=1•2•···•M 

1 

The power constraint of interest is 

Moreover, 

pi < Pa;o = 1,2, •.. ,M 

N N 

Ei = LE .. = Ri I: X .. 
j=l 1 J j=l 1J 

E .. 
p .. = 1J = 

lJ 8760 kij 

R. X· · 
1 1 J 

8760 k .. 
1J 

(4.2.13 } 

(4.2. 14) 

(4.2.15) 

(4.2.16) 

Therefore the power constraint (see Equation [4.2.14]) becomes 

1 ~ _ 1 ~ xij > ..-- ~ x.. -::.- ~ ....- 0, i=1,2, ... ,M 
~i j=1 1J ui j=1 ~ ij -

Determination of kij presents a special problem. 

definition and physical significance, one can write 

k .. 
1J 

E.. U .. 
1 J = =.,..,.,.._,_,.· '---

8760 p. . 8760 .. p .. 
lJ 1J 1J 

(4.2.17) 

Based on its 

(4.2.18) 

In Equation (4.2.18), Pij and Uij are not known a priori. However, the 

total energy requirement Uj and the max imum rate of energy consumption 

(maximum power required) Poj for the jth task must be known or estimated 

before proceeding with the design. If one assumes that the ratio of 

peak to average power rating required for a task (or a part thereof) 

does not depend on which r esource supplies t he power , k;j can be es t -
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imated as follows: 

u. (4.2.19) 
ki j = 8760 Poj 

The design problem thus becomes an optimization problem, stated as 

fallows: 

Minimize the annual cost function CA, where 

M N 
CA = L R . L a · · x · · . 1 1 . 1 1J 1J 

1= J= 

Subject to the constraints 

M 
L: R. 71 . • X •• 

1 1 J 1 J 
j=1,2, ... ,N 

i=1 

N 
L xiJ. < x imax , i = 1,2, ... ,M' (M' < M) 
j=1 

N N x .. 
1 '""" 1 '""" ___2l < 0 -k L,..;X . . - -::r- L k ' 
i j=1 1J ui j =l ij -

X .. > 0 
1J 

for a 11 and j 

i=1,2, ... ,M 

(4.2.20) 

(4.2.21) 

(4.2. 22) 

(4.2. 23) 

(4.2.24 ) 

Since the objective function and all the cons t raints are linear, this is 

a 1 inear programming problem and can be solved by the simplex method 

[95 J. 

4. 3 Des ign Approach 

The components of an integrated renewab l e energy system can be 

split into two groups -- (i) energy conversion plants and (ii) energy 

conv ersion and utili za ti on devi ces as i llustrat ed earli er in Figur e 

26. Biomass, solar radiation, wind, and solar heat are considered as 
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inputs to the energy conversion plants. The outputs of the plants (at 

point A in Figure 26) are in the form of the biogas, de electricity, 

rotary mechanical energy, and thermal energy. These energy forms, 

together with water head (potential energy of water), constitute the 

inputs to an array of energy conversion and utilization devices employed 

to accomplish the required tasks. 

The design of the system involves finding the quantities of the 

various resources required per year and the sizes of collection devices 

that minimize the total (cost of capital and operation and maintenance 

charges) cost per year. The values to be found are: 

xl = total volume of biogas in m3 per year 

x2 = PV array area in m2 

x3 = swept area of wind turbines in m2 

x4 volume of water in m3 per year 

xs = solar thermal collector area in m2 

Each of the resources 1 i sted above may be used for more than one 

task. Thus xij will be the portion of xi used (or allotted or required) 

to perform its share of the jth task. Therefore 

X· = 
1 

N 
L: x .. 
j=l 1 J 

(4.3.1) 

The energy equivalent of the various resources are calculated using 

a set of factors denoted as R;. For example, 

E· 1 = R· 1 
X . 

1 (4.3.2) 

and 

E .. 
lJ R· 1 

X •• 
1J (4.3.3) 
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The specific Ri factors used in the formulation of the design 

problem are listed below: 

1 R1 is the energy equivalent of biogas in kWh per cubic meter 

= 2 Rz is the annual de electrical energy output of the PV array in 

kWh per square meter 

i = 3 R3 is the annual rotating mechanical shaft energy output of wind 

turbines in kWh per square meter of swept area 

= 4 R4 is the potential energy of stored water in kWh per cubic 

meter 

5 R5 is the annual thermal energy collected by solar-thermal 

collectors in kWh per square meter. 

In particu l ar 

(4.3.4) 

8760 3 
R3 = T1 L: va 

w Ci=l 
(4.3.5) 

R4 =~ (4.3.6) 

8760 
R5 = ~t L Ya (4.3.7) 

Ci=l 

An example design based on this approach is given in Chapter VI. 

To summarize, a deterministic approach for des igning an IRES utilizing 

renewable resources such as biomass, wind, solar radia t ion, and falling 

water has been presented. The system is to sati~fy a vari ety of energy 

needs. The approach utilizes linear programming to minimize the total 

annual cost of operating the system subject to a set of constraints 

imposed by load characteristics as well as resource availabi lity and 

characteristics. 



CHAPTER V 

PROBABILISTIC APPROACH TO THE DESIGN 

OF INTEGRATED RENEWABLE 

ENERGY SYSTEM 

In this chapter a probabilistic approach for designing an IRES is 

presented. The approach utilizes the Loss of Power Supp ly Probabil i ty 

(LPSP) as the key system parameter and minimizes the initial total 

capital investment. Loss of power supply probability i s defined f irs t 

and different methods of evaluating LPSP are presented. This i s 

followed by a discussion of the LPSP based design approach. 

5.1 Loss of Power Supply Probability 

Systems utilizing renewable ehergy resources are ty pically operated 

with energy storage devices such as batteries, water storage, etc. to 

smooth out the variable output of the system in a stand-alone situ­

ation. Whenever the combined system cannot meet the load demand, loss 

of power supply occurs. The probability of this event happening is a 

good measure of system's performance [96]. 

With the passage of time, as the energy storage sys t em interacts 

with t he IRES and load exchangin g energy back and f orth, t he amount of 

energy stored, E(t), constantly changes with time [97]. The variable 

E(t) characterizes the overall status of the system very well, becaus e 

it is a function of the system output, rated capacity of t he stor age 
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system, as well as the load demand. The state of charge is also used as 

a decision variable for the control of overcharge and overdischarge. 

Overcharge may occur when high input levels and/or low power demands 

exist. In this case, if the state of the charge in the storage system 

exceeds a set maximum value (ER), the control system will intervene and 

the charging process is stopped [98]. The case of overdischarge may 

occur if low input levels and/or high power demands exist. In this 

case, if the state of charge decreases below a set min imum value Em 

(which can be zero but not negative), the control system intervenes and 

disconnects the load (see Reference 90). This action may be necessary 

to prolong the 1 ife of the energy storage device [99]. Figure 27 

illustrates the nature of charge as a function of time. Each point on 

this curve yields the time period during which the state of charge 

equalled or exceeded a given value. Figure 28 is obtained by 

normalizing the time axis of Figure 27 with respect to the study period 

T and then exchanging both axis. Each point on the curve in Figure 28 
' gives the probability of existence of a charge equal or larger than the 

one determined by the corresponding point on the charge axis during the 

study period. 

Based on the above discussion, the Loss of Power Supply Probability 

(LPSP) can be defined as follows: 

The probability of the state of charge at any accumulative time 

t (within the study period T) being less than or equal to the 

minimum permissible level, Em· 

Therefore the loss of power supply probability is 

LPSP = p[E(t) <Em; t < T] (5.1.1) 



E(t) 

ER 1 --

--------- -== I Em~----------- ~ 

00 T 
Figure 27. Variation of Stored Charge as a Function of Time 

t, hrs. 

-..... 
w 



-........ -w 

a: 
w 

0 - . w ,..... -a. 

s... 
0 
4-

c: 
0 .,.... 

4-' 
u 
c: 
::s 

LL 

c: 
0 .,.... 

4-' 
::s 
.0 .,.... 
s... 
4-' 
Vl .,.... 
Cl 

>, 
s... 
<0 
4-' 
c: 
Q) 

E 
Q) 

a. Q) 

EO> 
0 s... 
u rtl 

..c: 
""0 u 
Q) 

N ""0 .,.... Q) 
..- s... 
<0 0 
E4-> 
s... (/) 
0 
:z: 

co 
N 

Q) 

s... 
::s 
Ol .,.... 

LL 

74 



75 

or 

(5.1.2) 

where p(Eml is the probability that the charge is greater than Em, and 

[1 - p(EmlJ is the probability that the charge is less than or equal to 

Em. 

In the discussion of the LPSP method, it i s assumed that the entire 

output of the IRES is processed through the appropriate interface and is 

stored in the energy storage and reconversion system from which the load 

is supplied on demand. Hence, power input to storage, C(t), at any 

instant of time is the difference between the total output power of the 

system, P(t), and the load demand, L(t). 

C(t) = P(t) - L(t) (5.1.3) 

Since the system output varies between zero and PR, and t he load varies 

between Lm and LM, the power input C(t) to the storage will vary between 

(-LM) for periods of no generation .and maximum demand to (PR- Lml for 

periods of maximum generation and minimum demand. If L(t) and P(t) are 

assumed to be constant for a specific time frame, then C(t) is also 

equal to the energy input to t he storag e during this time. Negative 

values of C(t) denote energy extraction from the storage system. 

Assuming P(t) and L(t) are statistically independent random var­

i ables, the probability density function (pdf) fc(c) for the random 

vari abl e C(t) can be obtai ned by convolving the pdf 1 s fp(P) and fl( l ) of 

P(t) and L(t) respectivel y [100, 101]. 

+oo +co 
fc(c) = f fl(-l)fp(c - l)dl = _{fp(P)fl(p- c)dp 

-~ - co 
(5.1. 4) 

Assuming P(t) is equal to the sum of the output power of wind energy 
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conversion system, W(t), and the output power of the photovoltaic array, 

S(t), both in electrical form, 

then 

where 

P(t) = W(t) + S(t) 

+oo +oo 

fp(P) = J f 5(slfw(P- s)ds 
-oo 

= J f 5(p - w)fw(w)dw 
-oo 

fs(s) = pdf of photovoltaic array output 

fw(w) = pdf of WECS output 

(5.1.5) 

(5.1.6) 

Equation (5.1.6) assumes that W{t) and S(t) are stat i st i cally inde-

pendent. 

If detailed recorded data describing characteristics of each energy 

resource is available, the output power, P(t), of the IRES can be com­

puted using equations describing the output character i st i cs of each 

device utilized (see Chapter II) . . The power i nput to storage, C(t), at 

time t is then calculated using Equation (5.1.3). As discussed 

previously, before if L(t) and P(t) are assumed to be constant over an 

hour, then C(t) is also equal to the energy input to t he storage system 

during this hour. The amount of energy in st orage, E(t), at the end of 

each hour is obtained by adding, algebraically, C(t) to the amount of 

stored energy at the start of the hour. To simulate actual operat i ng 

conditions, every time the value of E(t) falls below Em, it is restored 

to Em after a failure of the power supply has been recorded and 

simulation i s continued. Every time E(t) exceeds ER, it i s brought back 

to ER before proc eeding furth er. This i s commonly kn own as "dumping", 

and it is due to gener ati on above and beyond energy demand when t he 
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storage system is charged to its full capacity. Fo 11 owing the steps 

outlined here, the number of times loss of power supply occurred (when 

E(t) goes below Em) is counted and expressed as a fraction of the study 

period in hours. This is the numerical value of the loss of power 

supply probability. 

In the absence of detailed recorded data, the key to the com-

putation of the LPSP is contained in the power duration curve for the 

random variable C, shown in Figure [29]. As mentioned before power 

input to the storage, C, varies between (-Lm) and (PR- Lml· The area 

A2 above C = 0 is proportional to the energy input to the storage during 

the study period T and the area A1 below C = 0 is a measure of the 

energy output from the storage during the same period. Therefore, if a 

value c1 can be found such that 

A1 - A2 = (Ssmin)T (5.1.7) 

where (Ssmin)T is the allowable energy depletion from the storage sys­

tem, then the LPSP value can be calculated using the probability density 

function fc(c) of C [102]. 

LPSP 
-c 
fl (5.1.8) 
-L M 

It should be noted that Ssmin is the allowable equivalent continuous 

power output from the storage system during the study period. 

ER - Em 
S sm in = --.T....-- (5.1.9) 

The value of c1 is found by trial and error using the following rela-

tionship involving the probability distribution function (PDF) FC(c). 
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PR - Lm 0 
f Fc(c)dc + Ssmin == c1 - J Fc(c)dc 
o -c1 

{P - L ) -R m (5.1.10) 

The validity of Equation (5.1.10) can be seen by multiply i ng both sides 

of the equation by T, the duration of the study period. 

5.2 Design Approach and Methodology 

The performance of any energy system is evaluated by its ability to 

satisfy the energy demand. The energy system is said to have exper­

ienced a breach if load i s not supplied on demand. The probability of 

such an event happening (LPSP) can be taken as a numerica l measure of 

the quality of the energy system. The objective of the designer is to 

decrease this measure to the l owest poss i ble val ue, sub j ect to con-

straints such as cost and availability of components. It is practicall y 

impossible to design a system with an LPSP of zero, especia l ly when one 

considers the probabilities of fa i lures of the var i ous components con­

stituting the system. On e possib'le solution i s to neglec t the failu r e 

of components and focus only on the variations in the resources and in 

the load. The probab i lity of a breach under this assumptio n is what has 

been called the LPSP. By selecting a small enough LPSP, one can des ign 

a stand-alone IRES that has reasonably good per formance in spite of the 

fact that failure of components have not been accounted for. 

Next, the design approach based on the key system parameter LPSP 

used to arrive at the f inal design values which sat i sfy the stated 

ob j ective is presented by means of an example. Consider a simple system 

(see Figure 30) consi sting o_f a photovoltaic array and a battery bank. 

The objective i s to arrive at the ratings of t he SEC , Pr, and the energy 

storage system, EB, to achieve a given LPSP at the lowest possible 
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initial cost for a given site and load demand. The total capital cost 

of a SEC with energy storage can be expressed in terms of system rating 

and an initial fixed cost as follows. 

(5.2.1) 

As Pr and Eg vary, the locus of points corresponding to a fixed total 

cost will be a straight line in the Pr- Eg plane with a slope of (­

b/a). Moreover, a family of parallel straight lines is obtained cor-

responding to different values of CC. As CC increases (decreases), the 

intercept with the ordinate (Praxis) increases (decreases), thus mov i ng 

the straight line to the right (left). As mentioned before, the design 

objective is to select Pr and E8 such that CC is minimized for a chosen 

LPSP. The cost of system and LPSP calculations are made for various 

alternatives, including all reasonable combinations of SEC power output 

rating and the storage capacity of the storage system within a given 

range: 

EB . < EB < EB m1n max 

p . < p < p 
rm1n r rmax 

Since both Pr and Eg change in well defined steps, the number of pas-

sible combinations which must be evaluated is finite. Figure 31 

displays the general nature of LPSP as a function of SEC rating for 

different values of energy storage capacity (E 8). I t must be no t ed that 

the value of LPSP approaches zero for increasing values of Pr and 

theoretically it can be zero. This would mean that the energy supply is 

assured with no break during the study period. An examination of Figure 

31 r evea l s that ther e are several possibl e combi nations of Pr and EB 
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that could result in a given value of LPSP. 

Before solving the problem analytically, a graphical solution will 

be presented. Figure 32 illustrated Pr as a function of Es with LPSP as 

the parameter. As mentioned before, the cost function [ see Equation 

(5.2.1)] is a straight line in Pr- E8 plane, with a slope given by (­

b/a). This line will intersect the Pr and E8 axis at (CC- CC 0 )/a and 

(CC - CC 0 )/b respectively. The size of the SEC and the size of the 

required storage capacity for a given total cost cc1 , and with a chosen 

LPSP value, say LPSP = LPSP1 , can be obtained by find i ng the points at 

which the straight line corresponding to the total cost function cc1 

intersects the curve of Pr versus E8 for the chosen LPSP1 • The two 

curves mentioned will typically have two .intersection points x1 and Y1 

(see Figure 33) but neither of them corresponds to an optimum sol u­

tion. In order to find the system parameters corresponding to minimum 

cost, a straight line that not only has the slope (-b/a) but also is 

tangential to the LPSP1 curve m~st be found (see Figure 33). This is 

equivalent to finding a point z1 , on the Pr versus E8 curve for a given 

LPSP ( equa 1 to LPSP1 ) at which the slope of the curve and the slope of 

the straight line are the same. In other words 

(5.2.2) 

where 

dPr = The incremental increase (decreas e ) in the insta lled SEC power 

output required f or maintaining t he same LPSP ( kW) 

dE8 = The corresponding incremental decrease (increase) in the in­

s talled capacity of th e energy s t or age system r equired to ma i n­

tai n t he s ame LPSP ( kWh) 
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The design parameters can now be found from Figure 33 the required SEC 

rating is Pro kW and size of energy storage is E80 kWh. 

Next a probabilistic approach for the design of an IRES based on 

LPSP is presented. The first step in the design procedure is to cat-

egorize and prioritize the needs. The next step is to start with the 

resource that requires the least amount of capital investment to satisfy 

the top-priority need, use it to exhaustion, then consider the remaining 

resource in the order of increasing capital requirements until all the 

needs are satisfied at the specified reliability level. Unless there i s 

an abundance of the particular resource that requires the least amount 

of capital investment, as the design proceeds, one will reach a point at 

which several resources will have to be used to satisfy the needs. It 

is at this stage that the LPSP method is employed to determine the size 

of different devices required to satisfy the design criteria. In order 

to use the LPSP approach the rating of the system [Pr in Equation 

(5.2.1)] is computed using Equation (5.2.3). 

(5.2.3) 

where aa is the ratio of the cost of the hardware associated with 

the ath resource to the SEC cost. Obviously, the aa associated with 

SEC will be equal to one. Equation (5.2.1) is then transformed into 

Equation (5.2.4) if more than one resource is to be considered. 

Ml 
cc = ceo + a L a p + bEB 

C..=l a ra 
(5.2.4) 

Then using the LPSP based design approach discussed, the graphical 

approach, system rating Pr [ see Equation (5.2.3)] can be found and the 

individual system ratings are then selected based on other constrain t s 
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such as the amount of energy available from different resources, amount 

of resource available, and constraints imposed by the chosen site. 

5.3 IRES Program 

The overa11 design approach described in this chapter is coded as a 

computer program named IRES. The design approach classifies the energy 

needs into four groups as follows: 

1. Medium-grade thermal energy - primarily for cooking 

2. Low-grade thermal energy - mostly for water and space heating 

3. Rotating shaft: 

a) Fixed - for water pumping, small-scale industries, and the 

like 

b) Mobile - for transportation and agricultural uses 

4. Electricity for lighting, educational and communication 

devices, and for other uses as required. 

Four renewable energy resources are considered: 

A. Biomass 

B. Solar 

C. Wind 

D. Falling water 

The program is set up in five stages as illus t rated in the flow chart of 

Fi gure 34. The first stage reads in information on the characteristics 

and ava i lability of the various resources and needs, and conv erts all of 

them into a common unit bas i s (namely kWh). In the second st age , as 

much (or all) of the medium-grade thermal energy requi r ements as pos­

s ible are satis f i ed by bi omass (specifically biogas obtained by 

anaerob i c fermentati on). As the des i gn proceeds to the th i r d st ag e , 
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1 ow-grade therma 1 energy requirements are considered. They are sat­

isfied by biogas (if any of it is still available) and by solar-thermal 

collectors. In the fourth stage, rotating shaft energy demand is sat­

isfied by a combination of biogas-driven engine (if any biogas is still 

available), falling water, and wind energy systems. If any of the needs 

considered in stages 2, 3, and 4 were not fully met by the earmarked 

resources, the unfulfilled portions are added (with suitable conversion 

factors) to the electrical energy requirements. The electrical energy 

requirements are considered in the last stage. Depending on the avail­

ability, it will be satisfied by biogas-driven engine-generator sets, 

microhydro, wind-electric, and solar-electric (photovoltaic) systems 

operating in conjunction with energy storage devices. Typically, by the 

time the design procedure reaches the fifth stage, only wind-electric 

and solar-electric options in conjunction with energy storage are ex­

pected to be available. The apportionment of the load between these two 

resources and the determination of the size of energy storage components 

are done by the LPSP approach [103]. 

To summarize, a probabilistic approach utilizing the key system 

parameter LPSP for designing an IRES utilizing renewable energy re­

sources such as solar radiation, biomass, wind, and falling water is 

presented. The system is to satisfy a variety of energy needs. The 

LPSP va 1 ue is eva 1 uated using either recorded data or the pdf of 1 oad 

and output power of different components of the IRES. The approach 

utilizes LPSP as the key system parameter and minimizes t he total cap­

ital cost of the system while maintaining a given level of reliability. 



CHAPTER VI 

CASE STUDIES AND EXAMPLES 

In this chapter example designs of several stand-alone energy 

systems with energy storage utilizing one or more of the renewable 

resources are considered. Both probabilistic and deterministic ap-

preaches are used in the designs presented. 

6.1 Design of a Stand-Alone Photovoltaic Sol ar 

Electric Conversion (SEC) System 

Design of a stand-alone SEC with energy storage for supplying 

electricity to remote communications centers is considered for demon­

strating the usefulness of the LPSP based design approach outlined 

before. 

In this example, actual recorded inso lation data for a site in New 

Mexico are used to calculate LPSP. A simp l ified block diagram of the 

system under study is shown in Figure 35. The output of the SEC, in the 

form of de electricity, is processed through the electrical interface 

and is stored i n the energy storage and reconversion system from which 

the load is supplied on demand. Th e output of the SEC depend s on the 

availability of insolation as well as factors such as energy conversion 

efficiency of the photovoltaic cells and . the cell area exposed. For 

design purposes t he output of the system at any given time t can be 

90 
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approximated as a linear function of the insolation as given by Equation 

(6.1.1). 

(6.1.1} 

The average efficiency of photovoltaic modules available at present can 

be assumed to be 10% (see Reference 76). The daily load demand is 

assumed to be a random variable, uniformly di stributed between a maximum 

value (LM) and a minimum value (Lml. Figures 36, 37, and 38 show the 

probability density function, probability distribution function, and the 

load duration curve corresponding this load model. This has been shown 

to be a good approximation for the daily load demand (see Reference 

79). Using this model, hourly load values L(t) can be obtained by 

generating a uniformly-distributed random number Ru, between zero and 

one, and by using i t in the equation given below. 

(6.1.2) 

The maximum and minimum load demands (including the inefficiencies 

involved i n the charging and discharging of storage) were assumed to be 

3 kW and 1 kW r espectively [104]. 

Using hourly recorded insolation data and Equation (6.1.1) the LPSP 

can be calculated as discussed in Chapter V (see section 5.1). 

The objective is to arrive at the ratings of the SEC and the energy 

storage system to achieve a given LPSP at the lowest possible capital 

cost for a given site and load demand. The total capital cost can be 

expressed in terms of system rating and an initial fixed cost as fal­

lows. 

CC = CC + a P + b E o r B (6.1.3 ) 
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The energy storage system is assumed to be fully charged at the begin­

ning of the study period and is allowed to deplete to no l ess than 50% 

of its rated capacity. Figure 39 illustrates the variation of PV array 

area with storage capacity for LPSP values of 0.001 and 0.003. As can 

be seen, there are many possible combinations of array area (SEC rating) 

and storage capacity that would result in a system with a reliability of 

99.9% (LPSP = 0.001) or 99.7% (LPSP = 0.003). Using the LPSP design 

approach, optimum combinations of array area and storage capacity were 

found. For example, for a cell cost of 5 $/peak watt and a storage cost 

of 120 $/kWh, optimum design values obtained are (see Figure 39) given 

below 

array area 173 m2 

storage capacity = 240 kWh 

As expected, optimum size of storage and array area are inversely re­

lated to their individual cost figures. Figure 39 illustrates th i s 

relationship. For example, as cell cost increases from 5$/peak watt to 

7 $/peak watt the design procedure automatically yields a smaller array 

area with an associated increase in storage capacity. The reverse is 

true if cell cost is decreased. In addition, with an increase in the 

allowable LPSP value, the cost of the system can be decreased. 

6.2 Design of a Stand-Alone Wind Electric 

Conv ersion System (WECS) 

The design of a stand-alone WECS with energy storage to supply a 

given load is considered as the next example of the application of the 

probabilisti c approach out l i ned in t he pr evious chapter. The system 
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under study is shown in block diagram form in Figure 40. The electrical 

output of the WECS is processed through the electrical interface and is 

stored in the energy storage and reconversion system from which the load 

is supplied on demand. 

The output of the WECS depends on wind speed, aerodynamic 

characteristics of the aeroturbine, blade pitch angle, and generator 

efficiency. Typically, a WECS is designed to start delivering power 

when the wind speed reaches the cut-in value Vc, with the output in­

creasing with wind speed up to the rated value PR corresponding to the 

rated wind speed VR. The output is maintained at PR by means of blade 

pitch control for wind speeds beyond VR up to the cut-out wind speed 

VF. The unit is shut down for higher wind speeds for safety reasons. 

However, it has been observed (see Reference 74) that the actual 

(measured) power output characteristic of a typical large constant-speed 

WECS can be approximated by two straight line segments as illustrated in 

Figure 41. This is the model that is used here. 

The load demand is assumed to be a random variable, uniformly 

distributed between a maximum load demand, LM, of 60 kW and minimum load 

demand, Lm, of 20 kW. Figures 36, 37, and 38 show the probabil ity 

density function, probability distribution function, and the load 

duration curve corresponding to this load model. Practical load 

duration curves can be reasonably idealized to correspond to the one 

shown here (see Referenc e 78). The energy storage system 1s assumed to 

be fully charged at the beginning of the study period and is allowed to 

deplete to no less than 50% of its rated capacity. 
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6.2.1 Design Employing Probability Density 

Function of Wind Speed 
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In this example the pdf of wind speed (see Chapter II ) is utilized 

in the calculation of LPSP values. The WECS site will be assumed to 

have a good wind regime (aw = 8.94, ~w = 4.0) and the entire output of 

the wind system wi11 be processed through storage to supply the load on 

demand. The load is assumed to be uniformly distributed between a 

maximum value (LM) and a minimum value (Lml· The total capital cost of 

the system can be expressed as before as 

(6.2.1.1) 

Defining the normalized WECS rating Prn and the number of day s of 

storage Wd as 

(6.2.1.2) 

(6.2.1.3 ) 

in which LM is the maximum load demand and De is the daily energy re­

quired by the load, Equation (6.2.1.1) can be rewr i tten i n terms of 

normalized quantities. 

(6. 2 .1.4) 

As Prn and Wd vary, the locus of points corres ponding to a fixed tot al 

cost will be a straight line in the Prn - Wd plane with a slope of -(b 

De/a LM). The fixed cost CC 0 in Equation (6.2.1.1) is taken as t en 

percent of the total cos t . Figure 42 i l lustrat es the vari ation of Prn 

wi th Wd f or LPSP values of 0.001 and 0.003. Assuming a WECS cost [105] 
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of $1850/kW and pumped hydro storage cost [106] of $6/kWh, the slope of 

the cost is 

-{6 x 960)/(1850 X 60) ~ -0.052 

for a design LPSP value of 0.001, the procedure yields (see Figure 42) 

Prn ~ 2.482 and Wd = 1.3. The corresponding total cost is obtained as 

follows 

CC 0.1CC + 1850 X 60 X 2.482 + 6 X 960 X 1.3 

or 

cc = $315,000 

With e 1 ectrochemica l (battery) storage and the associated cost [107] of 

$50/kWh, the slope of the cost line becomes -0.432. The cost line 

corresponding to CC = $315,000 is also shown in Figure 42. It is 

obvious that this line has to shift significantly to the right before it 

can become tangential to the Prn versus Wd .curve corresponding to the 

design LPSP of 0.001. This means that the total cost must be 

considerably higher if battery storage is to be employed. The resu l ting 

Wd will be smaller and the corresponding Prn will be larger as compared 

to the design with pumped hydro storage. It can be seen that as WECS 

cost decreases (or storage cost increases), the design procedure auto­

matically yields a higher Prn value with an associated decr ease in Wd. 

The rev er se is true if WECS cost increases (or stor age cost 

decreases ). In add ition, with an increase in the allowable LPSP value , 

the cost of the system can be decreased for the optimum design. 



6.2.2 Design Based on Recorded Values 

of Wind Data 
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In this example mean hourly wind speed values collected by the 

research group at the University of Hawaii at Manoa and a given elec­

trical load model are used to evaluate LPSP values. The WECS site will 

be assumed to be in a good wind regime and the entire output of the WECS 

will be processed through storage. As before, the load is assumed to be 

uniformly distributed (see Figures 36-38) between a maximum (LM) value 

and a minimum (Lm) value. The load is supplied from storage on 

demand. The ·WECS power output characteristic is approximated in terms 

of two straight line segments as before. 

The objective is to arrive at the ratings of the WECS and the 

energy storage system to achieve a given LPSP at the lowest possible 

cost for a given site and load demand. The total capital cost is ex­

pressed as 

cc = cc 0 + a Pr + b E8 (6.2.2.1) 

As Pr and E8 vary, the locus of points corresponding to a fixed tota l 

cost will be a straight line in the Pr - Es plane with a slope of (­

b/a). The fixed cost CC0 is ta ken as ten percent of the total cost. 

Figure 43 illustrates the variation of Pr withEs for LPS P values of 

0.001 and 0.003. Assuming a WECS cost of $1850/kW and pumped hydro 

storage cost of $6/kWh, the slope of the cost line is -(6/1850). With a 

design LPSP value of 0.001, the procedure (see section 6.1) yields (see 

Figure 43) a WECS rating of 62 kW and a storage capacity of 3600 kWh. 

The corresponding tot a l cos t is obta in ed as fo l lows 
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cc = 0.1 cc + 1850 x Pr + 6 x E8 (6.2.2.2) 

or 

cc = $151,444 

It can be seen that as WECS cost decreases (or storage cost increases), 

the design procedure automatically yields a higher Pr value with an 

associated decrease in E8 . The reverse is true if WECS cost increases 

(or storage cost decreases). In addition, with an increase in t he 

a 11 owab 1 e LPSP va 1 ue, the cost of the system can be decreased for the 

optimum design. The total swept area required for wind turbines can be 

satisfied in a number of ways a few large units or a large number of 

smaller units. One has to consider economic and ava il ability con­

straints before deciding on the actual hardware to be used. 

6.3 Design of a Stand-Alone Integrated 

Renewable Energy System (IRES) 

In this section the design of an IRES supplying the energy needs of 

a typical village situated in a remote rural area is considered for 

demonstrating the usefulness of the des ign approaches and the form­

ulations presented in the previous chapters. The main purpose of the 

example is to illustrate the design methodo logy. The specific values 

chosen and the assumptions made are subject t o wide variations depending 

on a variety of local conditions. 

The village is assumed to have a popul ation of 700 in 120 hous e­

holds and 450 heads of cattle. Most of the people are engaged in agri­

culture related activities and there are some small-scale industri es. 

An adequate water supply is ass umed (though it has to be pumped from a 

depth of about 5 to 10 meters) for irrigat ion, biogas production, and 
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also for domestic and potable water supply. 

In this example, annual average load requirements are used and as 

such they are the same for a 11 seasons for one year. In practice, l oad 

requirements wi 11 vary from season to season and the design procedure 

might have to be applied during different seasons, the resulting designs 

compared, and an overall compromise system might have to be arrived at. 

6.3.1 Determi nistic Approach 

The methodology of designing an IRES employing 1 inear programm i ng 

approach is applied to the typical village mentioned above. Four re­

sources and four tasks are considered in this example. In arriving at 

the energy required for different tasks, a certain amount of aggregation 

has been done -- for example, all the loads requiring rotating shaft 

power (water pumping, small-scale industries, agricultural operations, 

transportation, etc.) ar e agg r egated together as one tas k . The spec ifi c 

resources and t a sks are listed below. 

Resources: i = 1 Bi ogas 

Tasks : j = 1 

2 

3 

4 

2 Inso l ation/photovoltaics 

3 Wind 

4 Wat er head 

Medium-temperature heating, 

pr i marily for cooking 

Rotati ng mechani ca l shaft power 

ac electricity 

de electricity energy for battery cha r g ing 

Next , us ing t he i nf orma t i on on hand , max imum quant ity of each 
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resource available over a desired period of time and its energy 

equivalent are c a 1 c u 1 a ted. Assuming an average yield of 10 kg of wet 

dung co 11 ected per anima 1 per day, to be mixed with water in the 

proportion (volume) of 4:5, the amount of biogas availab le per day is 

estimated to be 280 cubic meters and the water required for biogas 

production per day is about 6 cubic meters. Therefore, 

xlmax = 280 x 365 = 102,200 m3 

Estimated domestic water consumption is 0.13 m3 per person per day. 

Thus, an overhead tank of 200 m3 capacity can store the water required 

for two days. If one half of this water is available per year for 

electr i city generation in a pump-hydro mode t hen, 

x4max = 100 x 365 = 36,500 m3 

For this example design, no upper limit is specified for x2 (PV array 

area) and x3 (swept area of wind turbines). 

The energy equ i valent of biogas can be obtained from the energy 

density per unit volume as 

R1 = 5.55 kWh/m3 

If the annual total insol ation is 2030 kWh/m2 and if the average 

conversion efficiency is 10%, we have 

Rz = 203 kWh/m2 per year 

Assuming an annual mean wind speed of 3.7 mls, 

R3 = 2 x (10)-4 x 8760 x (3. 7) 3 = 89 kWh!m2 per year 



2 For a mean water head of 10 m and g = 9.81 m/s , 

R4 = (gh)/3600 = 0.027 kWh/m3 
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The assumed effie iency va 1 ues ( 11 ij) for the preselected resource-task 

combinations are given in Table III, and the assumed energy and power 

requirements are given in Table IV. The total energy required is equal 

to 459,900 kWh/year. The k· · values are calculated using the following 
lJ 

equation. 

u. 
k . . = -==-~-=--

lJ 8760 P0 j 
(6.3.1.1) 

Tab 1 e V g i v e s the v a 1 u e s o b t a i n ed us i n g E q u at i on ( 6 • 3 . 1. 1 ) • The e f -

fective plant (load) factor ki and the diversity factor di assumed for 

the four resources are given in Table VI. Table VII gives the total 

cost values in $/kW assumed to be associated with the ith resource-jth 

task combination. The per-unit interest rate used in evaluating the 

annual cost is 0.1. The system is assumed to have a lifetime of twenty 

years. Also, it is assumed that ·five percent of the capital cost is 

needed annua 1 l y for the operation and maintenance of the hardware i n-

volved (mij = 0.05). 

Using th e formulation given in Chapter IV, the linear programming 

problem was solved by employing the IBM MPSX simulation package. The 

resulting design values are listed below. 

xu = vo l ume of biogas needed per year for cooking 

= 76,727 cubic meters 

xl3 volume of biogas needed per year fo r e l ectr icity generation 

= 25,473 cubic meters 

x22 = PV array area for rotating shaft power 



Task No. 
{j) 

1 
2 
3 
4 

TABLE I II 

ASSUMED EFFICIENCIES ASSOCIATED WITH THE PRE­
SELECTED RESOURCE-TASK COMBINATION FOR 

THE DETERIMINISTIC DESIGN APPROACH 

Task 
Resource 1 2 3 4 

1 0.6 0.27 
2 0.4 0.9 0.6 
3 0.5 0.8 
4 0.6 

TABLE IV 

ASSUMED ENERGY AND POWER REQUIREMENTS FOR THE 
DESIGN EXAMPLE 

Energy kWh/year Maximum Output 
(Uj) kw (P0 j) 

255,500 100 
146,000 80 

54,750 30 
3,650 2 

Total 459,900 
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TABLE V 

CALCULATED LO\~ FACTORS FOR THE ;th RESOURCE­
j TASK COMBINATION 

J 
i 1 2 3 4 

1 0.29 0.21 
2 0.21 0.21 0.21 
3 0.21 0.21 
4 0.21 

TABLE VI 

ASSUMED EFFECTIVE LOAD AND DiVERSITY FACTORS 

Resource i 

k; 
d. 

1 

1 

0.3 
1.4 

2 

0.22 
1.2 

TABLE VII 

3 

0.21 
1.2 

4 

0.21 
1.0 

COST ASSOCIATED WITH UTit~ZING THE ;th RESOURCE 
FOR THE j TASK 

J 
i 1 2 3 4 

1 80 - 600 
2 10,000 9,000 9,000 
3 5,000 5,250 
4 1,500 
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= 0 square meters 

x23 = PV array area for electricity generation 

= 0 square meters 

x24 = PV array area for battery charging 

= 30 square meters 

x32 = wind turbines swept area for rotating shaft power 

= 3291 square meters 

x33 = wind turbines swept area for electricity generation 

= 225 square meters 

x43 = amount of water used per year for electricity generation 

(Micro-hydro) 

= 36,500.00 cubic meters 

Total cost per year - $158,000.00 
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Based on the economic factors assumed, this corresponds to an initial 

capital cost of nearly one mi llion dollars. The tot a 1 swept area 

required for wind turbines can be satisfied i n a number of ways -- a few 

large units or a large number of smaller units. One has to consider 

economic and availability constraints before deciding on the actual 

hardware to be used. Similar arguments apply for the other components 

of the plant as well. 

6.3.2 Probabi l ist i c A~~roach {Using The 

IRES Program) 

In this section the methodology of designing an IRES employing LPSP 

approach is applied to the village considered in section 6.3.1. The 
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computer program (see Chapter V) developed, IRES, based on this approach 

is used to arrive at the final design values. Therefore, the pre-

selected resource-task combinations will be slightly different from the 

ones used in the previous example. Four resources and three tasks are 

considered in this example. In arriving at the energy required for 

different tasks, a certain amount of aggregation is necessary-- for 

example, all the loads requiring medium-grade thermal energy (cooking, 

small-scale industries, etc.) are aggregated as one task. The specific 

resources and tasks considered are listed below. 

Resources: 

A. Bi amass 

B. Solar 

C. Wind 

D. Falling water 

Tasks: 

1. Medium-Temperatura heating , primarily for cooking 

2. Rotating mechanical shaft power 

3. Electricity 

The assumed efficiency values for the prese lected resource-ta s k 

combinations are given in Table VIII. Assumed energy and power r e­

quirements are given in Table IX . Total energy required is equa l to 

462,820 kWh/year. Using the information available and the val ues ca l­

culated (see section 6.3.1) for resource availabilities and energy 

equiva 1 ent of each resource as input to the IRES program (see Chapter 

V), the following design values were obtained. 

xAl = volum e of biogas needed per yea r for med ium-grad e heat 

= 76,727 cubic meters 



Task No. 

1 
2 
3 

TABLE VI I I 

ASSUMED EFFICIENCIES ASSOCIATED WITH THE PRE­
SELECTED RESOURCE-TASK COMBINATIONS FOR 

THE PROBABILISTIC DESIGN APPROACH 

Task 
Resource 1 2 3 

A 0.6 0.4 
B 0.09 
c 0.5 
0 0.5 

TABLE IX 

ASSUMED ENERGY AND POWER REQUIREMENTS FOR THE 
DESIGN EXAMPLE 
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Energy kWh/year Maximum Ouptut 
Power ,kw 

Minimum Output 
Power, kw 

255,500.0 
146,000.0 
61,320.0 

Total 462,820 kWh/year 

100.0 
80.0 
12 

0 
0 
2 



xA2 = volume of biogas needed per year for rotating shaft power 

= 25,473 cubic meters 

x82 = PV array area for rotating shaft power 

= 0 square meters 

x83 = PV array area for electricity generation 

= 380 square meters 

xc 2 = wind turbines swept area for rotating shaft power 

= 2005 square meters 

xc3 = WECS rating for electricity generation 

= 250 kW 

x02 = amount of water used per year for rotating shaft power 

= 36,500.00 cubic meters 
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Based on the assumed economic factors, such as cost per kW of each 

component, this corresponds to total capital cost of near l y 1.3 mil l ion 

dollars. The WECS and SEC ratings were obtained using the LPSP ap-

proach. Figure 44 illustrates , the variation of Pr and E8 fo r LPSP 

values of 0.001 and 0.003. Assuming a WECS cost of $3000/kW, SEC cost 

of $5000/kW, and storage (battery) cost of $250/kWh the slope of the 

cost line (s ee Equation 5.2.4) is (-0.05). For a design LPSP of 0.001 

(99.9% rel iabi lity) th e procedure yields (see Figure 44) Pr = 188 kW and 

EB = 395 kWh. 

The r equirements of biogas plant or wind tur bine swept area can be 

met either by a single centralized plant or by a number of smal.ler 

decentralized plants. This will also improve the availability because 

of t he redundancy achieved. For example, it may be more convenient to 

have two or four biog as plants instead of one large unit. Similar ly , 

water pump i ng requirements can be met by a number of pumps pl aced in 
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convenient locations. It is necessary to consider economic and avail­

ability constraints and use engineering judgement before deciding on the 

actual hardware to be used. 

6.4 Sensitivity Analysis and Design Comparisons 

Considering the design results presented above as the base case, it 

is of interest to study the sensitivity of various design values to 

changes in key parameters. First the sensitivity of the IRES design is 

investigated using the deterministic approach. 

Since the cost of PV arrays has shown a definite downward trend in 

the recent past, design calculations were made using linear programming 

approach for different sets of cost values of PV, keeping all the other 

parameters constant. The results are tabulated in Table X. Only those 

results that correspond to major shifts in the design values are 

given. It is seen that as the cost of PV arrays decrease, at first 

electricity generation by wind shifts to PV/power conditioner com­

bination and a further decrease shifts rotating shaft power also from 

wind system to PV. Because of the specific resource-task combinations 

selected, all the other design values stay the same. The total cost per 

year and the average energy cost decrease as expected. 

Depending on the terrain, wind regimes could differ widely even 

within a small geographical area such as a village. Since energy in 

wind is propor t ional to the cube of wi nd speed, the cost ($/kW) of wind 

energy systems is highly sensitive to the nature of the wind regime and, 

in turn, to the site selected. To study the effect of this on the 

ov erall system des ign, calculations were mad e for three different mean 

wind speeds, keeping all the other parameters the same as the base 



TABLE X 

DESIGN VALUES FOR VARYING PV COSTS 

Cost of PV - Water pump system, $/kw 

Cost of PV array - Power conditioner, $/kw 

Cost of PV array and Controls for battery 
charging, $/kw 

Design Values 

~11 in Cubic meters 
x13 in Cubic meters 

xz2 in square meters 
x23 in square meters 

x24 in square meters 

x32 in square meters 

x33 in square meters 
x43 in cubic meters 

Total cost per year, $ 

45.772 

8,978 

0 

0 

28 
2332 

494 
36,500.00 

120,737 

10,000 

9,000 

9,000 

45.772 

8,978 

0 

164 

28 

2332 

7,000 

6,000 

6,000 

0 

36,500.00 

119,006 
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4,000 

3,000 

3,000 

45,772 

8,978 

0 

164 

28 

0 

0 

36,500.00 

93,431 
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case. The results are summarized (only the values that change are 

listed) in Table XI. With better wind regimes, the aeroi:urbine swept 

areas required for rotating shaft power and electricity generation go 

down because of the higher values of energy collected per unit area. 

The total cost goes down also and obviously no shifts to PV occur. 

The present cost of PV is quite high and locating wind systems i n 

better wind regimes results in a substantial decrease in the average 

energy cost. However, while the cost of PV is decreasing rapidly, the 

cost of wind energy systems are not expected to show any significant 

decrease in the foreseeable future. The PV cost figures that will 

result in a shift from wind to PV are expected to occur in the near 

future (before 1990). Further cost r eductions will make PV very at­

tractive for developing country applicat i ons unless the wi nd regimes are 

exceptionally good during most of the year. 

For mean wind speeds of 4. 5 and 5. 5 m/ s, PV system costs were 

reduced in steps of $1,000 unt.i l a shift from wind to PV occurred for 

electricity generation. In both instances , the shift occurred for the 

same value of PV system costs. The results are shown in Table XI I. 

Next the effect of changes in key sys t em parameters on the design 

results obtained using the probabilistic approach are stud i ed. Using 

LPSP based design approach and recorded insolation data, des i gn cal cu­

lat ions were carried out for differen t sets of PV and energy stor age 

system costs, keeping all the other paramet ers constant. The r esu lts 

are tabulated in Table XIII. As expected, optimum size of storage and 

array area are inversely related to their i ndividua l cost f i gures. It 

can be seen th at as th e cost of PV arrays increases (decreas es) or cost 

of storage system decreases (increases ), the rat ing of PV system 
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TABLE XI 

DESIGN VALUES FOR VARYING MEAN WIND SPEEDS 

3.5 4.5 5.5 
Mean wind speed at the site, m/s (mph) (7.8) (10.06) (12.3) 

Estimated Cost of aeroturbine-pump in $/kw 5500 3500 2750 

Estimated cost of wind-electric system, $/kw 5750 3750 3000 

Design values: 

x32 in square meters 2332 1097 601 

x33 in square meters 494 232 127 

Total cost per year, $ 120,737 80,489 65,395 



TABLE XII 

DESIGN VALUES WHEN A SHIFT OCCURS FROM 
WIND TO PV FOR ELECTRICITY 

GENERATION 

Cost of PV water pumping system = $4,000.00 per kw 

Cost of PV array-power conditioner for ac output = $3,000.00 per kw 
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Cost of PV array and controls for battery charging = $3,000.00 per kw 

Mean wind speed, m/s 4.5 5.5 

Design values: 

xll' cubic meters 45772 45772 

xu, cubic meters 8978 8978 

x22, square meters 0 0 

x23' square meters 164 164 

x24 • square meters 28 28 

x32' square meters 1097 601 

X33 • square meters 0 0 

X43' cubic meters 36,500.00 36,500.00 

Total cost per year, $ 74,154 61,595 
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TABLE XI II 

DESIGN VALUES FOR VARYING PV AND STORAGE COSTS 

b a Aa x l< = m2 
($/kwh) ($/peak watt) EB = keh 

5 
A a X kp = 170 

EB = 250.00 
100 

7 
Aa X kp = 168 

EB = 270.00 

5 
Aa x kp = 172 

Es = 240.00 
120 

7 
A a X kp = 168 

Es = 265.00 

A a X kp = 175 
5 

EB 220.00 
160 

7 
Aa x kp = 170 

EB = 250.00 

5 
Aa x kp = 208 

EB 140.00 
600 

7 
Aa x kp = 201 

EB = 150.00 



123 

decreases (increases) and capacity of the storage system increases 

(decreases). 

Depending on the terrain, wind regimes could differ widely within a 

sma 11 geograph i ca 1 area. To study the effect of this on the over a 11 

system design, simulation was performed for two typical wind regimes, 

designated as good (aw = 8.94, ~w = 4.0) and bad (aw = 5.2, ~w = 2.36), 

to cover the wide spectrum of possible wind regimes. LPSP values were 

calculated using the pdf of wind speed. Figures 45 and 46 show typical 

plots of LPSP versus energy storage capacity for good and bad wind 

regimes. Based on a number of simulation runs, it was found that the 

LPSP was much more sensitive to the amount of energy generated during 

the study period than to the size of the energy storage system. This 

emphasizes the need for proper sitting of the WECS. Deficiencies in the 

quality of the WECS site cannot be easily compensated for by the in-

elusion of energy storage. The rated speed of the WECS is another 

parameter that requires careful consideration. Figures 47 and 48 show 

the dependence of LPSP, evaluated using the pdf of wind speed, on VR for 

good and bad wind regimes. As expected, the LPSP increases with in­

creasing values of the rated speed VR. 

Mean hourly wind speeds collected by a research group at the 

University of Hawaii at Manoa ar e used to study the effects of cut-in 

wind speed and size of energy storage system on the overall system 

design. Three typical and distinct wind regimes were selected to cover 

the wide spectrum of wind regimes possible, and they are labeled as A, 

B, and C. Qualitatively, the wind regimes A, B, and C can be classified 

as very good, good, and poor, respective ly. 
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The influence of cut-in wind speed on the performance of WECS with 

energy storage is shown in Figures 49, 50, and 51 for wind regimes A, B, 

and C respectively. It can be seen that, for a fixed size of energy 

storage and for a given load, a desired level of reliability (meaning 

LPSP value) can be achieved by different combinations of cut-in speed 

and rated output power. Systems designed for lower cut-in speeds or 

higher rated powers will cost more, though the rate of increase will be 

different for the two options. Therefore, the cost of different com­

binations of Vc and PR must be considered before selecting the most 

economical design. As expected, LPSP decreases for increases in PR and 

for 1 ower Vc values. These reductions are much sharper for the very 

good (A) and poor (C) wind reg i mes. Moreover, the dependence of LPSP on 

PR is stronger with lower values of cut-in speeds. 

Figures 52, 53, and 54 illustrate the relationship between LPSP, 

size of energy storage, and cut-in speed for a fixed PR and for a given 

load. Dramatic reductions in LPSP values are achieved by increas i ng the 

size of energy storage system in the case of wind regimes A and B. 

However, the same is not true when the wind regime is poor (regime C). 

In other words, it is very difficult (and expensive) to compensate for 

major deficiencies in the wind regime by the addition of energy stor­

age. It will be far better to explore other alternatives such as low­

ering Vc or increasing PR. 

Finally, the designs discussed in sections 6.3.1 and 6.3.2 are 

compared. Both designs are arr i ved at satisfying the energy needs of a 

village. However, one uses the deterministic approach a nd the other 

uses the probabilistic approach . 
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As can be seen, both approaches utilize biogas to exhaustion before 

another resource is utilized. But, due to the different resource-task 

combinations selected, biogas i s not used to satisfy the same energy 

needs by both approaches. In the linear programming approach biogas is 

used to satisfy medium-grade heat and electricity requirements. But in 

the probabilistic approach, biogas is used to satisfy medi um-grade heat 

and rotating shaft demand. Obviously, this will change the ratings of 

other components as well as the cost associated with the IRES. 

Both approaches utilize potential energy of falling water before 

either solar energy or wind energy is used. However, because of the 

preselected resources-task combinations, each approach uses this re­

source to satisfy a different energy need. 

Solar energy is used by both approaches for generating elec­

tricity. Wind energy is utilized by both approaches for generating 

electricity and rotating shaft power. But, because of s l igh t variati ons 

in load demand contributed by the .selected of different resource-task 

combinations, the component rat i ngs calculated by each approach differ. 

To summarize, several design examples i llustrating both the deter­

min i stic approach and the probabili stic approach were presen ted in thi s 

chapter. It was shown that the final design values depend not only on 

the desired re l iability level (meaning LPSP value), the t otal capital 

investment, and annual operating cost, but also on system parameters 

such as cut-in wind speed of a wind t urbine, cost of different com­

ponents, and the resource availability (site sel ected). 



CHAPTER VI I 

SUMMARY AND CONCLUSIONS 

7.1 Summary of Results and Concluding Remarks 

A system utilizing more than one renewable energy resource to 

supply a variety of energy and other needs is called an Integrated 

Renewable Energy System (IRES). A typical IRES will utilize two or more 

of the renewable energy resources (wind, solar radiation and heat, 

biomass, falling water, etc.) in order to satisfy the ·energy and other 

needs of a community. 

One of the fundamental technical problems facing the designer of an 

IRES is to match the varying energy and power requirements of the loads 

with the mostly stochastic characteristics of the resources in an appro­

priate manner. The objective of this study was to formulate a math­

ematical model, and use it to develop a systematic approach to the 

design of an IRES. 

The design procedure must take into account the stochastic char­

acteristics of the resources under consideration as well as the pro­

babi l istic nature of the load demand. Resources such as wind and solar 

radiation are highly variable and site-specific. They have instant­

aneous, minute-by-minute, hourly, diurnal, interannual, and seasonal 

variat i ons. On the other hand, water resources are primarily seasona l 

and biomass avail abi lity i s f airly pred ictable. 
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Two basic design approaches--one deterministic and t he other pro-

babilistic--have been presented. They both have the fol l owing common 

elements. 

1. Categorize the needs 

2. Catalog the resources 

3. Consider the variable nature of resources and load 

4. Find the ratings of diff erent devices and size of energy stor­

age that will minimize the chosen performance index 

In the deterministic approach, average values (computed over the 

study period) of resources and load variables such as wind speed, in­

solation, electrical energy demand, etc. were used. The approach 

employed a 1 inear programming technique for the design of integrated 

renewable energy systems. The technique was based on mi nimizing an 

objective funct i on of total annual cost, subject to a set of energy and 

power constraints related to resource avai l abil i ties and l oad 

requirements. The mathematical formul ation presented is simple, usef ul, 

and is easily applicable for the design of a st and-alone IRES. The dat a 

required, assumptions involved, and the des i gn procedure were clearl y 

documented. Also, th e methodology has been illustrated by means of a 

numerical example. 

The formulat i on is quite general and is applicabl e f or almost any 

resourc e-task combination. However, this approach is only one of 

several pos si bi l iti es f or optim i zing the des ign. Obvious ly, the optimum 

values obtained for the various qu antities very much depend on the 

values chosen for th e different parameters, which may vary wide l y de­

pending on local conditi ons, and th e obj ect ive f unct ion employed. Th e 

design procedure can accommodate these variations and therefore can be 
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effectively employed for designing such systems under a wide variety of 

conditions. In practice, the load requirements and the resource 

availabilities will have seasonal variations. Hence trial designs have 

to be investigated for different seasons and the final design will have 

to be a judicious combination of the different designs obtained. 

The inherent variability of the resources under consideration and 

the ensuing variations in all the other quant i ties involved suggested a 

probabilistic approach as an alternative to the linear programming 

approach. In the probabilistic approach, a combination of determin i stic 

and probabilistic models, as appropriate, were used to model the energy 

resources and load demand. The probabilistic models were in the form of 

probability density and distribution functions. 

In this approach Loss of Power Supply Probability (LPSP) was used 

to summarize and quantify the overall behav ior of a stand-alone system 

with energy storage supplying a load. The LPSP-based design method, in 

conjunction with a judicious ordering (priorit i zing) of the energy needs 

and resources, was suggested to design an IRES. The technique was based 

on minimizing an objective function of total capital cost while 

maintaining a given (assumed) level of reliability. 

The design procedure has been coded into a computer program called 

"IRES", included in the Appendi x. It should be a very useful tool for 

designing an IRES. If the order of priorities are different from the 

ones assumed, the program is flexible enough to incorporate these 

changes. The LPSP-based design method as well as the probabilistic 

approach to design an IRES have been illustrated by means of several 

numerical examp les . 
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Energy conversion device parameters such as cut-in or furling speed 

of the WECS will influence the optimum design values obtained. The 

design procedure can easily accommodate these variations and therefore 

can be useful for designing such systems under a wide variety of 

conditions. Seasonal variations in resource availabilities and load 

requirement will, as discussed earlier, require the calculation of tria l 

designs for different seasons and the evaluation of a fina l design which 

will be a judicious combination of the different designs obtained. The 

computer program named IRES can be a very useful design tool. 

Results of several simu1ations designed to study the influence of 

different parameters of the system on the final design values have been 

presented and discussed. Specifically, simu l ation results describ i ng 

the dependence of the LPSP and final design values on wind regime, 

energy storage capacity, system parameters, and system cost of a WECS 

were documented and discussed. Also, the influence of certain key 

system parameters and component costs on the final design values 

obtained using the linear programming approach was studied. The results 

and discussion presented should be of useful to designers of integrated 

renewable energy systems. 

The procedures described here can be applied to the design of an 

integrated renewable energy system for any community in any country. 

However, it is expected to be especially useful in designing rural 

energy centers based on renewable energy resources for energizing the 

remote rural areas of developing countires. 

7.2 Scope for Further Work 

Further work is indicated in several areas for both the 
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deterministic and the porbabil i stic approaches presented. Instead of 

using annual average values for the resources and loads, their seasonal 

variations should be considered in the deterministic design approach in 

a suitable manner. The energy and power requirements of different load 

demands should be studied in detail to develop appropriate models whic h 

can be used to obtain realistic values for some of the parameters such 

as load factor and diversity factor needed in the design calculations. 

Probabilistic concepts might have to be introduced to account for t he 

way in which the system will operate. 

The success of the deterministic design approach greatly depends on 

the proper and accurate field estimation of the various parameter values 

to be used in the computations . Further work is recommended on the 

establishment of procedures to accurately estimate the data required and 

in studying the sensitivity of the design to changes in key economic and 

technical parameters. 

The possibility of having to discard (dump) the output power of 

some of the energy conversion components during the study per iod because 

of a combination of lack of demand and fully charged storage has not 

been included in the LPSP calcula t ions utiliz i ng the probability density 

function of different resources. Although it is felt that this should 

not be a significant fac t or for properly des igned systems, only a 

compar ison of results obtained by this approach and by using actua l 

resource data (or a Monte Carlo simulation) can justify t he validity of 

this statement. 

The results presented are based on the assumptions that (i) load 

and r esource avai l abili ti es ar e stat i st i ca lly independ ent, and {i i ) the 

entire output of the system is processed through storage. Further work 
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is necessary to consider the possibility of the system supplying the 

load directly during a portion of the time and to include any corelation 

that may exist between the availability of energy resources (wind, 

insolation, etc.) and load demand. Also, further work is indicated to 

include any correlation that may exist between different renewable 

energy resources. 

The simple linear relationship used to compute the total capital 

cost may require modifications to include the changes in per-unit costs 

as the rating of components vary over a wide range. The basic steps in 

the design procedure appear to be applicable even with a modified 

expression for the total capital cost. 

Some other aspects of stand-alone IRES with energy storage that 

require further study are the inclusion of the inefficiencies involved 

in the storage and reconversion of energy (currently accounted for by 

adjusting the load requirement~); the selection of WECS operating 

parameters such as cut-in, rated, and furling speeds, and the value of 

PRl (see Figure 10); consideration of the failure rates of the various 

components; and the selection of SEC operating conditions. Also, the 

load demands should be carfully studied to develop an improved load 

model. Further work is necessary to streamline the computer program to 

make it more efficient and user friendly. 
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IRES is the acronym for 'Integrated Renewable Energy 
Systems. 
This is IRES, a program to design integrated energy 
sy3tems to optimally utilize locally avttt l abl" 
renewable energy source s in rural areas . 
Th e renewable e nergy so ur ce s th a t WI II b" conside r e d a r e : 
(i) Bi o mass, ( t!lWind, C!itllnsol a ti o n , and Ctv ) fall!ng wster 
The ene rgy needs th a t wi I I b e c o ns !d., r e d are c l a ss1 f '" d 
according to the quality of the energy req u1red as foll o ws _ 
!)Medium grade heatCISO to 300 degrees Cels1us or 
higher) 
ZlLow grade heat(le • s than 150 degre e s Cel sius) 
!JRot at1ng shaft(fi x ad or mobi lel 
4lEiectri c •ty 

Th e program c on s is ts o f five stag es 
st age is described b el ow . 

The f un c l1 o n of eac h 

1[ 

X 

1[ 

STAGE ONE 
COMMENTS 

l[ 

This part of the IRES is used to 1nput all the 
information nec e ssary for computations to be performed 
later. The 1nput Informa t ion consists of f 1v e s e ts : 
llln for mat Jo n about b1oma s o 

aJ Amount and type of biomass ava1 t a ble p er day 

bJCollect1on efficien cies 

cJVolume of gas pr o du c tion expected pe r kg of 
dry waste use d 

d J Ex pect e d spe c1 fie ene rgy of the b1 ogas 

el Amoun t of water needed p e r kg of dry was t e us e d 

ZJi nf ormati o n a b o u t wind 

a ) We!bull parameters for the w t nd dt slr !butl o n 
for dtfferent season s of the year 

bl Mean wind speed 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

clVartance of the wtnd speed 

dlVariabllttyChlgh, low, med1uml 

elTerra1n related Information 

3! lnsolat ton 

alPeak and mean(over 24 hours! daily 1nsol a t1on 
levels during different seasons 

bllnformat1on on the nature and extent of cloud 
cover expected 

cJLongitude, latitude, and elevation of the location 

dlOther relevant 1nlormationlmean sunshine hours 
per day; degree days; etc . J 

4 J fa I I i ng wa t e r 

alTotal volume of water available dur1ng different 
seasons 

blMean II ow rate during different seasons 

clPer capita domestic and potable water consumption 

dlTerratn related tnformation(hi lis, valleys, lakes, etc . ! 

eJOther relevant information related to the 
quality of the water 
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5J The daily needs to be satisfied(a l l energy values are in kWh! 

aJPopulatJon statistics 

bllnformatton on agricultural 
industrial, and other needs 

l i vestock, small-scale 

clDaily total medium-grade heat r eq u~red 

dlDaily t otal low-gradeheat requiTed 

elDaily total ene rgy r eq ui red 1n the form of 
fixed r ota t1ng shaft 

flDaily total energy required in t he form of 
mobile rotat1ng shaft 

gJDa1ly to tal electricity req ui r e d 

The follow1ng vari a bles are u s ed in th e first 
stage of th e IRE S: 

BCE 

BE 

Eff1c1ency of the internal combustion 
eng1ne(1n %! 
Eff1c1ency of the burner <1n %l 



c BMC I l 
c 
c CBMC I l 
c CBMSC I J 
c CE C I J 
c CWR 
c DERCKJ 
c owe 
c EfW 
c 
c EC 
c EME 
c ESE 
c EVC I l 
c EWT 
c 
c CP (I l 
c HWR 
c 
c N 
c 
c NC 
c NP 
c PE 
c RCBMC I J 
c REfW 
c 
c 
c REN 
c 
c RfRS 
c 
c RLGH 
c 
c RMGH 
c 
c RMRS 
c 
c RREfW 
c 
c 
c RRfRS 
c 
c RREN 
c 
c RTECJJ 
c 
c RWA 
c 
c SCA 
c 
c SCE 
c 
c SH 
c 
c S ST E 
c 
c STEC I J 
c 
c TE 

Amount of dry waste available for 
collection per day Ckgl 
Collected biomass Ckgl 
Portion of collected biomass used Ckgl 
Collection efficiency o! biomaso<in %J 
Daily water required per animal lm••3l 
Daily per capita energy requi rrnent CkWhl 
Daily per capita water co ns umption for people lm••Jl 
Energy available in the f orm of potential 
energy stored in water (kWh l 
Efficiency o f the generat o r ( in %) 
E I e c t r I c a I motor e f I i c i en c y ( in % J 
Electrical otove effic1ency Cin o/,) 
Energy from biomassCof class ll collected CkWhl 
Wind-to-mechanical eff i ciency of the w i nd 
turbine (in%) 
Volume of gao produced per kg of waste Cm••3J 
Mean height of water level in the storage 
reservoir (mJ 
Number of different types of biomass resources 
avai \able {dimen!ionlessl 
Number of cattle in the vi \I age (dimens i onless! 
Number of people in the v illage (dimens ion l ess> 
Efficiency of the wind driven water pump lin %l 
Portion of CBM CIJ which is not used O:.gl 
Energy of falling water available for further 
u se a ft er fixed rotating shaft demand is 
satisfied (kWh) 
Remaining electrical dema nd to be met after 
all the biogas is util ize d CkWhl 
Remaining f ixed rotating shaft demand to be 
met after all the b iogas is used CkWhl 
Remaining low grade heat requirments left to b e 
satisfied after all th e bi o ga s is used CkWhl 
Remaining medium grade h eat r eq uirmen t t o be 
mel after all the b1ogas is used Ck Whl 
Remaining mobile rot ating shaft ener gy to be 
satisfied by elec~ricil y CkWhl 
Remaining energy obtainable from fal ling water 
after all the remaining electr1cal demand 
is satisfied CkWhl 
Remaining fix ed rotating s haft demand t o be met 
by wind CkWhl 
Remaining electric! ly needed after uti I I z ing al 
the available bi ogas and falling water Clc Whl 
Remaining e nergy ob t ai n ab l e from bi o gas after 
th e CJ+t Jth stage (kWh) 
RemAining water after the da ily village need and 
biogas requirments are deduct ed ( mrXJ ) 
Area o f f l at plate solar col l ector requ i r ed to 
sal isf y the rema ining low g r ade heat CmZZ 2) 
~ol \ act ion ef fici ency of the flat plate 
so l ar col le c t or (in%) 
Avera ge daily insolation per un1 t area o f the 
fl at pl a t e solar col l ec t o r Ck Wh t mzr zJ 
Round trip e ffi c ien c y of t h e s tor age system 
for low grade heat storage C in %J 
Stored ene rgy density in t he gas produced 
from class I of biomas s CkWhtm••J J 
Total energy available fr om th e biogas p r oduced(kWhl 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

T\111\ 
WPD 
WRW 

\liT A 

WTE 
WUB 

WUBS 

WWC I I 

X 

X 

Total water available at the site (m:t:tJ) 
Average wind energy density (kWhfm:t:r;n 
Weight of water(in storage) used for energy 
production (k.gl 
Wind turbine area necessary !or satlo!y i ng the 
remaining fixed rotating shaft demand (mx:rz) 
Water turbine efficiency (in %1 
Water necessary lor the utilization of a l the 
biomass collected (mz:tJ) 
Water available after daily domestic and 
potable consumption is deducted (m:tXJJ 
Water volume required for ga• production 
per kg of class of biomass collected (msXJJ 

STAGE TWO 
COMMENTS 

After all the data are received, the total volume 
of bioga s, considering t he limitations imposed by water 
and biomass avai labi I ity, that can be produ ced( per dayl 
is calculated and stored for later use . 

The amount of water left, after domestic and potable 
consumption and what is used for biogas production, is 
calculated and stored for later use . 

The amount of medium grade heal J equired is compared 
with the amount of med i um grade heat obtainable by the 
combustion of the biogas produ ced. The excess biogas, i f 
any, wi II be computed and stored for later use . 
If the biogas remaining is zero, a message wi 1 I be 
sen t t o t he ope r a t o r , a n d t o t ,he o t he r s t age s . I f t he 
medium gr11de heal requirment cannot be satisfied by 
biogas <tlone, the calculated deficiency Will be added 
to the electricity need. 

Th e following variabl es are used in this st<>ge : 
BE, BM C I I • C BM ( I ) , CBMS C I l , CE ( I ) , D ER ( I l , D ER ( 5) , DWC, ESE, EV C I l , 
GP ( I J , N P, RC BM C I l , RMGH, RTE C I l , RWA, STE ( I l • TE, T WI\, WUB , \IIU B S. 
WWC I l 

STAGE THREE 
COMMENTS 

X 

C In thi s stage the l o w grade heat requi r ment is sati sf i ed. 
C First th e remainin g biogas. if any, wi l l b e burned t o 
C s atisfy t he requirment . If there is s t i I I some low 
C grade h ea t requirment left to be sat is! i ed , then flat plate solar 
C collectors will be u sed to fill this need . 
C The following variables are used in thi s stage : 
c 
C BE.DER( Z l,RLGH.RTEC!l.RTECZJ,SCA.SCE,SH,SSTE 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
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c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

STAGE FOUR 
COMMENTS 

In this stage the energy required in t he form of 
rot~ting shaftCfiKed ftnd/or mob1 lelwi I I be sat iofied 
by blogas. falling water. and wind 
The available biogas will be used 1n an 
combustion engine to satisfy the mobi l e 
requirment. The remaining mo bile shaft 
be satisfied by electricity : 

inter na I 
rotating shaft 
r e.q u i r men t w i I I 

The energy requi red in the form of fixed rotating shaft 
will be satisfied by biogas driven engine and/or by a 
water turbine. Wind driven water pumps will be used to 
recirculate the water from the lower water level to the 
storage tank at a higher level. 
The following variables are used in this stage : 
BCE, DE:Rl3 J .DERC 4 J, DERC SJ, EfW, EME:, tiWR . REFW. RFRS ,RMRS. 
RRFRS , RTECZJ ,RTEC3J .RTE:C4J ,RWA.WRW,WTA.WTE 

X 

X 

" 

STAGE fiVE 
COMMENTS 

X 

X 

" 
" 

In th i s sta.ge or the program the total daily electricity 
required will be sat1sfied by using the available resources 
such as biogas, w1nd, i nsolation, and falling water!hydrol. 

Biogas would be used to ~atisfy as much of the load as 
possible; then falling water would be used(if there is any 
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avai lablel t o satisfy the remainder! if anyl If there is •ti I I any 
de mand left to be satisf i ed, then the o p t1mum combination of wind, 
insolation, and storage system Wl I I be us e d to satisfy th e rema i nder 
An optimum combination of solar s y s t e m and wind s y s tem is found 
using the LPSP subrout i ne . 
The following vari a b l e s will be us e d in this stage : 
DERCSJ .EG , REfW,REN.RREFW,RREN,RTE C4l , R T ECSJ 

X 

X 

X 

1 

ST AGE O NE 
PROG RAM 

Ente r al l the necessary Information 



c 

c 

DOUBLE P R EC l S l ON BM ( 1 0 l , C E ( I 0 J , WW t l 0 l , G P t I 0 l , ST E ( 1 0 l , TWA , DWC , N P 
•,SH,SCE,HWR.DERCIDl,WUB,CBMCIOl,RWA,CBMSCIOJ,WUBS,RCBMCIOl 

DOUBLE PRECISION EVC!Ol.TE,RMGH,RTECIO J .RLCH,SCA.RMRS.RfRS,WRW, 
XEfW , RRFRS.REfW.WPD.EWT,WTA,WTE , PE.BE.BCE.EME,EG,REN.RREN,RREfW 

DOUBLE PRECISION SSTE , NC,CWR,ESE 
IN=S 
LP=6 

C Enter all information necessary for calculation of the 
C energy obtainable from the biomass 
c 

N = 3 
Type"· 'Enter the efftciency of the 
Re ad( IN. IOOJESE 

ele c tric stove (in %l' 

Typ e " , 'Enter the amount of dry human waste available to be 
:c collected Ctn kg/dayl' 

Read( IN,lOOJBM< 1 l 
100 formatCD24 . 161 

Type ",'Enter the amount of dry animal waste available to be 
• collected lin kg/dayl' 

Read( IN,IOOJBMl2 l 
Type x, ' Enter the amount of dry agricultural w a ste mater i al 

"available to be co llected ( tn kg/dayl' 
Rea d (lN. I 00 J BMC 3 l 
Type ",' Ent e r the co ll ec tion efficiency o f the dry h uman waste 

• C in %) ' 

ReadCIN,100lCElll 
Type z, 'En t er the colle c tion efficiency of the dry animal waste 

" <in 'lol · 
Read( IN, !OOJCECZJ 
Type x ,' Ent e r the co tlection efficiency of th e dry agric u.tural 

:c wa s te material Ctn %J' 

ReadliN.lOOJCECJJ 
Type •,'Enter th e vo l ume o f wat e r required for btoga s 

:a: production pe r kg of human wa s t e . lm1 :t3) ' 
Rea d C I N , 1 0 0 J WW < I l 
Type •. 'Enter the volum e of water 

x production per ~g of animal wast~ 

Read l IN . 1 0 0 l WW I 2 l 

required 
lm•"3l' 

for biogas 

TypP. " · ' En te r t h e v o lume of w ater 
x production pe r k g of ag r i cultural 

Read ( IN. 1 0 0 J WW ( 3 J 

r e quired fo r bio gas 
w a s l P. ma terial lm••3J ' 

Type "· 'Ente r th e volume of ga s produced 
x per kg o f human w as te Cm••3J' 

Re ad( IN,lOO lG PC I l 
Type " · 'Ent e r th e volume of gas produced per 

z kg of animal wa ste Cm~•3J ' 

ReadC tN . IOOJ GP < 2J 
Type ~ . ' E n te r the volume of gas produced pe r 

x kg of a g r i c u I lur a I waste ma te r i a 1 ( m" x 3 J ' 

Read( 1N.!O O JGPC 3J 
Type • . ' En ter the e n e rgy den si ty o [ th e b to g as p r od u ce d 

x fr o m human wa ste ( kWh / m~•3J' 

Readl IN . t OO J STEC 1 l 
Type ~.'Ent e r thP. ene rgy de nsity of the biogAs produced 

x from a nimal waste CkWh / mXX3J' 

Re a d(IN.lOOJ STE<Zl 
Type •. 'E nt e r the e n e r g y d ens i t y of th e b io ga s prod u ced 

x fr o m agricutural w as t e me te rta l CkWh/m~•Jl' 
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c 

Read( IN , l00lSTEC3J 
Type ",'Enter the total volum.e of water available daily (mXJt3)' 
ReadCIN,!OOlTWA 

Typ,e ".'Enter the per capita daily domest i c end potable water 
x con sumption Cm""3l' 
Read (IN, I 0 0 J DWC 

Type x,'Enter the number of people living in the village' 
Read( lN. IOOJNP 
Type x,'Enter the daily water requirment per head of 

.1t I ivestoc k Cm-""31' 
ReadCIN . IOOJCWR 
Type x, 'Enter tho numb& r of cattle in the vi II age' 
Read ( IN , l 0 0 J NC 

C Input the in formatio n required for ca l cu lating the 
C a vailable tow and medium grade heat. a nd rotating shaft energy 
C obtainable from other available sources . 
c 
C llData on flat-plate solar collector 
c 

c 

Type ".'Enter the average daily insolati o n density CkWh tm•xZ)' 
ReadCIN,tOOJSH 

Type :o:,'Enter the co llection efficiency of t h e flat 
x p lat e so lar co l l ec tor (in%)' 

Read ( IN. I 0 0 J SCE 

C 2JDa ta on fa! ling water(hydrol 
c 

c 

Type ".'En te r the average heightlabove th e l ower water Ievell 
x of water in the storage reservoir (ml • 

Re a d( lN. l OOJ HWR 
Type " , 'Ente r the water turbine efficiency Cin %1 ' 
Read C I N , l 0 0 J WT E 
Type " . 'Enter t h e availa ble mean d a il y wi n d ene r gy density 

X (kWh/mXX2)' 

ReadCIN,tOOJWPD 
Type •. 'Enter th e wind-to-mechanical conversion effic iency 

"of the wind turbine (in%) ' 
Read ( l N , I 0 0 J EWT 

e f 1 i c 1ency 

e I I 1c i ency 

0 f th e 

0 f th e 

wi nd d r i v en w a t e r p ump 

biogas bur n er (in %) • 

Type"· 'En t er the 
Read( IN,lOOJPE 
Type x , 'En te r the 
ReadCIN,lOOJBE 
Type "· 'Enter the e f I t cienc y 0 ( th e bioga$ driven in t er na I 

x combust i on eng 1ne 
Read C I N , l 0 0 J BC E 

( in o/ol . 

Type -",'Enter the electrical motor efficiency 
Read ( IN , 1 0 0 l EME 

i n 'lo l · 

Type *,'Enter the r o und tri p ef fi ciency of the low-grade 
" heal storage system tin %1 ' 

ReadClN.l OOJSSTE 

( in 

c Input the I nformat i on n ec essary fo r ca l c ul ating th e a mou n t of 
C electr i cal energy th a t can be genera t ed . 

c 

c 
c 
c 

Type x, ' En te r efl ic i ency of th e electrical gen e ra tor C1n %1' 

Read(IN,IOO JEG 

this a r ea i s t o 
i nf o r rn a t ion for 

b e used for 
stage five . 

i nputing the r e s t o I the nec es sary 
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c 
c 
C Input the per capita values of all the daily energy requirments 
c 

Type %,'Enter the per capita medium grade heat energy required 
x per day CkWhl' 

Read( IN.IOOlDERC t l 
DER <I l ~ DER f I P NP 
Type •,'Enter the per capita low grade heat energy requi r ed 

x per day CkWhl' 
Read( IN. !OOJDERCZJ 
DERCZl=DERCZl"NP 
Type •,'Enter the per capita amount of energy required per 

x day in the form of a fixed rotating shaft <kWhl' 
Read( IN.IOOlDER<3l 
DERC3l~DER(3JXNP 

Type •. ' Enter the per capita amount of energy requir e d per 
"'day in the form o f a mobile rotating >haft CkWhl' 

Read( fN.lOOlDERC4l 
DERC4l=DER<4l•NP 
Type •. 'Enter the per 

• the form of electrici 
Read(fN.IOOJDERCSJ 
DERC5l=DER<5l"'NP 

capita amount of energy required 
ty Cl<:Whl' 

in 

Type X , 'En t er Cll to get a printout of the intermediate r esults' 
Re a d( IN, 101 l !CHECK 

c 

101 f o rmatCIIJ 
Typ e •,'En t er (\l if a copy of th e input d ata is required ' 
Read{ IN. 101 l !DEBUG 

C X%~%x~x~ssxx~•zxx•xxxx•• 

c 
c 
c 
c 

:0: 

:0: 

:0: 

ST AGE TWO 

PROGRAM 

:0: 

X 

:0: 

C •*X~Xi~XXXXX2XrX%S~%ZXX% 

G 
c 
C Calculate t he energy obtainable Cin the f orm of biogas l 
C from bioma s s . 
c 
C I l Ca lculate th e amount of b io g a s produced , and t he 
C volume o f wa ter requ i re d for th e ferm en tatron p r o c e ss . 
c 

WUB=O . O 
DO I = I. N 

C BMC I l = CBM C f l•CEII l l /1 . ODZ 
WUB=WIJB+CBMC f PWW( I J 
Writ c l99,lli. C 8Mifl 
form a t< lHO , 'Col lee t e d biomaos<' . 12, · l= ' , I X . D2 4. 161 
END DO 
W r i t e ( 9 9 , 2 J WU 8 

Z f o rmat ( IHO.'volume o f wat e r re q urr e d l o r utilization 
x o f a 1 1 the a v a i 1 a b I e b i o m ass = • , D 2 4 . 1 6 J 

c 
C C h e c k t o see wh e th e r enou g h wat e r i s av a il a ble . 
c 

WUBS =TWA-DWC>:NP - CWR>:NC 
IFCWUBS.LE 0 DJThen 
Write(99,30J 
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c 

30 Format ( I H 0, ' NO water 1 s I e f t a f t e r sat i s f y i n g 
z consumpt1on[people and cattle) to be used lo r 

WUBS=O.O 
DO 1 = 1 , N 
CBMS C I l = 0 . 0 
END DO 
Else 
RWA=WUBS-WUB 
IFCRWA . GE.O OlThen 

DO 1 = 1, N 
CBMSC 1 l=CBM C 1 J 
END DO 
E 1 se 
RWA=O . O 
IF <WUB S . LE . CBMC3JIWWC3llThen 

C8MSC3l=WUBS/WWC3l 
CBMSC2J =O . O 
CBMSCll=O.O 
E 1 s e 
CBMSC3l=CBMC3 l 
WUBS=WUBS-CBM C3J xWWC3l 
IFCWUBS . LE .C BMC ZJ ZWWC2JlTh en 
CBMSC2 l=WUBS / WWC2l 
CBMSC!l=O .O 
E I s e 
CBMSC2l =CBM C2l 
CBM5Cll=CWUBS-CBM(2JZWWC2ll/WWC ll 
END IF 
END IF 
END IF 
END IF 
DO I= I , N 

the daily water 
biogas production' 

3 FormatC!HO, 'Portion of collec t ed biomas s used fo r biogas 
• productio n=' ,02 4 . 16 1 

RC BMC 1 l =C BMC I J- CBMSC I J 
Wr i te (99,3 1J RC BMC!l 

31 F o rma tC! HO. 'Po rt1 o n of th e collecte d biomas s wh1ch was n o t 
z used=',D24 . 16 1 

W r i t e C 9 9. 3 lC BMS C 1 l 
EN D DO 
IF C I CHECK . EQ . 1 J Write< 9 9, 3 2 J RWA 

32 F or mat<IHO. 'Wat e r avai ! ab l e lor other u ses al t er th e daily 
X Vi lla ge Consumpt i o n 81\d biogas productio n r eq Ui rme nt S hllVe 
• been dedu c te d= ' ,D24 . 16 1 

C Ca l c ula tP. the ene r gy avai lab le in the form o f biogas 
c 

T E=O. O 
DO I = I , N 
EV CI J =CBMS<Jl•STEC I J•GPCI l · 
TE=TE +EV C I l 
lFCICHECK EQ ! JWr i t eC99, 4ll , EVC! l 

4 FormatC !H O. ' Energy f r om class (' .12.' l of b 1ornas = ' , 02 4 . 16 ) 
END DO 
Wri t. eC 9 9 ,33lT E 

33 Fo rm a tC!HO , 'Totl\1 energy a v ai la ble in the form of b iogas=', DZ4 . 16l 
c 
c 
c 
c 

Check to see If a ll 
sat is f ied by b iogas . 
th e r e maind er 

thP. med i um g rade heat requirmenls can be 
If not us e e l ec tricit y to sa t isfy 
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c 
RMGH=OER l \ J- lTE* BE J /1 . 002 
I f ( RMGH J 4 0 , 4 I • 4 Z 

40 RTEC1l=TE-OERCIJ/CBE/I . ODZJ 
I f C I CHECK . EO I J W r i t e < 9 9 , 4 4 l RTE C I l 

44 formatCIHO, ' Amount of biogas available f or later use after a! 
,. the medium grade· heat requirments have been satisfied=' ,024.161 

GO TO 43 
41 WriteC99,45J 
45 Formatl!HO,'Al the biogas was utilized to satisfy the 

x medium grade heat requirments'l 
RTECil=O.O 
GO TO 43 

42 Wrilel99,46lRMGH 
46 FormatCIHO,'Amount of medium grade heat energy to be satisfied 

*with electricity=' ,024 . 161 
RTECIJ=O.O 
Writel99 , 45l 
DERCSJ=DERCSl+ lRMGH I ESEl z I . 02 

43 Continue 
c 
c 
C ~zx~xx~x~xxxxxxzxxxxxx~xx 

c 
c 
c 
c 

:0: 

,. 
:0: 

STAGE THREE 
PROGRAM 

:0: 

l( 

:0: 

C xxx~xxxxxsxxxxx~x•x~xxzxx 

c 
c 
C Satisfy the low grade heal requirments with biogas, 
C if avai table; use flat plate solar col l ectors to sat is fy 
C the remainderlif anyl. 
c 
C IJUsebiogas 
c 

RLGH =DERCZl - lRTE!ll,.BEJ/1 . 002 
lflRLGHJ47 , 46, 49 

47 RTEC2J = RT E C!l-DERC2l /CBE/ 1 .OOZJ 
I F ( I CHECK . EQ . I J W r i l e C 9 9 . 5 l RTE C 2 J 

5 formatCIHO, ' Amount of energy in the form of bioges left 
x after me d i um and low grade heat energy r equtrments 
• are satisfied=' .024 . 161 

GO TO 64 
48 Wri teC99.45l 

RTEC Z l =O . O 
GO TO 64 

c 
C 2J U s e flat pl ate s o l a r col lecto rs 
c 
49 SCA=RLCH/ClSH•SCEXSSTEl / 1 . 0041 

Wr i t e (99, 50JSC A 
so for rna t ( I H 0 . ' Are a o f r I a t p I a t e so I a r 

x sattsfy the r em a 1n1ng low grade h ea t 
RTElZJ = O . O 

64 Continue 
c 
C ~-XX~XXX%XXXX~%~XS % ~XXX1 

c :c 

C STAGE FOUR 

c o l lector s need ed to 
requtred=' .024 . !61 
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c 
C Sat i s I y anergy r e qui r men l ~ in t h a I o r m of mob i I e r o l at i ng 
c shaft by 
c 
c 
c 
c 

llBiogas 
2lElectricity 

C ll Use biogas 
c 

RMRS=DERC4l-RTEC2Jz(BCE / I.OD2l 
! F ( RMR S l 5 I , 5 Z , 53 

51 RTECJl=RTEC2l-OERl4l/CBCE/1 . 0021 
IFC !CHECK .EQ . llWriteC99,6 JRTEC31 

6 formatCIHO,'Amount of energy in the !arm of biogas r emai ning 
"after medium grade heat. low grade h ea t , and mobile rotating 

shaft requirments are satisfied=' ,024.161 
CO TO 28 

52 RTECJJ=O.O 
Writel99 , 45l 
GO TO 26 

53 DERCSJ =OERC5 J•RMRSIC EME/I . OD2l 
WriteC99,54lRMRS 

54 formatCIHO,'Amounl of energy in the form . of mobile rotating 
z shall to be satisfied us i ng el ec tr ic ity=' . 024 . 161 

RTECJJ =O.O 
26 Continue 
c 
C Satisfy fixed rotat i ng shaft energy requirments by using 
c 
c 
c 
c 

·c 

llBi ogas 
2 l Fa I I i ng wat e r 
J JWind 

C ll Use b1o gas 
c 

RFRS=DERC3J-RTEC3JX(BCE/I .0 021 
IFCRfRSl55, 56.5 7 

55 RTEC4J =RTE C3l - DERC3l/CBCE /I .O DZJ 
IF ( I CHECK . EQ . I J Writ e l 9 9, 7 l RTE l 4 l 

7 formelCIHO,'Amount of e n ergy in the 
" a fter s Atisfying med oum grade heal, 
z rol atong shaf t. a nd fixed rotaton g 

CO TO 29 
56 RTEC 4J =0 0 

c 
c 
c 
c 

Wrilel99 .45l 
CO TO 29 

Use fa! I ing wate r 
WRW=VO LzDens i tyx g Cg=9 . BZ4J 

5 7 WRW=RWA • C I . ODJJ• !0.9BZ 401l 
RTEC4l =O . O 
EfW =WRW•HW R•WTE/ l . ODZ 
RRFRS=RfRS-EFW 
IFCRRFRSIS6.59 ,6 0 

58 REF W= EFW-RFRS 
I f l I CHECK . EQ. l J W r i t e ( 9 9 , 6 1 l R E fW 

form of boogas r e mai nin g 
l o w g r "de heat, mobile 

s h a f t r e q u i r men l s = ' D 2 4 . I 6 J 
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61 formet(lHQ, 'Energy ava1 I able in the form of falling water after 
:o: medium and low grade heat and rotating shaft requirmants 
:o: are satisfied=',D24.16l 

GO TO 29 
59 Wr i teiLP,SZl 

REfW=O . O 
62 formatc1HO.'AI the energy available in the form of falliny 

x water has been uti I ized . ') 
GO TO Z!l 

60 REfW=O . O 
WTA=RRfRS/IWPD•EWT•PE•WTE/1 . OD6l 
Wr i tel99,63lWTA 

63 formatllfiO.'Wind turb1ne area needed to sat1sfy the remainder 
:o: of the fi x ed rotating shaft requirments=' ,024 161 

29 Continue 
c 
C xxxxx••••xxxxxxxxxxxxxxx 

c 
c 
c 
c 

.. 
X 

... 

STAGE FIVE 
PROGRAM 

:0: 

:0: 

c xxxaxxxx~x~xx•xxxxxxxxxx 

c 
c 
c 
c 
c 

REN = DERISJ - RTE14l ,. EC . DZ 
IFCRENJ 70,71 , 72 

70 RTECSl = RTEt4l - DERCSl lEG . D2J 
WR!TECLP.73l RTECSJ 
WR ITE199,73l RTE CSl 

73 FORMATIIHO-, ' The portion of biogas energy which is not used 
•D24 . 161 

GO TO 75 
71 RTEISl O.DO 

WRITEILP.74l 
WRITEl99 . 74l 

74 fORMATC1HO, Entire b1ogas is used and the entire demand is met') 
CO TO 75 

72 RREN = REN - REfW 
If lRRENl 76,77,78 

76 RREfW = REfW - REN 
WRITEtLP,79lRREFW 
WRITEl99 . 79JRREfW 

7 9 fORMATCIHO ·. ' The amount of 
:0: d 24 . 1 6) 

GO TO 75 
77 RREFW = O . DO 

WRITECLP . SGl 
WRITEC99.80J 

potential en e rgy from water available 

80 FORMI\TllHO,'AI the potential energy from water IS used and 
:o: all th e energy needs have been satisfied') 

GO TO 75 
c 
C Satisfy the eleclr1ci ty demand using WECS and SEC 
c 
78 RREfW = 0 . 00 

WRITECLP. B l l 
WRITEC99 , 8ll 

81 FORMATCIHO,'I\11 the potential energy from wat e r 1s used') 
CALL LPSPIRRENJ 

75 STOP 
END 
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SUBROUTINE LPSP<RENJ 
C THIS SUBROUTINF.: WILl, FIND 1'!iE MAXIMUM ELECTRICITY 
C DEMAND. THE MINIMUM ELECTRICITY DEMAND I S ASSUMED 
C TO BE THE SAME A~ THE ORIGINAL ' ELECTRIC I TY DEMAND. 

c 
c 
c 

2 

DOUBLE PRECISION REN,LMIN,LMAX.T 
INTEGER IN,LP 

LMAX ~ 2 " R EN I T - LM IN 

TYPE :<,'Enter the inpu t and outpu t devices CIN,LPJ' 
READ< 5, :q IN 
TYPE :< , 'Enter the minimum daily l oad demand' 
READ ( IN,! JLMIN 
FORMATCDI4 .6 J 
T = Z 4.DDO 
LMAX = CZ. DD I Tl " REN- LM!N 
WRITECLP.ZJLMIN.LMAX 
FORMATCIHO .' Lmin = '.DI4.6,2x. ' Lmax 
c a I I a I I dump r ( I m i n, I rna x J 
RET.URN 

END 

' . D 14 . 6 l 
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subroutine altdumprllmin,lmaxl 
C This program uses recorded wind and tnsolal ion data and 
C generated load dale. (or calculating LPSP. The load is 
C assumed to be uyirormly distributed between Lmax and Lmin . 
c 
C This program is based on Olry'S approach . Output of the 
C WECS is assumed to be realted to wind speed as follows : 
c 

Vc < V < Vr 
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c 
c 
c 

p 
p 

(V- Vcl/(Vr - VcJXPrl 
IPr - Pr 1)/(Vf - Vr JSV + IV( • Prl - VrxPrJ/(Vf - VrJ Vr<V<Vf 

c 
c 
c 
c 
c 
c 
c 
c 
c 

where 
p 

Pr 
P r I 
v 
v r 
V r 
Vc 

WECS power output 
rated output o I the WECS 
switching point 
wind sp eed 
cut out speed 
rat e d speed 
cut-in speed 

C Output of the sE'c , PI, 1s assumed to be re lated to insolation 
C as f o I lows: 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 

PI = efl • area • Pr • 

wh e r e 
p 1 

e r f 
Pf 
area 

SEC power output 
c onver s ion effici e ncy 
pack1ng factor 
array area 
insolati o n 

C NOTE : IN THIS PROGRAM AREA REfERS TO I Pf x AREAl . 
c 
C NOTE: THIS PROGRAM CONSIDERS THE NEED fOR DUMP I NG ENERGY 
·C WHEN THE STORAGE IS fULL, AND RESTORES TO MINIMUM STORED 
C CHARGE REQUIRED AfTER EACH ~A lLUR E. 

c 

c 
c 
c 

Initializ e var1abl cs 

C xxx•I•~xxxxx•~x~t~xxxA~x~t 

c 
c 

c 

CHAR/\CTERX~ (l INfiLE .OUTfiLE.INfll..ES 
REAL MTHSRANDOM 
I NTECE R IN. L P , IRE P EJI T , I S E ED, 1 hour . I CHECK 
REAL 
REAL 
REAL 
REAL 
REAL 
RE AL 
REAL 
REAL 

MAXCMAX . MINCMAX .CMAX.DCMAX.MAXPR . MINPR . PR.P RI 
DPR.MAXSW.MINSW, SW, DSW.MA XPER.MINPE R.DP ER 
PER.MIN LMIN . MAXLMI N. LMIN . DLMIN,MAXLMAX.MINLMA X 
LM/\X .DLMAX .VC.MAX VC.MINVC,DVC.VR.DVR.MAXVR . MINVR 
Vf.DVf.MINVf.MAXVf . L.PI, IN SOLC8760l 
CMIN.HOUR,V CB7601 . DISCHARGE. CHA RGE .fAIL 
ON , LPSP,RAN DNO IR 7 60l, load(8 76 0l, l pspl 
MAXA RE A . MINAR EA.AREA.DAREA.MAXE ff. MINEff.E f F .OEf f 



c 
c 
2.0 

c 
c 
c 
c 

c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

c 
c 

Set alI initial va lue s of arrays to zero 

do i=1.8?60 
1 NSOL 1 I l 0. 
randnolt l 0. 
v ( i) 0. 
I o ad ( i l 0. 

end do 

SET SEED NUMBER FOR RANDOM NUMBER GENERATOR 

ISEED 385 

SPECIFY THE INPUT/OUTPUT DEVICES 

TYP E •. 'ENTER "IN" AND "LP'" 
READCS,"'liN,LP 

SPECIFY INPUT AND OUTPUT fiLES 
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TYPE •. 'ENTER NAME Of THE INPUT f i LE CONTAINING THE WIND SPEED' 
READ( IN,! l I NFI LE 
TYPE •. 'ENTER NAME O f T HE INPUT fiLE CONTAINING THE INSOLATI ON ' 
READIIN.lJINfiLES 
TYP E •, 'ENTER NAME Of THE OUTPUT f ILE' 
READCIN.l lOUTfiLE 

C READ THE NECESSARY DATA 
c 
c 

type ~.·e nt'>r th e maximum LPSP de s tre d ILPS P il ' 
re ad(in.•llpspl 
TYPE •, ' ENTER Ml N AND MAX VALUES Of" VC ' 
REAOC IN,•lMINVC. MAX~C 
TYPE •,'!::NTER NUMBER Of POINTS IN THE INTERVAL' 
READCIN ,*lDN 
OVC =CMAXVC - MINVCJ I DN 
TYPE • . 'ENTF:R Mill AN D M/I.X VALUES Of VF' 
REA D C IN. • lM I NVf . MIIXV F 
TYPE x,'ENT ER NUM BER Of PO INTS IN T HE INTERVAL' 
RE/IDI IN . <JDN 
DVF = CMAXVF - MIN Vf l iDN 
TYPE •. 'ENT ER M I N AN D MAX VALU ES O F VR' 
READC IN.• JM INVR.MAXVR 
TYPE • . 'ENTER NUMBER OF POINTS I N THE INTERVAL' 
READ ( I N , >JDN 
DVR = IMAXVR - MINVRl / DN 
TYPE • . ' ENTER MIN liND MAX VI\LUE S O f SW ' 
READCIN.•JMIN SW . MAX SW 
TYPE •. ' ENTER NUMBER OF PO INTS IN T HE I NTERVAL ' 
READC IN.XJDN 
OSW = <MAX SW- MINSW l i ON 
TYP E •. ' ENTER MIN AN D MAX VALUES Of Cmax (STO RAG E C APAC I TY!' 
READIIN.•IM INCMA X.MAXCMAX 



c 
c 
c 
c 
c 
c 
c 
c 
c 

TYPE x, 'ENTER NUMBER Of POINTS IN THIS INTERVA~' 
READCIN,XJDN 
DCMAX = CMAXCMAX - MINCMAXl/DN 
TYPE x, 'ENTER MIN AND MAX VA~UES fOR SYSTEM RATING' 
READCIN,xJMINPR.MAXPR 
TYPE x, 'ENTER NUMBER OF POINTS IN TH I S INTERVAL' 
READCIN,xlDN 
DPR = CMAXPR - MINPRl/DN 
TYPE "' · 'ENTER MIN AND MAX VA~UES OF COL~ECTOR AREA' 
READCIN,x)MINAREA,MAXAREA 
TYPE x, 'ENTER THE NUMBER OF POINTS IN THIS INTERVA~' 

READliN ... JDN 
DAREA = lMAXAREA - - MINAREAJ/DN 
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TYPE x,'ENTER MIN AND MAX VA~UES OF CO~~ECTOR Ef fiCIENCY liN o/ol' 
READ(IN,'"lMINEFF ,MAXEFF 
I f C M I NEFF . GT _ I l M I NEfF= M I NEFF I I 0 0 . D 0 
IFCMAXEFF .GT. IJMAXEFF = MAXEFF/IOO . DO 

TYPE x, 'ENTER THE NUMBER OF POINTS IN THIS INTERVA~' 

READ ( IN. x l DN 
DEFf = lMAXEFf - MINEFFl/DN 
TYPE •. 'ENTER MIN AND MAX VALUES OF PERCENT DISCHARGE ALLOWED 

x (in %) • 

READCIN,XJMINPER.MAXPER 
TYPE x, 'ENTF.R NUMBER OF POINTS IN THIS INTERVAL' 
READl i N,xJDN 
DPER = lMAXPER - MINPERl/DN 
TYPE x, 'ENTER MIN AND MAX VALUES OF MINIMUM LOAD' 
READliN,xJMINLMIN,MAXLMIN 
TYPE'" · 'ENTER NUMBER OF POINTS IN THIS INTERVAL' 
READCIN,xJDN 
D~MIN = lMAXLMIN - MIN~MINl/DN 

TYPE x, 'ENTER MIN AND MAX VALUES OF MAXIMUM LOAD' 
READCIN.•JMINLMAX.MAX~MAX 

TYPE x, 'ENTER NUMBER Of POINTS IN THIS INTERVA~· 

READCIN,"'lDN 
D~MAX ~ CMAXLMAX - M!NLMAXl/DN 

READ WIN D SPEED VA~ UE S 

OPEN IN PUT FILE 

OPEN ( 1, N/IME = I NF I ~ E . FORM = ' fORMATTED ' . ST/ITUS = ' O~D ' . READONLY l 

DO 1 = 1 . 8 7 6 0 
RE/10(! .•.END = !Ol VC ll 

END DO 
!0 CLOSEl! l 

I CHECK = i - 1 
OPENC 1 , NAME= I NF I LES , FORM = ' f ORMATTED ' . ST ATUS= 'O~D' . READONLY l 
DO I = I . ll7 6 0 

REl\Dl!,"' , END = 21 ) INSOLCil 
END DO 

Zl CLOSE[ !) 

c 
c 

ih o ur = i - ! 
IFCICHECK . LT _ IHOUR J IHOUR=ICHECK 



c 
c 
c 

c 
c 
c 

c 
c 
c 
c 
c 
c 

c 
c 
c 
c 
c 

c 

Generate random n umber to be used fo r generat i ng load 

DO l = I . i h o u r 
RANDNOC I l = MTIISRIINDOMC I SEED! 

END DO 
WR ITEC6, • l l - 1,' PO l NTS GENERATED ' 
hour = float( ih o url 

OPEN OUTPUT fiLE 

OPEN ( 2., NAME =OUTf I L E , FORM=' FORMATTED' , ST 1\TU S = 'NEW' l 

FIND LPSP 

LMI N = MINLM IN 
DO WHILE CLMIN .LE. MAXLMINJ 
LMAX = MINLMAX 
DO WH ILE CLMAX . LE . MAXLMAXJ 
L = l..MAX - l..MIN 

generate load data 

Uni fo rmly distributed load 
do i=l,ihour 

loadli l l~ra ndno li J + !mi n 
end do 

C SE T lJP LOOP 
c 

Ef f = MIN Ef f 
DO WHILE CEFF . l..E . MAXEFFl 
SW = MIN SW 
DO WHILE csw .LE . MAXSWJ 
VC ~ MINVC 
DO WH IL E eve . LE . MAXVCJ 
Vf = MIN VF 
DO WHILE t vr . LE. MA XV fl 
VR = MINVR 
DO WH I LE CVR LE . MAXVRl 
WRI TECZ.4l Vr:; ,V R,Vf 

4 fORMAT! l X. 5 X. · VC = , f I 0 . 3 , 5X . ' VR ' ,f l O 3 ,5)(, ' Vf 
PER = MINPER 
DO WHILE !PER . l.E MAXf'ERJ 
WRlTEC 2 . 3 lLM AX. LM I N.PER.Eff 

3 FORMAT!3X,'Lmax = ' , f6 . Z,2X , 'Lmin ' ,f6 2.2X. 
• 'PER = ' . F7 3 , 5)( , 'C ELL Ef F . '. f 7 .3l 

CM JIX = MINCMA X 
DO WH I L.E ! CMJIX LE MAX CMAXl 
PR = MINPR 
DO WHILE CPR . LE . MAXPRl 
PR! = PR ~ SW 
AREA = MINA RE/1 
DO WHILE CAREA . LE . MAXAREAJ 
CHARGE CMAX 
f AI L = 0. 0 
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IF<PER.~T . I . I PER = PER•IOO. 
CMIN CMAX a PER/100 . 

c 
C CALCULATE DI SCHARGE AND LPSP 
c 

22 

II 

I 2 

13 

I 4 

I 5 

I 6 

17 

23 

I 8 

I 9 

DO 1=1, !HOUR 
IF CVCll.LE.VC.OR . Vlll.GE.VFlP = 0 .0 
If lVl!l.GT.VC.AND.VCII.LT.VRlTHEN 

P = (V( I J - VCl/ l VR - VCJ x PRI 
END IF 
If CVIIl.GE . VR.IIND .VIIl . LT . VFITHEN 

P = lPR - PRil/IVf- VRl XVlll + CVf:t:PRI- VRXPRI/ 
"' cvr -VRJ 

END IF 
PI = INSOL< I J "' EFF x AREA 
DISCHARGE = P + P 1 - LOAD I l l 
CHARGE = CHARGE + DISCHARGE 
IFICHARGE . GT . CMAXJCHARGE = CMAX 
lfiCHARGE . LE . CMINlthen 

fAIL= fAIL+ I . 
charge = cmin 

end if 

END DO 
LPSP = FAIL/HOUR 
1 [ < Ips p. I e . I p s pI . and . I p s p. g e . 0 . 0 l WR l TE < 2 , 2 l L P S P, PR, CMA X , AREA 
AREA = AREA • DAREA 
IF <DAREA.EO . O. O)GO TO 22 

END DO 
lf<DP R .EQ . O. OJGO TO I I 
PR = PR + DPR 
END DO 
IFIDCMAX.EO.O . 0 JGO TO t 2 
CMAX = DCMIIX . CMAX 
END DO 
lfiDPER.EQ O. OlGO TO I 3 
PER = PER + DPER 
END DO 
IFCDVR EQ . 0 .OJGO TO I 4 
VR = VR • DVR 
END DO 
lf CD Vf . EO 0 OJCO TO I 5 
vr = VF + DVf 
END DO 
l fi DV~ . EQ . O . OlGQ TO I 6 
VC = VC • DVC 
END DO 
If ( DSW EO . 0 OlGO TO I 7 
SW = SW . DSW 
END DO 
lfCDEFf .EQ. O . OlGO TO 23 

Eff = Eff + DEff 
END DO 
If<DLMAX . EQ . O. OJGO TO I 8 
LMAX = LMAX . DLMI\X 
END DO 
lf <DLM IN . EQ . 0 . Ol GO TO 1 9 
LMIN = LMIN + DLMIN 
END DO 
C LOSEC2l 
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c 
c 
c 
c 
c 

z 

c 
c 
c 
c 
c 
c 
c 

TYPE x, ' ENTER "I" TO REPEAT' 
READCIN,xJJREPEAT 
lfCIREPEAT.EQ.ll CO TO 20 

fORMAT STATEMENTS 

IORMATCABOJ 
fORMATCIHO,'LPSP = ',f1 0 . 7,ZX.'PR 

x,zX.'CELL AREA= ',f9.3l 

STATEMENT NUMBERS USED 

fORMAT 1-4 
STATEMENTS 10 - 23 

STOP 
END 
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