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ABSTRACT

The objective of this research is to develop an accurate and
simple method for analyzingphotovoltaic system performance. This is
accomplished by examining three aspects affecting system performance.

1. Array output

2. Excess energy‘(aboVe the instantaneous demand)

3. Battery effects

A method is devised for predicting the monthly average photo-
voltaic array efficiency using system parameters and monthly average
meteorological data. Then monthly average photovoltaic array output
is simply the product of the efficiency and the incident radiation.

Results obtained using this method are found to agree with detailed

Fomput9#—s4mu4a%ieﬁ—*e&ﬂ%%&ﬂW%%h%n—t—standaTd—ﬂev+at+un-cfﬁt+75%.
Excess energy must be either dissipated, fed back into the utility

grid or stored in a battery. A method is developed for determining

the amount of energy dissipated or fed back into the utility grid.

The monthly average performance.of these systems can then be calculated.

Values of monthly average performance obtained from this method

compare with computer simulation results within a standard deviation

of +2.0%.

Finally, a method is described which can be used to approximate

the effects of battery storage on system performance.
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NOMENCLATURE*

Array area

Tota] cell area

Effective battery storage capacity
Nurber of battery cells in parallel
Number of hattery cells in series

Monthly average fraction of the load supplied by the photo-
voltaic array

Usable fraction of battery storage
Monthly average fractional battery losses
Critical radiation level

Monthly average critical radiation

Radiation at noon on the average day of the month
Instantaneous radiation incident upon a tilted surface
Daily radiation incident upon a horizontal surface

Daily extraterrestrial radiation on incident upon a
horizontal surface

Daily radiation incident upon a tilted surface

Monthly average daily radiation on a tilted surface during
the hours when the incident radiation upon the tilted surface
is greater than the average critical level.

Ratio of daily radiation to extraterrestrial radiation on a
horizontal surface

viii



MN -

Month

N - Number of days in a month

N, - number of hours in a month during which the radiation incident
upon the tilted surface is greater than the critical level

Pf - Cell packing factor

Q - Battery state of charge

Qm - Battery capacity

QgL Energy deliverable to the load

QE - Array output

q - Load demand

QL - Energy to or from an auxiliary source (i.e. utility grid)

Q8 - Energy to or from battery storage

QBL - Battery losses

QDA - Energy dissipated in a photovoltaic system with battery
storage

QD0 - Energy dissipated in a photovoltaic system with no battery
storage

. The fraction of the daily radiation incident upon a
horizontal surface during an hour entered about noon
on the average day of the month

T - Ratio of monthly total radiation: incident upon a tilted
surface to that on a horizontal surface

RL - Array load resistance

Ry - Ratio of radiation at noon on a tilted surface to that on a

horizontal surface for an average day of the month

ix



Array tilt
Ambient temperature

Cell temperature when the cell efficiency is zero

- Instantaneous cell temperature .

Reference temperature for cell reference fficiency
Array loss coefficient

Open circuit voltage

Dimensionless critical radiation Tevel

Cell absorptance

Temperature coefficient of solar cell efficiency
Monthly average collector utilizability

Latitude

——fnstantanesus—arrayefficiency

Monthly average array efficiency

Monthly average daily array efficiency during those hours
when the radiation on the tilted surface is greater than the
critical level

Instantaneous array efficiency at ambient temperature
Inverter efficiency

Voltage regulator efficiency

Reference array-efficiency at temperature TR
Reference cell efficiency at temperature TR

Reference array efficiency at Tep © 0°C



ng - Monthly average system (i.e. power conditioning equipment)

efficiency
t - Array cover transmittance
T - Monthly average array cover transmittance
Ta. - Monthly average transmittance-absorptance product
wg = Sunrise hour angle
w' - Collector surface hour angle

- Integral over a month

2\3
O
]

Integral over N hours

If not otherwise defined, a-“——" over any symbol indicated a

monthly average daily value

* This 1ist contains most of the nomenclature used in this thesis.

Additional symbols are defined locally.

Xi



1. INTRODUCTION
1.1 Overview

In a short period of time, photovoltaic arrays will be used
to generate electrical energy that will be economically competitive
with conventional utility generated electricity. When this
time arrives, the successful design of photovoltaic systems
will depend on the quality and availability of system design
procedures. This research has as its objective the development
of an accurate and simple design method for analyzing photo-

voltaic system performance.

;, The photovoltaic system configuration shown in Figure 1-1

is representative of the photovoltaic systems studied. The

solar radiation incident on the photovoltaic array is partially

absorbed and converted into d.c. power. The amount of power
generated will depend on the concentration and total amount of
solar radiation, the total solar cell area and the radiation to

electrical energy conversion efficiency.
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The photovoltaic array output power must be properly conditioned
and distributed to the various system components. A specific set of
control instructions will determine where the array output is sent.
For example, in most systems, if the load requirement is greater
than the array output power, the control strategy is to deliver all
the array output power to the load. On the other hand, if the
available array output power is greater than the load requirement,
the excess energy may be stored in a battery for use at another time.
As an alternative to battery storage, the excess energy may be fed
back into the utility grid. If utility feedback and battery storage
capabilities are not available, then the excess energy must be
dissipated. In any case, any energy required by the Toad which is

not supplied by the array output must be supplied from the auxiliary

source, usually a utility grid.

The overall system performance will depend on the specifications
of the various system components. The task of a system designer is
to determine an optimal system design by comparing alternative system
configurations and component specifications. When evaluating system
performance two possible approaches are available. The first method
utilizes detailed computer simulation models and hourly meteorological
data to determine hourly system performance. Long-term system perform-

ance is determined by summing the hourly results obtained from the

computer simulation.



The use of detailed computer simulation models requires a great
deal of time, expertise and expense. Alternatively,simplified design
methods can offer the designer a rapid and simple procedure to
determine monthly average system performance (using only monthly
average meteorological data). The results obtained from simplified
design methods compare favorably with detailed computer analyses.
This research presents a simplified design method which can be used
by the designer to effectively compare alternative system desidns.
For convenience, the entire design method is organized in a simple

computer program called, "PV-DESIGN".

1.2 Literature Survey

The use of simplified design methods for analyzing photovoltaic

SyStem periormance re—a—retatively—new field Photovoltaic system
analysis has traditionally been accomplished using complicated
computer simulations. .A series of "Conceptual Design and Systems
Analysis of Photovoltaic Power Systems" studies were undertaken by
Westinghouse Electric Corporation(]), General Electric Co.(z)

(3)

and Spectrolab, Inc The primary objective of each of these
reports was to provide conceptual design and systems analysis inform- -
ation for three sizes of terrestrial photovoltaic systems, intended

for application to a single family residence, a central station power

plant and an on-site intermediate system (shopping center and a com-



mercial retrofit). In addition these reports examine the financial,
environmental, legal and institutional issues related to the actual
implementation of these photovoltaic systems.

Generalized computer simulation models for photovoltaic system
components have been developed by Evans, et a1(4) at Arizona State
University under a Sandia Laboratories contract. These simulation
models can be used to perform hour by hour calculations to evaluate
photovoltaic system performance.

This research utilizes the computer models formulated by Evans
and solar engineering concepts to develop simplified design methods.
These simplified design methods can be used to determine the monthly

average photovoltaic system performance.

1 3 Photovoltaic System Configurations

1.3.1 Common System Components

The design procedures developed in later chapters can be used to
determine the long-term average performance of several photovoltaic
system configurations. Certain system components will be common to
all photovolatic systems examined in this research.

A flat plate photovoltaic array is used to generate d.c. electric-
al energy. A device called a maximum power tracker is used to
maximize the array output power. This device monitors the array

output and adjusts the load resistance, RL’ to produce a load line



that intersects the characteristic I-V (current-voltage) output curves
at the maximum power point. Figure 1-2 shows an array output charac-
teristic I-V curve. The load resistance determines the slope of the
load line (i.e., 1/R = slope). The intersection of this load line
and the I-V curve determines the array output voltage and array output
current. The largest voltage-current product defines the maximum
power point (the area of the rectangle shown in Figure 1-2 is maximiz-
ed). Other possible power conditioning equipment includes an energy
flow control unit, a voltage regulator and a dc/ac inverter. The
control unit simply directs the flow of energy from the photovoltaic
array to the various system components depending on the control Tlogic
specified. The control unit will vary from system to system depend-

ing on the number of system components and the complexity of the

control logic. Once the energy path is determined, the efectrical
energy must be conditioned so it can most effectively be used by the
receiving system component. The voltage regulator will control the
voltage output to the various system components. In changing the
array output voltage, the voltage regulator reduces the array output
power according to the regulator's rated efficiency, n,.- If the
system load requirement is for a.c. power, then an inverter is used
to convert d.c. array output. Some photovoltaic systems have the
capability of delivering excess power into the utility grid. This

nytility feedback” arrangement utilizes an inverter along with other
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power conditioning equipment so that the array output will match the
utility power in the grid. The inverter also has a rated efficiency,
s determined by the electrical losses involved in d.c. to a.c.
power conversion. Both the regulator and inverter (if applicable)

efficiencies must be considered when determining photovoltaic system

performance.

1.3.2 Photovoltaic Systems - The Load Requirements Always Exceed the

Array Qutput

If the instantaneous array output power, QE, is always less than
the instantaneous load requirements, Q. all the energy generated
will be immediately delivered to the load. For example, in Figure 1-3

a photovoltaic array ig utilized to supplement the energy needs of a

large factory.” In this case, the array is sized so that all energy
generated 1is immediately used in the factory. The difference between
the instantaneous load requirement and the available array output
poweris supplied to the factory from the utility company (QUL’ is
considered positive for energy from the utility and negative for
energy fed back into the grid).

The total array output power delivered to the load in Figure 1-3
js the product of the instantaneous array output and the efficiency
of the power conditioning equipment. The array output that can be

delivered to the load, QDEL’ is defined in equation 1-1.
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QDEL = nv W.I QE : (1’1)

Since the system shown in Figure 1-3 utilizes all the energy
that can be delivered, the monthly fraction of the 1oad supplied, ¢
by the array can be calculated by integrating the instantaneous

values of QDEL over a month and dividing by the total monthly load.

» j.annI Qg dt
- (1-2)
fMQL dt

It is assumed that the product of the efficiency factors n, and g

can be replaced by a monthly average system efficiency, ﬁg. Then
equation (1-2) can be rewritten as:

7y
=2 (1-3)

QL
where GE and ﬁL are monthly average daily values. The calculation

of the solar fraction defined in equation (1-3) is discussed in

Chapter 3.
1.3.3 Photovoltaic Systems - No Storage

Unlike the load requirements discussed in the last section,
the energy available to the load is often greater than the 1oad
demand. Under these conditions,the excess energy must either be
stored, dissipated or fed back into the utility grid. If no

battery storage Or gtility feedback arrangements are available, the
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excess energy, QDO (where the subscript indicates the energy 1is
dissipated with no storage) must be dissipated. An example of

this type of photovoltaic system is shown in Figure 1-4. The load

is represented by a dual-stage compressor. The array is sized so
that the energy generated can supply the maximum 1oad requirements.
1f the compressor is off or running at less than maximum capacity

the excess energy generated by the array will be dissipated. At
times when the array is not generating enough power to meet the

load, the deficit is supplied by the utility. The energy flow
strategy 1s shown below the figure. The array output power delivered

to the load is determined by equation (1-4).

Qpe = v M1 & - W | (1-4)

The monthTy Tractiomof—the system—toad—delivered by the photovoltaic

array is defined by equation 1-5.

{ = Jh (nv il Qe - QDo) dt (1-5)
fM Q dt

Again assuming the product ny M can be replaced by a monthly average

system efficiency'ﬁs, equation (1-5) can be rewritten as

: ; (1-6)
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If arrangements are made for the excess energy to be fed back
into the utility grid, as shown in Figure 1-5, the amount of eneray
sent to the utility is identical to QDO. Assuming that the system
efficiency is identical for energy sent to the load or to the
utility, the solar fraction for the system in Figure 1-5 is given
by equation (1-6). The excess energy, Gﬁb is sold to the utility
company.

The evaluation of monthly average performance of the systems

shown in Figures 1-4 and 1-5 is discussed in Chapter 4.
1.3.4 Photovoltaic Systems - With Battery Storage

In many instances,battery storage is used to increase system

performance and reduce auxiliary energy consumption. Also, battery

13

storage may be required in locations where no auxiliary energy
sources are available. These "stand alone” photovoltaic systems
are being used in remote rural areas to power such things as pumps,
buoys, communication equipment and railroad signals.

Regardless of the reasons for the addition of battery storage,
the result is that some of the excess energy (which would have been
dissipated if no storagewereavailable) is stored in a battery for
Tater use. When the battery is fully charged, excess energy will be
dissipated or fed back into the utility grid (if applicable). The

amount of energy dissipated in a system with battery storage, QDA
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(the subscript indicates actual energy dissipated), should be
substantially less than QDO to warrant the additional expense of
battery storage (in exception are locations where battery storage
is required for stand alone systems).

The photovoltaic system shown in Figure 1-6 1is identical to the
system in Figure 1-4, except that a storage battery is included. The
storage battery is charged by the array and discharged by the Toad.
A sample of the energy flow strategy that might be uysed in this type
of system is given in Table 1-1. The energy to or from the battery,
QB, is positive during charging and negative while discharging. In
addition an amount of energy, QBL is lost due to battery internal
resistance and battery gassing. The electrical energy lost is

changed into thermal energy and dissipated into the environment.

The total array output power delivered to the Toad (including
the energy that comes indirectly from the array, i.e. from the

battery) is defined by equation (1-7).

~ nV nI QE = QDA - QBL
QgL ) (1-7)

Integrating over a month and substituting monthly average efficiency
and daily values the monthly solar fraction is defined by equation

(1-8).

n Q.- QDb, - QB
§ = S E_- A 1L (1-8)
Q
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The prediction of monthly average performance of photovoltaic

systems with battery storage is discussed in Chapter 5.

17

LE

THEN

nyle > Q
(here v = 1 if the battery
can accept the excess energy

otherwise v = 0)

Q=0
QBIN =y (HIUVQE“QL)
QDA = (-l.‘ Y)(UIHVQE-QL)

Qoer = U

nMyQe < Q

(here v = 1 if the battery

can supply the energy

deficit otherwise v = 0)

QHOUT = = (L{L=”IHVQE)
QDA =0

Qper = MVAErBout

Table 1-1

Energy Flow Strategy for a Photovoltaic

System With Battery Storage



9. COMPUTER SIMULATION MODELS

2.1 Introduction

Computer simulation models are available for predicting short-
term and long-term photovoltaic system performance.(a) These models
require hourly meteorological data and various array and system
parameters as inputs. The results of these computer simulation
models provide accurate predictions of actual system performance.
The results of any simplified design methods for photovoltaic systems
are then checked using computer simulation models for identical
systems. In addition, results from computer simulation models
ofteﬁ reveal certain correlations which can be useful in developing
simplified design methods.

The—eomputer—simulation mode] ysed in this research is a TRNSYS(S)

compatible computer modeling package for hybrid photovo]taic/thermai
systems developed by Apizona State University. The "Combined
Photovoltaic/Thermal Systems Studies“(4) describes the array,
regulator/inverter and battery models. These models can be used to
evaluate the performance of flat-plate, concentrating and combined
(photovo]taic/therma1) photovoltaic arrays.

Appendix I contains complete program 1istingsof the components
discussed in the following sections. Complete descriptions of these

simulation models can be found in reference 4.

18



2 2 Photovoltaic Array Models

The photovoltaic array models described in reference 4 were
developed primarily for combined photovoltaic/thermal systems.
However, these models can also be used to study flat-plate photo-
voltaic arrays with no thermal energy collection. The various
modes of operation in this model represent several levels of

complexity. Mode 1 of the array models assumes all array parameters

(see parameter list, Appendix I) are constant throughout the
simulation. For the purpose of developing simplified design methods.,
this computationally simple mode of operation will be sufficient. As
an additional reference for checking the accuracy of the simplified
design method developed, more complicated modes of operation are

—vattabte—Fhese—medes—ofoperation are able to calculate time-

dependent array parameters, and utilize actual solar cell test

results (using 20x, 40x and 100x concentrator cells) to predict

array performance.
The evaluation of the array performance in mode 1 assumes that

equation (2-1) can be used to predict array efficiency.

In this equation, ny is the reference array efficiency, the product
R

of the cell packing factor, P (the ratio of cell area, A, and
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array area, A) and nR‘, the reference cell efficiency. The reference
array efficiency is determined at a cell temperature, TR= and a con-
centration of 1 Kw/mz. BR is the temperature coefficient of efficiency
and is determined for material properties at a concentration of 1 K.W/m2
(BR is not significantly temperature sensitive for the range of cell
temperatures that occur in flat plate collectors). Typical values

of BR are: silicon, Bp = .0037/°C, galium arsenide, BR = .OO25/°C.(6}
Figure 2-1 shows the relationship between the array parameters np.

BR and TR‘ In this figure, n, is the array efficiency when TCELL i5
equal to T, (the ambient temperature), and T, is the cell temperature
when the array efficiency is zero. The assumption used in equation
(2-1) (i.e., the array officiency is a linear function of cell temp-

erature), has been validated using experimental data (see reference 7).

Once the array eff1c1eﬁEyj‘Tﬁ‘ﬁs—determ+neé7—%he—electr*Pn1

array output, Qp, can be determined using equation (2-2):
Qg = nATly (2-2)

where Gp is the instantaneous radiation on the array surface and T

is the cover transmittance (if applicable). The absorption, o,

of the cells is incorporated in np (or na). ‘
Combining equation (2-1) and (2-2) the expression for Qf

becomes:
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Figure 2-1 The Relationship Between Array Parameters (np, B8p> TR)

Figure 2-2 Energy Balance on a Photovoltaic Array



Qp = GptAng (1 - 83 (Tegyy - T))- (2-3)

An energy balance on the array in Figure 2-2 results in:

Grro = Uy (Teg - To) + Gpmmg (V- 8 (Tegy - To)) o (2-4)

where ULo is the thermal loss coefficient of the array.
Combining equations (2-3) and (2-4), the following expression
can be used to calculate QE without having to evaluate the cell

temperature.

U (T - T.) - GrTa
_ o' C a T

2-5
LolTe = Ta) - GTTni 2

T.and n, (n, = ng (1 - Bp(T, - T)) are described in Figure 2-1.

This equation is used in the collector model, along with hourly

metearnlogical data to calculate the array output. The system
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parameters that must be supplied as inputs are PF’ nR‘ (the cell

reference efficiency), TR, Bps T, O and ULo' These parameters

are constant throughout the period of simulation.
2.3 Regulator/Inverter Models

The regulator/inverter models are used to simulate the
conditioning of the array output power. Included in these models
is a set of control logic used to determine energy flow paths.
Examples of necessary control decisions may include: "Should energy

be sent to the battery?", "Is the battery fully charged?"and "Can
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excess energy be delivered to the utility grid?". A complete
description of the various control decisions can he found under
"Logic Description" in reference 4.

The inverter portion of this model 1s required in systems with
a.c. loads or in systems with utility feedback capabilities. The
inverter model simply multiplies the d.c. input by a conversion
efficiency (nI) to obtain the quantity of a.c. power available to
the load. Limitations can be placed on the inverter capacity,
however inverters used in this research are considered to be capable
of converting all d.c. power delivered.

The regulator model multiplies the incoming energy by a voltage
regulator efficiency (ny) to determine the requlator output. In both

the regulator and inverter models the efficiency factors are

Supplied by the user-
Mode 2 of this model performs the necessary control operations

for the photovoltaic systems examined in this research.
2.4 Storage Battery Models

The lead-acid storage battery models in reference 4 were
designed to be used in conjunction with the photovoltaic array
models and the regulator/inverter models. The various modes of
operation determine the battery state of charge, Q, depending on

charge and discharge rates. Mode 1 is useful to model an ideal
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battery with no internal losses. However, this mode does notcalculate
output voltage or current.

Mode 2, 1ike the other more complicated modes, utilizes formulas
relating battery voltage, V, current, I (+ charging, - dischargin),
and state of charge, Q. Mode 2 incorporates formulas devised by
Shepard.(g)

The rated battery cell capacity, Qy (in AMP-HRS) is determined
by the user and the open circuit voltage of each cell is set at 2.18
volts (nominal voltage - 2V). Then any number of cell units may be
placed in series (CS) or in parallel (Cp) to obtain the required
storage output characteristics.

Typical battery parameters used in this research are

defined in Table 2-1.

For charging (I > Q) the Shepard tormula 1s:

‘ de
= - + + —
V= egq m 9 Irgg O+ g W) (2-7)
and for discharging (I < 0)
m_H
V= 2 (2-8)

e -gH+Ir (1 +——0
gc ~ %" T Tae M T Q7Q A

where H is the uncharged fraction of the battery (H =1 - Q/Qp). When
the current is zero the voltage is determined by the following
equations:

) H
V=V, - (34 +9c) 3 (2-9)
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1-Deﬁm’t‘ions from reference 4

TABLE 2-1
Parameter Definition Value
eqc open circuit voltages at full 2.25V
eqd charge (charge and discharge) 2.10V
9¢ small-valued coefficients of .08
94 H=(1-Q/Qm) in voltage - current- .08
state of charge formulas
me cell type parameters which . 864
my determine the shapes of the 1.0
I-V-Q characteristics
rqc rtermatrestetonee—=at 3 ﬂ/QmO
rqd full charge Q
VC cutoff voltage on charge 2.4V
(to eliminate electrolyte gassing)
ey parameters used in the 1.8V
q calculation of low voltage .0024%
QC cell capacity parameters -.035 Qm
QD on charge and discharge Qm/.85
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where Voc =5 (eqd + eqc).

Voc is the open circuit voltage. An example of the resulting
I-V-Q relation is shown in Figure 2.3 for 1 = 0, + 5, + 50 and
Q, = 250 AMP-HRS.

Since the voltage is calculated for charging and discharging
currents this model effectively predicts the voltage drop

associated with internal battery resistance and battery gassing.
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Figure 2-3 I-V-Q Characteristics for a 250 amp-hr. Battery
(as derived using the Shepard equations)



3. PREDICTION OF MONTHLY AVERAGE ARRAY EFFICIENCY

3.1 Introduction

The use of TRNSYS(S) in conjunction with the simulation models
described in Chapter 2 requires hourly meteorological data, extensive
computer capabilities along with user expertise and significant expense.
On the other hand, design methods offer a guick and easy way to estimate
the performance of alternative designs. Results obtained from the
simplified design methoas developed in this chapter compare to computer
simulation results within an acceptable standard deviation {accuracy
of predictions are given in section 3-4). If a more accurate analysis
is required, the computer simulation models are available. The next

three chapters describe a computationally simple method for predict-

ing the Tong-term average performance OT PAOLOVO T taiC SysStems:

In this chapter a method is developed for evaluating monthly
average photovoltaic array efficiency. Using this efficiency and
monthly meteorological data, the monthly average electrical output
can be calculated. The fraction of the load supplied by the array
for the system configuration described in section 1.3.2 can then be
determined.

Results obtained from this method are compared with results
obtained from the TRNSYS simulation program using the models

described in Chapter 2.

27
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3.2 Determining the Monthly Average Efficiency - n

The instantaneous energy generated is the product of the array
efficiency, Ngs the array cover transmittance, T, the array area, A,

and the insolation on the array, GT'

QE = nrA GT (3-1)

On a monthly average basis, the electrical energy produced by
the array can be expressed as the product of the monthly average array
efficiency, n, the monthly average daily radiation incident on the
array, ﬁf, the number of days in the month, N, the array area, A, and

the average array cover transmittance T.

NQE=H TNA? (3-2)

where'ﬁE is the monthly average daily output. AN expression for n
can be obtained as follows.

The instantaneous efficiency of a maximum power tracking flat-
plate photovoltaic array can be calculated using equation (2-1).
Given nps BR and TR’ a reference efficiency, nRo at TR = 0°C can be

defined. In this case, equation (2-1) simplifies to:
= URO (.[ s BR TCELL) (3'3)

Solving for TCELL in equation (3-3) and substituting this expression

into equation (2-4), the following equation for n can be found.
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_ge Br T @ &1 = Y "Ro "o T BR MR
T Gy ngg B~ Ui

n (3-4)

This equation can be simplified if the following inequality fis valid:

U, >> T 81 Mgy B8R

(3-5)

Maximum values for the variables onthe right side of this

inequality are given in Table 3-1, along with a minimum value of ULo'

For these worst case conditions,the inequality is a ratio of almost

ten-to-one.

Parameter Maximum Value Practical Values

nRO .20 <,18

Br .004 <,004

T 1 T

B¢ 1353 W/m <1353 W/m’
(Solar Constant)
Minimum Value

ULy < 10 W/l = T8 Wnt

Table 3-1

Array Parameters
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The minimum value of ULO is derived by considering only radiation
and free convection losses. More realistic values for these parameters
resuylts in at least a twenty-to-one inequality. Accepting this
inequality, equation (3-5) reduces to:
BRTQGT)

n=ng (1= 8Ty = 7

(3-6)

Equation (3-6) can be used to calculate the instantaneous effi-
ciency without calculating the cell temperature. However, using
this equation to predict long-term average performance still requires
hour by hour calculations using hourly meteorological data.

The next step is to obtain an expression for n, such that
equation (3-2), along with monthly average meteorological data and

array parameters can be used to predict the monthly average daily

electrical energy produced. Multipiying The Tnstantaneous array
efficiency in equation (3-7) by the instantaneous insolation, and

integrating over the month yields the following:

np B j 2
= _ - RQ R P‘TG‘G dt ")--8 |
j reTee = HROJMGTdt "R BJ e G7d% - 7, o (3-8)

The integral on the left can simply be written as the product

of the monthly average efficiency, and the monthly average daily

radiation, and the number of days in the month. The integral
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involving the ambient temperature can be replaced by the product

of the monthly average radiation-weighted ambient temperature, T;,

and A-N. Using the results obtained from TRNSYS simulations, it

was determined that Tg‘ could be replaced by average ambient temo-

erature, Ta' The first integral on the right is simply Nﬁ}.
The final integral can be simplified as follows. First ta

may be removed from under the integral sign if it is replaced by the

average transmittance-absorptance product ta (see reference 9).

Equation (3-7) has been reduced to:

= 2
anBRTOL ./i‘;i GT dt o
Lo HT

n= MRy - R, BRTa -

Defining a dimensionless variable, V, such that:

fM 6.2 dt
n V = Tt t A 10\
_2 VoY)
By
finally reduces equation (3-7) to:
B, To VH
- _ =, R T B
n. = nRO (]“BRTa = NULO ) (3 ]-!)

This equation gives the monthly average efficiency in terms of
array parameters, monthly average meteorological data, and two
meteoroiogical variables, Té‘ and V.

At this point, a means of estimating monthly average values of
¥ without using hourly meteorological data is needed. Tables contain-

ing long-term monthly average values of V have been developed. The
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ratio of monthly average daily radiation to extraterrestrial radiation
on a horizontal surface, Kf, js a key variable in calculating long-
term monthly average values of V. To calculate ET,the monthly

average daily radiation on a horizontal surface, H, must be

Ho’ can be calculated
using equations in reference 10. Liu and Jordan(1]) have found that

determined: then the extraterrestrial radiation,

the daily distribution of radiation throughout a month (i.e. the
number of good and bad days) is directly related to'KT. Using values
of Rf between .3 and .7 Liu and Jordan have developed freguency
distributions of the Kys (the ratio of daily radiation, H, to daily
extraterrestrial radiation, Ho’ on a horizontal surface) during a

month as a function of Ef. For example, Figure 3-1 shows a frequency

distribution for ?& =045. If a month has thirty days, this

noatnte
AR

frequency d1striputioN 15 divided Tmto thirty—equidistant
(along the X-axis). The thirty values of K; are listed below the
figure. To simplify ca]cuiations,Coie(12) has developed correlations
for these frequency distributions (for Ef between .3 and .7).

The daily total radiation on a horizontal surface, H, can be
divided into hourly portions using relationships developed by Liu and
Jordang]l) A similar set of curves determines the hourly diffuse
radiation. Using the work of Hottel and woert;(13) Rb, the ratio
of beam radiation on a tilted surface to that on a horizontal

surface can be determined. Using this information, Liu and Jordan(]4)
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Figure 3-=1  Frequency Distribution of Ks for E%=,45
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predict the hourly radiation on a tilted surface. A complete
explanation of this process can be found in reference 10.

To determine monthly average values of V, each month is assumed
to have thirty days. Then thirty values of KT are determined using
the correlations developed by Co1e€12) For all hours of each day
the average hourly radiation is calculated. Hourly radiation is
squared and summed over the thirty day period. At the same time
monthly average daily radiation is determined. Then equation (3-10)
is used to calculate monthly average values of V. This entire
process is outlined in Figure 3-2. A complete Tisting of the computer
program which performs these operations can be found in Appendix II.

Table 3-2 (a-e) contains long-term monthly average values of V for

latitudes P, between 20° and 55°, collector slopes, S, S =0, S = 90°

P + 20° and for values of Rf between .3 and .7.

The following key variables were used to find a correlation for pre-
dicting monthly average values of V. The ratio ﬁ]Rn as used by K]ein{]s)
is a geometry factor which incorporates the effects of collector tilt,
latitude and time of year to describe the shape of the monthly
average daily radiation curve. Here R is the ratio of the monthly
total radiation on a tilted surface to that on a horizontal
surface, and Rn is the ratio of radiation at noon to that on a
horizontal surface for an average day of the month. Stated simply,

R is a measure of the total area enclosed by the radiation curve

and Rn is a measure of the height of that curve. The calculation of
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Rand R s explained in reference 15.

As a measure of the width of the monthly average radiation curve,
the sunrise hour angle, wc, is directly related to day length. However,
for beam radiation, the collector surface hour angle,:»;, is related to
the length of time the beam radiation strikes the collector. Equations
for calculating w and w; can be found in reference 10. These variables,

along with ?% were found to correlate with V in the following manner.
2

Vy=A-*RIF+B-RI+C (3-12)
R = s _
(g - 1.548 - Rp) +((1 - 1.548 - Kp) - )
2
A= 15.197 B - 12.347 Xq +1.004
B = -2.371 g - 12.22 Ky + 12.689
C = 2.547 Ry? +1.542 Ky - .732

Figure 3-3 contains a plot of V as a function of RW for the
values of @, S, Ky in Table 3-1. The solid linesdrawn in this figure
arethe curvesdetermined by the correlation for V (for ET = .3, .4, .5,

&, T ThHE correlation can be used interchangeably with Table 3-1.
3.3 Example Calculation - EE

As an example of the procedure developed in section 3-2 the per-
formance of a photovoltaic array during January in Madison, Wisconsin,
will be calculated. Table 3-3 contains the array parameters and
meteorological data available for January in Madison. Using this

information, equation (3-11) reduces to: 7= .124 - .00186 V.
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For the latitude, slope, month and KT for this problem, V can

be determined from Table 3-1: however, interpolation with respect to

latitude and Kf is necessary.

Array Parameter

Value
@ 43.13°
S 73.13"%
A 1m2
U 20 W/me-°C
Lo )
Tz (t = 1 no cover) .95
.12
HRO
BR .004/°C
Meteoro]ggjca1 Variable VYalue
T -8.4°C
a
iy 2 . 52KWH/m2-day
KT .45

Table 3-3

System Parameters



For January with @ - S = 20°

V(K =

V(KT

then V(KT

i

Similarly _
V(KT

1

V(K;

then V(KT =

Interpolating with

4,

A,

A,

8,

. 85

D'y

g = 40°) =
Q= 45°) =
@ = 43.13)
ﬂ = 409) =
p = 45°) =
@ = 43.13°)

respect to KT;

V(R“T = .45, @ = 43.13)

Alternatively, V could have been determined using equation

For—this—probt

o
lEIH

5.82

4.81

5.09

"

4.99

5.41

44

R =1.53
Rh = 1.3
ws = m; = 1-21
RU .944
A= -1.47
B =6.71
C = .478

radians



finally V(KT = .45, @ = 43.13, § = 23.13) = 5.50
The resulting monthly average efficiency in either case is
n = 114

The total energy produced by the array is given by equation (3-2)

here

NQg

An Hy NT

13

8.90 KWH

The actual electrical energy that can be delivered to the Toad will

be the product of EE and the monthly average system efficiency

factor N

3.4 Accuracy of Predictions

45

The accur;cy in using equation (3-11) to predict n will depend
on the accuracy of the approximations

1) T GTnRO BR << ULO

2) T, =T,

3) V{2, S, Kf, MN) can be determined using long-term values
(Table 3-1).

The comparison of TRNSYS simulations and this design method
(relying on the three assumptions) for predicting n is shown in

Figure 3-4. The locations and range of array parameters used in

these comparisons are given in Table 3-4. The diagonal Tine in
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Tahle 3-4

System Parameters (Figure 3-4)

Parameter Range
Efficiency (TR = 0°C) .08 <mp < .18
0
Temp. vs. Efficiency Coefficient  .0025/°C <Bp < .004/°C
Thermal Loss Coefficient 0e oy <o
2 o Lo 2 o
m-=°C m=-°C
Cover Transmittance .88 <1 <1
Absorptance 85 <a <1
Collector Tilt -20° < (p - §) < 20°
Locations
Albuquergue, New Mexico Nashville, Tennessee
Ely—Nevada Cape Hatteras, North Carolina
Madison, Wisconsin Bismarck, North Dakota

Seattle, Washington



48

Figure 3-4 represents perfect agreement between simulations
and the predicted values. The standard deviation between

the simulated and predicted values is less than 1.5% of the
monthly average efficiency. This agreement between simulation

and predicted values is quite good.

3.5 Conclusions

The monthly average array efficiency calculated in this chapter
can be used to predict the maximum monthly average daily array output,
ﬁt. In order to evaluate system performance, an estimation of the
average system efficiency must be known (the product of the monthly

average regulator and inverter efficiencies is one estimate). The

solar fraction'of the total energy deTTveredto the— by e 108

type of photovoltaic system described in section 1.3.2 is calculated

using equation (3-13).
Qe N
p= B2 (3-13)
Q

In a photovoltaic system where all the energy generated is

not immediately utilized, more information is needed to determine
the solar fraction. These systems will be discussed in the following

chapters.



4. PREDICTION OF MONTHLY AVERAGE PERFORMANCE -

SYSTEMS WITH NO STORAGE

4.1 Introduction

The instantaneous electrical output from a photovolatic array
may exceed the energy required by the load. The excess energy
produced by the array must be stored for use at another time, sold
to the utility or dissipated. An accurate prediction of the amount
of energy which must be dissipated in a system having no storage
will be essential to the analysis of all photovoltaic systems where
excess energy is produced.

In this study, only twenty-four hour constant load patterns

have been considered. It is quite possible to extend this work

so that non-constant load patterns can be examined.
4.2 Prediction of the Non-Utilizable Energy, QDO

The instantaneous energy generated by a photovoltaic array
is defined in equation (3-1). In a system with no storage or
utility feedback capabilities, the energy dissipated can be

defined by equation (4-1).
D =1In 1" (4-1)
M, = Mg Qe - O -

Here the superscript "+" indicates that only positive values

are considered. Substituting for QE from equation (2-2) and

49



integrating over a month, equation (4-1)becomes:
—— - +
D, = '];4 (. tGrnA - Q1" dt (4-2)

which can be rewritten as

NgD. = | 7oA ntle, - A 1" at (4-3)

0 s 1T TA )
S

A maximum radiation Tlevel or critical radiation Tevel can be

defined such that all radiation above G, is non-utilizable (i.e.

in excess of the load)

50

Q
L
Ge =Antng (4-4)
then equation (4-3) becomes:
— — +
NQD, = A1qul{rn [6; - 6.1 dt (4-5)
which is equivalent to:
— - +
N, = AT, fM Aot ley - 617 dt (4-6)
ﬁf
equation (4-6) becomes:
NG =AF-NTF T, (4-7)
D, = T ¢ T ng

where @ is the fraction of the monthly total radiation which is

above the critical Tevel, Gc;

+
- _1 'f L6 - 61 gt
N M

(4-8)

Hy
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and ﬁ+ is a radiation weighted monthly average efficiency during
those hours when the radiation Gy exceeds the critical level GC.
The monthly average fraction, ¢, has been used by Klein(15)
to estimate the monthly average performance of solar thermal collectors.
In solar thermal calculations, @ refers to the utilizable fraction
of the incident solar energy. Klein, extending the results of
NhiTlerE]6) and Liu and Jordon,(la) has correlated ¢ as a function
of three meteorological variables: KT’ ﬁ/Rn and XC. The correlation

is given in equation 4-9:

3= exp ((A+ B (Ry/RN(X + (X)) (4-9)
uhere A = 2,943 - 9.271 K + 4.0315 K7
_ - 2
B = -4.345 + 8.853 K - 3.602 Ky
C - -0.170 - 0.3058 Ky + 2.936 K

The variablesK; and ﬁ]Rn have been discussed in section 3-Z.
XC is a dimensionless critical radiation ratio, defined as the
critical level Gc’ divided by the radiation at noon, Gn, for the
average day of the month. Gn can be calculated using methods
developed in reference 15.

To determine b, it is necessary that the critical level be
constant throughout the month. In actuality, the critical level
will vary since the efficiency, and the cover transmittance are not

constant. An average critical level, Ec can be calculated
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using the monthly average aefficiency and a monthly average

transmittance as shown in equation (4-10).
_ Q -
B, —t— (4-10)
nt Ang
The efficiency, ﬁf can be calculated using techniques similar

to those prescribed to determine m.

Specifically,

Z
___+ BR.II:I G dt ) BR .I;JCTO{. GTdt

- nRO i ) (4-11)
ch 6; dt g ch 6 dt

where Ne is the set of all times when the radiation on the array is

greater than the critical level. The integral, /f N, GT dt,can be
replaced by the product of the monthly average daily radiation

during N, ﬁf+, and the number of days in the month. The integral

containing ambient Lemperacure segua—te—the preduch ot NHI and
the radiation-weighted ambient temperature during N_, T. . It
has been found that a reasonable approximation of T;‘ is the

monthly average ambient temperature, Té. Defining

2 i
X J& G~ dt (4-12)
H

equation (4-12) reduces to:
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s BR T o

. = i
g (-8 T, - v Ayl (4-13)

Lo

Again, Ta has been replaced by the monthly average product Ta.

This equation is in the same form as equation (3-10) for n. However,
V" differs from V, because V+ is also a function of the monthly
average critical Tevel.

Monthly average values of v can be predicted using procedures
similar to those used to calculate V. Once again all months are
assumed to have thirty days. The radiation during each hour of
each day is calculated. Each hour the radiation Gy is checked to
see if it is less than the monthly average critical 1eve1‘§C. If
so, that hour's radiation is not included in the set of hours Nc.

A flow diagram of the process fis shown in Figure 4-1. Appendix III

contains a complete 1isting of the computer prograf UsEdto-Cateutate
V+. A set of graphs generated by this program are also in Appendix
II1I. These graphs can be used to determine monthly average values
of V" for p = 30°, 40°, 50° and slope, s = B, @ *+ 20° and Ky between
4 and .7 for all values of EE.

Figure 4-2 shows the values of V" for an array in Madison,
Wisconsin (KT = .45, @ = 43.13, S = 23.13) during January. Figure
4-3 shows the corresponding values of 7t (using the meteoro-

Jogical data and array parameters from Table 3-1). When the

critical level is zero, all hours of radiation are considered and
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(4.5, N K78 )
\

LIU AND JORDAN FREQUENCY
DISTRIBUTIONS TO DETERMINE

30 Ktg

b

CALCULATE HOURLY
RADIATION ON THE
ARRAY SURFACE

l

30 30
i > fer-scr] Ap= 287
L =5 20

Figure 4-1 Schematic of the Analysis Used to Calculate Monthly

Average Values of v



LAT=43.13.5=LAT-20,KTBAR=.45
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Figure 4-3 Comparison of 3 and Critical Radiation Levels
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4+ o L .
n =7 (here n =n = .114) as the critical level increases, the array

efficiency, ﬁf decreases. Physically, the higher critical 1evel
means that only larger values of insolation are considered (as the
critical level increases,the amount and period of time that energy
is dissipated decreases) when calculating ﬁT As the level of insol-

ation increases the average cell temperature, TbELL’ also increases,

. . —
causing the decrease inn .

The monthly average daily energy dissipated can be calculated,
_ + ;
using the graphs in Appendix III for determining V', equation (4-13)
to find Ht equation (4-9) to calculate % and finally equation (4-7)

is used to determine ﬁﬁb.

A correlation for the function V+ has not as yet been determined.

However, there.is a correlation for V. If the assumption:

nt= 7 (4-14)

is valid, then equation (4-7) becomes:

NQD, = AN g Hp T ng 7 (4-15)

Since ﬁ+ is always less than or equal to T, equation (4-15) will
tend to overpredict the monthly average dissipated energy. The
percentage by which'ﬁDO is overpredicted will depend on the monthly
average critical level, EE, the array parameters, and the accuracy

of the § correlation. Section 4-4 will discuss the accuracy of
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S
the n = n approximation.
These procedures for calculating ﬁﬁb are demonstrated in an example

calculation in the next section.
4.3 Example Calculation - ﬁﬁs

Gﬁo will be calculated for a photovoltaic system in Madison,
Wisconsin during January (using the array parameters and meteorological

data given in Table 3-1). Two constant load levels will be examined,

namely:

"

QL1 14 W

QL2 28 W

Subscripts will be used to distinguish between the two loads.

Step 1 Calculate n

From section 3.3 n = .114
Step 2 Ca]cu1ate’€c
Assuming an overall system efficiency of 90% (nv = .95, ng = .95)

the monthly average critical levels are:

G, = 137 K /m?
. 9
GC2 = ,273 KW/m
Step 3 Calculate @ 3
E‘;C GC
X = o =

¢ n  rt,n RnpH



where g is the ratio of the radiation at noon to the daily total

radiation for the average day of the month (rt o can be determined

from equations or graphs in reference 10). For this example:

- 2.52 KiH/m’-day

T
t.n = .180
RN =1.34
R =1.53 _
H = 1.65 KiH/m’-day
then
XC,l = ,343
XCZ = .686
Finally using the correlation for % (with Kf = .45)
9y = 595
Eé = 323

Step 4 Calculate Nﬁﬁg

A) Using the nt = n approximation, equation 4-15 predicts:

NQDOI = 4,77 KWH
NQD02 = 2.59 KWH
_+
B) Determine n from Figure 4-3 (or by finding v" from the graphs

+
in Appendix III andusing equation (4-13) to calculate n).

113

31, 3L_

112



Using equation (4-7)

NQDO

1

. 4.73 KWH

il

NQD

2.53 KuH
By
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In this example the difference between the two methods for determining

ﬁﬁo is less than .5% of the total monthly toad.

4.4 Accuracy of Predictions

Figures 4-4 (a-c) shows comparisons between TRNSYS results and

the simplified design method using the different assumptions described

in Table 4-1. The amount of energy dissipated is divided by the

monthly load for dimensionless comparisons. The locations and array

parameters used in these comparisons are listed in Table 4-2. In each

of these f1guré§'fﬁé‘ﬁ?EgUﬁaT—TﬁnEthpreseﬁés—pe$£eet-agnenmnn+ hetween

TRNSYS and the design method.

Figure 4-4 reveals that the comparisons between TRNSYS values and
design method values (calculating actual ﬁfand %) are gquite good.
Using the ﬁ+:'ﬁ approximation,the accuracy of predictions is
slightly reduced and the design method tends to overpredict the
TRNSYS results (this is expected since n>nt). Finally,Figure 4-4¢
shows the change in accuracy caused by using long-term average
values of 3. Since the ¢ correlation calculates long-term averages,
actual ¢s for a specific month may differ from the ¢ calculated

using the correlation by as much as 10%. Also it has been
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Table 4-1
System Parameters (Fig

Parameter
Efficiency (Tp = Qec)
Temp. vs. Efficiency Coefficient

Thermal Loss Coefficient

Caver Transmittance
Absorptance
Collector Tilt

No Storage Dissipation - Load Ratio

Locations

Albuquergue, New Mexico

ure 4-4 a-c)

Ranae

T

.08 < nRo < .18

.0025/°C < 8g < .004/°C

KW Kb
014 == < U < 042 5
m-2C L8 m-°C
88 <1 <1
B8 <<l

-20° < (p - S) < 20°

W,/ < 1.2

Madison, Wisconsin
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determined that the existing & correlation has a tendency to under-
predict the actual Eﬁanhe amount that ¢ is underpredicted will
depend on time of year and critical level (i.e., the & correlation
underpredicts by the greatest amount at high critical levels during
the winter). Presently a new § correlation is being developed at the
Solar Energy Laboratory, University of Nisconsin.(17)

Figure 4-5 shows a comparison hetween TRNSYS results and those
obtained from the design method (using the ﬁ+ = 7 approximation and
the @ correlation) for all the locations and range of array parameters
listed in Table 3-4. The agreement between TRNSYS values and

predicted values is quite good.

4.5 Conclusions

Once QD has heen determined. the solar fraction may be calculated

0

for two more types of system configurations, specifically those
configurations described in section 1.3.3. In a system with no

storage capabilities

n.0. - QD
f=>E——20 (4-16)
Q

if the excess energy is fed back to the utility grid

QL = 0, (4-17)

The degrading effects of no storage or utility feedback

capabilities on overall system performance can be seen by
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caomparing solar fractions for systems with no storage and systems

described in section 1.3.2. For the example calculation in section

4.3

g, = -3

§, = .26

if all the energy generated could have been utilized the monthly
solar fractions would have been
nSQE

§ = —
Q

(4-18)

and for this example

§, = 77

f, = 38

If the excess energy can be sold to the utility, overall system

performance will be improved.



5. PREDICTIONS OF MONTHLY AVERAGE PERFORMANCE - BATTERY STORAGE
SYSTEMS

5.1 Introduction

Battery storage is important in photovolataic systems for two
reasons: the addition of battery storage may substantially improve
overall system performance and is often required in locations where
no other auxilary power supply 1s available (e.g. buoys at sea,
communication systems in mountainous locations, etc.). Battery
storage also has two main disadvantages: cost and maintenance.

In this chapter a method is presented which can be used to
estimate the amount of energy actually dissipated, QDA, in a system

with battery storage. The energy available to the lcad QDEL

can be determined using equation (5-1).

QDEL = nSQE = QDA = QBL | (5‘-1)

Here QBL is the energy lost in the battery due to internal battery
losses and electrolyte gassing. Estimation of battery Tosses will bz

discussed in section 5.3.
5.2 Predicting the Actual Energy Dissipated - QDy

An energy balance on the battery in Figure 5-1 gives the following

relations between monthly average daily values:



QDg
V QDA
QB,NL EXCESS ENERGY
DISSIPATION
BATTERY =
STORAGE =

Figure 5-1 Schematic of Energy Flow for Battery Storage
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GD—A = Eﬁo = G—B-IN (5"2&)

In this equation, the monthly average daily energy which is

dissipated is related to the amount of energy that would have been
dissipated if there wereno storage (ﬁﬁe) and the total amount of
energy sent to the battery (5§IN). The quantity ﬁﬁh can be calculated
using procedures developed in section 4-2. The amount of energy

sent to the battery cannot (as yet) be calculated directly. .

However, it has been shown empirically to be related to the effective
battery storage capacity and the total amount of energy available

to the battery (i.e. ﬁﬁb). Using the results of TRNSYS simulations

a relationship between three dimensionless ratios, GEA/GL’

ﬁﬁﬁ/ﬁL and Be/ﬁL has been developed. Figure 5-2 shows this relation-

ship which was developed Us'Ng the—tocations—and—array—parameters
listed in Table 5-2. The battery cell model used in the TRNSYS
simulations was discussed in section 2-4 and additional battery
parameters used are listed in Table 5-2. The monthly data points
shown in Figure 5-1 are for several daily storage-load fractions
(Be/ﬁL = .25, .5, .75, 1.0, 3.0). The diagonal line represents

the no storage case. Several conclusions can be drawn from this
figure:

il o Iﬁ a particular photovoltaic system as the storage-load ratio

increases the relative change in ﬁﬁA decreases (i.e., above a



Tahle 5-1

System Parameters (Figure 5-2)

Parameter
Efficiency (Tg = gec)
Temp. vs. Efficiency Coefficient

Thermal Loss Coefficient

Cover Transmittance

Absorptance

Collector Tilt

No Storage Dissipation - Load Ratio

Storage - Load Ratio

Locations

Albuquerque, New Mexico

Ranae
.08 < nRO < :18
.0025/°C < SR-i .004/°C

KW Kl
014 = < U, < .042 +—
-2 0 m2-2C
g8 <t <1
85 <a <]

QDO/QL < 1.2
Be/@L < .5

Ely, Nevada

70

Madison, Wisconsin Nashville, Tennessee



Parameter

VOC

Fo

Table 5-2
Battery Parameters (Figure 5-2)

Definition

open circuit voltage

minimum fractional state
of charge

maximum fractional state
of charge

usable fraction Fc'FD

cells in series

Value

2.18 V

56
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certain capacity the effects of increasing storage are minimal) .

2) When all excess energy can be stored,the ratio ﬁﬁA[ﬁL is
zero while GEO[GL may be non-zero.

3) As the ratio ﬁﬁb/ﬁL becomes large (650/6L> .75) the
larger battery sizes dissipate the same amount of energy.

4) This relationship works well at low storage-load ratios
(1.e. Be/ﬁL is small enough so there is no carryover from day to day)
and not as well at larger ratios. One explanation for this is that
the effects of day-to-day storage (energy) carryover are not included
in this relation.

Using the results of Figure 5-2 the following correlation for
GﬁA/ﬁL has been developed. Defining

XDO

1
L)
~
=

o "L
YDA = GﬁA/QL
then if:
Be/GL= 0.0
YDA - XDO (5-3a)
Be/q, = -25
VDA = .094 - XDO% + .766 - XDO - .12 (5-3b)
Be/ﬁL = .5
YDA = .281 + XDO% + .314 * XDO - .10 (5-3c)
Be/ﬁL = 75

VDA = .576 - ¥p0% - .147 - XDO - .013 (5-3d)
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B,/T - 1.0

VOA = .69 - XD0% - .305 - XDA + .012 (5-3¢)
Be/ﬁL = 3.0

YDA = .686 - XDOZ - .16 - XDO - .147 (5-3f)

The curves generated from equations (5-3a-f) are shown in
Figure 5-3.

The effective battery storage capacity can be estimated as:

Be = vaOCfB (5-4)

where fB is the usable fraction of the battery (often limitations
are put on the battery charge and discharge levels to prolong the

battery 1ifetime).

Once the ﬁuantities ﬁﬁg/ﬁLand Be/ﬁL have been determined,
equations (5-3a-f) can be used to estimate the actual monthly average
daily dissipated energy. Linear interpolation can be used to
calculate values of Gﬁk[ﬁL for other storage-load ratios (i.e.

0 < Be/ﬁL < 3.0).
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It is important to note that equations (5-3 a-f) refer to a
specific battery storage system. The accuracy of these curves for
all types of battery systems has not been examined (altering fB and CS
have been seen to have 1ittle effect on these curves). However,
using TRNSYS and the simulation models described in Chapter 2,
similar relations can be developed for any type of battery storage
system.

The accuracy in determining the actual amount of energy dissipated
will directly effect the accuracy of predictions of overall system
performance. The prediction of overall performance for systems using

battery storage will be discussed in section 5-5.

5.3. Battery Losses - QBL

The internal resistance of a battery (and the losses due to
electrolyte gassing) varies with battery state of charge, voltage
and current. Therefore, it is difficult to formulate a reliable
method to predict the long-term fractional battery losses. The

monthly average fractional battery losses, gy 1S defined as:

@B
fB -1 - ouT (5-5)
L QBN
where ﬁgbUT is the energy sent to the load from the battery.
The battery losses represent a small fraction of the total

energy delivered to the Toad. Therefore,amoderate error in fg



will not have a large effect on the prediction of monthly average
system performance (for example, see section 5-4).

As a guide to choosing a value of fBL, results of the monthly
simulations used to generate Figure 5-1 were examined. In these
simulations, the average value of fBL was .14 with a standard
deviation of + .02. For a specific photovaltaic system, as the
battery capacity increases the fractional battery losses will
generally decrease. This is because the voltage drop
(i.e., internal battery Tosses) between charging and discharging

currents becores smaller as the battery capacity (Q_) incrsases

m
(see equation (2-7) and (2-8)).
Once the fractional battery losses are known,then ﬁgL can be

determined using equation (5-6).

FL

QBL = fBL (.Q—DO - Qﬁf_\) (5'6)

5.4 Example Calculation - System Performance With Battery Storage

The results of the previous example problems (section 3.3, %.3)

and the methods presented in the previous section are used to predict

the monthly average performance of a photovoltaic system with battery

storage (in Madison, Wisconsin during January). The battery cell used

is described by the parameters in Table 2-1 and Table 5-1. The

battery capacity (Q

m) is 100 amp - hrs.
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The effective battery storage can be calculated using equation
(5-4) yielding:

= .46

(wy]
)
~
Jen]
=
p—)
[

BE/GLZ = 23

01
— = .46
L1
o)
0
_—2 = 12
Lo

Using equations (5-3a-d) or Figure 5-2:

Q A/T (ﬁ— /QL = .46, BE/GE

.46)

13

D,/QC (@, /qL = .12, Be/QL

.23) = 0.0

Multiplying these values by the monthly average daily loads:

NﬁﬁA 1.35 'KWH
1

1]

NQDA 0.0

2
The monthly average daily total energy sent to the load is given

by equation (5-7).

g = (ngQg-00,) + (1 ) - (-00) (5-7)

Assuming the fractional battery losses are approximately .14 then:
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NQpp. = 6.2 KWH

1
and NQDELZ = 7.7 KWH
The fraction of the load supplied by the photovoltaic array is:
Q
= DEL (5-8)
Q

and for this example:

61 = .60
fy = -37

The overall system performance has increased significantly in

comparison with the performance of the same system with no storage

(see section 4.3).

As an example of the sensitivity of the results with respect to

changes in fp > if fp were chosen to be .1 (instead of .14) then:
g1 = -61

The error caused by a greater than 25% change in fBL is small

in either case.
5.5 Accuracy of Predictions

Table 5-3 1ists the standard deviation between the ﬁﬁA correlation

(Figure 5-3) and the actual data points (Figure 5-2) used to derive
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these correlations.

Table 5-3
Standard Deviation in Predicting GﬁA/GL (monthly)
Be/GL STD
. o5 .022
.5 .039
D .053
1.0 .052
3.0 .059

The standard deviation increases significantly as the storage-load
ratio increases. Therefore the accuracy in predicting ﬁﬁA is best

at low storage-load ratios (i.e. when the storage-load ratio is small

enough that there is no carryover from day to dayJ. RAISO, the accuracy

of yearly predictions is considerably better than monthly predictions.

This is because the inaccuracies in the ﬁﬁA-corre]ation tend to
balance out when yearly totals are examined. Figure 5-4 shows a
comparison of monthly TRNSYS results and predicted values of the
fraction of the load supplied by a photovoltaic system with battery
storage (for Be/ﬁL < .5). The comparison of yearly results is shown
in Figure 5-5. The monthly fraction by solar is defined by equations
(5-7) and (5-8). The locations and range of parameters for this com-
parison are listed in Table 5-4. The diagonal Tine in either figure

represents perfect agreement between simulation results and predicted
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Tahle 5-4
System Parameters (Figures 5-4 and 5-5)
Parameter Range
Efficiency (TR = 0°C) .08 < ny < .18
6] ‘
Temp. vs. Efficiency Coefficient .0025/°C < Bp < .004/°C
Thermal Loss Coefficient e oy <l
2 a Lo 2 a
m--°C m™-°C
Cover Transmittance .88 <t <1
Absarptance B85 <a<l
Collector Tilt -20° < (p - S) < 20°
No Storage Dissipation - Load Ratio @ﬁb/ﬁL <1.2
Storage - Load Ratio Be/ﬁL < .5
Locations
Seattle, Washington Cape Hatteras, North Carolina

83

Bismarck, Nérth Dakota
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values. The accuracy shown in these figures is quite good. However,
greater accuracy could have been achieved Ey-determfning relations for
other storage-load ratios (i.e. Be/Q = .125, .375). Then linear
interpolation between values of Be/ﬁL would more accurately predict
GﬁA/ﬁL (it can be seen that ﬁﬁA/ﬁL is not a linear function with
respect to BefﬁL, however linear interpolation between closer values of
Be/ﬁL will result in better accuracy in predicting the actual amount

of energy dissipated).




6. CONCLUSIONS
6.1 Summary

The design methods developed in the previous chapters can be
used to determine the monthly average performance of a photovoltaic
system in which

1) A1l energy generated is instantaneously utilizable
(i.e. the load requirements are always greater than the array
output)

2) Energy in excess of the load is

a) dissipated
b) fed back into the utility grid

c) stored for use at another time

The accu%acy of these procedures is shown to be quite good TOF
the range of system parameters examined. In addition the sample
calculations performed in the text demonstrate the simplicity of
these design procedures.

These design methods are combined with FCHART(]S) subroutines
into an interactive computer program for predicting photovoltaic
system performance. This program, upy_DESIGN", can be used to analyze
the system configurations described in section 1-3. In addition,
it is possible to perform economic analyses and array area optimi-
zation. Appendix IV contains sample output and a complete program
1isting.

85
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6.2 Recommendations

The development and utilization of simplified design methods for
analyzing photovoltaic system performance is a relatively new a-proach.
Some suggestions for future research are as follows:

1) Concentrating Arrays - The methods presented in section 3-2
should be generalized so that they can be used to determine the
monthly average efficiency of concentrating photovoltaic arrays.

2) Non-constant Load Distributions - The analyses carried out
in Chapters 4 and 5 are based on a constant load distribution. These
design methods must be altered so to include any load distribution.

3) Battery Storage - A great deal more work must be done to

better understand the behavior of battery storage in photo-

yoltaic systems. A more qeneratized rporeach—is—nesded tn extend the
method presented here to a wider range of systems.

4) Sensitivity Studies - The effects of varying array parameters
and different system component specifications need to be examined.
The effects of various control strategies on system performance is

not well understood.
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APPENDIX I - Photovoltaic Array, Regul ator/Inverter, Battery MOde'IsM)

B
SUBROUTINE TYPEl(TIﬁE:XINaDUT:TvDTDTrPQR:INFU)
REAL ICIK1sR2
- DIRENSION PQR(SS)vXIN(lO):DUT(EO);lNFD(?}
C. THIS COMPONENT SIMULATES THE THERHAL FERFORMANCE OF A
f. FLAT-PLATE SOLAR COLLECTOR USING THE MODEL (EVELOFED BY
E. HOTTELs WHILLIERs ANI BLISS.
C. HE - TOTAL RADIATION INCIDENT ON THE TILTED COLLECTOR SURFACE
C. 8 - SOLAR ENERGY ABSOREEN BY THE SURFACE OF THE ABSORBER
C. - FDR THE CASE OF THE CONCENTRATING FY/THERHAL COLLECTOR
£. GSINC - SULAR ENERGY INCIDENT ON THE ARSURBER
C., au - THE USEFUL ENERGY COLLECTION RATE FER UMIT AREA
C. & - COLLECTOR AREA
C. FP - (F-FRIME) COLLECTOR GEOMETRY EFFICIENCY FACTOR
Co UL - QVERALL EMERGY LOB3 COEFFICIENT
C. TA - AMZIENT TEMPERATURE
C., TIN - INLET FLUID TEMPERATURE
¢, fOUT - DUTLET FLUID TEMFERATURE
£. TH - MEAN FLUID TEMPERATURE
C. FLWRT - COLLECTOR FLUID FLOWRATE
C+ CPF — THERWAL CAPACITANCE OF THE COLLECTOR_FLUIT
f.  TAUALF - THE FRODUCT OF THE TRANSHITTANCE OF THE GLASS
C, NOTE THAT LIFFUSE RADTATION IS TREATED AS IF IT STRIKES THE
C. COLLECTOR SURFACE AT 50 DEGREES. )
%+ AND THE ARSORPTANCE OF THE COLLECTOR PLATE SURFACE.
o _
£, THIS PROGRAH HAS EIGHT WODES OF DPERATION A4S DETERMIMED BY
&, THE VALUE OF MODE.
C. IF ®RODE=1s327 UL AND TAUALF ARE CONSTANTS
E 1F MODE=2s4546,8 UL IS CALCULATED AS A FUNCTION OF%
C, NG - THE MUMBER OF GLASS COVERS
£+ EP _ THE THERMAL EMITTANCE OF THE COLLECTOR FLATE SURFACE
C. UBRE — THE CONTRIEUTION TO UL DUE TO LOTTOM AND EDGE
C. LOSSES (KJ/HR-H2-C)
C. ANBLE - THE TILT dF THE COLLECTOR WITH RESFECT 7O HORIZONTAL
E; WIND - THE WINDSFEED {M/SEC)
E. IF MODE=3:4 TAUALF IS CALCULATED AS A FUNCTION OF%
¢, THETALl - THE ANGLE OF INCILENCE OF RADIATION OM THE COLLECTOR
C. ALF - THE ARSORPTANCE OF THE COLLECTOR PLATE SURFACE (CONSTANT?
C, XKL - PRODUCT OF THE EXTINCTION COEFFICIENT ANT THE
C» THICKNESS OF EACH GLASS COVER
£, REFIND - THE REFRACTIVE INDEX OF THE BLASS
. HET - THE INSTANTANEQUS EEAM RALIATION ON THE COLLECTOUR SURFACE
C. HDT = THE INGTANTANEOUS DIFFUSE RADIATION DN THE COLLECTOR SURFACT
C. '
G IF MOOE=S:4:7:8 A COMBINED (FHOTOVOLTAIC-THERHALD
G+ COLLECTOR 15 SIMULATED
Co» KOGE=3,4 ASSUMES CELLS ARE DFERATED AT PEAK FOWER
Cs MOTE=4s7 ASSUMES THE UQLTAGE OM THE ARRAY IS FIXED EXTERNALL
¥
G+ &R -APERTURE AREA 7O ABRSORKER AREA (BEONETRICAL COMCENTRATIOHN
Ce RATIO) FOR USE IN CONC NTRATING COLLECTORS
Ly FE AFFROFRIATE FIN EFFICIENHCY
Cu UE -RACK L0OSS COEFFICIENT
Lo CE ~THERMAL CONDUCTANCE RETWEEN CELLS ANDI ARSOREER
L UF ~FIL® COEFFICIENT BETWEEN FLUID AND ABSOREER
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TaUlALF=TAUXALF

89

GO TO 71
27 YMG=FARLE)
UL=FAR(7)
¥KL=FAR(B)
BRk = PARLY?
TR = PAR(CLO)
CELLPF = PAR(1L)
HG=XNG
GO T0 78
24 XMG=FARLS)
EF=FAR(7)
UBE=PAR(B)
ANGLE=PAR(?)
YEL=PAR{LIO)
ER = PAR(1L)
TR = PAR{L2)
CELLFF = PAR{1Z)
UL = O
NG=XNG
G0 TO 78
28 1P=MON(HODE-572)+12
AR=PAR(3)
1F (MDDE.GE.7) NFP=1
FE=FARL{S)
UB=FAR(7)
CE=FAR(B)
UF=raR({9)
UF=UF%{1,+FE)}
TF(CB.LT.1.E-5) CALL TYPECK (4 INFO70+050)
TAU=PAR(10) *
TaUALF=TAUXALF
GO TO (?1r715787781?918077?:80)! HODE
79 UT=FARCIL)
go 7O 71 .
af XNG=PAR(11)
EP=PAR(12)
60 70 71
78 COMTINUE .
TAU60=EXP(~1.21453#KNG#KKL)X(1."EXF((QTR(NG)+
(BTR(NE)+ETR€NG)KO;5)*Q.5)X0;5))
C, TaAU&L IS THE TRANSMITTANCE OF THE GLASS COVER SYSTEM AT AH
£, IWHCIDENCE ANGLE OF &0 DEGREESs AS ASSUMED FOR DIFFUSE RADTATION
G, GEE HOTTEL AND WOERTZ
71 COMTIHUE
TIN=XIN{L)
FLURT=XIN(2)
Ta=XIN(3)
TE(MODE.GE.5) G0 TO 710
TC = TR+1./ER
gy = 1,/(TC -_TA)
10 50 TO {31!32!33!34;3513&!37138);ﬁDDE
31 CONTIMUE
UL = PaRLs)
Hr=%IM(4)
ETaR = XIN(S)KCELLFF )
ETaa = ETARX(1.~BR¥(TA - TRY)
gL o= uL - TaUSHREETAAKRA
G0 TO 72
32 HR=XIN(4)
HEND=XENi5)
ETAR = YIM(4)¥CELLFF
ETAf = ETAR® (L., -BER¥(TA = TR
B0 TO 73
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IF(AMG,LT+.5) F = 1.
L=365;;#\1*0"0.0‘SSEiéNuLE+O 0001 298%ANGLEXANGLE)
5TF1=EXTﬁE*((THC—TAE)ffXNh+F YEXD. 33
STFi=XNB/STF1+i.OIHHIND
§TF1=1.0/STF1
STF2=1.DI(EF+Qa051XNG*(1.0~EF3) (2, KYNGHF-1.) /EG-XNG
STF2=§BX(THE#THC+TAC*TAE)#(TﬁC+T #Cy/STF2
OL=(STF1+5TF2) %3, 6+UBE
1F(WODE.GE,S) B0 TO 172
UL = UL - TAUKHRXETAAKEA
UT WILL RE SET ERUAL TO UL FOR MODES & & 8

e

=

UL 1§ CALCULATED USING ™

172 UQLF#QR
AaLF
lE EG{‘D%DF\ HUD
UT#(CQ+UF‘ + LP*UF
JOENDH
JNE.1) GO TO 173
ES UT*(TIN -Te) ) +TIN
¥(TP- TIH]/CB+TF
1,E-5)TCELLR=
1£UT+CB LB##“’(EB%UB)
TCELL=TCELLR
CONTINUE

TEMP=TCELL
IF (MODE.EQ.5,0R . HODE, EQ
CAaLL SULEEL(TEELLR:TEﬁP:bINE;
1ﬁDBE;FARt IE))
*F #PETA*(EB+UrJle
T -4) PRQ

*Tﬁ
=8f

'

173 1

RELATION OF KLEIN

(EQ.BY UT=UL

»6) TEHF= TCELLR

PRyBETAIICIVLIT

EELLh});;xh

5+TQ#(UT¢CB$UB/&CB+U“))}f

ER!NPP?INFB?!HFQR!

UT/¢
72 CONTINUE
IF (FLKR
3 CONTINUE
FR=FLWRTHCFF¥(1
HET = HR¥(1.
1F (MDDE.GE.D? HET=HR

OU = FRY¥(HRTXTA UaLF -

TAA

NS

0

T-1.E-5) 4743

F)

T%
ﬁU#HR%E t(1.nsH#«Fﬁ#f
4)
ETA

10
#fTCELL

F"'iii"_‘-"'-'-i
2 e T

.-

G0 1O 41

PLECTIN - TADD

TIN - Tay + (74

TGELLR}JEAR

EOﬁEXi(—FP#UL*h/iFLNRTiCFFB))/(AXUL)

gaLFEHRT
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ULD = UL + TAUKHRYETAAXEA
NE = TAUXHRXETAAX(ULD - TAUALFRHR¥RA) /UL

(.0
AUALFXHR - QE)/ULD + TA

/24

]
G0 TO 43

)
-5, AN MODE,LE.4)
QE/ ( TAUXHR¥ETARD
G0
i
T

)
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=
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—
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R
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=

1 TO 90¢
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{
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1
+
; P
TH=TCELL

TEMP=TCELL
IF(HDDE.EG.S.UR.HGBE.Eﬂ.é) TEMP=TCELLR

'}

=1
L Q%k%%%gECELLRrTEHP;SINC:FRfBETﬁvIC:U;ITER:HFF;IHFD?:ﬁsﬁRs
T E—S.AND+PRSQUE+LT+1+E—5) G0 TO 800¢
E-5) GO TO 80%
-FRSAVE)/FR).GT.0,03) GO 7O 802
irE 50AND»BETQSOLT&1&E'5} GD TD 801
i,E-5) GO 7O 802
A-B TAS)/RETA)ABT.0,03) Go TO 802

P
F

—r
— o]

o 70
T e ¢

e -
o e o
e P
—] e e

- E

’
4
B
B
f
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S ==l

= I T

HDDE.EG.5+UR.HUHE.EG.7) GO TO 171

%T NUE
ITER.GT.0) GO 70 74

171

200
g7

1091

+1
ER.GT.0) GO T0_73
T,.LE.2) GO TO 73

7!74!97!741?7!74!97:74)!ﬁﬂﬁE

neE~c
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SURROUTINE TYPE35(TyXIN,OUT»Ey DEDT s PAR: INFD)
U MENSTON PARCID) »XINCL1)»QUT(10) s INFOLF)

REAL THCH

DATA NSTR/Z
THIS COMFONMENT SIMULATES THE CERFORMANCE OF A POWER REGULATOR
L (NUERTER, 1T OPERATES IN CUNJUNCTIUN WITH A SOLAR CELL
ARRaty GTORAGE BATTERY, AND LOALD.
¢a = FOWER FROM ARRAY
PO = POWER DEMANDED EY LOAD ‘ o
E0 2 T3 PouER SENT 10 LUAD FROM ARRAY AMD BATTERY»

(0} POWER SENT [0 BATTERY FROH UTILITY

ELMAX = CAPACITY OF INVERTER - EWTERED AS QUTFUT L1MIT, THEN COMVERTE
[MUERTER INPUT (D€ 10 ACY LINIT
AHVER SleR SOPPLIED BY OR _FED BACK TO UTILITY
eh = POWER TO UR FROW SATTERY (F CHARGEs - DISCHARGE)
FENAX PERIN = HAXTMUR THFUT {CHARGE), HLNIHUM OQUTFUT (DISCHARGE)
Cr 2 ALLDWED CHARGE RATE WHEN BATTERS NEARLY FULLY CHARGED
F = FRACTIONAL GTATE OF CHARGE (1,0=FULL LHARGE)
P ECyFE,FACH = LIMITS ON f FOR CHARGINGS I1SCHARGING» BEGINNING
SF B5§E¥§EEE AFTER CHARGEs ANI CHARGLNG FRON UTILITY.
qg:UDT?HERé%ﬁ%EYBATTERT UOLTAGE (CHARGE), MINIMUM VOLTAGE {DISCHARGE)
) = 1
71,72 = TIRES OF DAY BETWEEN WHICH BATTERY SHOULD BE CHARGED A1 RATE
PRCH, SET Ti=T2 IF THIS QFTIOH NOT DESIRED. S
TEEN = RORRENT FOR UTILITY CHARGLHG. (THIS HUST INCLUDE MULT. BY
NMuE BATIERY CELLS IN SERIES AND IN FARALLEL .
FFF1,EFF2,EFF3 = EFFICIENCES OF REGULATOR» INVERTER (UC 1O AC)s AND
TNUERTER (AC T0 L) , o
ARYER TSFULL s NMARK (NCHAR = FLAGS SET FOK SIGN OF PEs FULLY CHARGED
STATE, CONTINUATION OF CHARGING UTILITY CHARGING
S T, NeTk = PREVENT DSCILLATIONS IN CERTAIN CIRCUMSTANCES (SEE

CONMENTS BEFCRE STATEMENT 707

T eI nﬂﬁﬁﬂﬂnﬁ_lﬂ

Telriwly TiE

i
&

3

THE REGULATOR/IMVERTER CAN OPERATE IN ONE OF FOUR MOLDES:S

K00E 0 - #8 E?}E%?ip ARRAY DUTPUT SENT 10 LoaG AND POSSTRLY FEI BACK

MODE 1 -~ EATTERY CHARGE AMR DISCHARGE LIMITED BY F ONLY. DFERATES

_ WITH HOOE 1 OF BATTERY

WODE 2 - CHARGE AND n13CHARGE COMTROLLEL RY F AND Y. ALSD LIMITS
OF FRMAX: PEHING AND FC, U COMFUYED FROW _FR i8N #BOLE 2 OF EA

WODE 3 - AFTER UNREG CONCEFT IM GE REFORT. SHME AS RODDE 2» BUT NOW H
CURRENTS INSTEAD UF POWERS, 'P* REALLY WEANS *[." U CALCULA
FROM IR IN MODES 3 OR 4 OF BATTERY, EQUALS Y UF ARRAY.

SATISFY KIRCHOFF’S LAUW FUR CURRENTS.

b
=

[TERATION REQUIRED 10 SA

o
o

I

b
mTmEoET

) 7),GE.0) 60 TQ 12

i

A0E EQ. 1,08, HODE,EQ.2) INFO(8)=0

O0E.EQ.&) INFO(S)=10 )
{MODE.ER.0) CALL TYFECK {12 INFOr 2
(MONE.EQ.1) CALL TYPECK{1sINFOs
{MOLUE.EQ.2) CALL TYFECK 12 IMFDy
(MORE.EQ.3) CALL TYPECK(Ls INFD.
(MGUE,EQ.Q.UReﬁDDE.ED.iaﬂﬁaﬁDBE

LL TYFECK(4sINFOr0s0+50)

TURHN

NTINUE

T
o

o

K]
]

i 3t 2t i T3

e ian
T

. . HODE,EQ.3) GO TO 10

[ e L

ool 2 v - S R ARLR

1

£
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[ Yo
o
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i G

Ced

JFLHAXKEFF2) FL=-FLMAYXKEFF2/EFF3

(FR),BT.1,E-3) NRIAS=FB/ARS(FE)

g, FI, FCy AND FE AND FOR NGTICK CONDITION (SEE COMMEMTS BEFO
ATT.EQ.1) GO TO 70
LLE . FD,OR NHARK.EQ.1) go (o 29
"GE.FC,OR.NFULL,EQ.1) g0 TO 39
JLT.FE.AND,NBIAS.GE.D) g0 7O 29
POWE
Go |

NI VS, ARRAY POUW ITH BATTERY PARTIALLY CHARGED
JEFE2,6T.FA) GO

(GE
“oLHAX) PL=PLMAX

*
¥

Lo 2

E
Ry W
0 18

Iy I
—
m
2 o
-1t
=
=]
ELbl!
oI

~a )
e o

o
VI
o T
ST
.

—

=il
o

iH

FATED
-t
=]
—

ODE.EQ.1) GO TO &9

IN MODES 2 AND 35 TEST y ys, YC
IF (vg-y .GT, .001) GO 0 35

5L0Y CHARGE
(FR.LE.FC) GO TO &0

PC
GT.PI/EFF2) PL=FD/EFF2
ETEELHQXF FL=FLRAX

40

T T2
<

]

O
1
e -

b e T
1]
I

s

b e
g

3 e T e b T
ne ol
i

]
~ M —™0

e o0

5 AND 35 TEST PR VS, FEMAX
B.LE,PRHAX) GO TO &0

Ced TS
=3
=

— 3

in
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FLMAX
FEHIN

FLHAX
LE,0.) GO TD 31

G0 10 36
TEST PR VS, FRHIN

F2,6T.FAY GO TO 50

-

JPLHAX) PL

JPLMAX) FL
“Ea

PLO/EF

LT.FEMIN) FE

7%

Tgl'E‘Ej
I"L-Fﬁ LI

e

P DO T o == P
Cdod— e 0.
PO T N TR TR TR (R
%ﬂ.)\l)L).]H,a}\-}.}L\I&))
C-drey O _h..u_unl..t.:,d.u-l.ﬂ._._.u...-u

T e e et St e

2 AND 3

1
ODE.EQ.1) GO TO &0

EGHENTS

PEMAX
M0t 10 SEE IF WE CAME FROM TOTAL CHARGE OR PARTIAL
FI/EFF
FA-PL
(FL,GT

X Pl B Jos 2
Lt L, i, S O

IF (PD/EF

FPE=0.
FL
IF (FL.GT

PR
GO TO 40

NFULL
50 70 40
DISCHARGE
FL
IF (P,

C
£ TEST DEMAND VS. ARRAY POWER, WITH BAVTERY FULLY CHARGED
IN MODES

39
50
»
¢
40

G

{

=FL

guT(3)

-

e et S s S

| TR T Wi o o .2 2
T i e 0 5

A/EFF1KVX3. 4

TR TR LR L L

s fpman { S o s
ﬁuﬂﬁﬂﬂiUmUT;Unun
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SUBROUTINE TTPEEO(TyXIN;UUTerBQHTvPﬁR;INFD)

NIMENSLON PﬁR(B);XIM(l):ﬂUT(ll)sﬂ(il;ﬁﬂﬂ{él?slﬂFﬂ(?)
REAL IGrﬁC;ﬁthlsIlvIGHﬁKyIQHIN;ICslEl:ICTUL

DaTA ESCiE.Eﬁ!!ESH/Z.lO/rGCf«OB!!Gﬁ/+08irﬁﬁ/.864irﬁﬁil+f
UATA EQ/1.8/RI/2,4E=3/VUC/2, 4/

TATA L1/2.5/9K1/29.3/

'HIS COMFONENT SIMULATES THE PERFORMANCE OF A LEAL-ACID

HODE 4 - SHEPHERD MODEL» BUT WITH P AND Y CALCULATED FROM i@, THIS
AHD HOOE T ARE CLAMPED-VOLTAGE WUDES.
KOLDE 5 - SAME AS HODE 4» BUT USING HYMAM MODEL

c

C

G STORAGE RATTERY. LT IS UESIGNED T OFERATE IN CUNJUNCTEON

E WITH & SOLAR CELL ARRAY AMD REGULATOR.

B 0 = STATE OF CHARGE (MDDE 1 - WATT HRSs MODES 25324 - AHP HRSD

o QM = RATED CAFACITY gr CELL

= RC,Q0 = CAPACITY PARAHETERS ON CHARGE. LISCHARGE

[ F = FRACTIONAL STATE OF CHARGE = Q/UHM (1,0 15 FULL CHARGE)

5 CEs05 = MUMBER OF CELLS IM FARALLELs SERIES )

[ P o= POMER (THE 3.6 FACTOR CONVERYS KJ/HR 10 WATYS UOH INEUT AND VICE

C o QUTRUT)

C 1 = CURRENT

E ﬁﬁﬁﬁéaiﬁﬁlg = MAXIHUM CURRENT (CHARGE) s MINIHUM CURRENT (DISCHARGE?
= Ho

§  UC.1C = CUTOFF VOLTABE ON CHARGE. CURRENT CORRESFONDING 10 VC

C IETOL Y T0L = PARAMETERS FOR ITERATIVE CALCULATIONS, MODES 3 aHd 5

C yn = CUTOFF YOLTAGE ON DISCHARGE

G ENsRD = DATA USED 0 CALCULATE VD

C Yol = DIORE YOLTAGE FROM Z-F WOLEL. USED IM MODE 4 oMLY

£ Uit = OPEN CIRCULT YOLTABE AT FULL CHARGE

& ESC,ESDH = EXTRAFOLATED OFEN CIRCUIT VUOLTAGES

i BC,50 = COEFFICIENTS OF (1-F)YIN Y FORMULAS

E  RSbyRSD = INTERNAL RESISTANCES AT FULL CHARGE. ) 1

C MCsMD = CELL TYFE rARAMETERS WHICH DETERMINE THE SHAFES OF THE

E 1-U-0 CHARACTERISTICS

s

 TWE BATTERY CAN_OPERATE TN ONE U TIVE MOHESH o —

C MOODE 1 - OISCHARGE RATE I8 DETERMINED BY 4 FOWER EFFICIENCY FACTOR

C MODE 2 - THE I-V-Q FORMULA IS EASED UFON THE SHEFHERD HODEL» WITH

£ 10 AND V CALCULATED EROM P, MODES 2 AND 3 ARE PEAK-POMER MODES.

G LR ANT U CONE s WQDE 3, BUT USING MODEL KECOMHENRED 1N THE HEST

£ REPOKT (THE HYMAN MooeL). IT IS THE SHEFHERD MOQDEL MODIFIED BY

C THE ADDITION OF A ZIHHERMAN-FETERSEN D10LE 1IN BOTH THE CHARGE AMD

E QTSCHARGE EQUIVALENT CIRCULYS,

C

C

B

IF_(INFD(?)eGE.ﬁ) GG TO 20

INFO(91=1

MOOE=FARIL)

THFO(EY=11

1F (MODE.EQ.1) INFO{E)=4 .

IF (ﬁﬂﬂtetu*l) caLL TYPECR(l!INFU!l!Si'l)

IF (MONE.EG.2 +OR HUEE.EQ+4) call TYFECK(Ls INFOsL1s7 =10
IF (MOLE.EQ.3 OR. ROLE Ed.9) CALL TYPECh(l!INFU!l!E!‘l)
IF (MODE.GE.1 LANT, MODOE.LE.3) GO 70 70

CaLL [YEECK{4s INFOsQ20+s0)

SETURM

HOER=INFQL{S)

IF {(NIER.EQ.1) G0 TQ 80

CaLL TYPtCREﬁ;INPﬂsQ;Q!Q)

HETURMN

COMTIHUE
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¢ SET FARAMETERS.

AM=FARLZ)
CP=FaRCI)
£G=FAR(4)
EFF=FAR(D)
1F (MODE,EQ.1) GO T0 %0
TaHAX=FAR(S)
TAKIM=FAR(T) ]
IF (MODE.NE.3 .AND. MOUE.NE.5) B0 TO g2
ICTOL=FAR(S?
ga QC=-,035%8M
AU=0K/ .85
R5C=3. /QH
. RSO=.5/0H
a0 CONTINUE
YF (MODE.GE.4) GO TO 38
F=XINCL)
F=F/3,4/(CF¥CH)
G0 (0 89
a2g [G=XINCL)
1Q=1G/CF
%? 1f (MODE.BE.2) GO TO 100G
& Mane 1
IF \PtLEth} UQDT'::L):F‘
TF (F,uT.0:) TGOT (1 }=PXEFF
i GO TO 120
100 COMTINUE
F=0¢1)/0H .
H=1y"F
5 G0 TO (1209101796!97)110)! MODE
o —GOMTINUE
C WOLE 2 ’
IC=(UC-ESC+BC#H)5RSC!(1++HC¥HX(GC/QH-H))
IF (ABS(P)GT+1.E=3) BooT0 92
UpDC=(ESCHESD) /2,
y=y0¢ - (GUHGIDAH/Z.
n=p/Y
GO TO 93
92 IF (F.LT.0.) GO TO 93
ﬁ=ﬂSE*(1.+ﬁCXH!(GE/EH—H)}
E=ESC-GC4H
G0 70 74
23 A=RSB-(1.+HU$H!iGﬁfﬂﬁ'H))
R=ES(-GLo%H
94 C=-P
TR=(-B+50RT {BXX2 - 4¢$E*C})i(2.*ﬁ)
1F (IQ.GT.[GHAX) 10=TUKlAX
TF (I0.LT.IQHIND 10=T0HIN
=g + [03%4
%FU£U+LE.UC) GO 70 21
16=1IC
21 E=TO%Y
95 IF {IQ.LE+0Q.) DanT(i)=I0
IF (L6610 DALY (1y=TQ%EFF
UﬁIH=ESH-GB#H+IGﬁIN*RSB*i1»+ﬁB#HH(QBIRﬁ‘H)}
UHﬁX=tSE-GE*H+£DHﬁX*RSEX(1*+ﬁC¥HI(UE/GH-H})
c Go TO 120

24 CONTINUE
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IF (ABS(IC1-IC)
a=LC

135 V=il
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ESH-GH#H+IQHIN¥RSD*(1.+MD$H/(GD!GH-H))

0%y
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APPENDIX II

KRR AR KRR

M WILL CALCULATE VALUES OF V %

OF KTRAR BETWEEN
fSESseee sty

XAER

A\

LA -3

P o ot "R it ]

T

O e
[ N e Rt i)
(]

e s

[P O e 1
3 | e | LAETS e pate e

salerlgue]
Ny Y

- —
oy 0

(D] gl ARt B
ol |

Pa o —

o et LA
M T
P e SO0

e o [ oo

o ol o

| a Sja @
~d e

[

~0 - L1

iy e R |

+3 AND .7 X
KERRRIORK R KR HK

SQR(100: 3}
0025)sRHT(100+3)

MTHsRHO,SC2G0 s WSFR

HS \
ER OF BINS IS SET TO 30 DAYS
NI REFLECTANCE RHO IS SET ERUAL TO 0.2
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LY e LT LELE
Qt - - -

e S A

[

478

TR LS B~ A ] o L

oo opE BN

e Z
= L e LTI

Q ' NEI

il

YRT(JsRTI=P/
FIT OF THE

v (19770
ITINUE

T
Zemi

NS

Cl+E2#F+CSXP*P+E4*P*#3+ESXP#¥4)
LIU AND JORDAN DISTRIBUTION CURVES I5 FROM

1
E,'LONG-TERN AVERAGE PERFORHAN
%INGS OF THE AMERICAM SECTION

F34-6

READ(-s=) LDELT

k
THE TIMESTEF DELT 13 SET 10 0,25

DELT=0.23

READ(=y=3 AZNTH
THE AZMITH ANGLE 1S SET EQUAL TO ZERO

AZMTH=0.0
READ(-1-) ALA
3l=0,

FORMAT(//53
00 30 MN=1.12

TsSLOFE

CE PREDICTIONS FOR CFC'8%»
OF I.8+E.5.70RLANDD

LAT;AIHTH;RHD:SC;AﬂﬁFsﬂERF:CDRF
CALCULATED FOR KTHAR BETWEEN »3 AND L7



A0

TY=S0R (HNsKT)XLELT
ZoQR (MNsKT) /DATLY (MNsKT)R%2
Ty=5QR KN KT) /DAILY (HNsKT)

~) MNsV(MMsRT)
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C LR RO RO R K
C A USE THIS PROGRAM 10 CALCULATE HOURLY X
C X  RADIATION ON A TILTED SURFACE %
€ AP T T e s Ee P EL RS SR R R

SUBROUTINE ORDCXKT HN7HR)

DIMENSION DAYS(12)

C. THIS ROUTINE WILL ESTIMATE THE BEAM,DIEFUSE AND TOTAL RADIATION
C. THIS RERIZQNTAL AND TILTED SURFACE FROM IME DALY TOTAL
C* RADTATION ON A HORIZONTAL SURFACE USING THE RELATIONSHIFS OF
C VU AND JORDAN.  GOLAR ENERGY [V-3» 1960
i
G, ALAT - THE LATITUDE
G+ O[BPg - THE SLOPE OF THE COLLECTOR SURFACE WITH RESFECT TO
Bs THE HORIZONTAL
Ge AzHTH - THE AZIHUTH OR ORIENTATION ANGLE
ke QAYi - THE DAY AT WHICH SIHULATION 13 STARTED (USED TO
Gy CALCULATE THE SOLAR DECLINATION)
&' ¢ - THE SOLAR CONSTANT
E*  RHo - THE_GROUND REFLECTIVITY
G+ TOET - AN INTEGER OF VALUE 1,2,3 OR FOUR WHICH DETERMINES
C. e "MANNER IN WHICH DIFFUSE RADIATION 1S 70 EE TREATEL
€,
L' [gPT=1 THE SINGLE INPUT (XIN(1)) 15 THE TOLAL RADTATION ON A
£ Lo SONTAL SURFACE. 1T WILL BE TREATED AS IF IT WERE
C. ALL BEAM RALIATION
E' 1gpT=2  THE SINGLE INFUT (XIN(1)) 18 THE TOTAL RADIATION ON A
C. Lo S ONTAL SURFACE. THE EEAM AND DIFFUSE RADIATION

COMPONENTS WILL BE CALCULATED FROM RELATIONSHIPS GIVEN
IN LIU AND JORDAN (SOLAR ENERGY IV-2 1960

760)
THE DIFFUSE COMPOMENT I8 TAKEN TO BE UNIFORMILY DISTRIBUTED
I0FT=3 SIMILAR TO _IO0PT=L EALEE] P T T HE IR EE COMRONENT s T8

LIU AND JORDAN. 1IN ADDITION, THE COMTRIBUTION FOR
GROUND REFLECTANCE IS INCLUDED., (SEE LIU AND JORDANY

DTHENSION HR(400}
COMMON /MT/ DELT

¢

C.

C, ; ;

c: SIHTLAR T8 [URY ™A FACTOR (1+COS(SLOPE))/2 A8 GIVEN IN
C.

c.

COMMON /DT/ SLDFErﬁLATréZHTH:RHUrSC:HSSrGO;NSFR
: COMMON /DRF/ ADRF s BORF s CORF
= BATA BCALE/41.868!1FIUNINEO+555555555355519REFINDKI.526/
e DATA IUNITKO/sRDEDNU!G.Q174533/:FI!3*1415?27I
L NATA HﬁYS/l?e?47t!?5o!105r!1351!1624!198&!Ezgi!258»!288+9

1 318,:344./

G
Co
I0FT=3
HINC=0,23
INELT=1,001/DELT
COSLAT=COS(ALATXRICONY)
SINLAT=SIN(ALATXRICONV)
TANLAT=SINLAT/COSLAT
POEAZM=COS (AZHTHXRICONY)
SINAZM=SINCAZHTHERDCONY)
FSSLP=COS(SLOFEXRDICONY)
STNGLF=SIN(SLOPEXRDCONY)
ko={1,0+COSSLE}/2.
RE=(1,0-COSSLP)/2,0%RHO
DAaY=DAYS (HN)
EECL=23+45¥SIH((284.+DAY)!365+*PI*2.)



CDSEEE=CGS(UEEL¥RUEUHU)

SINBEC=SIN(UECL#RDEDNU)

TANDEC=SINDEC/COSDEC
=1;0+0.033*508(2.0*FI#U§Y/365.)

EC
g, ECC IS THE ECCENTRICITY CORRECTION FACTOR FOR THE SOLAR CONSTANT

SHR=ACOS (~TANDECKTANLAT)
USE=ﬁCDS(-ThN(iﬁLhT‘SLUFE)#RBEDNU)*TQNBEC)
WSFR=MIN(SHRWS2)

SINSHR=8IN(

COSSHR=COS(
4=0,40940,
B=0,4609=0,

C. GSHR IS THE SUNS

HGE=24,0/FIXGHR

S5R55=H55/2.0-HIN
WSRE5=SRS8*¥F1/12,

CBSTZ=QDSLAT¥CDSDEC*CDS(HSRSS)+SINLQT$SINBEE

EDSTT=SINDEC¥SINLRT#CUSSLP-SINDEC*EDSLQT*SINSLP#CDEQZH

i +EDSDECXEDSLQTKEUSSLP*CDS(HERSS)+CDSDEC*SINLAT
2 #SINSLP#CUS#ZH*EUS{USRSS)+CUSDEC*SINSLP*SINAZH*SIN(HSRSS)
RESS=COSTT/COSTZ
IF (RRSS.LE.0.00) RESS5=0.0
£, H3S IS THE HOURS ERON SUNRISE TO SUNSET
GO=24.0IPI*EEC*SC*(EUSLﬁT#CGSBEC*SINSHR+SHR*
C., G0 1§ THE DAILY EXTERRESTRIAL RADIATION ON A H
GT=BOXXKT
¢, XKT 1§ THE DAILY CLOUDINESS INDEX
'IF(XKT-GI,0.75) G50 T0 933 .
[RD=1.00 +0434?¥XHT-3+5227$XKT*$2+2.6313*XRT$*3

4
a5 DRD=0.14
4 N

I

IF (DR
THIS FUNCT
GO=DROXGT

SINL
ORIZ

I=1,90
B QAILY DIFFUSE RATIO 15 DUE 10 BRUND

Les
0. GI IS THE DAILY DIFFUSE RﬁDIQTIUN_Uﬂ_ﬁ_HﬁRi%9ﬂ4ﬁ£ SUREALE
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G+
TILO0P=24%IL0ELT
0o 17 K=1,IL00F
HR(KI=0,
TCHK=IQBS(ILGUP/E‘K)*UELT
IF {TCHK.GT.HS88/2.) GO TQ 17
CUSHR=CDS((K“ILUBF/2)* E.Q$DELT*RHCHHU)
SINHR=EIN((K-ILDGPfﬂ)*1540*BELT#RQEUNU3
HU=GB*PI!E4.0*(EUSHR-CQSSHR)/(SINEHR—SHR*CUSSHR)
RUIF=HD/GD
RQTID=RDIF¥(Q+FKEDSHR)
1F {(HDL,LE+0.90) HI=0,:90
C, HO IS THE AVERAGE (HOURLY) ONIFFUSE RADIATION O A HORIZONTAL
E+ SURFACE (LIU AND JORTIAN'S RELATIONSHIF)
HT=GT4RATIO
1F (HT.BT.0.0) GD 10 402
HT=0.0
HR{E)=0,.0
50 1D 17
502 ONTIHUE

£h
HO=AMINL (HDSHT)
T HTH%SR¥HEIHDURLY TOTAL RADIATION ON A HORIZONTAL SURFACE
i=HT-HI
IF (HE.LE,0.0) HE=0.0 '
G HBqung% HOURLY BEAM RADIATION ON A HORIZOWTAL SURF4CE
RE=RE



(TCHK,BT.SRS8) GO Td
IME OF DAY IS NOT WITH
GSTZ=EUSLQT¥EDSBEC#CDSH
A

IF 511

T IN
R+SINLATXSINIEC

N5TZ.LE.0,0) GO 10 51t

5" THE COSINE OF THE ANGLE OF BEAN RADIATION INCILENT

RIZONTAL SURFACE '

STT=SINDEC*SINLAT*CDSSLP—SINDEC*CDSLAT*SI
+CDSUEC&CDSLAT#EHSSLP*CDSHR+CDSUEC*SINLﬁT
SINSL *CDSAZH*CDSHR+EDSUEE*SINSLP*SIN#ZH*BINHR

HE COSINE OF THE ANGLE OF INCIDENT RADIATION
(THETA) ON THE TILTED SURFACE

STZ
0,0
52r

H
MSLFXCOSAZH

y RE=RESS
53) ¢ I0PT

ATION IS TREATED AS IF IT WERE ALL BEAH
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?INC HOURS OF SUNRISE OR SUNSET: RB=RES
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CODE UARIABLE LESCRIFTION UALUE UNITS
1 MO STOR.=1sUTL FDHK=2rSTUR-=3:dﬂT.3UTL-=4 2.000
2 REFERENCE ESFICIENCT AT 1 SUMsTA=0 DEB. C. 120
3 TEMPERATURE US. EFF aR. (.004 FOR sil) +004
4 CDLLE{:TDR AREA‘OIIOiDOO|0‘00t00-00&!!00t00|0- 10000 ﬁ:
5 Tau-aLPHA eRODUCT (HORMA INCIDENCED .. W30 )
3 AUERF‘GE QL oicr-oro-voutooqo_‘o!-'l_oono'-ooooqo -020 ?\UJ"C"H-#':’.
5 INCITENCE AHGLE MODIFIER (ZERQ IF NOT avall. 2 G0
§ NUMRER OF TRANSFARENT COVERSserrreseennonntes +000
.? CQL‘-ECTDR SLUPEOOvofo:»ootoovvpu.ocvttuov-“tl "3!130 E‘EGREES
10 AZIHUTH ANGLE (E.G. SOUTH=O» WEST=90) s nsnonrs , 000 DEBREES
11 EFFZCTIVE STORAGE CAFACITY vavavvovonarssasesy 153 KM
l: CDNSTANT LQRD-.HH..on-...-...-;.--.-..un 1-33& '\HH;'I‘AY
13 FRACTIONAL BATTERY LOSEES s rsvssssonrroranes «130
14 QVERALL SYSTEH E?FICIENCY(EIST.!REG.!BCIQC).. 990
1T BATTERY CHARGING EFETCIEHEY sosnnsrosnossnnss 1.000
16 UTILITY fumaCK/UTILITY COSTS FRICE RATID» .o 1,000
17 CIT\T’ CALLHUHBEROOQtttotbooounvo-t.t---tlora- 30000
19 TLECTRICAL eRINT OUT BY MONTR=1r BY YEAR=Z... L.QOO
19 L'-Qfmhlc HHQLYSIE i YEB=1T ND'-'Elbvll!'l!tI'C! '.tUQO
_TYPE IN CODE NUMEER AND NEW UALUE
s
1UHQT 1§ THE COLLECTOR MOUULE SIZE(FT2 OR H2:7
HADTISON Wl  43.13 '
CXAKELECTRIC ANALYSIS_ DESIGN HETHORX¥X ) i
TIME PERCENT INCIDENT TOTAL EFFMAX  ELE Le¢ ELEC ~ BATT ELED HQE;:NT
SOLAR SOLAR  LOAL HAX SUFF  DUMF (BE=0) L0SS  DUNWF TEHF
(KWH)  (KWH) {RWH) (KWH) (KU (RUWHY  (KEH)D (CJ
AN S7.6 7.52401 1.04+01 134 7,72400 4.00+00 §,57+0% $.92-01 122400 =2.0
FzR 8. 9,45+01  7.41+00 L110 9044400 £, 48400 5.1240C §,54=01 2.42¢00 =6.0
et a =02 1. 04+01  ~108 1.3840) 3,15+00 9,59+00 7.05-01 4.39+00 -2l
aFR 7943 1,38+02 1.01+01 .1b. 00008 18400 £.52-01 4.07:00 §.C
HAY  34.3  L.85%02 1,04401 .099 1,47401 g,78+00 9.92+00 7.18=03 De TV e
JUN - 26.2 1,70+02  1.01+01 ,096 1.47+01 §,50+0C 9.92400 5.95=01 3.2584€9 26.0
JL 8é.4 1,82402 1.04%01 '095 1.54+01 §.00+00 1,07+01 7.25=01 £.84+00 22.0
AUG  B4.4 1,77402 1.04+01 1095 1,53+01 B.79+00 1.04+01 7.24=01 5.,77+00 2.0
ezr  78.% 1,44+02 1.01+91 098 1,327401 2.92+00 8.37+00 4.54=01 4,14%00 1748
ocT  &8.0 1,07+02  1.04%0% , 104 1,00401 708400 §.31+'0 50830 2.36%00 9.0
NOU  S3.8 &.87%0L 1,01401 110 4,59+00 5.43+00 3,68+00 4,37=01 7eai=03 2.9
DEC  47.8 5,53401  1.04401 114 5.47+00 3,98400 2,95400 3.99-01 2.74-01 =4.,0
YERR  FRACT  SOLAR QLoAl QHAX QLE! afitMe (3E=07 BATLOSS Qo{ACTUAL
YR 72,8 1.532403 {,33402  1.29%02 8.93+01  9.13+C1 3,37500 4,22401
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IF(LOFKZ NE,1,AND, LOPNZ.HNE,2) NERR(2G)=2

EF(QHEGST*LT+0+) ﬁhRR(::i=2

IF(EEBST-LT#Q&) NERR{(Z241=2
3 TRET=0

oo o5 d=1+24

IGG=HERR(J)

GO TO(&23)+IG0
3 MRITE(LUW,S25) J

IRET=1
& CORTIRUE

JFOIRETLEQ. 1Y RETURRN
C..FETCH DATA FOR THE DESIRED LOCATICH.

IFILE=0

I5TYRE=1

CALL CYREADCICCMNyICITYsXLATTI»IERRsIFILE)

CALL DATAINCICCNsIFILEsHsISTYPE?

CALL DATAIMCICCN IFILE:TAHE,32
C..SET COMSTAMTS FOR 8.1. UNITS,

SCOMY=1,/3600,

TH=1.

Ta=0,

ALUHV=1.,

0. PRINT ELECTRIC OUTPUT HEADINMG OF LOCATION AND LATITUDE,

7 WRITE(LUW-S15) (ICITY(J)sd=1s8) e XLATII
oD 7 J=i,12
RE(J)=REBAR{JsXLATTI»SLOFE AZHTHH(JY s RHOL (J)sHGrAIH TARST s
1XRTL D sRICIISRT OIS UEC D P WER () » TAUGD DD

S()=H(J)RRELD)

S{J)=5{Jy%SCONYV ~
©,.,ISTYRE=t FOR HORIZONTAL SOLAR DATA, 2 FOR €0 LLECTUR SURFACE DATA.
C..TARAT IS THE RATID OF THE AVERAGE TRANSHITTAHCE-ARSORFTANCE
C,.FROGUCT TO THAT AT MNORHAL INLIUENC:

RBH=R1(J)H(H5F\J7#1.J45$‘h AV H1-1 S48RXRT (I ) RUS ()

AA=15. 197 XET{J kk2-12, 347¥XKT () +1, 904

BBE("ﬁo\.‘.ﬁil:ﬁﬁf\i R & e .L;.i;.a.}mfﬁl\lhdll.h:t\zl:\’?}

CC=(2,84744ART ! J)ﬁ* FL,SA2EAKT{J3-0,732)

TAMBL) =TARB()XTH+TA

U= h¥RBURE2+REXREBUACE

CEFRAY(JI=TMRR{1-BR/ULXS( ) XTARATKFTA/DAYS (JYEM-BRATAHBC) ?

QUL Jr=XLDkDAYSL.1)

7 CONTIHUE
C,. USE GOLDEN SECTION SEARCH TO FIND OFTIMUM COLLECTOR AREA.

IOFMUK=0

TE(LOFMZ,EQ.2) 10FHUM=1

ARE&=AC

TF{IECON.EQ.2,0R.LOFPNZ.ER.2Y GO TO 15

BOUNDL=0.

JEL=1 _

TFORLATTILLT O, JRL=7

BOUND?=3, 3¥XLD/EFFHAX (JRKL)/STJKLY

GOLD=(8RRT(Z.)-1,1/2,

REGION=ROUND2-BOUNDI

TCOUMT=1

AREA=ROUND2-REGIONYGOLD

G0 To 13
10 ACOLD=AREA

FUOLI=FU

AREA=BOUNDI+REGIONSGOLD

ICOUNY=2

co TO 13
ii TF(RDMEW, BT, ACOLIY GO 7O 14

AREA=RONEW+REGIONXGILLE

G070 S
14 AREA=EDNEM-REGIDHEGOLD
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18 TRTLYR=0.
QUYR=0,
IF(IOFMUM.NE. 1, ORLOFMZ.EQ, GO 1O 17 .

%;;GPTIHIEE ON AH AREA WHICH IS AN THTEGER MULTIPLE OF COLLECTOR HODULE 3

LT :
FAMELS=AREA/DELTAL
TFANEL=TFIZ(FANELS)
IF(PQNELS+GT.iFLGQT(IFﬁ4EL)+,J))IFA NEL=TFANEL+1
AREA=DELTACKXFLOAT (IFANEL

17 CONTINUE
g 25 J=1,12

C THIS SECTIOM INCLUDES ALL AREA DEFEMDENT CALCULATIDNE
AMAY (I =EFFHAY ()Y RAREARS (1 40AYS () RTAablCJ XACDD
CRITOII=00L())/(AREAREFFHAX () XACHCH24%TAU(JIRDAYE(U))
FHICJ)=PHIRARCIyXKT(J) s RICH sRTOIIyHOI) o REBCI )2 XCCJ2H»CRITIY)
DO () =PRI XS HAREASEFFHAX (LI XDAYS (LY ¥ACDICRTAUCS?
TFL{An0iJy.LT..01 QUGIIY=0.0
GO TOC300-310:320,320),800EL

304 AUMONL Jy={0HaX(JI-QR0(d5 )

EXTRA=D,0

TE(QUAONC S 8T.Q0L{J) ) EXTRA=QDHONII}-QTL{DD
IFCANMONCSY . GT.OGRL{S Yy QDHON(D)= GDL(J)
FOLi=0DHON(J) /(0L

QUYR=QDOMCN ) +RUYR

HOA( L =00 () +EXTRA

GO T0Q 25

314 GUHOM( Ly =({GRAX{ D -QT0(dr )}

IF(QDMONCJ LT.Q0LCJ3) 60 TO 315
QEAC=-Q00( = ADRMONCD) -QRL (I3
GUOMONS Jy=0LL(5H

(O TO 317

15 GhAa{J)==-8D0C.1)

317 GUYR=QUTRIAIKOM{ D
QOOUYR=ABRS(ODAL D IXCPALROXRON L) +ADBUYR
FO=0DRONCSY A CGRL{d) )

G0 D _": :

229 IF(GDC J‘ LT..G1) GO TO 3
ALA QDOfJ‘f RLRLCA))

BE=STOR/XLT
QAL )= QUACT1(X0ABEIXQDLLJ)

J2d TFIGDOLLY LT 01y BRACII=G.0
IF’GWA’J}.LTQ.OGI) RoacJi=0.,0
IF(GBA\JJ.3T+D[0(J)) QoAacJy=a000.01)

OULOSS( ) =FERCK(ANO{I)-Q0ACI) YREFFEAT o
PWHBH{JJ=((QH#ﬁEJ}—GDG(J)}+((uIO(J}—QDﬁfJ\)#EFFEHT;-H BS54}
IF(QNHAONCdY LT, A0LCJYY GO 7O 325
QUACI) =QDA(I T HCRDNANCD ) ~QULCJ))
QOMON( J)=00L {02
225 Fody=OQDMONCI 7 CRRLCD)
AUYR=QUYRFRDNONCI)
GROUYR=ARS{QDA{J) ) ACPA+QIHMOMC J ) +QRAUYR
IF(HODEL.EG.4) QDALJ=-QOAC]S

L CONTIMUE
TOTLYR=XLOX3I&S
DFAREA=AREA
FYR=UYR/TOTLYR
ARGINY=AREAKADCOSTHCCAST
TE(IOPMUM.EQ. L ALISTL4:=AREA
IF(IECON,EQ.2,.0R, I0FMUK.EQ.LY60 TO 33

C,.CALL ECOH TO EVALUATE ECONOMICS OF PROJECT WITH CURRENT COLLECTOR AREA
CaLl ECON(IOFMUM,¥LIST,ORGINV+TOTLYRFYR,FWSOL,IERR:IW)
IF(IERR.EQG.1) RETURY
FU=FWSOL
PECICOUNT.EG.1y GO TR 14G
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REGIOWN=REGIONRGOLT
TF(REGIGM.LT,1.0) IOFHUM=1
RimeUd=nREA

IFCFPWOLD, LT FEy GO TO 11

RONEW=ACOLD
ACDLD=AREA
FUGLD=FU
. GO T0 11
C. PRINT OUT tLELTFIC AMALYSIS RESULTS
a5 WRITE(LUW 5207
HRITE'LLH!JOO)
IF (IU.EQ.1) WRITE(LUW.30GL)
SOLYR=0.
AMAXYR=0.
AL3YR=D.
ROAYR=0,
AUOTR=0,
ODAYR=0.
GOMYR=D,
TYR=0
g 40 Jd=1.12
S{y=S{)¥0OFAREAXDAYS(J}
SOLYR=S0LYR+5{J}
QUAYR=QDAYR+QDA( 0}
AOMYR=00AYR+ODRON )
hﬁa%kﬁnaﬁﬁifR*QHAXxJ
GLEYR=GLSYR+ALOSS (D)
AnGYR=QD0Y Q+u&0\J
kt3}=FiJ;*b
IF(IFRT.EQ.2) GD TO 40
WEITECLUN 505 MONTHLCJ s Fid)2SC ) s QDL sEFFHAXLIY yORAKII)
1QDHONC L) s QOO{J) s QLOSE () y QRACI) » TAHE(I)
an CONTINUE
TYR=TOTLYR
FYR=FYRX100Q,
BRITE (LU »520)
WRTTE(CUWS510) YEARSFYRSOLYR:TYR»QHAXYRQDMYRQLOYR,OLSYRsQIAYR
IF(IECON.EQ,2) GO TO 45
FYR=FYRA100.
G,.CaLL ECON OME LAST TIME FOR PRIMT QUT ) ~
ggbL E'EH IOFRUMYLIST ORGINY s TOTLYRFYRPWSCGL s IERR - IU
45 OMTINY
500 FORMATCY TIME PERCENT IMCIDEMT TOTAL EFFHAX ELEC ELEE ELEC
1 _BATT ELED AMBIENT "5/ ~
18%s'SOLAR SOLAR LOAD MAx SUFF DUMP{RE=0) LOSS
) 1 DUMF TEMF ¥
=201 FORMAT (17X iRKHY (KWK {KUWH) (RWHY  (RWH? CRWH D
TRWH (L
545 FORMAT(2XsA3F7, 11 1PELQ, 2y 1PEG, 22 GPFA,3sS(IPER, 212X, 0FF4&. 1)
519 FORMAT(2XsAZsF7, 15 IFELQ 298 C(LXy1FET. 2}
515 FORMATI{1X:6a3,F8.2}
8520 FORMATC(/»° ¥%¥XELECTRIC AMALYSIS DESIGN METHODH¥')
525 TORMAT( THE YaLUE OF FARAMETER #7.[4
17 15 QUT OF RAMGE. ")
2720 FORMAT(2Xs "YEAR FRACT SOLAR QLOAD BHax QoeEL RoUM
IF(RE=0) RATLOEE GLRIACTUALY "3
RETURHN
FUNCTION QDACTL{xD4A-RE)
LIMEMSTON Y{&)sB{S)
T{1)=%D3
il Téi?=.i?:7=xDA$$2++?5é#XBA—.12
ig YeZr=,281%XTA%R2+ . 3144X0A-.1
& Tid)=, 87 6RKDARRE-, 1474(TA-,013
14 Y5 =, 4F%X0AK%2 -, 305%XD .01“
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of the FCHART\'®)progran,




1.

127

BIBLIOGRAPHY

P. F. Pittman, "Conceptual Design and Systems Analysis of Photo-

voltaic Power Systems", Westinghouse Electric Corp., Pittsburgh,
PA, 1977.

A. Kirpich, "Conceptual Design and Systems Analysis of Photovoltaic
Power Systems", General Electric Co., Philadelphia, PA, 1977.

Spectrolab, Inc., "Conceptual Design on Systems Analysis of Photo-
voltaic Power Systems", Sylmar, CA, 1977.

D. L. Evans, W. A. Facinelli, R. T. Otterbein, "Comhined Photo-
voltaic/Thermal System Studies", SAND 78-7031.

TRNSYS - A Transient Simulation Program, Engineering Ekperiment

Station Report 38, Solar Energy Laboratory, University of Wisconsin-
Madison.

D. L. Evans and L. W. Florchuetz, "Terrestrial Concentrating
Photovoltaic System Studies", Solar Energy 20, p. 37 (1978).

Jet Propulsion Laboratory, "A Solar Cell Array Design Handbook",
Vol. II, Report #JPL SP 43-38, 1976.

10.

7.

12.

C. M. Shephérd, "Design of Primary and Secondary Cells II. An
Equation Describing Battery Discharge", Journal of Electrochemical
Society, 112, 657 (1965).

S. A. Klein, "Calculation of the Monthly-Average Transmittanca-
Absorptance Product", Solar Energy, 23, p. 547-551 (1979).

J. A. Duffie, W. A. Beckman, "Solar Energy Thermal Processes",
John Wiley and Sons (1974).

B. Y. H. Liu, R. C. Jordan, "The Interrelationship and Character-
istic Distribution of Direct, Diffuse and Total Solar Radiation",
Solar Energy, 4, No. 3 (1960),

R. J. Cole "Long-Term Average Performance Predictions for CPC's",
Proceeding of the American Section of I.S.E.S., Orlando, FL,
p. 36 (1977).



13.

14.

15.

16.

17.

18.

128

H. C. Hottel, B. B. Woertz, "Performance of Flat-Plate Solar-
Heat Collectors", Trans. ASME 64, 91 (1942).

B. Y. H. Liu and R. C. Jordan, "The Long-Term Average
Performance of Flat-Plate Solar Energy Collectors”, Solar
Energy, 7, 53 (1963).

S. A. Klein, "Calculation of Flat-Plate Collector Utilizability",
Solar Energy, 22, 393 (1978).

A. Whiller, "Solar Energy Collection and Its Utilization For House
Heating", Ph.D. Thesis, M.I.T.,Cambridge, MA (1953).

J. C. Theilacker, "Improvements in the Utilizability Relation-
ships", Proceeding I.S.E.S. Meeting, Phoenix, AZ (1980}).

FCHART - An Interactive Program for Designing Solar Heating
Systems, Engineering Experiment Station Report 49-3, Solar
Energy Laboratory, University of Wisconsin (1978).




