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PHOTOVOLTAIC PROJECT ANALYSIS CHAPTER

Clean Energy Project Analysis: RETScreen® Engineering & Cases is an electronic textbook for professionals and uni-
versity students. This chapter covers the analysis of potential photovoltaic projects using the RETScreen® Intemational Clean
Energy Project Analysis Software, including a technology background and a detailed description of the algorithms found in the
RETScreen® Software. A collection of project case studies, with assignments, worked-out solutions and information about how
the projects fared in the real world, is available at the RETScreen® Intemational Clean Energy Decision Support Centre Website
www.retscreen.net.

1 PHOTOVOLTAIC BACKGROUND'

The world-wide demand for solar electric power systems has grown steadily over the last
20 years. The need for reliable and low cost electric power in isolated areas of the world
is the primary force driving the world-wide photovoltaic (PV) industry today. For a large
number of applications, PV technology is simply the least-cost option. Typical applications
of PV in use today include stand-alone power systems for cottages and remote residences,
navigational aides for the Coast Guard, remote telecommunication sites for utilities and
the military, water pumping for farmers, and emergency call boxes for highways and col-
lege campuses, to name just a few. An example of a centralised hybrid photovoltaic system
is presented in Figure 1.

Figure 1:

Centralised Hybrid Photovoltaic
System in Escuain

(Puertolas, Aragon, Spain)
Parque Natural de Ordesa

y el Monte Perdido.

2| Pnoto Credit:
2 Sylvain Martel

Significant growth in demand for PV systems is expected to occur in developing countries
to help meet the basic electrical needs of the 2 billion people without access to conven-
tional electricity grids. In addition to this demand for cost effective off-grid power systems,
environmental and longer-term fuel supply concerns by governments and electric utilities

1. Much of the text in this “Background” description comes from the following reference: Leng, G., Dignard-Bailey, L.,
Bragagnolo, J., Tamizhmani, G. and Usher, E., Overview of the Worldwide Photovoltaic Industry, Report no. 96- 41- A1 (TR),
CANMET Energy Diversification Research Laboratory, Natural Resources Canada, Varennes, QC, Canada, June 1996.
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HEEBE rootovoltaic Project Analysis Chapter

are beginning to help accelerate the market for demonstration programs for PV systems
connected to central electric grids in industrialised countries.

During 1999, the estimated annual world-wide shipments of photovoltaic modules by
manufacturers were approximately 200 megawatts (MW,) with annual PV industry sales
exceeding the 3 billion dollar mark for complete systems. In comparison, roughly 23 MW,
were shipped during 1985 which means that the industry has grown over 850% in just
14 years. This growth has lead to an installed base of PV electric generation capacity of
greater than 1,000 MW, world-wide at the beginning of 2000 as described in Leng et al.
(1996) and Maycock (2000).

This background section describes photovoltaic systems (PV modules, batteries, power
conditioning, generators, and pumps) and discusses the photovoltaic markets including
on-grid, off-grid and water pumping applications.

1.1 Description of Photovoltaic Systems

The primary article of commerce in the PV market is the PV module. PV modules are rated
on the basis of the power delivered under Standard Testing Conditions (STC) of 1 kW/m?2
of sunlight and a PV cell temperature of 25 degrees Celsius (°C). Their output measured
under STC is expressed in terms of “peak Watt” or W, nominal capacity. Note that annual
industry shipments of 165 MW, indicates that PV manufacturers made modules with the
ability to generate 165 MW, of electric power (nameplate capacity) under STC of 1 kW/m?
of sunlight, 25°C cell temperature, and an air mass of 1.5.

PV modules are integrated into systems designed for specific applications. The compo-
nents added to the module constitute the “balance of system” or BOS. Balance of system
components can be classified into four categories:

B Batteries - store electricity to provide energy on demand at night
or on overcast days;

m Inverters - required to convert the DC power produced by the PV module
into AC power;

m  Controllers - manage the energy storage to the battery and deliver power
to the load; and

m Structure - required to mount or install the PV modules
and other components.

Not all systems will require all these components. For example in systems where no AC
load is present an inverter is not required. For on-grid systems, the utility grid acts as the
storage medium and batteries are not required. Batteries are typically not required for PV
water pumping systems, where a water reservoir “buffers” short-term demand and supply
differences. Some systems also require other components which are not strictly related
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to photovoltaics. Some stand-alone systems, for example, include a fossil fuel generator
that provides electricity when the batteries become depleted; and water pumping systems
require a DC or AC pump.

There are various types of firms involved in the photovoltaic industry. Typical organisa-
tions include PV cell/module manufacturers, BOS manufacturers, product distributors
and dealers and system integrators.

1.1.1 PV modules

To make modules, PV manufacturers use crystalline silicon wafers or advanced thin film
technologies. In the former, single crystal silicon (single-Si), polycrystalline silicon (poly-
Si) or ribbon silicon (ribbon-Si) wafers are made into solar cells in production lines utilis-
ing processes and machinery typical of the silicon semiconductor industry (see Figure 2).
Solar cell manufacturers then assemble the cells into modules or sell them to module
manufacturers for assembly. Because the first important applications of PV involved bat-
tery charging, most modules in the market are designed to deliver direct current (DC) at
slightly over 12 Volts (V). A typical crystalline silicon module consists of a series circuit of
36 cells, encapsulated in a glass and plastic package for protection from the environment.
This package is framed and provided with an electrical connection enclosure, or junction
box. Typical conversion (solar energy to electrical energy) efficiencies for common crystal-
line silicon modules are in the 11 to 15% range.

There are four advanced thin film technologies. Their names are derived from the active
cell materials: cadmium telluride (CdTe), copper indium diselenide (CIS), amorphous
silicon (a-Si) and thin film silicon (thin film-Si). Amorphous silicon is in commercial
production while the other three technologies are slowly reaching the market. Thin film
modules are made directly on the substrate, without the need for the intermediate solar
cell fabrication step.

Figure 2:
Crystalline Silicon Solar Cell.

Photo Credit:
Photowatt
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Some manufacturers are developing PV modules that concentrate sunlight onto small area
high efficiency PV cells using lenses. The concept here is that the lens material will be
less expensive per unit area than conventional silicon modules thus resulting in a $/W,
advantage. To ensure that the concentrating lenses are always focused on the PV cells,
these modules must always be directed at the sun and therefore must be used in conjunc-
tion with sun trackers. These modules are limited to areas of the world where there is a
considerable amount of direct beam sunlight, such as in desert regions.

1.1.2 Batteries

If an off-grid PV system must provide energy on demand rather than only when the sun
is shining, a battery is required as an energy storage device. The most common battery
types are lead-calcium and lead-antimony. Nickel-cadmium batteries can also be used, in
particular when the battery is subject to a wide range of temperatures. Because of the vari-
able nature of solar radiation, batteries must be able to go through many cycles of charge
and discharge without damage. The amount of battery capacity that can be discharged
without damaging the battery depends on the battery type. Lead-calcium batteries are
suitable only in “shallow cycle” applications where less than 20% discharge occurs each
cycle. Nickel-cadmium batteries and some lead-antimony batteries can be used in “deep
cycle” applications where the depth of discharge can exceed 80%.

Depending on site conditions, and on the presence of a backup generator, battery banks
are sized to provide a period of system autonomy ranging from a few days to a couple of
weeks (in some very specific applications such as systems above the arctic circle). Batteries
are characterised by their voltage, which for most applications is a multiple of 12 V, and
their capacity, expressed in Ampere-hours (Ah). For example a 50 Ah, 48 V battery will
store 50 x 48 = 2,400 Wh of electricity under nominal conditions.

Note that optimising battery size is critical in obtaining good battery life, suitable system

performance, and optimal system life-cycle costs. Unnecessary battery replacement is
costly, particularly for remote applications.

1.1.3 Power conditioning

Several electronic devices are used to control and modify the electrical power produced by
the photovoltaic array. These include:

m Battery charge controllers - regulate the charge and discharge cycles
of the battery;

B Maximum power point trackers (MPPT) - maintain the operating voltage
of the array to a value that maximises array output;
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m Inverters - convert the direct current (DC) output of the array or the battery
into alternating current (AC). AC is required by many appliances and
motors; it is also the type of power used by utility grids and therefore on-
grid systems always require the use of an inverter;

m Rectifiers (battery chargers) - convert the AC current produced
by a generator into the DC current needed to charge the batteries.

1.1.4 Generators

For off-grid applications it is also possible to have both a photovoltaic system and a fossil-
fuel generator running in parallel. The use of a generator eliminates the need to oversize
the photovoltaic array and the battery bank in order to provide power during periods
with little sunshine. The photovoltaic array and the generator supplement each other, the
PV array reduces the fuel use and maintenance cost of the generator and the generator
replaces the part of the photovoltaic system that would need to be oversized to ensure an
uninterrupted supply of power.

Generators can use a variety of fossil fuels, such as gasoline, #2 oil (diesel), propane or
natural gas. The requirement for a generator, and the fraction of the load met respectively
by the photovoltaic system and the generator, will depend on many factors, including the
capital cost of the PV array, operating costs of the generator, system reliability, and envi-
ronmental considerations (e.g. noise of the generator, emission of fumes, etc.).

1.1.5 Pumps

For water pumping applications, several types of pumps may be used. They can be cate-
gorised according to their design type (rotating or positive displacement pumps), to their
location (surface or submersible), or to the type of motor they use (AC or DC). Rotating
pumps (e.g. centrifugal pumps) are usually preferred for deep wells or boreholes and large
water requirements. The use of displacement pumps is usually limited to low volumes.
Positive displacement pumps (e.g. diaphragm pumps, piston pumps and progressive cavity
pumps) usually have good lift capabilities but are less accessible than surface pumps and
are more sensitive to dirt in the water. Figure 3, which is adapted from Barlow et al. (1993),
suggests possible pump choices as a function of the head (total height the water has to be
lifted) and the daily water requirement.

Finally the choice between a DC and an AC motor to drive the pump will depend on many
factors, including price, reliability and technical support available. DC motors are usually
very efficient and are easier to match with the photovoltaic array. AC motors, on the other
hand, are cheaper and more readily available, but they require an inverter to be connected
to the array.
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100 Positive displacement pump
(Jack pump)
50
Submersible multistage
Total 20 centrifugal pump
Head
(m 4o
5
Floating and surface suction pump
2 Hand pump
1
1 2 5 10 20 50 100 200 400
Daily Water Requirement (m3)
Figure 3:

Pump Type Selection [adapted from Barlow et al., 1993].

1.2 Photovoltaic Application Markets

Photovoltaic markets can be classified based on the end-use application of the technology.
The most common PV projects are off-grid applications. Water pumping also represents
an important application of PV, particularly in developing countries. The largest long-term
market potential for PV, in volume of sales,

is with on-grid applications.

1.2.1 On-grid applications

In grid-connected applications, also
called “On-grid” applications, the PV
system feeds electrical energy directly
into the electric utility grid (this
includes central-grids and isolated-
grids). Two application types can be
distinguished, distributed and central
power plant generation. An example
of a distributed grid-connected ap-
plication is building integrated PV for
individual residences or commercial
buildings. The system size for resi-
dences is typically in the 2 to 4 kW,
range. For commercial buildings, the
system size can range up to 100 kW,

RETScreen® Intemational
Photovoltaic Project Model

The RETScreen® International Photovoltaic
Project Model can be used world-wide to easily
evaluate the energy production, life-cycle costs
and greenhouse gas emissions reduction for
three basic PV applications: on-grid; off-grid;
and water pumping. For on-grid applications
the model can be used to evaluate both central-
grid and isolated-grid PV systems. For off-grid
applications the model can be used to evaluate
both stand-alone (PV-battery) and hybrid (PV-
battery-genset) systems. For water pumping
applications the model can be used to evaluate
PV-pump systems.
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or more. Batteries are not necessary when the system is grid-connected. Another applica-
tion is the installation of “PV generators” by utilities at power substations and “end-of-line”
sites. These applications can be on the threshold of cost competitiveness for PV, depending
on location. For example, the Sacramento Municipal Utility District (SMUD) in California
has been implementing a plan to install more than 1 MW, per year of distributed PV in
its service area. Distributed grid-connected PV systems and a central PV power plant are
shown in Figure 4, which is adapted from Ross and Royer (1999).

The benefits of grid-connected PV power generation are generally evaluated based on
its potential to reduce costs for energy production and generator capacity, as well as its
environmental benefits. For distributed generation, the electric generators (PV or other)
are located at or near the site of electrical consumption. This helps reduce both energy
(kWh) and capacity (kW) losses in the utility distribution network. In addition, the uti-
lity can avoid or delay upgrades to the transmission and distribution network where the
average daily output of the PV system corresponds with the utility’s peak demand period
(e.g. afternoon peak demand during summer months due to air conditioning loads) as
described in Leng and Martin (1994). PV manufacturers are also developing PV modules
which can be incorporated into buildings as standard building components such as roof-
ing tiles and curtain walls. This helps reduce the relative cost of the PV power system
by the cost of the conventional building materials, and allows the utility and/or building
owner to capture distributed generation benefits. The use of PV in the built environment
is expanding with demonstration projects in industrialised countries.

i Centralized PV
Plant A

Distributed

Generation

Electric

Grid

Figure 4:
Grid-Connected PV System Schematic [adapted from Ross and Royer, 1999).
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.... Photovoltaic Project Analysis Chapter

Central generation applications are not currently cost-competitive for PV. Several multi-
megawatt central generation systems have however been installed as demonstration
projects, designed to help utilities acquire experience in the management of central PV
power plants. Installations of central PV generation, like distributed grid connected PV,
represent a long-term strategy by governments and utilities to support the development of
PV as a clean energy with a guaranteed fuel supply.

1.2.2 Off-grid applications

Currently, PV is most competitive in isolated sites, away from the electric grid and requir-
ing relatively small amounts of power, typically less than 10 kW,. In these off-grid applica-
tions, PV is frequently used in the charging of batteries, thus storing the electrical energy
produced by the modules and providing the user with electrical energy on demand.

PV Array PV Array

i Powii Genset ‘ i Power

8= Conditioner f Conditioner

" "\
N

Battery
Bartery
Bank

House Loads TV-Radio Transmitter

Figure 5: Figure 6:
Stand-Alone Off-Grid PV Hybrid Off-Grid PV System Schematic
System Schematic [adapted from Ross and Royer, 1999].

|adapted from Ross and Royer, 1999].

The key competitive arena for PV in remote off-grid power applications is against electric
grid extension; primary (disposable) batteries; or diesel, gasoline and thermoelectric
generators. The cost of grid extension in the US, estimated by the Utility Photovoltaic
Group (UPVG) ranges from $20,000 to $80,000 per mile. Thus, PV competes particu-
larly well against grid extension for small loads, far from the utility grid. Compared to
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fossil fuel generators and primary batteries, the key advantage of PV is the reduction in
operation, maintenance and replacement costs; these often result in lower life-cycle costs

for PV systems.

Oft-grid applications include both stand-alone systems, as shown in Figure 5; and hybrid
systems, which are similar to stand-alone systems but also include a fossil fuel generator to
meet some of the load requirements and provide higher reliability, as shown in Figure 6.

1.2.3 Water pumping applications

Photovoltaic water pumping is one of the most common PV
applications around the world, with thousands of photovol-
taic-powered water pumps installed both in industrialised
and developing nations. Typical PV water pumping ap-
plications include domestic water, water for campgrounds,
irrigation, village water supplies and livestock watering. PV
pumps are increasingly used for intermediate sized pumping
applications, filling the gap between small hand pumps and
large engine-powered systems and increasingly replacing
mechanical wind pumpers.

In water pumping applications, water pumped during periods
of sunshine can be stored in a tank for future use, making the
use of batteries often unnecessary. A schematic of a water
pumping system is shown in Figure 7. PV water pumping
systems are relatively simple, require little maintenance, and
provide independence from fossil fuels. They are often the
system of choice for locations far from the utility grid (e.g.
ranches) or for settings where the grid is non-existent and
water resources scarce (e.g. developing countries). There is
also a good synergy between irrigation and PV water pump-
ing as the water requirements by the plants and the solar
availability match (e.g. during the “rainy season” less sun is
available, but less irrigation and water pumping is required).

PV Array

Power
£~ Conditioner

v

Pump

Figure 7:
Water Pumping PV System Schematic
[adapted from Ross and Royer, 1999,
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2 RETSCREEN PHOTOVOLTAIC PROJECT MODEL

The RETScreen Photovoltaic Project Model can be used to evaluate the energy production
and financial performance of photovoltaic projects, from small-scale water pumping sys-
tems to intermediate residential off-grid systems to large grid-connected systems, anywhere
in the world. There are three basic applications that can be evaluated with the PV model:

B On-grid applications, which cover both central-grid
and isolated-grid systems;

m Off-grid applications, which include both stand-alone (PV-battery) systems
and hybrid (PV-battery-genset) systems; and

B Water pumping applications, which include PV-pump systems.

Six worksheets (Energy Model, Solar Resource & System Load Calculation (SRE&ESLC), Cost
Analysis, Greenhouse Gas Emission Reduction Analysis (GHG Analysis), Financial Summary
and Sensitivity Analysis) are provided in the Photovoltaic Project Workbook file. The
SR&SLC worksheet is used to specify the kind of system under consideration, and calcu-
late the monthly energy load. This worksheet also computes the annual solar radiation on
the tilted PV array for any array orientation, using monthly values of solar radiation on a
horizontal surface.

To help the user characterise a photovoltaic system before evaluating its cost and energy
performance, some values are suggested for component sizing (e.g. “Nominal PV array
power”). Suggested or estimated values are based on input parameters and can be used as
a first step in the analysis and are not necessarily the optimum values.

The Energy Model and SR&SLC worksheets are completed first. The Cost Analysis work-
sheet should then be completed and finally the Financial Summary worksheet should be
completed. The GHG Analysis and Sensitivity & Risk Analysis worksheets are an optional
analysis. The GHG Analysis worksheet is provided to help the user estimate the greenhouse gas
(GHG) mitigation potential of the proposed project. The Sensitivity & Risk Analysis worksheet
is provided to help the user estimate the sensitivity of important financial indicators in rela-
tion to key technical and financial parameters. In general, the user works from top-down for
each of the worksheets. This process can be repeated several times in order to help optimise
the design of the photovoltaic project from an energy use and cost standpoint.

This section describes the various algorithms used to calculate, on a month-by-month
basis, the energy production of PV systems in RETScreen. A flowchart of the algorithms is
shown in Figure 8. The basics of solar energy are covered in Section 2.1. Section 2.2 describes
the tilted radiation calculation algorithm which is common to all three application models
(i.e. on-grid, off-grid and water pumping applications). It is used to calculate solar radiation
in the plane of the PV array, as a function of its orientation, given monthly mean daily solar
radiation on a horizontal surface. Section 2.3 presents the photovoltaic array model, which
calculates PV array energy production given ambient temperature and available solar ra-
diation. This algorithm is also common to all three application models. Then three different
application models are used to evaluate the interaction of the various components of the PV
system and predict how much energy (or water, in the case of a pumping system) can be
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expected from the PV system on an annual basis; they are detailed in Sections 2.4 to 2.6. A
validation of the RETScreen Photovoltaic Project Model is presented in Section 2.7.

Photovoltaic systems have relatively few components; but the behaviour of these compo-
nentsis non-linear and their interactions are complex. RETScreen uses simplified algorithms
to minimise data input requirements and to speed up the calculations, while maintaining
an acceptable level of accuracy. The solar radiation model is that of Klein and Theilacker
(Duffie and Beckman, 1991) extended to include the case of moving surfaces. The PV array

Figure 8:

Photovoltaic Energy Mode! Flowchart. Calculate solar radiation
in plane of PV array

[eto 22]

4

Calculate energy
delivered by PV array
[eto 2]

I
On-grid model Off-grid model Water pumping model

Calculate demand met
directly by PV array
(matched demand)

[eto 25 ]

Calculate
inverter losses
[eto 24]

Multiply by average
pump/system efficiency
[eto 2]

4 4 4

\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \

Calculate lack of ‘ Calculate demand met ‘ Convert to hydraulic

absorption by grid ‘ by battery ‘ energy
[eto 24] ‘ [eto 254] ‘ [eto 2]

\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \
\ \

4

Calculate demand met
by genset
(hybrid systems only)
[eto 254]

Calculate energy delivered
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model is based on work by Evans (1981) and takes into account temperature and orienta-
tion effects. The on-grid and water pumping models are straightforward algorithms based
on assumed average efficiencies. The off-grid model is the more complicated one. It uses the
concept of daily utilisability (Duffie and Beckman, 1991) to find out the part of the load that
can be met directly by the PV array. Correlations derived from hourly computer simulations
are used to determine how the battery can provide for the rest of the load. Finally, an energy
balance determines the part the load met by the genset, if there is one.

The two main limitations of the method chosen are that solar concentrator systems currently
can not be evaluated and that the model does not provide a loss-of-load probability for off-
grid systems. For the majority of applications, these limitations are without consequence.

2.1 Basics of Solar Energy

Before entering into the details of the PV model, it will be useful to review briefly some
basic concepts of solar energy engineering. Many of the variables derived in this section
will be used in several parts of the model. For the most part, the equations in this section
come from a standard textbook on the subject, Solar Engineering of Thermal Processes, by
Dulffie and Beckman (1991), to which the reader can also refer for more details.

2.1.1 Declination

The declination is the angular position of the sun at solar noon, with respect to the plane
of the equator. Its value in degrees is given by Cooper’s equation:

284+n
365

0 =23.45 sin(27r —_—

where N is the day of year (i.e. N =1 for January 1, N =32 for February 1, etc.). Decli-
nation varies between -23.45° on December 21 and +23.45° on June 21.

2.1.2 Solar hour angle and sunset hour angle

The solar hour angle is the angular displacement of the sun east or west of the local meridian;
morning negative, afternoon positive. The solar hour angle is equal to zero at solar noon and
varies by 15 degrees per hour from solar noon. For example at 7 a.m. (solar time? the hour
angle is equal to —=75° (7 a.m. is five hours from noon; five times 15 is equal to 75, with a
negative sign because it is morning).

2. Solar time is the time based on the apparent motion of the sun across the sky. Solar noon corresponds to the moment
when the sun is at its highest point in the sky.
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The sunset hour angle @ is the solar hour angle corresponding to the time when the sun sets.

It is given by the following equation:

cos®, =—tany tand @

where O is the declination, calculated through equation (1), and ¥ is the latitude of the
site, specified by the user.

2.1.3 Extraterrestrial radiation and cleamess index

Solar radiation outside the earth’s atmosphere is called extraterrestrial radiation. Daily
extraterrestrial radiation on a horizontal surface, H, , can be computed for day n from
the following equation:

_ 864006,
T

H, [1+ 0.0SScos(Zn 325]](COSV/ coss sinw, +w, siny sing) (3)

where GSc is the solar constant equal to 1,367 W/m?, and all other variables have the same
meaning as before.

Before reaching the surface of the earth, radiation from the sun is attenuated by the atmo-
sphere and the clouds. The ratio of solar radiation at the surface of the earth to extrater-
restrial radiation is called the clearness index. Thus the monthly average clearness index,
K , is defined as:

K, =

II| I
=

o

where H is the monthly average daily solar radiation on a horizontal surface and H,
is the monthly average extraterrestrial daily solar radiation on a horizontal surface. K
values depend on the location and the time of year considered; they are usually between
0.3 (for very overcast climates) and 0.8 (for very sunny locations).

2.2 Tilted Irradiance Calculation

Radiation in the plane of the PV array is computed using a method similar to the Klein and
Theilacker algorithm (Duffie and Beckman, 1991, section 2.20). However the algorithm is
extended to tracking surfaces and, for that reason, is implemented in a slightly different
form than what is described in Dulffie and Beckman (1991).
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2.2.1 Description of algorithm l -

The algorithm can be described as a succession of three basic

steps (see Figure 9): Calculation of

hourly beam and
diffuse irradiance

m Calculate hourly global and diffuse irradiance on an

horizontal surface for all hours of an “average day” having Hp, Hy
the same daily global radiation as the monthly average; A
Calculation of
m Calculate hourly values of global irradiance on the tilted hourly tited
. irradiance
(or tracking) surface for all hours of the day; and then
H
m Sum the hourly tilted values to obtain the average y
daily irradiance in the plane of the PV array.
Summation
2.2.2 Calculation of hourly global and diffuse irradiance i i
t
Solar radiation can be broken down into two components: beam
radiation, which emanates from the solar disk, and diffuse radiation, Figure 9:
which emanates from the rest of the sky. The tilting algorithm used Fowchart for Tited

in RETScreen requires the knowledge of beam and diffuse radiation
for every hour of an “average day” (for the concept of average day, see
Duffie and Beckman, 1991).

Irradliance Calculation.

First, monthly average daily diffuse radiation |'_|d is calculated from monthly average daily
global radiation H using the Erbs et al. correlation® (Duffie and Beckman, 1991):

I

9 =1.391-3.560K, +4.189K? —2.137K?} )

I|‘

when the sunset hour angle for the average day of the month is less than 81.4°, and:

% =1.311-3.022K, +3.427K? —1.821K? 6)

when the sunset hour angle is greater than 81.4° (the monthly average clearness index,
K is calculated through equation 4).

3. Note that both equations are valid only for 0.3< K; <0.8. A special work-around has to be used when KT falls outside
that range, for example in situations near polar night.
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Then, average daily radiation is then broken down into hourly values. This is done with
formulae from Collares-Pereira and Rabl for global irradiance:

COS @ — COS @,

r=—(a+h coso) (7)

‘24 sin o, — o, CoS ,

a:0.409+0.5016s1n(a)s -— 8)
3

b:OEam—OANWQn&%—%J 9

where I is the ratio of hourly total to daily total global radiation, with @ the sunset hour
angle, expressed in radians (see equation 2), and @ the solar hour angle for the midpoint
of the hour for which the calculation is made, also expressed in radians (see Section 2.1);
and with the formula from Liu and Jordan for diffuse irradiance:

T COS®—COS®,
24 sinw, —m, COS

d

where Iy is the ratio of hourly total to daily total diffuse radiation. For each hour of the
“average day”, global horizontal irradiance H and its diffuse and beam components H
and H, are therefore given by:

H=rH (11)
Hy =r,H, 12)
H, =H-H, (13
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2.2.3 Calculation of hourly irradiance in the plane of the PV array

Calculation of hourly irradiance in the plane of the PV array, H, , is done using a simple
isotropic model, described in section 2.15 of Duffie and Beckman (1991). This is not
the most accurate model available, however this is amply sufficient at the pre-feasibility
stage:

Ht:HbRb+Hd(—1+C205ﬂ)+Hp(—1_czosﬁ) (14)

where p represents the diffuse reflectance of the ground (also called ground albedo) and
[ represents the slope of the PV array. Ground albedo is set to 0.2 if the average monthly
temperature is greater than 0°C, 0.7 if it is less than —5°C, with a linear interpolation for
temperatures between these values. R, is the ratio of beam radiation on the PV array to
that on the horizontal, which can be expressed as:

_ cosf

R =
" coso,

where 0 is the incidence angle of beam irradiance on the array and 6, is the zenith angle
of the sun.

The advantage of the algorithm above is that it can accommodate situations where the posi-
tion of the array varies through the day, as is the case with tracking arrays. For tracking
surfaces, the slope 3 of the array and the incidence angle 6 for every hour are determined
by equations from Braun and Mitchell (1983).

2.2.4 Summation

Once tilted irradiance for all hours of the day is computed, the daily total H, is obtained
by summing individual hours. A special case is that of months near polar night, where
the above algorithm fails; in that case tilted irradiance is set equal to global horizontal
irradiance.

2.3 PV Array Model

The PV array model is shown in Figure 10. It is based on work by Evans (1981) and is
common to all types of PV applications represented in RETScreen.
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2.3.1 Calculation of average efficiency l _
Ht
The array is characterised by its average efficiency, My which is a PV array
. } efficiency
function of average module temperature T : ()
n,=n.[1-B,(T.-T,)] (1§ _—
Misc. PV array
losses
(1-20)
where 1), is the PV module efficiency at reference temperature T, Er
(= 25°C), and ﬂp is the temperature coefficient for module effi- A
. . . Other power
ciency. T, is related to the mean monthly ambient temperature T, conditioning
through Evans’ formula (Evans, 1981): losses
(1-Ac)
— NOCT —-20 l En
T,-T,=(219+832K, ) ———— (17)
800 Figure 10:
Flowchart for PV
Array Model,

where NOCT is the Nominal Operating Cell Temperature and Kt the monthly clearness
index. 1, NOCT and ﬂp depend on the type of PV module considered. They can be entered
by the user or, for “standard” technologies, are assumed to take the values given in Table 1.

PV module type Ny (%) NOCT (°C) ,B’p (%/°C)
Mono-Si 13.0 45 0.40
Poly-Si 11.0 45 0.40

a-Si 5.0 50 0.11
CdTe 7.0 46 0.24
o]l 75 47 0.46

Table 1: PV Module Characteristics for Standard Technologies
The equation above is valid when the array’s tilt is optimal (i.e. equal to the latitude minus

the declination). If the angle differs from the optimum the right side of equation (17) has
to be multiplied by a correction factor C; defined by:

C, =1-1.17x10" (s, —3)° (19

where S, is the optimum tilt angle and S is the actual tilt angle, both expressed in degrees
(in the case of tracking surfaces, RETScreen uses the tilt angle at noon although Evans does
not provide any indication about what the correction should be in such configurations).
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2.3.2 Other corrections

The energy delivered by the PV array, E;, is simply:

E, =Sn,H, (19)

where S is the area of the array. It has to be reduced by “miscellaneous PV array losses”
ﬂ,p and “other power conditioning losses” A :

E,=E,(1-1,)(1-4,) (20)

where E, is the array energy available to the load and the battery. The overall array
efficiency 7, is defined as:

0, = Ea 1)
" S H,
2.4 On-Grid Model
The on-grid model is the simplest system model (see Figure 11).
In particular no load is specified and no array size is suggested. l Ea
Instead, the latter is suggested by the user. The suggested inverter
is simply equal to the nominal array power. The energy available Inverter efficiency
to the grid is what is produced by the array, reduced by inverter (ninv)
losses:
v
Egiac =Ea M (22) Grid absorption
(Mabs)
i Edlvd
where 7;, is the inverter efficiency. Depending on the grid con-
figuration not all this energy may be absorbed by the grid. The Figure 11:
energy actually delivered is: Flowchart for PV
On-Grid Model.

Eava = Egria ans (23)

where 1, is the PV energy absorption rate.
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2.5 Off-Grid Model

2.5.1 Overview

The off-grid model represents stand-alone systems with a battery backup, with or without
an additional genset. The conceptual framework of the model is shown in Figure 12. Energy
from the PV array is either used directly by the load, or goes through the battery before
being delivered to the load. The remainder of the load is provided by the genset if there is
one, that is, stand-alone and hybrid systems differ only by the presence of a genset that
supplies the part of the load not met directly or indirectly by photovoltaics.

EA
i Fuel i
Genset efficiency Cha;g#ai;gg’ér;)ller
M) (n)
Charger efficiency Battery efficiency
(g) (n,)
i i EIA
Battery efficiency Fraction PV
(™,) (fo)
ED
v
—p> Load —————
E. Ee
Edlvd
Figure 12:

Flowchart for PV Off-Grid Model.
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2.5.2 Load calculation

Equivalent DC demand

The user specifies the total DC demand, DDC , and the total AC demand, DAC
(both are expressed in kWh/d). AC energy demand is converted to a DC equivalent
by dividing it by the inverter efficiency. Hence the total equivalent DC equivalent

DC.equ 1S

where My, is the efficiency of the inverter.

Types of loads

RETScreen carefully considers the correlation between load and solar resource.
In some cases, part of the energy demand can be met directly by the photovoltaic
system without any energy flowing through the battery (this has some important
consequences in terms of energy delivered by the system, because inefficiencies in
the battery storage can then be ignored). How much of the energy demand can be
met directly depends on the solar-load correlation specified by the user:

Positive. This is, for example, the case of a fan connected directly to a PV
module; the fan works only when there is solar energy to power it (water
pumping also falls into that category, although a separate model is used — see
Section 2.6);

Zero. This is treated in RETScreen as the case of a constant load, i.e. a load that
has the same value throughout the day. This of course requires the use of a
battery. Examples are cathodic protection or monitoring systems; and

Negative. In this case all the energy flows through the battery first before being
delivered to the load. This corresponds to all cases not falling into the Positive
and Zero categories. Note that daytime intermittent loads (e.g. refrigerator) also
fall into this category.

The final result of this calculation is a division of the DC equivalent electrical
demand in three parts:

DDC,equ = Dmatched + D + D

continuous battery
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where:

B D, e is the part of the demand that is met directly by the PV modules
whenever there is enough energy produced,

B D, inuous 1S the part of the demand that is constant throughout the day; and
[ Dbattery is the part of the demand that will be met primarily by the battery.
Note that D0 Will be met either directly by the PV modules (during the day

when there is enough sunshine) or through the battery (at night, or when there is
not enough sunshine). The method used to calculate this is described in the next
section. It makes use of the critical PV absorption level P, defined as the load cor-
responding to the constant energy demand:

D,

Pcrit — co;tZuous (26)
where D inuous 1S €xpressed in Whand P, is expressed in W.

2.5.3 Utilisability method

As exposed in Section 2.5.2 the load may be considered in part or in whole as constant.
Finding which part of that constant load can be met directly by the photovoltaic array,
without first being stored in the battery, is the object of this section. The utilisability
method is used to perform the calculation. The method is explained in detail in chapters 2
and 21 of Dulffie and Beckman (1991) and is briefly summarised here.

Monthly average daily utilisability

PV.26

A critical radiation level |TC , defined as the level of radiation that must be exceed-
ed in order for the PV array to produce more energy than can be immediately used
by the constant load, is:

— crit (27)

where P, is the critical PV absorption level (see equation 26), 17, is the overall
array efficiency (see equation 21), and S is the area of the PV array.
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The monthly average critical radiation level X, defined as the ratio of the critical
radiation level to the noon radiation level on a day of the month in which the day’s
radiation is the same as the monthly average, is equal to:

The meaning of Tin and R, will be explained later. Finally, the monthly average
daily utilisability q? , 1.e. the sum for a month, over all hours and days, of the radia-
tion incident upon the array that is above the critical level, divided by the monthly
radiation, is:

$:exp{[a+b%][)fc+c)?f]} (29)

with:
a=2.943-9.271K, +4.031K? (30)
b =-4.345+8.853K, —3.602K? (31)
c=-0.170-0.306K; +2.936K’ (32)

where R will be explained later, and KT is the monthly average clearness index.

Intermediate quantities

Quantities of interest that appear in equations (28) and (29) are:

m R, the monthly ratio of radiation in the plane of the array to that on a horizontal

surface (R =H, /H):

m R, the ratio for the hour centred at noon of radiation on the tilted surface to that
on a horizontal surface for an average day of the month. This is expressed as:
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ry.H ryH -
R =|1-Tena | 4] foale 1+cos i p, 1—cosf8 -
’ r..H 2 2

where I, and I are the ratio of hourly total to daily total radiation and the ratio
of hourl}’f diffuse to daily diffuse radiation, both for the hour centred around solar
noon. This formula is computed for an “average day of month”, i.e. a day with daily
global radiation H equal to the monthly average daily global radiation H; H is
the monthly average daily diffuse radiation for that “average day” (see equations 5
and 0), P, is the average ground albedo, and [ is the slope of the array (for track-
ing surfaces, the slope at noon is used);

m I, is computed by the Collares-Pereira and Rabl equation, written for solar
noon (equation 7 with @ =0); and

m [, is computed by the Liu and Jordan equation, written for solar noon
(equation 10 with @ =0).

Energy breakdown

PV.28

The energy delivered directly to the continuous load is simply:

Econtinuous = (1_ ¢) EA (34)

where E, is the energy available from the array; and the energy delivered to the
matched load is:

E =min ( Dmatched ) EA - Econtinuous) %)

matched

The energy delivered directly to the load is therefore:

ED = Econtinuous + Ematched (36)

and the energy delivered to the battery is:

E,—E, 37)
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2.5.4 Energy going through the battery

The fraction of the load that a system with battery backup will provide depends on two
variables: the array size and the battery size. The probability that the system will fail to
meet the load is called the loss of load probability (LOLP).

Several methods for LOLP calculation exist in the literature, in particular the ones of
Bucciarelli (1986) and Klein et al. (1987). Unfortunately none of these are suitable for
RETScreen. One critical parameter required by Bucciarelli’s method, the standard devia-
tion of array output, is not readily available, whereas the method of Klein et al. is too com-
putationally intensive. A third method, based on Markov transition matrices (Bucciarelli,
1999) would also likely be too complicated — although it would probably lead to more
accurate results.

A simpler approach was taken. A number of computer simulations were run for a dummy
stand-alone system with night-only load (the program used was WATSUN-PV, a stan-
dard hourly simulation program for photovoltaic systems developed by the University of
Waterloo; see Watsun, 1999). Six Typical Meteorological Year (TMY; Watsun, 1993) files
corresponding to a variety of climates were used (Toronto, Vancouver, Edmonton, Phoenix,
Miami, Denver). Various array sizes were used and the battery capacity was varied from
one to six days of storage. The output of the simulations provided, on a monthly basis, the
fraction of the load met by the PV system, given the storage/load ratio and the array/load
ratio (this latter varying on a monthly basis depending on PV array output). Main relevant
parameters of the simulation were:

m Load = 2,400 Wh/day, night only;
B PVarray = from 4 to 20 modules rated at 72 W; and

m Batteries = from 4 to 24 batteries rated at 12 V, 50 Ah and maintained
at a constant temperature.

The average battery efficiency during the simulations, as revealed by an analysis of all
simulation results, was at 85%. The array/load ratios were multiplied by this quantity to
reflect the loss of energy in the batteries, the idea here being that, since all the energy deli-
vered to the load has to go through the battery first (night-only load), the effective energy
produced by the array has to be reduced by battery inefficiencies.

Figure 13 shows in graphical form the output of the simulation providing, on a monthly
basis, the fraction of the load met by the PV system, f,, , given the storage/load ratio SLR
and the array/load ratio ALR. These are defined mathematically as:

ALR=E, /L’ (39)

SLR=Q, /L’ 39
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where L is the part of the load not met directly by the PV system:

L'=L-E, (40)

and E; is the available array output reduced by the energy delivered directly to the load,
and then by the charge controller efficiency 7, and battery efficiency n, :

E. =(EA_ED) Ny (47)

A cross-section of this surface is presented in Figure 14. The shape of the curves in Figure 14
are very similar to the PV/Generator Load Split curve that can be found on page B-39 of
Sandia’s PV Handbook (Sandia, 1995). This is not surprising since the curves represent the
same thing, although expressed with different units.

SLR 0 026 051 077 1.02 128 153 179 2.04 23 255 281
ALR

Figure 13:
Fraction of Load Supplied by PV, Given the Array/Load and Storage/Load Ratios.

A tabulated version of the surface of Figure 13 is incorporated into RETScreen. A linear
interpolation is made to compute the fraction of the load L provided by the system, using
equations (38) to (41) to compute ALR and SLR.

The usable battery capacity Q, is related to the nominal capacity Qp:

Qu = QB fB (42)
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where fg (TB , I’) is the usable fraction of capacity available, which depends on battery tempe-
rature Ty and on discharge rate I, as shown in Figure 15 (derived from CANMET, 1991).

1.2
1.0
>
o
2 0.8
§ Storage/Load Ratio
o
S 06 ——1.00
- —=—1.25
=
2 ——1.50
S 175
g 04 ~*-2.00
w ——3.00
——4.00
0.2 —5.00
——6.00
0.0 T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5
Array/Load Ratio
Figure 14:

Fraction of Load Supplied by PV (Cross-Section).

R // Discharge rate
hours
-—0.5
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0O

=ii=5
=750
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Percent of 25°C discharged capacity delivered

-4p -q/ -20 -10 q 10 2p 3p 40 50
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Figure 15:
Usable Battery Capacity as a Function of Discharge Rate and Temperature (Derived from CANMET, 719917).
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The average discharge rate is taken as 24N where N is the number of days of autonomy.

Energy delivered by the genset is simply the difference between the load and what can be
provided by the PV array, either directly or through the battery:

E,=L-E,-E, 43)

This quantity is capped by the actual size of the generator, i.e. the generator cannot deliver
more than 24Cn, Wh per day, where Cj is the capacity of the generator in W, and g
the charger efficiency.

The energy used by the genset, Qg , expressed either in L/d or m*d, is simply:

- Fe (44)

UEYLUD

G

where 7 is the average genset efficiency. The presence of the battery efficiency, 1, in the
denominator of equation (44) simply accounts for the fact that most of the energy from the
genset will be stored in the battery before reaching the load.

2.5.5 Array, battery and genset sizing

RETScreen suggests values of array, battery and genset size to the user®. The underlying sizing
methods are relatively crude and are intended to provide a starting point which the user can
work from.

For stand-alone systems, the array is sized so that its output as defined in Section 2.2 is greater
than 1.2 times the load for all months of the year. For hybrid system, the suggested array size
is 25% of that for the stand-alone system; in addition the size is capped so that the array never
provides more than 75% of the load.

Battery sizing is based on the desired number of days of autonomy. If L is the equivalent
DC load, N the number of days of autonomy and d the maximum depth of discharge,
the usable battery capacity should be:

_Ln

Qu_%

(49)

where 75 is the battery efficiency. As seen before the usable fraction of capacity available
depends on battery temperature Ty and on discharge rate r. If f, (TB, I’) if the usable
fraction of capacity available, then the design battery capacity is:

4, RETScreen also suggests a value for inverter size, which is simply the AC peak load (in kW) specified by the user.
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This quantity is calculated on a monthly basis and the maximum over the year is taken as
the suggested battery size.

Finally, the suggested genset capacity is taken as the maximum of the AC demand and:

1Q

(47)
8 g

where 1y is the charger efficiency. This corresponds to the power required to charge the
battery in 8 hours.

2.6 Water Pumping Model

The water pumping model is based on the simple equations found l =
in Royer et al. (1998) and is shown schematically in Figure 16. The Average pump
daily hydraulic energy demand E; ., in J, corresponding to lifting efficiency
water to a height h (in m) with a daily volume Q (in m*/d) is: (Mpump )
Epump
E, ., =86400p g Q h(1+n,) (49 conversion to
ydr S hydraulic energy
(PgQm)
where ( is the acceleration of gravity (9.81 ms?), p the density i .
of water (1000 kg/m?), and s is a factor accounting for friction divd
losses in the piping. This hydraulic energy translates into an elec- .
trical energy requirement E_ - Figure 76:
pump Fowchart for PV
Water Pumping Model.
E
Epump = 9
pump

where 77, is the pump system efficiency. If the pump is AC, this equation has to be
modified to take into account the inverter efficiency M, :

hydr

77pumpninv

pump =
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Energy delivered is simply:

= Min (E pymp - En) 51)

= npump pump * —A

where E, is the energy available from the array (this quantity should be multiplied by Miny
in the case of an AC pump), and daily water delivered is obtained from:

Edlvd
6400p g h(1+7,)

Oua = 2 (52)

Suggested array size is calculated simply by inverting the above equations and is therefore
equal to Epump / N, where 1 is the overall array efficiency (see equation 21). This quantity
is calculated on a monthly basis and the maximum over the season of use is the suggested
array dimension.

In the case of an AC pump, suggested inverter capacity is simply taken equal to the nomi-
nal array power. This is the only method possible since it is assumed that the pump power
rating is not known (only the energy demand is known).

2.7 Validation

Numerous experts have contributed to the development, testing and validation of the
RETScreen Photovoltaic Project Model. They include PV modelling experts, cost engi-
neering experts, greenhouse gas modelling specialists, financial analysis professionals,
and ground station and satellite weather database scientists.

This section presents two examples of validation against other models. The first example
deals exclusively with the tilted radiation calculation model. The second example is a sys-
tem test and compares the predicted energy production of a PV/Diesel hybrid system by
the RETScreen model against results from an hourly simulation program.

2.7.1 Validation of tilted irradiance calculation compared with an hourly model

Methodology

The algorithm of Section 2.2 was validated in several ways. First, hourly calcula-
tions for different tracking configurations were run with Typical Meteorological
Year (TMY) weather data as input®. Six sites were considered: Iqaluit (63.75°N),
Vancouver (49.20°N), Toronto (43.67°N), Denver (39.8°N), Phoenix (33.43°N), and

5. All are TMY files from the Watsun Simulation Laboratory, except Singapore which is an artificial file created with the
WATGEN program. See Watsun (1992, 1993).
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Singapore (1.37°N). Monthly mean daily tilted radiation calculated from hourly
values was compared with tilted radiation values computed with the RETScreen
algorithm. The configurations considered were:

1. Fixed array facing south, tilted at latitude (see Figure 17a).

2. Fixed vertical array facing south (see Figure 17b).

3. Fixed vertical array facing west (see Figure 17¢).

4. Fixed vertical array facing east (see Figure 17d).

5. One-axis tracking with horizontal axis N-S (see Figure 18a).

6. One-axis tracking with sloped axis N-S tilted at latitude (see Figure 18b).
7. Two-axis tracking (see Figure 18¢).

8. Azimuth tracking with array sloped at latitude (see Figure 18d).

Second, for fixed surfaces, the RETScreen algorithm was compared to the Liu and
Jordan algorithm, which was used in the previous version of the RETScreen PV model,
and is still used in the RETScreen Solar Water Heating Model.

Finally, the calculations made in the Northern Hemisphere were duplicated in the
Southern Hemisphere, using the same input data as for northern locations but
shifted by six months.

Validation results

Figure 17 and Figure 18 show the results of comparisons with values derived from
hourly calculations. The agreement between values derived from hourly calcula-
tions and values obtained with the RETScreen algorithm is good. For fixed sur-
faces, the RETScreen algorithm tends to outperform the Liu and Jordan algorithm.
Table 2 summarises the mean bias error and root mean square error of the algo-
rithms with respect to values derived from hourly calculations (the results for all
stations are aggregated together). The table confirms that for all configurations the
model performs well (compared to hourly calculations) and that for fixed surfaces,
the RETScreen algorithms always outperforms the Liu and Jordan algorithm — and
particularly so for East or West-facing surfaces.

Finally, Figure 19 compares calculations in the Northern and Southern Hemi-
sphere. As would be expected the results are identical, except for a few points
where the differences can be traced back to small differences in declination or
extraterrestrial irradiance (the winter in the Southern Hemisphere is not quite
equivalent, mathematically speaking, to the summer in the Northern Hemisphere,
hence small differences which get amplified by the model’s equations).
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Fixed, slope = lat, due south

Monthly mean daily radiation calculated from hourly values [MJ/m?/d]
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Performance of RETScreen Radiation Algorithm for Fixed Surfaces,
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Fixed, slope = vert, west facing
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One-axis, slope = 0, due south

Monthly mean daily radiation calculated from hourly values [MJ/m2/d]
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Two-axis

50

45

40

*
PY )

35

4
AR
°

25

o\ &
*

oo
20 2L

15 -
93"
10 *

monthly values [MJ/m2/d]

Monthly mean daily radiation calculated from

0 5 10 15 20 25 30 35 40 45 50

Monthly mean daily radiation calculated from hourly values [MJ/m?/d]

Azimuth, slope = lat

45

40 .

35

0‘ *
*

30

25 <

15

monthly values [MJ/m2/d]

10 &

Monthly mean daily radiation calculated from

0 5 10 15 20 25 30 35 40 45
Monthly mean daily radiation calculated from hourly values [MJ/m?2/d]

Figure 18c and 18d:
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Configuration 1 2 3 4
Algorithm RETScreen | Liu-Jordan | RETScreen | Liu-Jordan | RETScreen | Liu-Jordan | RETScreen | Liu-Jordan
MBE -0.04 -0.10 0.25 0.32 0.22 1.30 0.20 1.28
(MJ/m?] ' ‘ ' ‘ ' ' ‘ '
MBE
-0.24 -0.61 2.22 2.92 243 14.09 216 13.78
[% of average]
RMSE
MJ/T] 0.66 0.85 0.46 0.86 0.82 1.68 0.83 1.59
AMSE 3.85 4,93 6.88 7.76 8.91 18.15 8.89 1714
[% of average]
Configuration 5 6 7 8
Algorithm RETScreen RETScreen RETScreen RETScreen
MBE
MJ/T?) -0.21 -0.72 -0.25 -0.06
MBE -1.03 -3.18 1.05 -0.26
[% of average]
RMSE
/7] 1.25 1.73 1.52 1.07
o AMSE 599 762 6.50 4,96
[% of average]
Table 2: Statistical Performance of RETScreen Titled Radiation Calculation Algorithm.
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Figure 19:

Comparison of Calculations in Northern and Southern Hemispheres.
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2.7.2 Validation of off-grid model compared with an hourly model

In this section the predictions of the RETScreen off-grid model are tested against calcu-
lations by an hourly model. The hourly model used is HOMER, an optimisation model
for designing stand-alone electric power systems (see NREL, 2001). HOMER uses hourly
simulations to optimise the design of hybrid power systems. HOMER can model com-
binations of wind turbines, photovoltaic panels, diesel generators, and battery storage.
The present validation does not make use of the optimisation capabilities of HOMER; the
program is used only as a simulation tool.

The system configuration is close to the default off-grid PV/batteries/genset worked-out
example one finds when opening the RETScreen PV model. The system modelled is a tele-
com station located near Neuquen, Argentina (latitude 39°S). Horizontal solar radiation
and average air temperature are shown in Table 3. Main parameters of the system are:

m Load: 500 W, continuous, AC load (the choice of an AC load is to make
the comparison with HOMER easier since HOMER deals only with AC loads)®.

m PVarray: 1 kW, mono-Si array; miscellaneous PV array losses are set
to 10%. The array is tilted at 50° facing North.

B Battery: 24V, 2,500 Ah nominal capacity with 80% round trip efficiency
and 40% maximum depth of discharge. The HOMER simulations were
set up using the “Cycle charging” option, which means that whenever the
genset is needed it runs at full capacity, with surplus power going to charge
the batteries. The “Setpoint State of Charge” option was also used, which
means that the genset will not stop charging the battery bank until it reaches
the specified state of charge.

m Inverter: 1 kW, 90% average efficiency.

B Genset: 7.5 kW, with a specific fuel consumption 0.46 L/kWh.

m Charger efficiency is 95%.
For HOMER, monthly results were obtained by exporting hourly simulation data and per-
forming a summation. Obtaining monthly results with RETScreen was trickier and required

setting all “fraction of month used” to O for all months with the exception of one, and repea-
ting the procedure for all months of the year”.

6. HOMER allows a randomization of the load to induce artificial variations on an hourly and daily basis. This feature was
turned off for the comparison.

7. Inside RETScreen, all energy calculations are performed on a monthly basis before being summed as a yearly figure,
so the trick mentioned here only reveals figures calculated internally by the program prior to the yearly summation
displayed in the Energy Model sheet. From a validation point of view, it is interesting to use monthly data since yearly
totals could mask seasonal variations in the performance of the models.
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Global | Average Incident Solar PV Energy Genset Fuel
solar Temp. Radiation Production Consumption
KwW/m#/d °C KW/m?/d kwh L
HOMER | RETScreen | HOMER | RETScreen | HOMER | RETScreen

Jan 6.33 23.3 4.98 4.94 139 129 164 172
Feb 5.89 22.0 5.23 5.21 132 123 141 162
Mar 4.58 18.3 4.99 4.82 139 127 172 173
Apr 3.36 13.2 4.58 4.39 124 114 170 173
May 2.33 9.2 3.88 3.88 108 106 187 186
Jun 1.78 6.1 3.23 3.27 87 88 191 189
Jul 2.00 5.6 3.51 3.51 98 98 195 191
Aug 2.93 8.0 4.36 4.32 122 119 175 178
Sep 3.72 1.2 4.34 417 117 110 176 176
Oct 5.28 156.3 514 4.93 143 132 169 170
Nov 6.33 19.3 5.06 5.08 137 130 166 163
Dec 6.36 22.2 4.83 4.81 135 127 174 174
Year | 4.23 14.5 4.51 4.44 1,480 1,404 2,079 2,096

Table 3: Summary of Calculation Results with RETScreen and HOMER.

The results of the comparison are summarised in Table 3. On a yearly basis RETScreen predicts
slightly less PV energy production than HOMER does (1,404 vs. 1,480 kWh, or a difference of
5%). Part of this difference (around 2%) is attributable to differences in the calculations of inci-
dent solar radiation, as shown in the table. Contributions from the genset, reported in Table 3
as fuel consumption, are virtually identical (2,096 vs. 2,079 L). Overall, these differences are
insignificant and illustrate the adequacy of the RETScreen PV model for pre-feasibility studies.
A graphical comparison of the results are presented in Figure 20 to Figure 22.
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Figure 20:
Comparison of Incident Solar Radlation Calculated by RETScreen and HOMER,
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Figure 21:
Comparison PV Energy Production Calculated by RETScreen and HOMER.
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Figure 22:

Comparison of Genset Fuel Consumption Calculated by RETScreen and HOMER.

2.8 Summary

In this section the algorithms used by the RETScreen Photovoltaic Project Model have
been shown in detail. The tilted irradiance calculation algorithm and the PV array model
are common to all applications. The tilted irradiance calculation uses an hourly model
extended to take into account tracking surfaces. The PV array model takes into account
changes in array performance induced by ambient temperature. The On-grid model and
the Water pumping model are relatively simple models based on assumed average efficien-
cies. The Off-grid model is more complex and allows for a distinction between matched,
continuous and intermittent loads which may have an influence on the amount of energy
going through the battery.
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