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Abstract: Provided in this recommended practice is information to assist in sizing the array and
battery of a stand-alone photovoltaic (PV) system. Systems considered in this recommended
practice consist of PV as the only power source and a battery for energy storage. These systems
also commonly employ controls to protect the battery from being over- or under-charged and may
employ a power conversion subsystem (inverter or converter). This recommended practice is
applicable to all stand-alone PV systems where PV is the only charging source. This recommended
practice does not include PV hybrid systems nor grid-connected systems. This recommended
practice covers lead-acid batteries only; nickel-cadmium and other battery types are not included.
This recommended practice does not include the sizing of the system controller, inverter, wiring, or
other system components.

Keywords: distributed energy resources, energy storage, IEEE Std1562™, photovoltaic systems,
PV systems

The Institute of Electrical and Electronics Engineers, Inc.
3 Park Avenue, New York, NY 10016-5997, USA

Copyright © 2021 by The Institute of Electrical and Electronics Engineers, Inc.
All rights reserved. Published 3 September 2021. Printed in the United States of America.

IEEE is a reqgistered trademark in the U.5. Patent & Trademark Office, owned by The Institute of Electrical and Electronics
Engineers, Incorporated.

PDF: ISBN 978-1-5044-7714-7 STD24802
Print: ISBN 978-1-5044-7715-4 STDPD24802

IEEE prohibits discrimination, harassment, and bullying.

For more information, visit https./\www.ieee.org/about/corporate/governance/p8-26.htm.

No part of this publication may be reproduced in any form, in an electronic retrieval system or otherwise, without the prior written permission
of the publisher.




Important Notices and Disclaimers Concerning IEEE Standards Documents

IEEE Standards documents are made available for use subject to important notices and legal disclaimers.
These notices and disclaimers, or a reference to this page (https://standards.ieee.org/ipr/disclaimers.html),
appear 1n all standards and may be found under the heading “Important Notices and Disclaimers Concerning
IEEE Standards Documents.”

Notice and Disclaimer of Liability Concerning the Use of IEEE Standards
Documents

IEEE Standards documents are developed within the IEEE Societies and the Standards Coordinating
Committees of the IEEE Standards Association (IEEE SA) Standards Board. IEEE develops its standards
through an accredited consensus development process, which brings together volunteers representing varied
viewpoints and interests to achieve the final product. IEEE Standards are documents developed by volunteers
with scientific, academic, and industry-based expertise in technical working groups. Volunteers are not
necessarily members of IEEE or IEEE SA, and participate without compensation from IEEE. While IEEE

does not independently evaluate, test, or verify the accuracy of any of the information or the soundness of
any judgments contained 1n 1ts standards.

IEEE makes no warranties or representations concerning its standards, and expressly disclaims all warranties,
express or implied, concerning this standard, including but not limited to the warranties of merchantability,
fitness for a particular purpose and non-infringement. In addition, IEEE does not warrant or represent that
the use of the material contained in its standards 1s free from patent infringement. IEEE standards documents
are supplied “AS IS” and “WITH ALL FAULTS.”

Use of an IEEE standard i1s wholly voluntary. The existence of an IEEE Standard does not imply that there
are no other ways to produce, test, measure, purchase, market, or provide other goods and services related to
the scope of the IEEE standard. Furthermore, the viewpoint expressed at the time a standard 1s approved and
issued 1s subject to change brought about through developments in the state of the art and comments received
from users of the standard.

In publishing and making its standards available, IEEE 1s not suggesting or rendering professional or other
services for, or on behalf of, any person or entity, nor 1s [EEE undertaking to perform any duty owed by any
other person or entity to another. Any person utilizing any IEEE Standards document, should rely upon his
or her own independent judgment in the exercise of reasonable care In any given circumstances or, as
appropriate, seek the advice of a competent professional in determining the appropriateness of a given IEEE
standard.

IN NO EVENT SHALL IEEE BE LIABLE FOR ANY DIRECT, INDIRECT, INCIDENTAL, SPECIAL,
EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT NOT LIMITED TO: THE
NEED TO PROCURE SUBSTITUTE GOODS OR SERVICES:; LOSS OF USE, DATA, OR PROFITS; OR
BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LIABILITY,
WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE PUBLICATION, USE OF, OR RELIANCE UPON
ANY STANDARD, EVEN IF ADVISED OF THE POSSIBILITY OF SUCH DAMAGE AND
REGARDLESS OF WHETHER SUCH DAMAGE WAS FORESEEABLE.

Translations

The IEEE consensus development process involves the review of documents in English only. In the event
that an IEEE standard 1s translated, only the English version published by IEEE is the approved IEEE
standard.



Official statements

A statement, written or oral, that 1s not processed in accordance with the IEEE SA Standards Board
Operations Manual shall not be considered or inferred to be the official position of IEEE or any of its
committees and shall not be considered to be, nor be relied upon as, a formal position of IEEE. At lectures,
symposia, seminars, or educational courses, an individual presenting information on IEEE standards shall
make 1t clear that the presenter’s views should be considered the personal views of that individual rather than
the formal position of IEEE, IEEE SA, the Standards Committee, or the Working Group.

Comments on standards

Comments for revision of IEEE Standards documents are welcome from any interested party, regardless of
membership affiliation with IEEE or IEEE SA. However, IEEE does not provide interpretations,
consulting information, or advice pertaining to IEEE Standards documents.

Suggestions for changes in documents should be in the form of a proposed change of text, together with
appropriate supporting comments. Since IEEE standards represent a consensus of concerned interests, it is
important that any responses to comments and questions also receive the concurrence of a balance of interests.
For this reason, IEEE and the members of its Societies and Standards Coordinating Committees are not able
to provide an instant response to comments, or questions except in those cases where the matter has
previously been addressed. For the same reason, IEEE does not respond to interpretation requests. Any person
who would like to participate in evaluating comments or in revisions to an IEEE standard 1s welcome to join
the relevant IEEE working group. You can indicate interest in a working group using the Interests tab in the
Manage Profile & Interests area of the IEEE SA myProject system. An IEEE Account is needed to access
the application.

Comments on standards should be submitted using the Contact Us form.

Laws and regulations

Users of IEEE Standards documents should consult all applicable laws and regulations. Compliance with the
provisions of any IEEE Standards document does not constitute compliance to any applicable regulatory
requirements. Implementers of the standard are responsible for observing or referring to the applicable
regulatory requirements. IEEE does not, by the publication of its standards, intend to urge action that is not
in compliance with applicable laws, and these documents may not be construed as doing so.

Data privacy

Users of IEEE Standards documents should evaluate the standards for considerations of data privacy and data
ownership in the context of assessing and using the standards in compliance with applicable laws and
regulations.

Copyrights

IEEE draft and approved standards are copyrighted by IEEE under US and international copyright laws. They
are made available by IEEE and are adopted for a wide variety of both public and private uses. These include
both use, by reference, in laws and regulations, and use in private self-regulation, standardization, and the
promotion of engineering practices and methods. By making these documents available for use and adoption
by public authorities and private users, IEEE does not waive any rights in copyright to the documents.



Photocopies

Subject to payment of the appropriate licensing fees, IEEE will grant users a limited, non-exclusive license
to photocopy portions of any individual standard for company or organizational internal use or individual,
non-commercial use only. To arrange for payment of licensing fees, please contact Copyright Clearance
Center, Customer Service, 222 Rosewood Drive, Danvers, MA 01923 USA; +1 978 750 8400;
https://www.copyright.com/. Permission to photocopy portions of any individual standard for educational
classroom use can also be obtained through the Copyright Clearance Center.

Updating of IEEE Standards documents

Users of IEEE Standards documents should be aware that these documents may be superseded at any time
by the issuance of new editions or may be amended from time to time through the issuance of amendments,
corrigenda, or errata. An official IEEE document at any point in time consists of the current edition of the
document together with any amendments, corrigenda, or errata then in effect.

Every IEEE standard 1s subjected to review at least every 10 years. When a document 1s more than 10 years
old and has not undergone a revision process, it 1s reasonable to conclude that its contents, although still of
some value, do not wholly reflect the present state of the art. Users are cautioned to check to determine that
they have the latest edition of any IEEE standard.

In order to determine whether a given document 1s the current edition and whether it has been amended
through the issuance of amendments, corrigenda, or errata, visit IEEE Xplore or contact IEEE. For more
information about the IEEE SA or [EEE’s standards development process, visit the IEEE SA Website.

Errata

Errata, if any, for all IEEE standards can be accessed on the IEEE SA Website. Search for standard number
and year of approval to access the web page of the published standard. Errata links are located under the
Additional Resources Details section. Errata are also available in IEEE Xplore. Users are encouraged to
periodically check for errata.

Patents

IEEE Standards are developed in complhiance with the IEEE SA Patent Policy.

Attention 1s called to the possibility that implementation of this standard may require use of subject matter
covered by patent rights. By publication of this standard, no position 1s taken by the IEEE with respect to the
existence or validity of any patent rights in connection therewith. If a patent holder or patent applicant has
filed a statement of assurance via an Accepted Letter of Assurance, then the statement 1s listed on the IEEE
SA Website at https://standards.ieee.org/about/sasb/patcom/patents.html. Letters of Assurance may indicate
whether the Submitter 1s willing or unwilling to grant licenses under patent rights without compensation or
under reasonable rates, with reasonable terms and conditions that are demonstrably free of any unfair
discrimination to applicants desiring to obtain such licenses.

Essential Patent Claims may exist for which a Letter of Assurance has not been received. The IEEE i1s not
responsible for identifying Essential Patent Claims for which a license may be required, for conducting
inquiries into the legal validity or scope of Patents Claims, or determining whether any licensing terms or
conditions provided in connection with submission of a Letter of Assurance, if any, or in any licensing
agreements are reasonable or non-discriminatory. Users of this standard are expressly advised that
determination of the validity of any patent rights, and the risk of infringement of such rights, 1s entirely their
own responsibility. Further information may be obtained from the [EEE Standards Association.



IMPORTANT NOTICE

IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure
against interference with or from other devices or networks. IEEE Standards development activities consider
research and information presented to the standards development group in developing any safety
recommendations. Other information about safety practices, changes in technology or technology
implementation, or impact by peripheral systems also may be pertinent to safety considerations during
implementation of the standard. Implementers and users of IEEE Standards documents are responsible for
determining and complying with all appropriate safety, security, environmental, health, and interference
protection practices and all applicable laws and regulations.



Participants

At the time this IEEE recommended practice was completed, the Energy Storage Subsystems Working Group
had the following membership:

Curtis Ashton, Chair
Mark Siira, Vice Chair

Thomas Basso
James McDowall
Sepehr Mogharei

The following members of the individual Standards Association balloting group voted on this recommended
practice. Balloters may have voted for approval, disapproval, or abstention.

Samuel Aguirre
Curtis Ashton
Michael Basler
Thomas Basso
Michael Bayer
Christopher Belcher
Steven Bezner
Wallace Binder
William Byrd
Paul Cardinal

Ke Chen

Neal Dowling
Thomas Dunmore 11
Donald Dunn
Kevin Fellhoelter
Rostyslaw Fostiak
Jalal Gohan
Edwin Goodwin
Stephen Grier

Lee Herron
Werner Hoelzl
Richard Jackson
Anthony Johnson
Piotr Karocki
Tanuj Khandelwal

Haissam Nasrat
Robert Rallo
Daniel Seidel

Yuri Khersonsky
James Kinney
Boris Kogan
Jacob Kulangara
Jim Kulchisky
Thomas Ladson
Mikhail Lagoda
Chung-Yiu Lam
Brian Lydic

Jose Marrero
James McDowall
Jeffrey McElray
Peter McNutt
Larry Meisner
James Midolo
Sepehr Mogharei
Daleep C. Mohla
Volney Naranjo
Haissam MNasrat
Dennis Neitzel
Rajesh Nighot
Michael O’Brien
Sivaraman P.
Bansi Patel

Marc Patterson

Phil Undercuffler
Simon Wall
F. Keith Waters

Brammir Petosic
Christopher Petrola
Robert Pettigrew
Patty Polpattana
Robert Rallo
Charles Rogers
Ryandi Ryandi
Kenneth Sanders
Bartien Sayogo
Daniel Seidel
Robert Seitz
Gregory Shirek
Mark Siira
Jeremy Smith
Jerry Smith
Gary Smullin
Wayne Stec
Joseph Stevens
Julius Susanto
David Tepen
James Van de Ligt
Raul Velazquez
John Vergis

F. Keith Waters
Kenneth White

When the IEEE SA Standards Board approved this recommended practice on 16 June 2021, it had the
following membership:

Gary Hoffman, Chair
Jon Walter Rosdahl, Vice Chair

John D. Kulick, Past Chair
Konstantinos Karachalios, Secretary

Edward A. Addy Howard Li Mehmet Ulema
Doug Edwards Daozhuang Lin Lel Wang

Ramy Ahmed Fathy Kevin Lu F. Keith Waters
J. Travis Griffith Daleep C. Mohla Karl Weber
Thomas Koshy Chenhui Niu Sha Wei

Joseph L. Koepfinger* Damir Novosel Howard Wolfman

David J. Law Annette Reilly Daidi Zhong
Dorothy Stanley

*Member Emeritus

7
Copyright © 2021 IEEE. All rights reserved.



Introduction

This introduction 1s not part of IEEE Std 1562-2021, IEEE Recommended Practice for Sizing Stand-Alone Photovoltaic
(PV) Systems.

This recommended practice 1s intended to assist system designers and end users in sizing stand-alone
photovoltaic (PV) systems. This document uses the “Peak Sun-hour” method of sizing. Systems are sized
based upon the worst-case month using monthly solar irradiance and load demand. This document 1s not

intended to be used for grid-connected or hybrid systems, where the systems are generally designed for annual
values. Refer to IEEE 5td 1561™ for hybrid designs.

Two critical pieces of information are required for the proper sizing of the PV array and battery in a
standalone PV system: accurate load data and accurate solar radiation data. The performance of the system
will be only as good as these data.

A computer sizing program 1s recommended for critical applications.

The annexes contain information on charge controllers, module tilt angles, and sizing examples using the
System Si1zing worksheet.

This document should be used in combination with IEEE Std 1361™ and IEEE Std 1013™.! Together, these
documents will provide the user with a general guide to sizing and designing the PV array storage batteries
for stand-alone PV systems.

! Information on references can be found in Clause 2,
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IEEE Recommended Practice for Sizing
Stand-Alone Photovoltaic (PV)
Systems

1. Overview

1.1 Scope

This recommended practice provides a procedure to size a stand-alone photovoltaic (PV) system. Systems
considered in this document consist of PV as the only power source and a battery for energy storage. These
systems also commonly employ controls to protect the battery from being over- or undercharged and may
employ a power conversion subsystem (inverter or converter). The 1ssues of array utilization, battery-charge
efficiency, and system losses are also considered in terms of their effect on system sizing. This recommended
practice 1s applicable to all stand-alone PV systems where PV is the only charging source. This document
does not include PV hybrid? systems or grid-connected systems. This document is normally intended to be
used in conjunction with I[EEE Std 1013 when the solar/PV array is paired with a lead-acid battery systems.?
This recommended practice does not include the sizing of the system controller, inverter, wiring, or other
system components.

1.2 Purpose

The purpose of this recommended practice i1s to provide procedures to size the PV system according to
accepted methods, to improve the performance, cost-effectiveness, and lifetimes of stand-alone PV systems.
These procedures are intended to assist designers, manufacturers, system integrators, users, and laboratories
with information necessary for sizing, modeling, and evaluating the performance of stand-alone PV systems.

1.3 Word usage

The word shall indicates mandatory requirements strictly to be followed in order to conform to the standard
and from which no deviation is permitted (shall equals is required to).*>

* A remote hybrid power system integrates two or more energy generation sources, a battery for energy storage, and necessary controls
for the purpose of supplying electricity to remote loads. The generation sources typically include at’least one variable power source

(typically a renewable source, such as wind or solar) and at least one dispatchable generator. A typical configuration, for example, might
integrate a diesel-powered generator and a PV array with a battery and controls.

*While IEEE Std 1013 is specific to the sizing of lead-acid batteries in stand-alone PV systems, [EEE Std 1562 can also be used to
size the PV array for other battery types/chemstries as well,

* The use of the word must is deprecated and cannot be used when stating mandatory requirements; must is used only to describe
unavoidable situations,

* The use of will is deprecated and cannot be used when stating mandatory requirements; will is only used in statements of fact,
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The word should indicates that among several possibilities one 1s recommended as particularly suitable,
without mentioning or excluding others; or that a certain course of action is preferred but not necessarily
required (should equals is recommended that).

The word may 1s used to indicate a course of action permissible within the limits of the standard (may equals
is permitted to).

The word can 1s used for statements of possibility and capability, whether material, physical, or causal (can
equals is able to).

2. Normative references

The following referenced documents are indispensable for the application of this document (i.e., they must
be understood and used, so each referenced document is cited in text and its relationship to this document is
explained). For dated references, only the edition cited applies. For undated references, the latest edition of
the referenced document (including any amendments or corrigenda) applies.

[EEE Std 1013™_ TEEE Recommended Practice for Sizing Lead-Acid Batteries for Stand-Alone Photovoltaic
(PV) Systems.®’

IEEE Std 1361™, IEEE Guide for Selection, Charging, Test and Evaluation of Lead-Acid Batteries Used in
Stand-Alone Photovoltaic (PV) Systems.

3. Definitions, acronyms, and abbreviations

3.1 Definitions

For the purposes of this document, the following terms and definitions apply. The [EEE Standards Dictionary
Online should be consulted for terms not defined in this clause.®

array-to-load ratio (A:L): The average daily photovoltaic ampere-hours (Ah) available to charge the battery
divided by the average daily load in ampere hours.

NOTE—The average daily PV ampere hours 1s calculated by taking the average sun-hours for the month of interest times
the array current at its maximum power point (Imp) under standard test conditions (STC).

autonomy: The length of time that a photovoltaic (PV) system can provide energy to the load without
receiving energy from the PV array.

charge controller: An electrical control device that regulates battery charging by voltage control and/or
other means.

loss-of-load probability (LOLP): The probability (typically expressed as a percent) of the photovoltaic (PV)
power system to have insufficient energy to support the load due to lack of solar radiation.

plane of array (POA): A plane that is at the same tilt angle and azimuth as the photovoltaic (PV) array.
solar irradiance: The instantaneous power density of sunlight measured in watts per meter squared (W/m?).

solar radiation: The time integral of solar irradiance.

* The IEEE standards or products referred to in Clause 2 are trademarks owned by The Institute of Electrical and Electronics Engineers,
Incorporated.
" IEEE publications are available from The Institute of Electrical and Electronics Engineers (https://standards.ieee.org/).

“EEE Standards Dictionary Online is available at: http://dictionary.ieee.org. An IEEE account is required for access to the dictionary,
and one can be created at no charge on the dictionary sign-in page.

11
Copyright @ 2021 IEEE. All rights reserved.



IEEE Std 1562-2021
IEEE Recommended Practice for Sizing Stand-Alone Photovoltaic (PV) Systems

NOTE—Solar radiation data for a geographic location 1s generally reported for each month as the average
daily radiation for a specific array tilt angle. A typical range for daily solar radiation is 2 kWh/m? to
7 kWh/m?.

standard test conditions (STC): The accepted conditions under which PV devices are commonly rated:
1000 W/m? irradiance at a spectral distribution of air mass (AM) 1.5 and a 25 °C PV cell temperature.

sulfation, excessive or “hard™: The abnormal growth of lead sulfate crystals on the plates of a lead-acid
battery after an extended time in a fully or partially discharged condition.

sun hours: Length of time in hours at a solar irradiance level of 1 kW/m” needed to produce the daily solar
radiation obtained from the integration of irradiance over all daylight hours. Sun hours 1s sometimes referred
to as peak sun hours.

system availability: A value equal to 1 minus loss of load probability (LOLP), expressed as a percentage.

3.2 Acronyms and abbreviations

Ah ampere-hour

AL array-to-load ratio

AM air mass

a-Si amorphous silicon

Iimp maximum power current

[ short circuit current

LOLP loss of load probability

MPPT maximum power point tracker
Pryax power at maximum power point
POA plane of array

ppm parts per million

PV photovoltaic

PWM pulse-width modulation

SOC state of charge

STC standard test conditions

Vdc volts direct current

Vip maximum power voltage

Voc open circuit voltage

VLA vented lead-acid
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VRLA valve-regulated lead-acid

4. Outline of sizing methodology

4.1 General

Part of the process of sizing of a stand-alone photovoltaic (PV) system is to determine the required number
of PV modules and the capacity of the battery. Other sizing aspects include wire, charge controllers, inverters,
etc., which are beyond the scope of this document. The sizing is based on a combination of worst-case solar
radiation, load consumption, and system losses. (Ambient temperature is also used when sizing maximum
power point tracker (MPPT) charge controllers.) This is different than sizing hybrid or grid-connected
systems, where the PV array may be sized to help maximize solar energy production on an annual basis.

The PV array is sized to replace the ampere-hours (Ah) in the battery consumed by the load and to provide
sufficient energy to overcome system losses and inefficiencies. Any additional over-sizing of the PV array is
used to recharge the battery faster after periods of low solar radiation.

Two different sizing methodologies are used in this recommended practice, both based on the average daily
load in Ah. The methodology used depends on the type of charge controller in the system. (Refer to Annex C
for more information on charge controller types.)

Module temperature deratings are considered for determining the required number of series modules and Wh
production from PV arrays using MPPT charge controllers, as the temperature has a great effect on the
operating voltage (and therefore power output) of a PV module.

Shading of the PV array 1s not addressed, and it is assumed that the PV array will not be shaded throughout
the day. If the PV array 1s shaded, a computer model may be needed to determine the effect of shading on
the output of the PV array.

The performance of PV systems is directly dependent on the accuracy of the solar radiation data and the load
consumption data used. Inaccuracies in either of these pieces of information will cause the system to be over-
or under-designed.

The criticality of the application or load availability 1s also important. If the load is not critical and a loss of
load can be tolerated, then the system can be designed more cost effectively than a critical system that requires
extremely high system availability.

4.2 Sun-hour method for PV array sizing

For the purposes of this document, the daily module output is estimated by converting the solar radiation data
on the plane of array (POA) into the equivalent number of sun hours of standard full solar irradiance at
| kW/m?. For shunt, series, and pulse-width modulation (PWM) regulators, multiplying the number of sun
hours times the rated module peak power current (from the PV module datasheet) gives an estimate of the
average available Ah/day production from the PV array. For MPPT controllers, multiplying the number of
sun hours times the module peak power after temperature derate gives an estimate of the average available
Wh/day production from the PV array. The sun-hour method for PV array sizing is used in this document for
sizing the PV array.

5. Load calculation

One of the most critical factors in properly sizing a stand-alone PV system is properly determining the load.
[f the actual load is greater than the estimated load used for sizing, the system will be under-designed. If the
actual load 1s smaller, the system may be over-designed.
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The load should be determined as per IEEE Std 1013™,

[f the load is not constant for all months, determine the average load for each month. This information will
be used in the calculation of monthly array-to-load (A:L) ratios (see Clause 8).

6. Days of autonomy

As the array 1s sized to replace the Ah used by the load and system losses, the battery 1s sized to support the
load during times of low solar radiation.

Battery capacity has a large effect on system availability. The larger the battery, the more days of backup,
and typically the greater the system availability. There 1s a balance however with lead-acid batteries; the
larger the battery, the greater the risk of sulfation. As the battery can operate at a low state of charge
(SOC) for long periods of time (also called deficit charge), this risk can be reduced by increasing the A:L
so that the PV array can recharge the battery at a higher rate; but this also increases the cost of the system.
Conversely, a smaller battery will deep cycle more frequently, reducing availability and battery life.

The following is a general recommendation for determining the number of days of autonomy. For non-
critical loads and areas with high solar irradiance, five to seven days of autonomy are recommended.’
For critical loads or areas with low solar irradiance, seven to 14 days of autonomy or greater should be
used.

7. Battery sizing and selection

For battery sizing and selection, refer to IEEE Std 1013™ and IEEE Std 1361™, respectively.

8. Solar radiation

Accurate solar radiation data 1s as important as accurate load data. Reliable solar radiation data for the site
location (or as close as possible), should be used for proper system design. Solar radiation data is available
from several public and private sources.

[f the load is constant for all months, it 1s recommended to use the solar radiation for the month with the
worst-case solar radiation at the optimum tilt angle (refer to Annex B for tilt-angle selection). The value is

usually represented in kWhin®, which is equivalent to sun hours. This value will be used later in calculations
to size the PV array. If the sun hour data obtained 1s not in this same single fixed plane of array, the sun-
hours must be adjusted for tilt (including potential seasonal adjustments, azimuth, and motorized or passive
tracking'’ [the examples in Annex D use single fixed angle arrays that are not seasonally adjusted and use
sun hour data (like that found in the NREL Red Book [B3]'") that is for the plane of array single tilt angle
already, so no adjustment is necessary].

If the load 1s not constant for all months, the array and battery will need to be sized for each month. The
month with the lowest A:L and battery autonomy should be used as the worst case for the system design.
This will be an iterative process.

* In certain applications with non-critical loads, and high solar irradiation lower autonomies may be used with certain battery
technologies. However, this is not recommended. As noted in the text, five to seven days are recommended due to changing this

document from a guide to a recommended practice.

" Most sun hour data assumes a flat horizontal non-tracking array, with a single permanent fixed tilt angle based on the latitude. While
the exact amount of sun-hour energy increase from this value vanes by location on the globe for dual and single-axis trackers, and

seasonally adjusted fixed angles, conservative estimation would increase the sun hours by 40% for dual-axis tracking arrays, 25% for
single-axis tracking arrays, and by 7% for fixed axis arrays adjusted in the spring and fall [B3].

"' The numbers in brackets correspond to those of the bibliography in Annex E.

14
Copyright © 2021 IEEE. All rights reserved.



IEEE Std 1562-2021
IEEE Recommended Practice for Sizing Stand-Alone Photovoltaic (PV) Systems

9. PV array sizing

9.1 General
The array sizing 1s determined by the solar radiation, A:L, system losses, and load.

Typical values used for A:L are as follows:

—  For non-critical loads and areas with high and consistent solar radiation, an A:L of 1.1 to 1.2 1s
typical.

— For critical loads or areas with low solar irradiance, an A:L of 1.3 to 1.4 or higher is typical.

9.2 PV module selection

Selection of the PV modules takes into consideration price, available space, module mounting/dimensions
and voltage (nominal, open circuit, and maximum power) ratings. Some PV modules may have advantages
over others depending upon the PV array size, performance under various irradiance conditions, and
application.

9.3 Charge controller selection

A charge controller (output voltage regulator) 1s recommended to help ensure the battery 1s not over-charged
during periods of high solar radiation. Refer to Annex C for charge controller technology.

Some charge controllers may have advantages over others depending upon the PV array size, performance
under various irradiance conditions, and application. As shunt, series, and PWM regulators cannot adjust the
current from the solar array, it 1s important that the maximum solar array current not exceed the current rating
of the controller. While some of these charge controllers can adjust the voltage from input (from the array)
to output (to the batteries) by a fair amount, others can only regulate it downward a little bit—it may be
important to match array nominal voltage (through proper panel voltage rating selection, and series
connection of panels 1f needed) to battery nominal voltage.

9.4 System losses

System losses need to be estimated and included in the calculation. These losses may include dust or snow
on the array, battery coulombic efficiency, parasitic/conversion/dissipation losses (from a charge controller
or mnverter if not included in the average daily load Ah), etc. These losses are typically expressed as a
percentage of the system load. Typical combined values are 10% to 35% (refer to Worksheet 1—System
Si1zing). Underestimating these losses may lead to reduced system performance. These values can typically
be calculated with information obtained from the component suppliers.

9.5 Temperature effect on modules

PV modules are almost always rated at standard test conditions (STC). In reality, modules in systems rarely
operate at a cell temperature of 25 °C. Module temperatures may vary from -40 °C to 80 °C, depending on
ambient temperature, mounting structure, wind speed, etc. For example, a module mounted in an open rack
with air flowing around it will operate cooler versus one mounted directly on a roof. Module operating
temperature is important because all PV-module types exhibit reduced voltage and power at elevated
module temperatures. In extremely hot climates, like the desert southwest of the U.S., voltage output may
decrease to the point that an array cannot charge the system battery.
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Photovoltaic-module voltage and power temperature coefficients may range from —0.1%/C to —0.6%/°C,
depending on the specific module and module material. A commonly used rule of thumb for crystalline-
silicon 1s —0.5%/C. Consult the module literature or manufacturer to determine the temperature coefficients
for a particular module. A greater negative value indicates the output of a particular technology will
decrease more at higher temperatures. Conversely, at lower temperatures, PV technologies with a greater
negative temperature coefficient will have a higher module-output voltage. Maximum module output voltage
at the lowest expected temperature needs to be considered when selecting and sizing charge controllers. The
National Electrical Code™ (NEC™®, NFPA® 70 [B1]) contains a sample correction factor Table [690.7(A)].
but it 1s always best to consult the module manufacturer for temperature correction factors.

To calculate the module-output voltage at a temperature other than 25 °C, the translation is calculated [B4]
using Equation (1):

I':IF.|'.-'—H1.'II'-" — P:"F + (KT—J" & (Tfrmr _25 QC}) {1]
where

mp—new? 1s the peak-power voltage at the operating temperature

e 15 the STC rated peak-power voltage of the module

1s the operating temperature of the module
I 1s the temperature coefficient of voltage

If Kypis given in V/°C, then Equation (1) may be used directly. If Ky 1s given in %/°C or parts per
million (ppm), Equation 1 may be used 1f it 1s converted to V/°C.

As an example, assume a module has a maximum power voltage (V,,) of 17.0 V. The expected operating
temperature, T,.,, 1s 55 °C. The manufacturer may give the Ky, as —0.085 V/°C or —0.5%/°C or —5000
ppm/°C.

If Ky is given as —0.085 VPC, then V... 1s calculated using Equation (1) directly, as shown below:
¥

mp—new”

—17.0 V+ (-0.085 V x (55 °C —25°C)) = 14.45 V

If Ky were given as —0.5%/°C, Ky.ptranslate it to V/°C before using Equation (1) as shown below:

K., (VI°C) =K, , (%/°C) x (¥, +100%)=-0.5%/°C x 17.0 V = 100% = -0.085 V/°C

r.l.'||':I

If Ky were given as —5000 ppm/°C, translated it to V/°C before it can be used in Equation (1), as shown
below:

K, ,(V/°C) =K, , (ppm/°C) x (¥, <+ 1 000 000 ppm) = -5000 ppm/°C x (17.0 V = 1 000 000 ppm) = -0.085 V/°C

mp

Very similar equations (substituting power or current for voltage) can be used if the temperature coefficients
for the power or current are known.

9.6 Module quantity calculations for shunt, series, and PWM charge controllers
9.6.1 Determine the number of series-connected PV modules

To determine the number of series-connected PV modules, the formula is as follows in Equation (2):

T V]TI;-J}'. {2)

N —New lowses
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where

n 1s the number of series-connected PV modules

V. is the highest battery charging voltage used (typically known as “finish™ or “absorption™)

V isses are the voltage losses from wire resistance, charge controllers, etc. from the solar module to the

battery

If the result is not a whole number, the result should be rounded up to the nearest whole number, or a
different module should be selected, and the calculation repeated with the new nominal module voltage.

When calculating the V.0 in 9.5, the T, used should be the highest anticipated to help ensure the module

Hew

voltage 1s sufficient in high temperature conditions to charge the battery.
Vwar Should include temperature compensation, equalization, etc.

Viesses can be calculated by summing all of the voltage drops through the PV system. Typical voltage drops
include wire losses, regulators/charge controllers, shunts, switches, etc.

9.6.2 Determine the number of parallel strings of PV modules

The formula is as follows in Equation (3):

L, .xA:L
N, = —of 3)
{1 o JL) :'{ l'..l.n'ﬂ_'I'.l‘—.'?n.-"nl.' }{ Sh
where
Np is the number of parallel strings of PV modules
Lo, is the average daily load in Ampere-hours
A:L is the array-to-load ratio '
o, are the system losses

| J— is the module current at maximum power, corrected for the operating temperature '
Sh is the sun hours

As this result will typically not be a whole number, the result should be rounded up to the nearest whole
number. Since the number of parallel strings depends on the module selected, an alternative module may
result in a more cost-effective solution.

10. Design verification

The battery supplies energy to the loads during periods of low solar radiation. As a general rule, 1f the A:L
1s a relatively high value (greater than 1.3), then the availability of the system can be increased by
increasing the number of days of autonomy.

The lower the A:L, the greater the time that 1s required to recharge the battery. Balance of the system
availability, system life, and system cost can be achieved by adjusting the array and battery size. A
computer-based stand-alone PV system-sizing program can assist the designer in determining this balance.

While 1t 1s not technically part of the scope of this document, a loss of load probability (LOLP) calculation
1s the best way to confirm the design and verify the annual availability of the system and 1s recommended

'* When sizing a stand-alone PV system, the month with the lowest A:L should be used for sizing calculations.
'* Maximum current corrected for the operating temperature should be calculated per 9.5 using the highest expected temperature.
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for critical loads. Several publicly- and commercially-available software programs are available to simulate

the performance of the system.
Worksheet 1—System sizing

1) Project name and description'*:

2) Nominal system dc voltage.

3) Days of autonomy desired:

4) Total daily load (may be obtained from line 5c¢ of Worksheet [—Battery Sizing, from

[EEE Std 1013-2019): Ahday.

5) Max battery voltage (may be obtained from line 8d of Worksheet 1—Battery Sizing, from

[EEE Std 1013-2019): [ volts direct current (Vdc).

6) Battery capacity (may be obtained from line 12 of Worksheet |1—Battery Sizing, from
IEEE Std 1013-2019): Ah rated at the hour rate.

7) System losses:

Ja
Description of system loss (percent of system load)

7b Typical
% window

7c System
loss

d
multiplier '’

max % | min %

Parasitic '® load (losses) of the charge controller 5 1
|Coulombic losses of battery (refer to [EEE Std 1361-2014, 20 I
Annex A.9)"

Wire losses 0
Module mismatch losses 0
Module aging'® 20 0
Dust 20 0

Yo

decimal

‘Te) Total system losses [multiply all of column 7d, subtract this from 1, then multiply by 100]: Yo

8) Determine the number of peak sun hours: -
9) Decide on an A:L:

10) Choose a PV module (manufacturer and model):

a) Maximum power current (In,): L A.
b) Short circuit current (I): | A.
c) Nominal voltage: | Vdc.

' Fields in this worksheet highlighted in yellow are provided/decided by the user/designer. Those highlighted in green come from
other documents or manufacturer datasheets/manuals. Those highlighted in light blue are calculations,

'* Calculate each value in column 7d by dividing each value in column 7¢ by 100, then subtracting that from 1.0.

' This is only the losses due to the need to keep the electronics and li

hts of the charge controller in an operating state, and not the de-

dec conversion losses of an MPPT charge controller (see 18a for Ihnse%ﬂsses}. Typical parasitic controller losses are no more than 1%-

2%.

'" Additional information on coulombic conversion losses in batteries can be found in Table B.2 of IEEE Std 1635/ASHRAE 21 [B2].

'" Modules have an average life of 25 years and lose capacity at a rate of about 1%-1.25 %/yr for the first 2-3 years; after which they
age with a capacity loss of about (0.5%-0.88 %u/yr, depending on the manufacturer and model,
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d) Open circuit voltage (Ve): - Vdc.

¢) Maximum power point voltage (V) - Vdc.

f) Maximum power (Puax): - W.

g) Percentage temperature coefficient of V.. -%PC or %/K.

h) Temperature coefficient of V. [line 10d = 10g +100]: = V/°C or V/K.
1) Percentage temperature coefficient of Py -%FC or %/K.

1) Temperature coefficient of Py [line 10f < 101+ 100]: = W/°C or W/K.
k) Percentage temperature coefficient of I: -%;’DC or %/K.

1) Temperature coefficient of I [line 10b x 10k = 100]: = W/°C or W/K.
m) Maximum operating ambient temperature: - “C.

n) Nominal operating cell temperature (NOCT): - °C.

0) Maximum operating temperature delta of PV module [line 10m + 1O0n-25°C]: = °C.
p) Vmp at max. module operating temperature [line 10e + (10h = (100 — 25 °C))]: Vdc.
q) Pumax at max. module operating temperature [line 10f+ (10) x (100—-25°C))]: . W.

r)  Imp at maximum module operating temperature [line 10a + (10 x (100-25°C))]: __ A.

11) Multiply line 4 times line 9: Ah/day.

12) Divide line 7e by 100 (this converts the percentage to a decimal) and subtract from 1:

Shunt, series, and PWM controller calculations:
13) Multiply line 12 times line 8 times line 10r:
14) Divide line 11 by line 13: :

Ah/day.

15) Round line 14 up to the nearest whole number: . This 1s the number of parallel PV module strings

required.

16) Divide line 5 by line 10p and round up to the nearest whole number: . This is the number of
modules to be wired in series in each string.

17) Multiply line 15 by line 16: . This 1s the total number of PV modules required for the system.

MPPT controller calculations:

18) Choose a charge controller (manufacturer and model):
a) MPPT charge controller (if that is the type used) efficiency'”: -%

19) Multiply line 11 times line 2: __ Wh/day. This is the daily load in Wh.

20) Multiply line 12 times line 8 times line 10q times line 18a divided by 100: Wh/day. This is the

individual module daily production.

21) Divide line 19 by line 20:

22) Round line 21 up to the nearest whole number: . This is the minimum number of PV modules
required for the system,

23) Divide line 2 by line 10c¢: . This is the number of PV modules per PV “string.”

' MPPT converter efficiency on the data sheet is typically the peak/optimal value. Derating this by 1%-2% usually yields a more
accurate true efficiency.
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24) Divide line 22 by line 23 and round up to the nearest whole number: . This 1s the number of
PV “strings.”
25) Multiply line 23 by line 24: . This 1s the actual total number of PV modules needed.
20
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Annex A
(informative)

PV module selection

Before choosing the module for a PV system, it is important to know the operation of the load and the site
climate. The power required by the loads and the input voltage range are also important for proper design.
Common loads include batteries or inverters. The designer should also know the expected solar radiation
and ambient temperature for the site. If the solar radiation 1s typically low during the time of year the
load demand is greatest, the array size will have to be increased. With this information, the designer
calculates the maximum and minimum expected voltages from the array to verify the array will be able
to power the load under all expected climate conditions. The designer should account for all voltage
drops in the system wiring (round-trip), fuses, connectors, charge controllers, etc., to determine if the array
output will still meet the needs of the load. For example, the voltage output of a crystalline-silicon module
with a voltage at P, of 16.90 V, and a temperature coefficient for voltage of —0.43%/°C will drop to

1540 V at an expected module operating temperature of 46 °C. This may be inadequate to charge a 12 V
lead-acid battery.
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Annex B
(informative)

Tilt angle selection

B.1 Recommended tilt angle

It 1s recommended to adjust the array tilt angle for stand-alone PV systems so as to help maximize solar
irradiance in the month with the lowest A:L value. This will be an iterative process as described in Clause &.
Generally, for fixed-tilt arrays to optimize performance in the winter, the array tilt angle should be the
latitude plus 15° (see NREL/TP-463-5607 [B3]?"). The most accurate way to confirm proper tilt angle is
with a computer simulation program.

NOTE—PV array tilt angles for grid-connected and hybrid systems may be different in order to optimize the array
output throughout the year.

B.2 PV array orientation

To help maximize the PV array output, typically the array needs to be oriented to face south in the Northern
hemisphere and north in the Southern hemisphere. However, this can change within any latitude within 15°
of the equator. For sites within 15° of the equator, 1t 1s recommended to use a computer simulation program
to verify the PV array orientation.

When orienting the PV array on site, the magnetic declination should be considered, as true North can vary
by up to 20° versus magnetic North. The orientation 1s less critical at low latitudes.

B.3 Tracking structures

Single-axis and dual-axis trackers can also be used in the system sizing. A computer simulation program is
recommended (if not already included in a solar database) to calculate the monthly average solar radiation
in the POA.

Trackers have additional considerations in the system design, such as maintenance, reliability under
abusive conditions, and resistance to high winds. The tracker manufacturer should be consulted for
considerations to be used in the system design.

“""This NREL publication is sometimes colloguially referred to as the “Red Book™ due to the color of its printed cover,

22
Copyright @ 2021 IEEE. All rights reserved.



IEEE Std 1562-2021
IEEE Recommended Practice for Sizing Stand-Alone Photovoltaic (PV) Systems

Annex C
(informative)

Charge controller technologies

C.1 General

The main purpose of a charge controller 1s to prevent the battery from being under- or overcharged.
Some additional features of charge controllers may include:

— A low-voltage load disconnect to prevent the battery from being over-discharged
—  Metering or status indicators

—  Over-current protection

— Adjustable settings

There are several different configurations of charge controllers; some may be better for a specific
application than others. In general, charge controllers should be voltage-controlled and should include
temperature compensation, especially if the battery’s temperature deviates significantly from 25 °C.

The charge controller should be sized as per the manufacturer’s recommendation and per local electrical
codes or standards (e.g., National Electrical Code™ (NEC"™) (NFPA 70) Article 690 [B1]), as different types
of charge controllers have separate sizing requirements.

All charge controllers have a parasitic load on the system. This parasitic load should be included 1n the
system sizing, either as part of the load or in the system losses.

Refer to IEEE Std 1361™ for additional information on charge controller technology, characteristics, and
considerations.

C.2 Shunt regulator

Shunt regulators are typically solid-state. Their primary components are a transistor between the array
positive and negative lines, and a blocking diode between the battery positive and the array positive.
During normal charging, current flows from the array to the battery. When the battery voltage reaches the
array disconnect setting, the transistor 1s activated, shorting the array. The battery 1s prevented from being
shorted by the blocking diode. The blocking diode also prevents the current from flowing back into the PV
array from the battery during nighttime. When the battery voltage falls to the array reconnect setting, the
transistor 1s released and the current then flows to the battery again. (See Figure C.1.)

This type of charge controller 1s typically used on smaller low-voltage systems. Although short circuiting
the array does not cause damage, there can be large amounts of current flowing through the transistor. The
larger the array, the larger the current flowing through the transistor and the larger the amounts of heat the
transistor dissipates. Additionally, voltage drop (loss) occurs across the blocking diode.
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Figure C.1—Typical shunt regulator

C.3 Series regulator

Series regulators come in many variations. The basic series regulator consists of a relay (either mechanical
or solid-state) between the battery positive conductor and the array positive conductor (for a negatively
grounded system), and a voltage comparator. The negative conductors are used for a positively-grounded
system. When the battery voltage reaches the array-disconnect setting, the relay is opened, disconnecting
the flow of current to the battery. The PV array becomes open-circuited. When the battery voltage falls to
the array-reconnect setting, the relay is closed, allowing the current to flow to the battery again. (See
Figure C.2.)

Normally-open or normally-closed relays could be used. If normally-closed relays are used, a blocking
diode 1s needed to prevent the flow of current from the battery to the array at night. The relay can be solid-
state or mechanical. Typically, mercury-displacement relays are used because of their high cycle life (over
a million cycles) and are available i currents up to 100 A. The frequency with which the relay opens and
closes varies greatly and can be hours, minutes, or seconds.

A series charge controller can consist of one relay or several. By placing several relays in parallel and
staggering the settings at which the relays open and close, the charge current from the PV array to the

battery can be somewhat tapered.

Series charge controllers are used on any size of system. Because of their use of relays, the charge
controller can be made larger or smaller by changing the relay.
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Figure C.2—Typical series requlator

C.4 PWM regulator

A pulse width modulated (PWM) regulator is a variation on the series regulator. The PWM regulator is a
series regulator with a solid-state switch instead of a relay. With the solid-state switch replacing the relay,
the flow of current from the array to the battery can be switched at high speed (frequencies vary with
manufacturers, from a few Hz to kHz). By switching the solid-state switch at high speed, the battery charge
voltage can be controlled more accurately. Instead of varying the voltage to control battery charging, the
PWM regulator varies the amount of the time the solid-state switch 1s open or closed by modulating the
width of the pulse. (See Figure C.3.)

PWM charge controllers do not require a diode, as the solid-state switch prevents the current from flowing
back to the PV array.

PWM charge regulators are used on systems of various sizes; however, they have been known to cause
electrical noise on telecommunication systems because of the high-speed switching on the solid-state
switch.

r i SERIES
| _—" |~ ELEMENT
L .
1
PV = — «— BATTERY
ARRAY L -

Figure C.3—Typical PWM regulator
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C.5 MPPT charge controller

The maximum power point tracker (MPPT) charge controller is a variation of the PWM charge controller.
The MPPT charge controller adjusts the PWM to allow the PV array voltage to vary from the battery
voltage. Because the MMPT controller allows the array voltage to vary compared to the constant battery
charge voltage, the momentary maximum output power from the PV array can be achieved. (See Figure C.4.)

The MPPT charge controller has many advantages over other charge regulators/controllers. In addition
to getting more charge current from the PV array, some MPPT controllers allow the array to operate
at a much higher voltage than the battery. This feature can be useful to reduce wire size and voltage drop
from the PV array to the controller. The PV cell provides the maximum voltage in open circuit (current is
zero). It also provides the maximum current when its output 1s short-circuited. the maximum power (V x I)
1s somewhere in between these two extremes. Usually, the manufacturer provides the V-I curve, and the
maximum power zone, defined as the maximum power point (MPP). The MPP tracker’s (MPPT) role 1s to
change the load characteristics (usually the resistance) seen by the PV in order to extract the maximum power
at a given sunlight and temperature condition. It does this through the use of PWM technology acting as a
dc-dc converter.

+ +
MPPT
CHARGE -
PV CONTROLLER «— BATTERY
ARRAY (DC-DC _—
CONVERTER)

Figure C.4—Typical MPPT charge controller
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Annex D

(informative)

Examples

D.1 General

The following examples, including the parameters used, show the application of the system sizing method.
They are illustrative only and are not intended to cover all possible sizing features.

D.2 Refrigerator/freezer for vaccine storage

This example describes the system sizing for a remote vaccine storage refrigerator (site 1s expected to be
operational for 15 years) using vented lead-acid (VLA) batteries. The refrigerator 1s to be located near the
equator in a tropical climate. Vaccines are delivered quarterly, and at that time a technician is available for
system maintenance. Calculations are run with both a PWM controller and an MPPT controller to show the
difference (MPPT controllers sometimes require fewer panels).

Worksheet 1 —System sizing

(Refer to Annex B.1 of IEEE Std 1013™.-2019)

y

2)
3)

4)

5)

6)

7)

Project name and description: Remote refrigerator/freezer, Brazilian village, tropical climate. High
availability required, quarterly maintenance, four starts per day (including one for ice pack freezing).

Nominal system voltage: /2 Vdc.
Days of autonomy desired: 6 days.

Total daily load (may be obtained from line 5¢ of Worksheet 1—Battery Sizing from IEEE Std 1013-
2019): hiday.

Max battery voltage (may be obtained from line 8d of Worksheet 1—Battery Sizing, from
IEEE Std 1013-2019): Vdc.

Battery capacity (may be obtained from line 12 of Worksheet 1—Battery Sizing, from
IEEE Std 1013-2019): hAh, rated at the /20-hour rate.

System losses:

27
Copyright © 2021 IEEE. All rights reserved.



|IEEE Std 1562-2021
|IEEE Recommended Practice for Sizing Stand-Alone Photovoltaic (PV) Systems

Ta Tb typical Te system 7d
Description of system loss % window loss multiplier
max % | min % Yo decimal

Parasitic load (losses) of the charge controller 5 1 0.99
|Coulombic effect of battery (refer to [EEE Std 1361™-2014, Annex A.9) 20 | 0.83
Wire losses 0 0.97
Module mismatch losses 5 0 1.0
Module aging 20 0 0.89
Dust 20 0 .99
|Dthar

IOthf:r

IOth:r

‘TE] Total system losses [multiply all of column 7d, subtract this from 1, then multiply by 100]: 30%

8) Determine the number of peak sun hi:lurs.:.;‘:-rl
9) Decide on an A:L: /.2,

10) Choose a PV module: Brand XYZ, 50 W.

a) Maximum power current (Imp}:-A.

b) Short circuit current (Ii.): 32 A.

¢) Nominal vnltage:-Vdc.

d) Open circuit voltage (Voc): 2428 Vdc.

¢) Maximum power point voltage (Vp): 8.3 Vdc.

f)  Maximum power (Pyux): .W

g) Percentage temperature coefficient of Vm:-%f'@{?.

h) Temperature coefficient of Vi [line 10d = 10g + 100]: 200072 V/°C.
1) Percentage temperature coefficient of Py -%I C.

1) Temperature coefficient of Py [line 10f < 101+ 100]: =012 W/°C.
k) Percentage temperature coefficient of Iy 0.04%/°C.

) Temperature coefficient of I [line 10b x 10k + 100]: L0013 A/°C.
m) Maximum operating ambient temperaturﬁ:- °C.

n) Nominal operating cell temperature (NOCT):[43 °C.

*! Solar radiation data from RETScreen® Solar Resource and System Load Calculation at,ww.rf:tscrf:ﬂn.nﬁl. (RETScreen® is a
registered trademark of the Minister of Natural Resources Canada.) Location: Brasilia, Brazil. The month with the lowest radiation

was January with a tilt of 15° (equals latitude).

* Maximum expected ambient operating temperature obtained from weather service data for the area.
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0) Maximum operating temperature delta of PV module [line 10m + 10n - 25 °C]. 30 °C.
p) Vmp at max. module operating temperature [line 10e + (10h = (100 — 25 °C))]: £6.5 Vdc.
q) Pmax at max module operating temperature [line 10f+ (10) * (100 — 25 °C))]: #ZW.
r) I at maximum module operating temperature [line 10a + (101 > (100 — 25 °C))]: 3.03 A.
11) Multiply line 4 times line 9: 6/.7 Ah/day.
12) Divide line 7e by 100 (this converts the percentage to a decimal) and subtract from 1: 0.70.
Shunt, series, and PWM controller calculations:
13) Multiply line 12 times line 8 times line 10r: 9.34.
14) Divide line 11 by line 13:[6.61.

15) Round line 14 up to the nearest whole number:_7. This i1s the number of parallel PV module strings
required.

16) Divide line 5 by line 10p and round up to the nearest whole number: {. This 1s the number of modules
to be wired 1n series in each string.

17) Multiply line 15 by line 16:_7. This is the total number of PV modules required for the system.
MPPT controller calculations:

18) Choose a charge controller (manufacturer and model): Brand LMN, 60 A.

19) MPPT charge controller (if that 1s the type used) efﬁciency:.%.
20) Multiply line 11 times line 2: 740 Wh/day. This 1s the daily load in Wh.

21) Multiply line 12 times line 8 times line 10q times line 18a divided by 100:139 Wh/day. This is the
individual module daily production.

22) Divide line 19 by line 20:5.32.

23) Round line 21 up to the nearest whole number: 6. This is the minimum number of PV modules
required for the system.

24) Divide line 2 by line 10c¢:_1. This is the number of PV modules per PV string.

25) Divide line 22 by line 23 and round up to the nearest whole number: 6. This is the number of PV
strings.

26) Multiply line 23 by line 24: 6. This 1s the actual total number of PV modules needed.

D.3 Microwave repeater

This second example describes the system sizing for a telecommunications system near Phoenix, Arizona,
where high reliability is required. Calculations are run with both a PWM controller and an MPPT controller
to show the difference (if any).
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Worksheet 1 —System sizing

(Refer to Annex B.2 of IEEE Std 1013™-2019.)

1)  Project name and description: Communications system. High reliability required, six-month
interval between servicing, mountaintop location near Phoenix, AZ; valve-regulated lead-acid
(VRLA) batteries, MPPT charge controller, 25 vear expected life for the panels.
2)  Nominal system voltage: 48 Vdc.
3)  Days of autonomy desired: /5 days.
4) Total daily load (may be obtained from line 5c¢ of Worksheet 1—Battery Sizing from
[EEE Std 1013-2019): h/day.
5) Max battery voltage (may be obtained from line 8d of Worksheet 1—Battery Sizing from
[EEE Std 1013-2019): dc.
6) Battery capacity (may be obtained from line 12 of Worksheet 1—Battery Sizing, from
[EEE Std 1013-2019): h, rated at the_2000-hour rate.
7)  System losses:
7a 7h typical Tc system 7d
Description of system loss % window loss multiplier
max % |min % Yo decimal
Parasitic load (losses) of the charge controller 5 | 0.99
|Coulombic effect of battery (refer to [EEE Std 1361™-2014, Annex A.9) 20 1 0.91
Wire losses 10 0 0.97
Module mismatch losses 5 0 1.0
Module aging 20 0 0.83
Dust 20 0 0.9
|Dther
Other
Other

ITEJ Total system losses [multiply all of column 7d, subtract this from 1, then multiply by 100]:_35%

8)
9)

10)

Determine the number of peak sun ha::uursr:-23
Decide on an A:L: 1.3,

Choose a PV module: Brand XYZ, 120 W.

a) Maximum power current (Iyp): 6.8 A.
b) Short circuit current (Ii.): Zad A.
¢) Nominal voltage: 12 Vdc.

d) Open circuit voltage (V): 22.6 Vdc.

** Solar radiation data from NREL Solar Radiation Data Manual, WBAN No. 23183, Phoenix, AZ [B3]. The month with the lowest
radiation was December with a tilt of latitude +15° (http://rredc.nrel. gov/solar/old data/nsrdb/redbook/sum2/23183.txt).
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e) Maximum power point voltage (Vpp): -"v'dc.
f) Maximum power (Puax): -W.
g) Percentage temperature coefficient of V. 2038%/°C.
h) Temperature coefficient of Vi [line 10d = 10g + 100]: 20,073 V/°C.
1) Percentage temperature coefficient of Pmm:-%f“C.
1) Temperature coefficient of Py [line 10f x 101 + 100]: 20,52 W/°C.
k) Percentage temperature coefficient of Iw:-%;’"C.
1) Temperature coefficient of I [line 10b x 10k =+ 100]: 0.0049 A/°C.
m) Maximum operating ambient temperature: 30,°C.
n) Nominal operating cell temperature {NDCT}:-E’C.
0) Maximum operating temperature delta of PV module [line 10m + 10n — 25 °C]: 70 °C.
p) Vmp at max module operating temperature [line 10e + (10h = (100 — 25 °C))]: 14.7 Vdc.
qQ) Pmax at max module operating temperature [line 10f + (107 = (100 — 25 °C))]: 96.6 W.
r) Iy at maximum module operating temperature [line 10a + (100 x (100 — 25 °C))]: .02 A.
11) Multiply line 4 times line 9: 23.1 Ahday.
12) Divide line 7e by 100 (this converts the percentage to a decimal) and subtract from 1:0.63.
Shunt, series, and PWM controller calculations:
13) Multiply hine 12 times line 8 times line 10r: 24.2.
14) Divide line 11 by line 13: .9535.

15) Round line 14 up to the nearest whole number:_{. This is the number of parallel PV module
strings required.

16) Divide line 5 by line 10p and round up to the nearest whole number: 4. This is the number of
modules to be wired in series in each string.

17) Multiply line 15 by line 16: 4. This 1s the total number of PV modules required for the system.
MPPT controller calculations:

18) Choose a charge controller (manufacturer and model): Brand LMN, 60 A.

a) MPPT charge controller (1f that 1s the type used) el"ﬁciency:.%.

19) Multiply line 11 times line 2:1110 Wh/day. This is the daily load in Wh.
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23)

24)

25)
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Multiply hine 12 times line 8 times line 10q times line 18a divided by 100: 319 Wh/day. This 1s
the individual module daily production.

Divide line 19 by line 20: 3.47.

Round line 21 up to the nearest whole number: 4. This is the minimum number of PV modules
required for the system.

Divide line 2 by line 10c: 4. This 1s the number of PV modules per PV string.

Divide line 22 by line 23 and round up to the nearest whole number:_1. This 1s the number of PV
strings.

Multiply line 23 by line 24: 4. This 1s the actual total number of PV modules needed.
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