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Abstract: A method for determining the energy-capacity requirements (sizing) of both vented and 
valve-regulated lead-acid batteries used in terrestrial stand-alone photovoltaic (PV) systems is 
described in this recommended practice. Sizing batteries for hybrid or grid-connected PV systems 
is beyond the scope of this recommended practice. Installation, maintenance, safety, testing 
procedures, and consideration of battery types other than lead-acid are beyond the scope of this 
recommended practice. Recommended practices for the remainder of the electrical systems 
associated with PV installations are also beyond the scope of this recommended practice. 
 
Keywords: battery capacity, battery requirements, IEEE 1013™, lead-acid batteries, photovoltaic 
(PV), photovoltaic power systems, sizing, sizing lead-acid batteries, solar, stand-alone 
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IEEE Standards do not guarantee or ensure safety, security, health, or environmental protection, or ensure 
against interference with or from other devices or networks. Implementers and users of IEEE Standards 
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environmental, health, and interference protection practices and all applicable laws and regulations. 
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for a particular purpose; non-infringement; and quality, accuracy, effectiveness, currency, or completeness 
of material. In addition, IEEE disclaims any and all conditions relating to: results; and workmanlike effort. 
IEEE standards documents are supplied “AS IS” and “WITH ALL FAULTS.” 

Use of an IEEE standard is 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 is approved 
and issued is 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 is not suggesting or rendering professional or other 
services for, or on behalf of, any person or entity nor is IEEE 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: 
PROCUREMENT OF 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. 
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Introduction 

This introduction is not part of IEEE Std 1013-2019, IEEE Recommended Practice for Sizing Lead-Acid Batteries for 
Stand-Alone Photovoltaic (PV) Systems. 

This recommended practice describes a method for sizing both vented and valve-regulated lead-acid 
batteries used in stand-alone terrestrial photovoltaic (PV) systems. Sizing batteries for hybrid or grid-
connected PV systems is beyond the scope of this recommended practice. Installation, maintenance, safety, 
testing procedures, and consideration of battery types other than lead-acid are beyond the scope of this 
recommended practice. Recommended practices for the remainder of the electrical systems associated with 
PV installations are also beyond the scope of this recommended practice. 
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IEEE Recommended Practice for Sizing Lead-Acid Batteries for Stand-

Alone Photovoltaic (PV) Systems 

1. Overview 

This recommended practice provides a systematic approach for determining the appropriate energy 

capacity of a lead-acid battery to satisfy the energy requirements of the electrical loads of a stand-

alone photovoltaic (PV) system. Since this capacity determination (sizing) assumes that no power is 

available from the array, the resulting battery capacity should be more than adequate to meet the PV 

system’s load requirements during its normal operation. 

1.1 Scope 

This recommended practice describes a method for sizing both vented and valve-regulated lead-acid 

batteries in stand-alone PV systems. Installation, maintenance, safety, testing procedures, and 

consideration of battery types other than lead-acid are beyond the scope of this recommended 

practice. Sizing batteries for hybrid and grid-connected PV systems is beyond the scope of this 

recommended practice. Recommended practices for the remainder of the electrical systems 

associated with stand-alone PV installations are also beyond the scope of this recommended 

practice. 

Sizing examples are given for various representative system applications. Iterative techniques to 

optimize battery costs, which include consideration of the interrelationship between battery size, PV 

array size, and weather, are beyond the scope of this recommended practice. 

1.2 Purpose 

This recommended practice is meant to assist system designers in sizing lead-acid batteries for 

residential, commercial, and industrial stand-alone PV systems. 
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2. Definitions, acronyms, and abbreviations 

For the purposes of this document recommended practice, the following terms and definitions 

apply. The Authoritative Dictionary of IEEE Standards Dictionary Online Terms [B1]
1
 should be 

consulted referenced for terms not defined in this clause.
1 

2.1 Definitions 

2.1.1 array-to-load ratio: Average daily photovoltaic ampere hours (Ah) available divided by the 

average daily load in ampere hours. 

NOTE—The average daily photovoltaic (PV) ampere hours is calculated by taking the average daily 

solar resource for the month of interest in kilowatt hours per square meter (kW/m
2
) times the array 

current at its maximum power point (Imp) under standard test conditions (STC).
2 

2.1.2 autonomy: The length of time that a photovoltaic (PV) system can provide energy to the load 

without energy from the PV array. 

regulation voltage: The maximum voltage that a charge controller allows the battery to reach under 

charging conditions. 

2.1.4 solar irradiance: Instantaneous power density of sunlight measured in watts per meter squared 

(W/m
2
). 

solar radiation: The time integral of solar irradiance. 

 

1
IEEE Standards Dictionary Online is available at: http://dictionary.ieee.org. 

1 

The numbers in brackets correspond to those of the bibliography in Annex C. 

2 

Notes in text, tables, and figures of a standard are given for information only and do not contain requirements needed to 

implement this standard. 
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NOTE—Solar radiation data for a geographic location is 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
2 
to 7 kWh/m

2
. 

2.1.6 standard test conditions (STC): The accepted conditions under which photovoltaic devices are 

commonly rated: 1000 W/m
2 
irradiance at a spectral distribution air mass (AM) of 1.5 and a 25 °C PV 

cell temperature. 

2.1.7 sun hours: Length of time in hours at a solar irradiance level of 1 kW/m
2
 needed to produce the 

daily solar radiation obtained from the integration of solar irradiance over all daylight hours. Sun 

hours is sometimes referred to as peak sun hours. 

2.2 Acronyms and abbreviations 

AM air mass 

DOD depth of discharge 

EOD end of discharge 

EOL end of life 

Icoin coincident current 

Imp maximum power point current 

Inoncoin non-coincident current 

MDDOD maximum daily depth of discharge 

MDOD maximum depth of discharge 

PV photovoltaic 

STC standard test conditions 

Vmax Maximum voltage limit 

Vmin Minimum voltage limit 
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3. Outline of sizing methodology 

The functional description of a standalone system is depicted in the following diagram: 

 
(New) 

 

Figure 1—Description of a stand-alone PV system 

The function of a battery used in a PV system is to supply power when the system load exceeds the 

output of the PV array. For a satisfactory PV battery system, many factors should be considered to 

determine the necessary capacity and the number of cells composing the battery. These factors, as 

follows, are discussed in subsequent clauses: 

― Autonomy (Clause 4). The length of time that the stand-alone PV system’s load should be 

supported solely by its fully charged battery is established by system design requirements. 

― Load determination (Clause 5). Requirements of the application determine the amount of 

current that is to be supplied by the battery over a period of time. The peak current and the 

allowable operational voltage limitsare window are determined by the system’s load 

devices. 
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― Battery capacity and functional-hour rate determination (Clause 5). The battery capacity and its 

discharge functional-hour rate are determined by the specific application’s load(s), 

autonomy, and battery characteristics (see Annex A). 

― Determining number of series-connected cells (Clause 7). The system’s voltage limits (voltage 

window) determines the required number of cells in series. Several criteria should be 

examined to assure a workable system. 

― Cell capacity and battery size determination (Clause 8). Once the overall battery capacity and 

number of cells in series have been determined, the final selection of a specific cell can be 

made and the final battery size can be calculated. 

NOTE—Because of the interaction of these factors, an iterative process may be needed to 

determine the optimum battery for the application. 

― Battery sizing worksheets (Clause 9). Worksheets that provide a systematic approach to the 

sizing of a battery for a stand-alone PV system are presented. The application of the 

worksheets is explained in accompanying text. 

― Battery characteristics (Annex A). System performance, life, maintenance, and cost are 

influenced by the type of battery selected for the PV application. Information regarding lead-

acid battery characteristics is presented. 

 ― Examples (Annex B). Examples demonstrating various aspects of battery sizing are presented. 

4. Autonomy considerations 

PV power systems may require some battery reserve, both for reliability of service and to provide 

time for intervention in the event of an unanticipated occurrence, such as unusually poor weather or 

failure of a system component. The number of days of autonomy is commonly specified as a system 

design requirement and is based on several considerations, including the following: 

a) System application. Critical load applications generally require more autonomy than non-

critical applications. 

Authorized licensed use limited to: Tsinghua University. Downloaded on March 05,2026 at 04:47:16 UTC from IEEE Xplore.  Restrictions apply. 

Full document details: IEEE 1013-2019

http://www.avadocuments.com/doc/ieee-1013-2019
http://www.avadocuments.com/doc/ieee-1013-2019


b) System availability. System availability is the minimum percentage of the time that the PV 

system should be able to satisfy the system’s specified design loads. 

c) Solar irradiance variability. Daily and seasonal variations in solar irradiance affect the required 

autonomy. 

d) Predictability of load. The load may or may not be predictable; also, there may be the 

possibility of adjusting the loads, e.g., dropping nonessential loads. 

e) Recharge capability. If the array is insufficiently sized or if the available recharge time is too 

short, then the battery may not be fully recharged between discharges. 

f) Accessibility of site. The worst-case time required for reaching the site and for correcting any 

problem should be considered. 

5. Load determination 

A description of the system’s electrical load, within the autonomy period, is needed for the sizing of 

the battery. The validity of the battery sizing depends on the accuracy and completeness of this 

information. 

5.1 General considerations 

The overall duty cycle imposed on the battery is the description of the dc load current and its 

duration within the autonomy period during which it is assumed that no power is provided by the 

PV array. For ac loads supplied through an inverter, these loads should be tabulated separately, 

totaled, and combined with the inverter losses to determine the actual dc load on the battery. 

The system’s load can be expressed in a tabular or graphical form. As both descriptions start with a 

tabulation of the individual loads and their durations, the tabular form is more general. The load-

profile diagram, the graphical representation, is necessary to visualize the interrelationships of the 

individual loads. For both load descriptions, all loads expected during a 24 h period are tabulated 

along with their anticipated durations. Worksheet 1 in Clause 9 provides a convenient method of 

tabulating load data in accordance with the sizing method of this recommended practice. 
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It may be necessary to consider a longer period of time when a 24 h period does not accurately 

describe the load profile. For those cases where the load profile exceeds 24 h, an average and a 

maximum daily load should be determined for subsequent battery capacity determinations. 

Worksheet 2 and Worksheet 3 in Clause 9 provide convenient methods for determining these loads. 

The average daily load is used in the initial determination of the battery size. 

Once the battery has been sized, the maximum daily load is used to determine the ability of this 

battery to sustain it. If the maximum daily load sequence cannot be established, the days should be 

arranged in the worst possible order, generally with the maximum load day last. The battery’s 

capacity may need to be increased to satisfy the maximum daily load in this partially discharged 

state. 

For applications where the load varies significantly on a monthly basis, the average daily load for 

each month should be determined. The battery sizing should be based on the resulting maximum 

average daily load. 

A load-profile diagram is a helpful necessary aid in determining those areas where the battery’s 

performance needs to be checked to assure load satisfaction. To make a load profile diagram, do the 

following: 

 a) Tabulate all the individual loads along with their starting and stopping times. 

 b) Total the coincident loads for their respective periods of time. 

 c) Plot the resulting total load versus time of day or elapsed time, as appropriate. 

The resulting curve is the load-profile diagram. If the daily loads vary during the autonomy period, 

the individual daily load-profile diagrams, plotted in sequence, constitute the system’s load-profile 

diagram. See Annex B for examples. 

5.2 Load data 

The systematic identification and characterization of the system’s individual loads are fundamental 

to defining the battery’s duty cycle. The information in 5.2.1 through 5.2.6 is provided to assist in 

gathering and characterizing the system’s loads. 
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5.2.1 Momentary current 

Loads lasting 1 min or less are designated “momentary” loads and are given special consideration. 

The ampere-hour requirements of this type of load are usually very low, but their effect on battery 

terminal voltage may be considerable and should be taken into account. Momentary loads can occur 

repeatedly during the duty cycle. Typical momentary loads are: 

 a) Motor starting currents 

 b)  High inverter surge currents 

5.2.2 Running current 

Running current is the current required by a load after its starting current has subsided. Certain 

devices require a constant power, thus the required current rises as the battery voltage falls. For the 

typically long-rate discharges of PV applications, the battery’s voltage remains relatively constant 

until near the end of discharge (EOD); therefore, the running current may be approximated as the 

current required at 95% of the system voltage. 

NOTE—For certain loads, it is necessary to consider both the momentary and running current 

components of the load. For example, if an electric motor starts during the duty cycle, both the 

starting (momentary) current and running current need to be considered. The starting current need 

not be considered if the load was operating at the beginning of the duty cycle, i.e., at the beginning 

of the autonomy period. 

5.2.3 Parasitic current 

Parasitic losses, such as those resulting from tare losses of charge controllers and inverters, should 

be included as currents. These currents should be included as part of the running-current loads. 

Consideration of the battery’s self-discharge, which is a parasitic current that depends on the battery 

type and capacity, is recommended as a check (see 8.5) after the battery is selected. 
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5.2.4 Load duration 

The load duration is the time, in hours, of operation of each load. For PV systems, it is very common 

for load duration to be expressed in terms of a daily cycle that repeats over the days of autonomy. If 

the inception time of a load is known, but the shutdown time is indefinite, it should be assumed that 

the load continues through the remainder of the autonomy period. 

5.2.5 Load coincidence 

Each load current (momentary or running) is classified as to whether or not it is coincident with any 

other loads and is tabulated accordingly. Loads that occur at random are assumed to be coincident 

loads. This information, portrayed in the load-profile diagram, is later used in battery selection and 

to check discharge rate (see 5.3). 

5.2.6 Maximum and minimum load voltage 

The maximum and minimum voltage at which each load device operates properly should be 

determined and tabulated (see Clause 9, Worksheet 3 6.2). Voltage drops, such as those associated 

with cabling, overcurrent protection, and connectors, between the battery and the loads are not to be 

considered as an adjustment to a load’s maximum voltage. This is because the current and resulting 

voltage drops can be very low at times, thus exposing the device to battery terminal voltage. 

However, these voltage drops should be determined individually for each load device and added to 

its minimum operating voltage to help ensure that the required minimum voltage is present at the 

load. 

5.3 Data analysis 

After the loads have been defined, the sizing and selection of an appropriate battery can begin. As 

the final capacity of the battery depends on the commercially available cell capacities in the desired 

lead-acid battery type, the final selection of battery and its capacity may be an iterative process. 
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5.3.1 Ampere hours 

It is usually possible to calculate an equivalent daily load by multiplying each load current by its 

daily duration, and summing the results. If the duration of the momentary load is known, calculate 

the ampere-hour load by multiplying this duration by the momentary current. If the duration of the 

momentary load is not known, assume the time to be 1 min and calculate the load accordingly. For 

voltage-drop considerations, a full minute duration is used in either case. 

If the duty cycle does not repeat each day, it is necessary to describe the load over all the autonomy 

period. Worksheet 2 in Clause 9 is provided for this purpose. If the graphical form of the load 

description is used, the ampere-hour load is the total area under the load-profile curve. 

5.3.2 Currents 

The maximum momentary and the maximum running currents are determined and are used to 

calculate the battery’s maximum discharge current. Since the system loads may operate in various 

combinations, the maximum current (momentary or running) is the largest summation of the 

individual loads that can occur simultaneously. If the battery’s maximum discharge current is 

greater than the 20 h discharge rate and the sequence of loads is known, the method described in 

IEEE Std 485™ [B1 B2] may result in a less conservatively sized battery. 

6. Battery capacity and functional-hour rate determination 

The required battery capacity for a PV application is determined by the autonomy and by the 

characteristics of the load, battery, and installation. A functional-hour rate for the application is 

determined by capacity and load calculations. 

6.1 Unadjusted capacity 

The unadjusted capacity, in ampere hours, is calculated by multiplying the days of autonomy by the 

average daily load (in ampere hours/day as determined in Clause 5). This capacity is adjusted in 6.3 

for battery characteristics and operating conditions. See IEEE Std 1361™ [B3 B4] for additional 

information on these subjects. 
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6.2 Battery type selection 

A trial battery type should be selected before proceeding with the sizing process. This is necessary 

because performance characteristics, such as design depth of discharge (DOD) and cycle life, are 

different for the various battery types. See IEEE Std 1361 [B3 B4].  

If a vented battery is used, it should be selected for the intended application by considering watering 

intervals, the consequences of hydrogen and oxygen evolution, and wear-out mechanisms. 

If a valve-regulated battery is used, it should be selected for the intended application by considering 

the effect that charging current has on recombination and thus cell dryout, thermal runaway, and 

the consequences of hydrogen and oxygen evolution (see A.4.3). 

Annex A provides a more detailed catalog of battery characteristics that should be considered. 

Reevaluation of the applicability of the trial battery is recommended throughout the sizing process. 

Refer to manufacturer’s literature for specific data on the type of battery selected. 

6.3 Capacity adjustment 

After initial battery selection and sizing, the final battery’s capacity is determined by making 

adjustments for various battery, operational, and PV system factors. 

6.3.1 Discharge adjustments 

The unadjusted capacity should be modified to assure satisfactory battery cycle life. Battery 

manufacturers rate lead-acid cells for maximum depth of discharge (MDOD), maximum daily depth 

of discharge (MDDOD), and end-of-life (EOL) capacity. The battery capacity should be adjusted in 

the following ways: 

a) The capacity adjusted for MDOD is obtained by dividing the unadjusted capacity by MDOD 

(in percent). 

b) The capacity adjusted for MDDOD is obtained by dividing the maximum daily ampere 

hours by MDDOD (in percent). 
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c) The capacity adjusted for life is obtained by dividing the unadjusted capacity by the EOL 

capacity expressed in percent of the rated capacity. While 80% is often used as the EOL 

capacity in float-service applications, this value may mean earlier replacement than 

necessary for PV applications. This is due to a number of factors including the incomplete 

charging that can occur in PV applications. The resulting apparent loss in capacity results in 

a reduction of the autonomy period. If a fixed period is necessary, a larger EOL battery 

capacity should be used. Using an EOL percentage less than 80% in sizing the battery is one 

method of achieving this additional capacity. In most cases, an EOL percentage less than 

50% is not recommended. 

 d) The largest of these three capacities satisfies the MDOD, MDDOD, and EOL adjustments. 

6.3.2 Temperature adjustment 

The available capacity of a battery is affected by its operating temperature. Cell capacity ratings are 

generally standardized at 25 °C in the United States. Other countries may use other temperatures 

when rating their battery capacities. The battery’s capacity increases for temperatures above and 

decreases for temperatures below that used for the battery’s capacity rating. When sizing a battery, 

its capacity is rarely adjusted for warm-temperature operation, but adjustments should be made for 

cold-temperature applications. Refer to the battery manufacturer’s literature for temperature 

correction factors. The discharge-adjusted capacity determined in 6.3.1 should be further adjusted by 

this factor to yield a temperature-adjusted capacity. 

6.3.3 Design margin adjustment 

It is prudent design practice to provide a capacity margin to allow for uncertainties in the load 

determination, e.g., less-than-optimum load-operating conditions and load growth. A common 

practice to provide this design margin is to add 10% to 25% to the capacity as determined in 6.3.2. 
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6.4 Functional-hour rate 

In order to select an appropriate battery, the battery’s ampere-hour capacity and its discharge rate 

should be considered together. In continuous-load applications, the battery should have sufficient 

capacity to supply the constant-discharge rate over the autonomy period. However, in 

noncontinuous load applications, the discharge rate varies and could include high rates of discharge 

periodically throughout the autonomy period. Using an average discharge rate when selecting a 

battery could result in insufficient capacity to supply high currents above the minimum voltage late 

in the battery’s discharge. The functional-hour rate, expressed in hours, conservatively approximates 

a single discharge rate that is equivalent to the varying discharge rates of a particular duty cycle. The 

functional-hour rate used in 8.1, for cell selection, may be greater than the autonomy period. 

The functional-hour rate can be calculated as follows: 

a) Compare the sum of coincident running currents (Icoin) with the maximum noncoincident 

running current (Inoncoin) and select the larger as the maximum running current. 

b) Divide the adjusted capacity as determined in 6.3.3 by the maximum running current 

selected in step a) above. 

Example 1: 

The adjusted battery capacity in a system with 5 days autonomy is 150 Ah, with a maximum current 

drain of 5 A. The functional-hour rate is 150 Ah divided by 5 A, or 30 h. 

Example 2: 

The adjusted battery capacity in a system with 5 days autonomy is 150 Ah with a continuous current 

drain of 1 A. The functional-hour rate is 150 Ah divided by 1 A, or 150 h. 

7. Determining number of series-connected cells 

A battery is usually composed of a number of identical cells connected in series. The maximum and 

minimum system voltages, along with the selected cell’s allowable charging and discharging voltage 

limits, determine the number of series-connected cells of the battery. 
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