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EXECUTIVE ABSTRACT

https://powelab.org/battery/battery-runtime-calculator.

Stationary battery energy storage systems (BESS) represent critical infrastructure for residential microgrids and backup resilience. Conventional
engineering calculations frequently rely on linear hour-division (t = C' / 1), ignoring electrochemical rate limitations and parasitic power
electronics overhead. This paper formulates a deterministic mathematical framework evaluating: (1) Peukert's law capacity derating across
varying discharge rates (Chrqze); (2) empirical depth of discharge (DoD) operational envelopes across lead-acid, gel, and lithium iron phosphate
(LiFePOy) chemistries; and (3) quiescent no-load inverter tare consumption (P;are) during prolonged standby states. Benchmark
validations indicate that ignoring Peukert derating and tare overhead introduces up to 42.6% calculation error in emergency backup runtime
predictions. The complete deterministic calculation engine and interactive model are permanently maintained as open-access resources at

1. Introduction & Theoretical Limits

In off-grid and backup power planning, sizing battery banks by
dividing nominal amp-hour (Ah) capacity by steady-state load
current is an electrochemically invalid simplification. Battery capacity
is not a static quantity; it decreases non-linearly as discharge current
increases due to internal diffusion impedance, electrolyte depletion at
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the electrode interface, and internal resistive heating (I “ R).

Furthermore, when batteries power residential AC loads through an
inverter, low-power continuous draws (such as 40W networking gear
or 80W LED lighting) suffer extreme degradation caused by the
inverter's continuous quiescent tare loss (L5W to 65W). This idle
consumption operates 24 hours per day regardless of useful AC

output.

2. Peukert's Law Formulation

Formulated empirically by Wilhelm Peukert in 1897, the relationship
between discharge current 1 and discharge duration ¢ until terminal

cutoff voltage is governed by:
(A
IF.t=0C,

where k represents the dimensionless Peukert exponent and Cp is
Peukert capacity. Because manufacturer ratings are standardized at a

reference discharge period H (typically 20 hours for lead-acid and 1

to 5 hours for lithium), effective capacity Cefr at an operating current

I is calculated as:

k-1
I
CYeff = C1nom X <Tf>

where Lop = Chom / H. For modern lithium iron phosphate (
LiFePQy,), the Peukert exponent is near-ideal (k ~ 1.02 — 1.05
), meaning capacity is largely insensitive to discharge rate. Conversely,
valve-regulated lead-acid (AGM) and flooded lead-acid (FLA)
batteries exhibit k values between 1.15 and 1.30, losing up to 40%

of their rated capacity under heavy 0.5C to 1.0C' loads.

3. Total Electrical Load & Tare Draw

An AC inverter does not operate at constant efficiency. The total DC

power demand Py drawn from the battery terminals is:

P, ac_load

Py = —clod
¢ ninv(P ac_load)

+ Ptare

where 7)ipy is the operating inversion efficiency (typically 88% to 94%
at optimum power) and PFiape is the fixed standby power

consumption required to keep the control circuitry, high-frequency
switching MOSFETs, and transformers energized.
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4. Empirical Chemistry Comparison Matrix

The table below demonstrates empirical capacity retention and
recommended operational limits across the major stationary storage
chemistries benchmarked in our testing:

Max

. Peukert Cycle Life Capacity @
Ehemisty Exp (k) gi‘g @MaxDoD  0.5C
E:;d_iiid 125-1.30  50% 350-500  58.2%
AGM(VRLA) 115-120 50% 500-700  71.4%
f:i';ead‘ 1122116 50%  600-800  76.8%
LiFePO4 85%-  3,500-
T 102-105  goo 5000 97.5%

- 80%- 1,500 - .
NMC Lithium 1.03-1.06 85% 2,500 96.1%

5. Deterministic Runtime Derivation

Combining Peukert derating, usable depth of discharge (D0Dax),
nominal bus voltage Vyom, and inverter conversion dynamics, the

true operational runtime £y, in hours is:

Because I3, = PdC/Van, the calculation yields a closed-form
deterministic solution that accurately reflects emergency discharge

performance.
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6. TypeScript Engine Reference

export function calculateBatteryRuntime(
capacityAh: number,
voltageNom: number,
peukertK: number,
dodMaxPct: number,
acLoadWatts: number,
inverterEffPct: number,
tareWatts: number
: { runtimeHours: number; effCapacityAh: number } {
const invEff = inverterEffPct / 100;
const dod = dodMaxPct / 100;

// DC draw including inverter tare
const pDc = (acLoadWatts / invEff) + tareWatts;
const iDc = pDc / voltageNom;

// Peukert effective capacity (20h ref)

const iRef = capacityAh / 20;

const effCapacityAh = capacityAh * Math.pow(iRef /
iDc, peukertK - 1);

// Usable energy
const usableWh = effCapacityAh * voltageNom * dod;
const runtimeHours = usableWh / pDc;

return { runtimeHours:
Number (runtimeHours.toFixed(2)), effCapacityAh };
+

7. Verification & Lab Case Study

Consider a standard 12V 100Ah AGM battery bank powering a
continuous 300W emergency sump pump via a 600W inverter (90%
efficiency, 20W tare, k = 1.18, DoD = 50%).

Naive linear approach:

Pioad =300 W — I =25 A,
t = (100 Ah x 0.50)/25 A = 2.00 hours.

Deterministic Peukert & Tare Model:

Py = (300/0.90) + 20 = 353.33 W.

T4 = 353.33/12 = 29.44 A.

Iet = 100/20 = 5.00 A.

Cer = 100 x (5.0/29.44)%1® = 72.84 Ah.
Esaple = 72.84 x 12 x 0.50 = 437.04 Wh.
e = 437.04/353.33 = 1.24 hours.

The naive linear model overestimates runtime by 61.3%, leading to

unexpected premature system shutdown.
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