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Stand-alone PV System 

• Stand alone PV system with generator back-up and separate outputs for 
DC and AC loads. 

• The charger– inverter unit may include an automatic transfer switch that 
allows the generator to supply ac loads directly whenever it is running. 



Stand-alone PV Systems 

• When the grid isn’t nearby, electricity becomes much more 
valuable and the extra cost and complexity of a self-sufficient, 
stand-alone power system can provide enormous benefit.  

– Instead of competing with 10-cent utility power, a PV– battery system 
competes with 50-cent gasoline or diesel-powered generators.  

– Or it competes with the cost of bringing the grid to the site, which 
may run many thousands of dollars per mile.  

• Off-grid systems must be designed with great care to assure 
satisfactory performance. Users must be willing to  

– check and maintain batteries,  

– adjust their energy demands as weather and battery charge vary,  

– fuel and fix a noisy generator,  

– take responsibility for the safe operation of the system. 



Sizing a stand-alone PV system 

• Power needed by the load, as well as energy required over time 
by that load, is important for system sizing. 

– Various iterations will follow in which trade-offs are made 
between more expensive, but more efficient, appliances and 
devices in exchange for fewer PVs and batteries.  

– Lifestyle adjustments need to be considered in which some loads 
are treated as essentials that must be provided for, and others are 
luxuries to be used only when conditions allow. 

– A key decision involves whether to use all dc loads to avoid the 
inefficiencies associated with inverters, or whether the 
convenience of an all ac system is worth the extra cost, 

– Another important decision is whether to include a generator 
back-up system and, if so, what fraction of the load it will have to 
supply. 

 



Power requirements of typical loads 



Power requirements of typical loads (cont.) 



Power requirements of typical loads (cont.) 



Example 1: A Modest Household Demand  

• Estimate the monthly energy demand for a cabin with all ac 
appliances, consisting of a 19-cu. ft refrigerator, six 30-W 
compact fluorescents (CFLs) used 5 h/day, a 19-in. TV turned on 
3 h/day and connected to a satellite, a cordless phone, a 1000-
W microwave used 6 min/day, and a 100-ft deep well that 
supplies 120 gallons/day. 

• Answer: 

 



Accounting for inverter losses 

• the  load calculation needs to be modified to account for losses 
in the dc-to-ac inverter.  

– The inverter’s efficiency is a function of the magnitude of the load 
it happens to be supplying at that particular instant.  

– Most inverters now operate at around 90-95% efficiency over most 
of their range. For calculations, an overall inverter efficiency of 
about 85% is considered to be a conservative default assumption. 

 

 



Example 2 

• Suppose that a dc refrigerator that uses 800 Wh/day is being 
considered instead of the 1,140 Wh/day  given in Example 1. 
Estimate the dc load that the batteries must provide if an 85% 
efficient inverter is used (a) with all loads running on ac and (b) 
with everything but the refrigerator running on ac. 

• Answer: 

– With all loads running on ac,  

              battery load =  3,109/.85 = 3,658 Wh/day 

– With all loads running on ac, except the refrigerator, 

              battery load =  800 + (3,109-1,140)/.85 =  3,116 Wh/day 

→ 15% reduction in the size and cost of the photovoltaic array and 
the batteries. But an economic analysis would be needed to 
determine the right decision (since dc powered appliances are 
generally more expensive, plus the cost of running extra wires) 



Inverter rating 

• Inverters are specified by their  

– dc input voltage 

– ac output voltage,  

– continuous power handling capability,  

– amount of surge power they can supply for brief periods of 
time.  

• The inverter’s dc input voltage, which is the same as the 
voltage of the battery bank and the PV array, is usually 12 V, 
24 V, or 48 V.  

– Higher voltages need less current, making it easier to 
minimize wire losses.  

• See guideline used to pick the system voltage (while 
keeping the current below 100 A) in next slide. 



Inverter rated power 

• The maximum ac power that the inverter needs to deliver is 
estimated by adding the power demand of all of the loads that 
will ever be anticipated to be operating simultaneously. 

– For the house in example 1, the total power is 1,919 W. Hence 
the choice for the system dc voltage is 24 V. 

 



Steady-state and surge power requirements of 
example loads 



Inverter electrical specifications 



Batteries  
• Among the many possible battery technologies, it is the lead-acid 

battery that continues to be the workhorse of PV systems.  

• Competitors to conventional lead-acid batteries include nickel– 
cadmium, nickel– metal hydride, lithium– ion, lithium– polymer, 
and nickel– zinc technologies.  

– Conventional car batteries (SLI) are not designed for deep discharge; 
therefore, they are inappropriate for  PV systems. 

 



Specific power and energy of different energy storage 
technologies 



Chemical Reaction in Lead Acid Batteries 

• A lead acid battery consists of a negative electrode made of 
porous lead and a positive electrode which consists of lead 
oxide. Both electrodes are immersed in a electrolytic solution of 
sulfuric acid and water.  

• Lead acid batteries store energy by the reversible chemical 
reaction shown below.  
 

 
• At the negative terminal the charge and discharge reactions are: 
 

 
• At the positive terminal the charge and discharge reactions are: 

 
 
• Unfortunately, not all of the lead sulfate returns to solution, and 

each battery charge/discharge cycle leaves a little more sulfate 
permanently attached to the plates – this sulfation is the 
primary cause of a battery finite lifetime. 



Impact of depth of discharge on number of cycles 

• The deeper the depth of discharge, the shorter is the battery life. 

• Relation between state of charge and depth of discharge: 

                               SOC (%) = 100 –DOD (%) 
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allowable depth of discharge of a lead-acid 

battery in cold climates 

 
• The battery is more vulnerable to freezing in its discharged state 

since the anti-freeze action of the sulfuric acid is diminished 
when there is less of it present. 



Determining the battery state-of-charge (SOC) by measuring 
terminal voltage or specific gravity (SG) of electrolyte 

• For accurate results, the battery must be at rest for several 
hours,  at 25oC and the electrolyte is well-mixed. For sealed 
batteries, voltage reading is the only option. 



Battery storage capacity 

• Energy storage in a battery is typically given in units of amp-
hours (Ah) at some specified discharge rate. 

• Manufacturers typically specify the amp-hour capacity at a 
discharge rate that would drain a 2 V cell down to 1.75 V (or 12 V 
down to 10.5 V) over a specified period of time at a temperature 
of 25oC.  

• Example: a 12 V battery that is rated at 200 Ah at 10-hour rate, is 
expected to deliver 20 A for 10 hours. It is said that it is 
discharging at rate of C/10 (i.e., 200Ah/10h = 20 A) 
– At C/4, the battery will have a capacity lower than 200 Ah 

– At C/20, the battery will have a capacity higher than 200 Ah 

    → Battery Ah capacity depends on the rate of discharge! 

• It is not easy to specify how much energy the battery delivered 
during its discharge: Energy is volts x amps x hours, but the 
voltage varies throughout the discharge period. 



Battery Capacity at different discharge rates 

• Deep-cycle batteries intended for photovoltaic systems are often 
specified at different discharge rates  (with C/20 being the most 
common rating).  



Battery capacity 

• Note the specified battery capacity (Ah) below applies only for 
a specific discharge rate (i.e.,  11.6 A for 20 hours). 

• If the battery is discharged at 75 A, it will last for only 2 hours, 
(i.e., its capacity drops from 232 Ah down to  152 Ah). 

 



Capacity dependence on temperature 

• Battery capacity depends not only on discharge rate, but also on 
temperature. 
– In cold temperatures, the battery capacity is reduced. 

– In warm temperatures, the battery capacity is increased. 

Ratio is based on a rated capacity at C/20 and 25oC 



Battery connections 

a) For batteries wired in parallel, amp-hours add up 

b) For batteries in series, voltages add up 

c) For series/parallel combinations, both voltages and amp-hours 
add up 



Coulomb, voltage and Energy Efficiency 

• The round trip energy efficiency of a battery is given by 

 

 

 

• where subscripts “D” and “C” are respectively associated with 
discharging and charging 

• Example A: a battery is charged for one hour at a voltage and 
current of 14 V and 10 A. It is then discharged for one hour at a 
voltage and current of 9 A and 12 V. its energy efficiency is 
(12/14)*(9/10) = (0.86)*(0.9)=0.77 (or 77%). 

• The power loss occurs in the battery internal resistance (I2Ri) and 
in the electrolysis process (i.e., breaking water molecules into 
hydrogen and oxygen atoms). 



Battery voltage during charging and discharging  as a 
function of SOC 

During charging, the voltage rises faster 
with the rate of charge, as the battery 
nears 80% SOC.  

• This is when electrolysis that removes 
water from the battery takes place. 

• It also creates a potentially dangerous 
situation since hydrogen gas is so explosive. 
→ Proper ventilation of battery storage 
systems is important. 

• Some lead-acid batteries  (VRLA) use 
pressure-relief valves that allow up to 95% 
of the gases formed during gassing to 
recombine with lead . 

• Charge controllers are designed to slow the 
charging rate as the battery approaches its 
fully charged condition. 



Battery Sizing 

• Given the statistical nature of weather, there are no set rules about 
how best to size battery storage.  

• Sizing a storage system to meet the demand 99% of the time can 
easily cost triple that of one that meets demand only 95% of the time. 

1. Peak sun hours are for the worst month of the year and availability is on an annual basis (Source: SNL, 1995). 
2. Days of “usable storage,” means after accounting for impacts associated with maximum allowable battery 

discharge, Coulomb efficiency, battery temperature, and discharge rate.  



Battery Sizing 

• The relationship between usable storage and nominal, rated storage 
(at C/20, 25oC) is given by 

 

 

• where MDOD is the maximum depth of discharge (default: 0.8 for lead-
acid - subject to freeze constraints) and (T, DR) are the temperature 
and discharge-rate factor (refer to capacity-temp  graph). 

• Example B: size a battery for 95% availability for a cabin in Salt Lake 
City, UT, where the AC load demand is 3 kWh/day during the worst 
winter month. Assume the temperature may reach as low as −10◦C, 
the system voltage is to be 24 V, and the inverter overall efficiency is 
85%. 



Example B (cont.) 

• Answer:  
– Daily Ah needed: (3000/0.85)/24 = 147 Ah  

– Worst insolation: 3.1 kWh/m2/day (Dec.)  

– Number of storage days needed: 4.6 days   

– Useable storage: 4.6x147 = 676 Ah  

– DoD allowed: 95%, but we will use the standard value of 80%  

– DR at specified temperature: 0.97  

– Nominal battery capacity = 676/(0.8x0.97)=871 Ah @24V  

– If we choose the Trojan 6 V, 225 Ah, T-105.  1 string of 4 batteries will 
give 225 Ah @ 24V. Four of such strings in parallel will give 900 Ah @ 24V 



Array Sizing 

• A simple sizing procedure is be based on the same “peak hours” 
approach used for grid-connected systems, except that it is applied 
to current rather than power, i.e., use the rated current IR of the PV 
array at 1-sun, times peak hours of sun, gives us the Ah provided to 
the batteries. 

• It is common practice to apply a de-rating of about 10% to account 
for dirt and gradual aging of the modules. The temperature and 
module-mismatch factors are usually ignored because the operating 
point for battery systems is far enough away from the knee of the I –
V curve that those variations are minimum. 

 



Array Sizing 

• The current delivered to the batteries needs to multiplied by the 
Coulomb efficiency (Ahout /Ahin) to give Ah delivered from the 
batteries to the load:  

 

 

• Example B (cont.): For a 24-V system voltage, 90% Coulomb 
efficiency, 10% de-rating , size a PV array using Kyocera KC120 
modules (with rated voltage and current equal to 16.9V and 7.1A 

• Answer: 

– One module will deliver in December about: 7.1x3.1x.9x.9 = 17.83 
Ah/day 

– Inverter DC input: (3000Wh/day)/(.85x24) = 147 Ah/day @ 24V 

– Number of parallel strings (each with two modules in series): 
147/17.83 = 8.25 strings 

 



Example B (cont.) 

– Suppose we undersize to 8 parallel strings: 8x7.1x3.1x.9 =158 Ah/day, 
battery output: 158x.9=142 Ah/day@24V, inverter output = 
142x24x.85 = 2900 Wh/day @ 120Vac – just shy of 3000 Wh/day. 

• Energy values shown below are for the design month of 
December. 



Example B (cont.) 

• A PV– battery system sized to cover the worst month delivers 
much more energy than is needed during the rest of the year. 

• After figuring out the cost of a system that has been designed 
to be completely solar, a buyer may very well decide that a 
hybrid system with most of the load covered by PV-battery and 
the remainder supplied by a generator is worth considering. 


