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a b s t r a c t

Solar photovoltaic (PV) charging of batteries was tested by using high efficiency crystalline and amor-
phous silicon PV modules to recharge lithium-ion battery modules. This testing was performed as a proof
of concept for solar PV charging of batteries for electrically powered vehicles. The iron phosphate type
lithium-ion batteries were safely charged to their maximum capacity and the thermal hazards associ-
ated with overcharging were avoided by the self-regulating design of the solar charging system. The solar
energy to battery charge conversion efficiency reached 14.5%, including a PV system efficiency of nearly
eywords:
olar photovoltaic
ithium-ion battery
ptimization
enewable energy

15%, and a battery charging efficiency of approximately 100%. This high system efficiency was achieved
by directly charging the battery from the PV system with no intervening electronics, and matching the PV
maximum power point voltage to the battery charging voltage at the desired maximum state of charge
for the battery. It is envisioned that individual homeowners could charge electric and extended-range
electric vehicles from residential, roof-mounted solar arrays, and thus power their daily commuting with

ergy.
clean, renewable solar en

. Introduction

General Motors is pursuing an aggressive strategy for intro-
ucing electric powertrains into future vehicles, including
xtended-range electric vehicles (EREV) and fuel-cell electric vehi-
les (FCEV). In order to obtain the full environmental and other
enefits of EREV and FCEV, the production of electricity and hydro-
en needs to shift from fossil-based technology to technologies
ased on renewable resources, such as solar photovoltaic (PV) elec-
rical energy. Solar energy has the potential to supply an ever
ncreasing portion of the world’s energy supply, and is the only
nergy source that can supply the additional electric power that
he world will need over the next several decades in a manner that
ill protect the environment and be sustainable [1–4]. The first

REV to be introduced by General Motors is the Chevrolet Volt, and
t will utilize Li-ion batteries. The storage of solar energy for vehi-
le propulsion and the advantages of Li-ion batteries as the storage
edium is a very active field of research [5–8] that will be greatly

xpanding in the future.

Renewable electricity could be provided for recharging EREV

atteries from wind power, hydroelectric, or nuclear power plants.
owever, these sources would be centralized in certain areas and
ot as widely distributed as solar PV power which could be installed

∗ Corresponding author at: General Motors R&D Center, MC 480-106-269, Chem-
cal Science and Material Systems Laboratory, 30500 Mound Road, Warren, MI
8090-9055, USA. Tel.: +1 586 986 1623; fax: +1 586 986 1910.
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for recharging vehicles at most homes. These non-solar sources
require conversion to AC power and transmission through the elec-
tric power grid which leads to energy losses and lower efficiencies.

In order to compare the benefits of various fuels and energy
sources, the complete system efficiency for powering an electric
vehicle should be considered, including energy production and
storage. For PV solar power using various system designs, the
energy efficiency of driving battery or fuel-cell powered electric
vehicles includes the following components.

On site solar direct current charging of EREV:

system efficiency = PV efficiency × DC charging efficiency (1)

Solar grid-tied charging of EREV:

system efficiency = PV efficiency × inverter efficiency

× transmission efficiency

× charge controller efficiency

× DC charging efficiency (2)

Onsite solar to hydrogen FCEV:

system efficiency = PV efficiency × electrolyzer efficiency
× fuel cell efficiency (3)

Using these equations, the efficiency of solar energy conversion
to electricity for the power train of an electric vehicle built with

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:nelson.a.kelly@gm.com
dx.doi.org/10.1016/j.jpowsour.2009.12.082
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Table 1
Battery cell specifications (A123 Systems high power lithium-ion battery cells) [15].

Specification Value

Cell type Lithium iron phosphate
(LiFePO4)

Type no. ANR26650-M1
Model no. AS400059-001
Operational voltage 3.3 V
Nominal capacity 2.3 Ah
Cell dimensions 26 mm OD × 65.5 mm ht
Cell assembly mass 72 g
Max tab current 100 A continuous
Recommended charge voltage 3.6 V
Recommended float-charge voltage 3.45 V
Recommended cut-off current (100% SOC) 0.05 A
Max. recommended charge voltage 3.8 V
Max. allowable charge voltage 4.2 V
Max. continuous charge current (−20 to 60 ◦C) 10 A
Recommended discharge cut-off voltage 2.0 V

modules have a short-circuit current of 3.75 A (Table 2). One of
the PV modules was connected to the battery module being tested
and the DC current was measured using a current shunt and a data
acquisition system. The array containing the module was adjusted

Table 2
Electrical, solar to electrical efficiency, and temperature coefficient specifications
supplied by the manufacturer for Sanyo HIP-190BA3 modules under standard test
conditions, STC (1000 W m−2, 25 ◦C, AM1.5 solar spectrum) and typical operating
conditions (52 ◦C) [16].

Parameter Module value
(STC)

Module value
(52 ◦C)

Maximum power, Pmax, watts 190 175
Maximum power point voltage, Vmpp, volts 54.8 50.2
Maximum power point current, Impp, amperes 3.47 3.49
Open circuit voltage, Voc, volts 67.5 62.0
T.L. Gibson, N.A. Kelly / Journal of

ach of the three basic systems can be estimated using data from
he National Research Council [9] and National Renewable Energy
aboratory [10]. Direct current solar charging depends only on the
V solar to electric efficiency, currently about 16% under typical
perating conditions and the DC current charging efficiency of the
i-ion batteries, nearly 100%, so that the overall system efficiency
pproaches 16% (Eq. (1)). The solar grid-tied charging also includes
nverter efficiency of 93–97%, and charge controller (rectifier) effi-
iency of 97%, so that system efficiency is reduced to 13.5% (Eq.
2)) even if “copper losses” from resistance in the added transmis-
ion lines are neglected. The solar production of hydrogen to drive
fuel-cell electric vehicle is even less efficient since it includes an
lectrolyzer, which is typically 60–70% efficient, and a PEM fuel cell,
hich is about 50% efficient, to make electricity for the vehicle so

hat the overall system efficiency is less than 6% (Eq. (3)).
However, hydrogen is still a preferable energy carrier as it can be

tored in large amounts (several kg) as compressed gas and utilized
n fuel cells for both stationary [11] and transportation applications
12], where its end use only results in the formation of water vapor.
he amount of energy stored in the battery of an EREV, for example,
6 kWh in a fully charged Chevrolet Volt, is much less than the
nergy stored in a hydrogen-fueled FCEV with a full tank, such as
he Chevrolet Equinox FCEV that holds 4.2 kg of hydrogen (total LHV
f approximately 140 kWh). The EREV electric-only driving range
f the Chevrolet Volt is expected to be 40 miles (using 8 kWh of
attery energy), and the range of the hydrogen powered Chevrolet
quinox FCEV is 160–200 miles. If a hydrogen fuel cell and plug-
n hybrid system are combined to drive an electric vehicle then
oth the short range commute and extended-range road trip can
e powered with clean, renewable solar energy thus optimizing the
eduction of greenhouse gas emissions.

As an example of a smaller application, a one-vehicle hydrogen
ueling system was constructed at the GM Proving Ground in Mil-
ord, MI [13]. At that site, a set of four arrays with a solar PV module
rea of approximately 47 m2 and a power output of 7.6 kW are used
o electrolyze water to produce ∼0.5 kg of high-pressure hydrogen
as per day—enough hydrogen to drive an FCEV about 30 km per
ay. The GM Solar Hydrogen Fueling System consists of a solar PV
ystem small enough to fit on a residential roof, that powers an
lectrolyzer, storage, and dispensing (ESD) system for fueling an
CEV. The PV-ESD system was designed and built [13] using an opti-
ization technique developed in our laboratory, in which the PV
aximum power point was matched to the electrolyzer operating

oltage [14]. In the present work, we will utilize a similar technique
o study and optimize the solar charging of lithium-ion batteries.

residential solar PV system can thus be used simultaneously to
ower electric vehicles both by plug-in battery charging (EREV)
nd hydrogen fueling (FCEV). This experimental system provides a
roof of concept for an EREV home scale solar charging station as
ell as a home hydrogen fueling system for future FCEV owners.

. Experimental

.1. Solar powered battery charging

Lithium-ion (Li-ion) battery modules (series strings of cells from
123 Systems, Watertown, MA) [15] with 10-, 12-, 13-, 14-, 15-, and
6-cells in series were constructed by bolting together the indi-
idual cell assemblies (Table 1). The modules were immobilized
n custom made plastic trays and protected from short circuiting
etween the cell tabs by polyurethane spacers that prevented any

ovement of a battery string within its tray. The positive and nega-

ive terminals of the battery module were connected directly to the
utput cables of the PV system using low resistance copper wires
nd to a data acquisition (DAQ) system or to Fluke multi-meters for
oltage and current measurements.
Max. discharge current 60 A
Max. recommended cell temperature 70 ◦C
Max. allowable cell temperature 85 ◦C

2.1.1. Battery module construction and characterization
Each battery module was constructed by connecting the desired

number of A123 cells in series by tightening 0.5-in. steel bolts
through the positive and negative nickel alloy terminals or tabs
on the ends of the cell assemblies which consist of a positive pole
(the outer metal can) and a negative pole (the cap). Series strings
of 10-, 12-, 13-, 14-, 15-, and 16-cells were made [15]. The cells
and modules were characterized in the laboratory by fully charg-
ing the cells to their maximum charge voltage 3.8–4.2 V/cell using
a conventional battery charger (Powerizer Universal Smart Battery
Charger) and then discharging the cells to their minimum voltage
(2.0 V/cell) by connecting them to an appropriate load bank such as
one or more 16 �, 300 W Arcol oil filled resistors (Mouser Electron-
ics). The voltages of individual cells in a series string were balanced
by using the charger and load bank to bring all the cells to the
same state of charge (SOC) as shown by their voltage (discharged:
2.5 V/cell; fully charged: 4.0 V/cell). The charge capacity of a mod-
ule in Ah was determined by subtracting the discharged state from
the full charge calculated by measuring the current during charging
(or discharging) the batteries while timing the procedure.

2.1.2. Solar modules
A single Sanyo HIP-190BA3 PV module was used to charge the

battery modules. Under standard test conditions (STC), the Sanyo
Short-circuit current, Isc, amperes 3.75 3.77
Module efficiency, % 16.1 14.8
Solar cell efficiency, % 18.5 17.0
Temperature coefficient (Pmax), % ◦C−1 −0.30 −0.30
Temperature coefficient (Voc), V ◦C−1 −0.169 −0.169
Temperature coefficient (Isc), mA ◦C−1 0.86 0.86
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o a fixed tilt angle of 57◦ (latitude + 15◦) during the measurements
hich were all made during the summer of 2008. More details on

he solar PV system are contained elsewhere [13].

.1.3. Data acquisition system
The data acquisition system (DAQ) utilized National Instru-

ents, NI (Austin, TX) hardware and software (LabVIEW, version
) as described elsewhere [13]. In brief, the PV solar irradiance
W m−2), temperature, system current, and system voltage were
ecorded onto the computer hard drive with a date and time stamp
very 20 s and read into Excel for analysis.

.1.4. Battery module tests
The voltage and current of individual Li-ion cells or battery mod-

les were monitored during charging/discharging cycles by using
ither the solar and DAQ systems at the GM Proving Ground in Mil-
ord, MI [13] or with calibrated Fluke model 8808A and 179 RMS

ulti-meters in our laboratory at the GM R&D Center in Warren, MI.
emperature levels of the Li-ion cells were checked with dedicated
emperature sensors. At the beginning of all charging experiments,
he battery modules were fully discharged (<1% SOC).

. Results and discussion

.1. Battery module measurements

.1.1. Battery state of charge and module capacity
Battery state of charge (SOC) and module capacity were calcu-

ated from the measurements made during charging/discharging
ycles by inserting the current and time in Eq. (4) to determine the
ncrease in battery charge and plotting the module voltage versus
he added charge (Fig. 1):

harge increase = current × time (4)

The battery module capacity in Ah is equal to the charge needed
o increase the SOC from a fully discharged state to a fully charged
tate as shown when plotting the charge versus time (Fig. 2). The

aximum charge (100% SOC) at which the battery voltage reaches

he recommended charge voltage and the current decreases to the
ecommended cut-off level represents the battery charge capac-
ty. The maximum allowable voltage was reached at 4.2 V/Li-ion
ell, and the battery capacity was found to be 2.35 Ah. The capac-

ig. 1. Measuring charge capacity during solar charging of a 15-cell A123 Li-ion
attery module.

efficiency (%) = avg. voltage (V

avg. solar irradiance (W m−2) × PV
Fig. 2. Solar charging of a 15-cell lithium-ion battery module—voltage per cell,
current, charge rate, and battery charge capacity as a function of time.

ity of each battery module determined by performing a series of
charging and discharging tests in the laboratory. For strings of cells
with 10–16-cells in series (33.5–53.5 V battery modules), the aver-
age cell voltage during charge and discharge cycles was 3.37 V, and
the pack capacity was consistently 2.35 Ah. The measured charging
capacity and discharging capacities of the battery modules were
equal within ± 1% (coulombic efficiency = 1). This result confirmed
that the charge efficiency and discharge efficiency of Li-ion batter-
ies are nearly 100%, as also reported by others [17,18]. The module
energy for strings of from 10 to 16 A123 cells in series varied from
79 to 126 Wh.

The rate of battery charging is determined by the fraction of full
charge capacity (defined as a unit of 1 C) per hour (in the case of
A123 cells, Eq. (5)):

C =
(

charge rate
2.35 Ah

)
× 1 C (5)

3.1.2. Solar energy to battery charge conversion efficiency
The solar energy to charge conversion efficiency over each time

interval in the experimental data set can be calculated from the
average voltage, the charge increase (see Eq. (4)), the time step
between successive observations in the data set (typically 20 s),
and average solar irradiance using Eq. (6):

) × charge increase (Ah)

area(m2) × time interval (s) × 1/3600 (s h−1)
× 100 (6)

Four battery modules could be charged simultaneously on one
day in experiments under sunny, clear solar conditions using four
identical solar PV modules. The first study included tests of modules
with 10-, 12-, 14-, and 16-cells in series, while the second study on
included tests of modules with 13-, 14-, 15-, and 16-cells in series.
The current, voltage, and battery charge of a 15-cell battery module
during the second study are shown in Fig. 2.

The efficiency of solar energy to battery charge conversion for
the second study (13-, 14-, 15-, and 16-Li-ion cells in series) is
shown in Fig. 3. The efficiency was determined at 20 s intervals by
the DAQ system based on Eq. (6). The efficiency results for each bat-
tery module in both studies were averaged and are shown in Fig. 4 .
For example, the charge efficiency (%) is calculated from the average
voltage during each data time interval multiplied by the increase in

charge (ampere hours, Ah) and divided by the time interval (con-
verted to hours), the area of a PV module (m2), and the average
solar irradiance (W m−2). A sample calculation is shown below for
a 20-s data collection period and one Sanyo solar module with an
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Fig. 5. Current (diamonds) and power (squares) as a function of voltage for a Sanyo
HIP-190BA3 module at 52 ◦C. Notice the marked decrease in the current and power
output for battery charge voltages above the MPP voltage at approximately 50 V.
ig. 3. Solar energy to battery charge efficiency comparison for 13-, 14-, 15-, and
6-cells in series (battery modules) as a function of time.

rea of 1.179 m2:

harge efficiency (%) = 100% × 0.5 × (V2 + V1) × (charge2

(20 s/3600 s h−1) × 1.179 m2 × 0.5 × (irradi

A typical charge efficiency (%) of 15-cell battery module for one
0-s time step:

100% × 0.5 × (51.92 V + 51.95 V) × (1.8464 Ah − 1.8270 Ah)

(20 s/3600 s h−1) × 1.179 m2 × 0.5 × (997 W m−2 + 993 W m−2)

.2. Solar to battery charging efficiency optimization

.2.1. Solar to charge efficiency
The highest solar energy to charge efficiency (14.5%) was

chieved when the 50.2 V solar PV module was connected to the
5-cell battery module (Fig. 4). Notice the marked decrease in the
olar to charge efficiency for the 13-, 14-, 15-, and 16-cell modules
n Fig. 3 for times of 0.6–0.8 h into the test. This decrease occurred

hen the battery charging voltage surpassed the PV maximum

ower point (MPP) voltage (about 50 V for the test conditions). As
hown in Fig. 5, the PV power decreases dramatically at voltages
igher than the PV MPP. A unique phenomenon of PV cells and sets
f cells (modules) is that they reach a maximum power point at a

ig. 4. Solar energy to battery charge conversion efficiency comparison for 10-, 12-,
3-, 14-, 15-, and 16-cell modules. The optimum efficiency was approximately 14.5%
hen the battery charge voltage was equal to the PV MPP (Vmpp/Vbattery charging near
nity).
.5%

voltage slightly below the open circuit voltage. For example, under
our test conditions Vmpp was 50.2 V and Voc was 62 V (Table 2 and
Fig. 5). The MPP is a result of the physical processes occurring at
the p–n junction in the PV cells, involving light absorption, charge
generation, charge carrier lifetime and recombination, the semi-
conductor band gap, and the electrical characteristics of the overall
PV cell [19].

The effect of matching the maximum power point (MPP) volt-
age of the PV system with the charge voltage of the lithium-ion
battery module is shown by plotting the solar energy to battery
charge efficiency versus the ratio of PV MPP voltage to charging
voltage (voltage ratio = Vmpp/Vbattery charging) measured at the high-
est plateau of efficiency from plots such as Fig. 3. The result is
shown in Fig. 4. The voltage ratio for the 15-cell battery module
with the highest efficiency (14.5%) was 0.97, meaning that the PV
MPP voltage was slightly less than the charging voltage at which
the system charged the cells. When a 14-cell battery module was
charged, the PV voltage to charging voltage ratio was slightly higher
than the MPP voltage (1.05), and the efficiency was very slightly
less (14.4%). When 10-, 12-, 13-, and 16-cell strings were tested,
the PV voltage to charging voltage ratio moved farther away from
unity indicating that the PV voltage no longer matched the charg-
ing voltage demanded by the cells. The efficiency dropped to 10.5%
for the 10-cell module as the difference between the solar mod-
ule MPP and the battery charging voltage increased (Fig. 4). The
charge conversion efficiency curve fit to the data shows a broad
maximum approaching 15% for between 14 and 15 battery cells
in series at a voltage ratio of one (charging the battery at the
PV MPP).

The overall conversion of solar energy to battery charge for EREV
(approaching 15%) is even higher than the solar to hydrogen to fuel-

cell electricity route for FCEV, because the FCEV pathway includes a
solar to hydrogen process (electrolysis) with about a 10% efficiency
[13], and a hydrogen to fuel-cell electricity efficiency of about 50%,
for an overall efficiency of about 5% (Eq. (3)). Thus, the solar bat-
tery charging route for Li-ion batteries is approximately three times
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s efficient as the route involving hydrogen for a solar energy to
heels (propulsion energy) comparison.

.2.2. Solar charging optimization
The solar charging efficiency can be optimized by building a PV

ystem with MPP that matches the load, which is the voltage of
he battery module during charging (the battery charging voltage).
ince the number of battery cells in series is determined for a par-
icular use and operating voltage, the design and charging voltage
f the solar charger are also fixed. Thus, it is necessary to design a
olar PV charging system with a MPP voltage very near, but slightly
elow, the maximum desired battery charging voltage [17,18]. This
an be accomplished by designing the PV array with a specific num-
er of solar cells and voltage. Each solar cell in a Sanyo HIP-190BA3
odule has a MPP voltage of 0.523 V at a typical operating temper-

ture of 52 C. The standard solar module, with 96 cells in series,
as a voltage of 50.2 V. PV modules could also be constructed with
number of cells in series to provide N × 0.523 V to match the

oltages of other battery modules designed with different charging
oltages.

.2.3. Solar charging temperatures and system self-regulation
A major concern during battery charging comes from the risk of

vercharging and the resultant heat generation. In our solar charg-
ng experiments, the temperature of the Li-ion cells never rose

ore than slightly above ambient, sometimes reaching 30 C. The
ild charging conditions occur because the PV power drops sharply
hen the system voltage is taken above the MPP as the battery

harge approaches its capacity (100% SOC). This phenomenon is
llustrated by Fig. 5, which shows the sudden decrease in power
nd current after the battery charge voltage rises above the PV
PP. Because of this sudden decrease, the solar charging process
e developed in this work has a self-regulating capability. Using a
irect connection of a battery to solar PV power in which the PV MPP

s slightly below the battery charging voltage for an SOC approach-
ng 100% will significantly reduce the risk of thermal damage to
attery systems during charging. Charging current from our solar
V system was limited to 3.47 A by its inherent maximum power
utput (Table 2). A greater thermal risk would occur from battery
ischarge during a short circuit when current flow can exceed the
aximum cell discharge current of 60 A [17]. This could then lead

o melting the connectors between cells or heat damaging the cell
asings and contents [17,18]. Another reason why we did not expe-
ience significant battery heating was the open construction of the
attery modules which left open space between adjacent cells so
hat heat could escape easily. Battery modules built for use in vehi-
le battery packs would not have as open a construction and might
e more subject to overheating although battery packs may be
esigned to dissipate heat in other ways. The rapid drop in charging
ate (self-regulation) which we observed when the battery charging
oltage exceeded the PV MPP is also shown in Fig. 2.
. Summary and conclusions

Solar energy can provide a clean, renewable source of electri-
al energy to charge the Li-ion batteries in future EREV such as

[

r Sources 195 (2010) 3928–3932

the Chevrolet Volt. This report contains a proof of concept for an
optimized and safe PV-battery charging system for homes and com-
mercial systems by utilizing a direct connection (no intervening
electronics) between the PV and Li-ion battery system. The iron
phosphate type Li-ion cells, tested in our study, were wired in series
to create battery modules that were charged at a rate of up to 1.5 C
(full charge in about 40 min). The coupling of the PV and battery
systems was optimized by matching the maximum power point
voltage output of the PV system at the PV operating conditions to
the maximum charge voltage of the battery. This maximized the
solar energy to battery charge efficiency. The optimized solar charg-
ing system efficiency reached 14.5%, by combining a 15% PV system
solar to electrical efficiency and a nearly 100% electrical to battery
charge efficiency. The solar Li-ion battery charging is approximately
three times as efficient at providing electricity to propel an EREV as
solar hydrogen is for FCEV propulsion on a solar energy to wheels
(propulsion energy) basis. The rapid drop in power from the PV sys-
tem as the battery voltage passed the PV maximum power point
provided a self-regulating feature to the system, preventing over-
charging the batteries and the potential risks of excessive heat and
battery damage. A direct connection, optimized, and self-regulating
PV solar battery charging system can provide an attractive path-
way for providing the energy for future vehicles powered by
batteries.
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