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ABSTRACT 

There is an increasing need for new and greater sources of 

energy for future global transportation applications.  One 

recognized possibility for a renewable, clean source of 

transportation fuels is solar radiation collected and 

converted into useable forms of electrical and/or chemical 

(hydrogen) energy. This paper describes methods for 

utilizing and combining existing technologies into 

systems that optimize solar energy collection and 

conversion into useful transportation fuels.  Photovoltaic 

(PV)-electrolysis (solar hydrogen) and PV-battery 

charging systems described in this paper overcome 

inefficiencies inherent in past concepts, where DC power 

from the PV system was first converted to AC current and 

then used to power electrical devices at the point of 

generation, or fed back to the grid to reduce electricity 

costs.  These past, non-optimized concepts included 

efficiency losses in power conversion and unnecessary 

costs.  These drawbacks can be avoided by capitalizing on 

the unique feature of solar photovoltaic devices that 

match their maximum power point to the operating point 

of an electrolyzer or a battery charger without intervening 

power transformers.  This concept is illustrated for two 

systems designed, built, and tested by General Motors for 

fueling a fuel cell electric vehicle and charging an 

automotive propulsion battery.  Based on this research, 

we propose a scenario in which individual home-owners, 

businesses, or sites at remote locations with no grid 

electricity, can capture solar energy, store it as hydrogen 

generated via water electrolysis, or as electrical energy 

used to charge storage batteries. Such a decentralized 

energy system provides a home refueling option for 

drivers who only travel limited distances each day.   

 

Keywords: Solar Energy, Hydrogen, Renewable Energy, 

Distributed Energy, Optimization 

 

1. INTRODUCTION 
 

Apart from occasional financial recessions, the long term 

need for increasing amounts of energy as countries 

develop will become a major rate limiting step in the 

growth of the world economy.  Primary energy sources of 

the past including coal, natural gas, and petroleum will be 

severely challenged in meeting the energy and 

environmental needs of countries striving to grow and 

compete in the world marketplace.  Coal is faced with 

severe environmental burdens.  Natural gas availability is 

challenged by its remote distribution around the world, 

and petroleum is not likely to keep up with demand. 

 

In 2007 the National Petroleum Council (NPC) in the 

United States published its report entitled: Hard Truths: 

Facing the Hard Truths about Energy [1].  Projections in 

the NPC report show that through 2030 supplies of 

petroleum will flatten or decline even after accounting for 

existing and known reserves, enhanced oil recovery 

technologies, and unconventional sources of supply.  The 

NPC report suggests that the difference between 

increasing world demand and declining supplies 

represents a gap that can best be filled through expanded 

exploration and new oil field development.  It’s our view 

that such a future energy strategy is highly speculative, 

politically challenging, and financially risky. 

 

Transportation fuel requirements represent a major 

percentage of future energy needs.  The chart in Figure 1 

displays the current US demand for energy by sector.  

Transportation is the largest sector and is expected to 

maintain its preeminent position relative to other energy 

uses out to 2030 [2].  The need for increasing amounts of 

transportation fuels is also critical in developing 

economies if they are to have the same opportunities for 

personal mobility that the developed countries of the 

world have had during the past century.   

 

General Motors has worked over the last century to meet 

the personal mobility needs of individual customers.  Our 

intent is to continue to develop combinations of 

propulsion technology and future fuels that will provide 

personal mobility options during the next century.  It is 

our expectation that future transportation needs will be 

met by: 

 

 Improved, more efficient versions of the internal 

combustion engine operating on cleaner, petroleum-

based fuels 
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 Continued development of alternative liquid fuels 

derived from “biomass” including advanced alcohols 

and renewable diesel fuels 

 Development of  a variety of hybrid propulsion 

systems utilizing advanced battery technologies and 

electrical energy 

 Production of renewable hydrogen for use in fuel cell 

propulsion systems providing pure electric operation 

and zero emissions. 

 

 
Data source: USDOE/EIA Annual Energy Outlook (2008) 

 

Figure 1.  Energy consumption by transportation and 

other economic sectors out through 2030. 

 

The balance of this paper will focus on the last two 

elements in this list of future options.  This is not to say 

the first two elements are un-important and will not be 

pursued.  It is merely to provide the focus on technologies 

that have recently been evaluated within GM that have the 

potential to meet the very important energy goals of 

providing: 1) an unending supply, 2) an emissions free 

source, and 3) an efficient method of collecting renewable 

energy.  More specifically, this paper focuses on the 

investigation of new, more efficient methods for the 

capture of solar energy. 

 

The traditional way to capture energy from the sun is to 

use photovoltaic (PV) cells, modules, and arrays to 

convert the solar energy into electricity [3].  The DC 

electricity generated by PV systems is typically converted 

to AC and used directly at the source or fed back into the 

grid to reduce the electricity costs of the PV owner.  A 

more novel approach is to store the solar energy in the 

form of batteries [4], or hydrogen generated via water 

electrolysis [5, 6]. 

 

To date, solar energy has been generated in large 

centralized plants covering hundreds of acres, such as the 

14 MW installation at Nellis Air Force Base (AFB) in 

Nevada, or in smaller distributed applications of several 

kW, such as those on individual home roofs [7].  In 

between these two extremes are PV installations on large 

commercial building roofs, such as those on 

manufacturing plants and warehouses.  For example, 

General Motors currently has large solar roof installations 

on several of its plants; two in California have nearly 1 

MW of solar modules, and another in Zaragoza Spain has 

nearly 12 MW of modules [8].  The latter is the largest 

solar roof installation in the world to date.   

 

In this report, we will highlight several projects at the 

General Motors R&D Center that were designed to 

investigate solar-driven processes for producing hydrogen 

from water electrolysis and for charging electrical storage 

batteries [9-29].  The studies all began with small 

laboratory scale systems and, in the case of hydrogen, 

progressed into a solar hydrogen fueler that could produce 

more than 0.5 kg of hydrogen from the average solar load 

in southeastern Michigan.  In particular, we will highlight 

the  unique features of the maximum power point (MPP) 

of PV devices and the ability to directly couple PV arrays 

with electrolysis and battery charging systems.  

 

2. EXPERIMENTAL RESULTS AND 
DISCUSION 
 

Advantages of the Solar Maximum Power Point and 

Energy Generation 
 

Major improvements in solar powered electrolysis and 

battery charging are needed to increase efficiencies and 

reduce costs in order to make a solar energy system more 

practical.  One way to improve efficiency is to directly 

couple the PV electricity generation and the load (an 

electrolyzer or battery charger) are coupled to produce 

solar hydrogen or battery charge.  The electrical 

efficiency of the PV system and the conversion efficiency 

of the electrolysis system in converting electricity to 

hydrogen fuel energy must be multiplied to find the 

efficiency of solar hydrogen generation (Equation 1a).  

Both efficiencies need to be optimized for the maximum 

system efficiency. 

 

 Solar to H2 efficiency = PV efficiency x 

Electrolysis efficiency x coupling factor  Eq. 1a 

 

Similar statements can be made for a solar battery 

charging system; only in that case it is simpler because a 

direct electrical coupling is made between the solar 

system and the battery modules. Battery charging 

efficiencies can reach 99% if the PV system is directly 

connected to batteries with high conductivity.  

 

 Solar to charge efficiency = PV efficiency x 

Battery charger efficiency x coupling factor  Eq. 1b 

 

The efficiency of the solar hydrogen generation system 

can be optimized by: 1) designing an efficient PV system 

to capture as much solar energy as possible, 2) utilizing 

an electrolyzer that maximizes the conversion of electrical 

energy into the chemical energy contained in hydrogen, 

and 3) coupling the two systems with the maximum 

power point (MPP) voltage matched to the voltage 
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requirement of the load so that as much of the solar 

electricity as possible is transferred from the solar 

collector to the electrolysis system.   

 

An example of a current vs. voltage and power vs. voltage 

curve for the solar PV array installed at General Motors is 

shown in Figure 2a.  This data was obtained during a 

cloud-free period near “solar noon”.  The PV array, solar-

to-electric efficiency was calculated from Eq. 2: 

 

 Solar to electric efficiency = Electric power out / 

Solar power in     Eq. 2 

 

where: 

 

Solar power in = Solar irradiance x Array area Eq. 3 

 

 
a 

 
b 

Figure 2.  Plots of: a) current-voltage and power-voltage 

curves of the solar PV system, and b) an expansion of the 

test data, showing the percent of the maximum power 

near the maximum power point.   

 

The solar photovoltaic array used in this study reaches a 

voltage (Vmpp), current (Impp), and power (Pmax) of 

50.8 V, 140.8 A, and 7150 W respectively at its maximum 

power point under typical operating conditions (52°C 

array temperature).  If we can design an electrolyzer (or 

other load) that will operate at the same optimum voltage 

(Vmpp) as the array, the coupling factor in Eq. 1 will 

approach unity.   

 

The GM solar energy system is matched to the operating 

point of an electrolyzer or a battery charger without any 

intervening power conversion devices. The solar arrays 

contained 40 Sanyo high-efficiency solar modules with a 

power output of 7150 W and a total area of 500 ft
2
. The 

arrays could generate 30 kWh of electricity for hydrogen 

fuel production or battery charging based on the annual 

average of 4.2 peak sun hours in Detroit. This amount of 

energy could produce more than 0.5 kg per day of 

hydrogen or an equivalent amount of energy for battery 

charging. 

 

A closer inspection of the power output of the PV system 

operating near the MPP is shown in Figure 2b.  For 

voltages from 42 volts to 55 volts, the PV system will 

produce 90% of the maximum power for the test 

conditions, resulting in good coupling between the solar 

power collecting and power consuming components.  

Also, if we design a battery module and PV array (which 

is made up of many PV cells in series) so that the batteries 

are fully charged just before Vmpp is reached, the 

batteries will be efficiently charged by the PV system and 

the charging process will be self regulating due to the 

rapid fall-off in the PV power to the right of Vmpp. 

 

In essence, we have developed a strategy for optimizing 

hydrogen generation and battery charging using solar 

systems in which no charge controllers or power  

converters are needed.  This reduces costs and improves 

system efficiency.  The PV panels were connected 

directly to the electrolysis unit by designing the solar 

collectors to provide maximum power at a voltage that 

would match the fixed operating voltage of the 

electrolysis cell [10-12, 15, 20, 21].  A slightly different 

procedure was used for an optimized solar battery 

charging module by taking advantage of the sharp fall-off 

in the PV module voltage at voltages above the MPP, 

resulting in self-regulation of the battery charging.  

Examples of each of these optimization processes will 

now be given and the results will be discussed. 

 

Example 1: Solar Maximum Power Point (MPP) 

Optimized Solar Hydrogen System 

 

The optimization can be understood by examining the PV 

current vs. voltage curve from Figure 2a and the current 

vs. voltage curve for our experimental high-pressure 

electrolyzer (Avalence, LLC) [12]. Figure 3 shows the PV 

and electrolyzer current vs. voltage curves on the same 

plot.   

 

A picture of the combined PV-ESD (Electrolyzer, 

Storage, Dispensing) system [12, 14], referred to as the 

GM Solar Hydrogen Fueler, is shown in Figure 4.  A 
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second-order polynomial (quadratic) was fit to the 

electrolyzer current vs. voltage data, and used to 

extrapolate the curve to where the electrolyzer current and 

the PV current intersect.  The intersection of the two 

curves occurred at 49.8 V and 143.3 A.  Notice that the 

intersection for the PV and electrolyzer current vs. 

voltage curves  is very near the PV maximum power point 

voltage of 50.8 V.  For this electrolyzer, which has 24 

electrolysis cells in series, the electrolyzer efficiency at 

49.8 V, based on the H2 lower heating value, LHV of 

1.245 volts, is 60.3% (100% x 1.245 V x 24 cells in 

series/49.8 V). 

 

 
 

Figure 3.  Plot of superimposed current vs. voltage curves 

for PV and electrolyzer systems, and the power vs. 

voltage curve for the PV system.   

 

The solar to hydrogen efficiency for a combined PV-

electrolyzer system with the operating characteristics 

shown in Figure 3 is the product of the PV (15.2%) and 

electrolyzer efficiencies (60.3%) at the intersection of 

their current vs. voltage curves.  This efficiency is 

approximately 9.2%.  The current at this point is 143.3 A.   

This relatively high current (a result of the electrolysis 

overvoltage) reduces electrolyzer efficiency because 

electrolyzer efficiency is inversely proportional to Voper.  

Nonetheless, the solar to hydrogen system efficiency is 

approaching 10% which is higher than that claimed by 

other PV-electrolysis systems and reported in other 

studies (2-6%). 

 

As a further advantage, our system produces high 

pressure hydrogen electrolytically with no mechanical 

compressor at pressures in excess of 6000 psi (415 bar) 

compared to reported pressures of 300 psi from 

conventional electrolyzers.  At lower PV currents, such as  

would occur on cloudy days and near sunrise or sunset, 

the electrolyzer current would be lower, increasing the 

electrolyzer efficiency, but reducing the hydrogen 

production because the production rate is proportional to 

the electrolyzer current. The solar to hydrogen efficiency 

results and the corresponding solar irradiance for five 

hours on a sunny day are shown in Figure 5.  The 

measured efficiencies are very close to the predicted 

efficiencies based on Eq. 1a [15]. 

 

 
 

Figure 4.  The combined PV-ESD (Electrolyzer, Storage, 

Dispensing) system, referred to as the GM Solar 

Hydrogen Fueler at the General Motors Proving Ground, 

Milford, MI.   

 

 

 
   a 

 
   b 

 

Figure 5.  Plots of: a) solar irradiance, and b) solar to 

hydrogen efficiency for the PV-ESD system.   
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It is also important to note that the PV and ESD systems 

remain optimized [10] under a wide range of solar 

irradiance and temperature conditions. In addition,the 

solar to hydrogen efficiency remains nearly constant 

(Figure 5b) even as the solar irradiance rapidly varies by 

over a factor of six (Figure 5a). As the PV voltage 

decreases slightly on cloudy days and near sunrise and 

sunset, the PV MPP voltage also decreases.  The ESD 

operating current is less at lower voltages, so the PV and 

ESD current-voltage curves intersected at a voltage near 

the PV MPP to maintain maximum efficiency.  In 

summary, the system design, following the MPP 

optimization procedure [11, 12, 14, 15] for a direct 

connection between PV and electrolyzer systems, results 

in a high PV-electrolyzer system efficiency and 

maximizes the output of high-pressure hydrogen. 

 

Example 2: MPP Optimized Solar Battery Charging 

for Plug-in Electric Vehicles 

 

Hybrid electric vehicles with rechargeable plug-in battery 

packs are designed to provide commuters with a substitute 

for fossil fuel-based transportation.  Hybrid electric 

vehicles can be recharged using clean, renewable solar 

energy generated from photovoltaic (PV) arrays that 

create the electricity. These considerations led to the 

development of light, compact Li-ion batteries with three 

times the energy of a comparable weight lead acid system. 

Smart controllers are usually used for charging Li-ion 

batteries because they are subject to heating and can be 

damaged if overcharged [21, 22, 26-37]. 

 

Solar PV charging was evaluated by using the same high 

efficiency crystalline and amorphous silicon PV modules, 

shown in Figure 4, that were used for the hydrogen 

generation experiments.  The modules, with a maximum 

power point of 50-volts, were directly connected to 10- to 

16-cell lithium-ion battery modules during recharging 

experiments. This PV system was designed to safely 

charge iron phosphate type batteries to their maximum 

capacity (2.3 Ah/cell). Safe charging of lithium-ion 

batteries was assured by choosing a combination of PV 

MPP voltage and battery module size that provided self-

regulation during battery charging [21, 22, 29-35]. 

 

The maximum allowable voltage was reached at 4.2 

volts/Li-ion cell with a battery capacity at a 100% state of 

charge (SOC) value of 2.3 Ah.  The capacity of each 

battery module determined by charging and discharging 

tests in the laboratory, and the measured charging and 

discharging capacities both confirmed that the charge 

efficiency and discharge efficiency of the Li-ion batteries 

are as high as 99% [29, 30].  Example measurements of 

current, voltage, and state of charge of a 15-cell battery 

module during the study are shown in Figure 6. Four 

battery modules could be charged simultaneously in 

experiments under clear solar conditions using four 

identical solar modules mounted in the PV arrays. The 

tests included multiple comparisons of 10-, 12-, 13-, 14-, 

15-, and 16-cell battery modules (Figure 7).   

 

 
 

Figure 6.  Solar charging of a 15-cell lithium-ion battery 

module – voltage, current, and battery state of charge. 

 

 
 

Figure 7.  Solar energy to battery charge efficiency 

comparison.  

 

The efficiency of solar energy to battery charge 

conversion was also measured.  Figure 8 shows the 

efficiencies for 10- to 16-cell battery modules.  The 

efficiency of each module was determined at 20 s 

intervals by an automatic data acquisition system based 

on Eq. 1b. The efficiency results for each module were 

averaged and are shown in Figure 8.   

 

The highest solar energy to charge efficiency (17%) was 

achieved when the 50.2-V solar PV system is connected 

with the 15-cell battery module (Figure 7). The effect of 

matching the maximum power point (MPP) voltage 

(Vmpp) 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 (Vmpp) to charging voltage, where a ratio of 

1.0 denotes a perfect match between MPP voltage and 

charging voltage (Figure 8). 
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Figure 8.  Matching the maximum power point (MPP) 

voltage of the solar PV system to the charge voltage of 

lithium-ion battery modules to find the optimum 

efficiency point at 17%.  

 

The voltage ratio for the 15-cell battery module with the 

highest efficiency (17%) was 0.97, meaning that the PV 

MPP voltage was slightly less than the charging voltage 

of the battery module. When a 14-cell battery module was 

charged, the PV voltage to charging voltage ratio was 

higher (1.03), and the efficiency was slightly less (16%). 

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 charging voltage demanded by the cells. The 

charge conversion efficiency curve shows a broad 

maximum between 14 and 15 battery cells in series equal 

to the PV voltage to charging voltage ratio of one.  

 

The solar charging efficiency can be optimized by 

building a PV system with MPP that matches the load, 

which is the voltage of the battery module during 

charging (the battery charging voltage). Since the number 

of battery cells in series is determined for a particular use 

and operating voltage, the design and charging voltage of 

the solar charger can also be specified and fixed. Thus, it 

is necessary to design a solar PV charging system with a 

MPP voltage as close as possible to the charging voltage 

[24]. This can be accomplished by designing the PV array 

with a specific number of solar cells and resulting voltage. 

Each solar cell of the PV array has a MPP voltage of 

0.523 V at a typical operating temperature of 52 °C . The 

standard solar module or array with 96 cells in series has 

a voltage of 50.2 V. Arrays could also be constructed with 

N number of cells having N x 0.523 V to match the 

voltages of other battery modules designed with different 

voltages. 

 

A major concern during battery charging comes from the 

risk of overcharging and the resultant heat generation.  In 

our solar charging experiments, the temperature of the Li-

ion cells never rose more than slightly above ambient, 

sometimes reaching 30 °C. The mild charging conditions 

occur because the PV power drops sharply when the 

system voltage is taken above the MPP as the battery 

charge approaches its capacity (100% SOC). This 

principle is illustrated by Figure 7, which shows the 

sudden drop in power and current after the charge voltage 

rises above the MPP. Because of this drop, our solar 

charging process has a self-regulating capability, and 

using the direct connection to solar PV power will 

significantly reduce the risk of thermal damage to battery 

systems during charging. Charging current from our solar 

PV system was limited to 3.47 A by its inherent 

maximum power output [26].  Thermal risk can occur 

from battery discharge during a short circuit when current 

flow can exceed the maximum cell discharge current of 

60 A [26]. This could then lead to melting the connectors 

between cells or combustion of the cell casings and 

contents [19, 27, 31].  Another reason why we did not 

experience significant battery heating was the open 

construction of the battery modules which left open space 

between adjacent cells so that heat could escape easily. 

Battery modules built for use in vehicle battery packs 

would not have such a construction and might be more 

subject to a rise in temperature although battery packs can 

be designed to dissipate heat in other ways. The rapid 

drop in charging rate shown in Figure 9, due to self-

regulation when operating above the MPP, is an important 

thermal regulation and safety feature of solar charging. 

 

 
Figure 9.  Solar charging of a 15-cell lithium-ion battery 

module – current, battery charge, and charge rate (C). 

 

The solar energy to battery charge conversion efficiency 

reached as high as 17%, including a PV system efficiency 

of 18% and battery charging efficiency of 99%. By direct 

connection to the vehicle batteries, a direct DC current 

battery charger provides maximum efficiency of sun-to-

wheels energy conversion. Solar PV charging can be used 

at remote locations where grid power is unavailable. It 

can also be used for home charging of electric vehicles 

with a relatively inexpensive roof-mounted residential PV 

array (500 ft
2
 or less).  
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Other Potential Improvements in PV Based Energy 

Systems 

 

It is important to maximize the efficiency of each 

individual component of the PV-electrolysis, and PV-

battery systems.  Other methods to improve the energy 

capture from the PV array and to increase the electrolyzer 

and battery charger efficiency [10, 13-29] have been 

identified as part of this work.  The PV energy capture 

could be improved by utilizing a method to orient PV 

modules for optimum solar capture on cloudy days [14].  

Conventional tracking systems increase the solar energy 

capture on sunny days when there are no clouds, but on 

cloudy days such systems can actually reduce the solar 

energy capture.  Orienting the solar modules skyward on 

cloudy days can improve solar energy capture by over 

40% relative to modules that are oriented toward the 

obscured sun.  It is important to improve the solar energy 

capture on cloudy days in order to improve the hydrogen 

yield and battery charging on the days with the lowest 

output so that system size and cost can be minimized.  

Another method to improve component efficiencies was 

to remove heat from the PV system, where higher 

temperatures reduce efficiency, and add the captured heat 

to the electrolyzer, where higher temperatures improve 

efficiency [16].  Finally, a system was designed to capture 

compression energy in the oxygen waste stream, as well 

as the hydrogen stream, in a high-pressure electrolyzer 

[20, 23].  These potential improvements may contribute to 

making solar hydrogen production even more efficient 

and cost effective.  

 

3.  SUMMARY 
 

Solar energy represents a clean, renewable energy source 

for production of hydrogen and for charging plug-in 

electric vehicles. Renewable solar energy eliminates the 

concerns related to green house gases and other emissions 

derived from fossil fuel combustion. Given the lack of 

hydrogen fueling and battery charging infrastructure, a 

major challenge in the development of hydrogen fuel cell 

vehicles and hybrid-electric vehicles is to address the 

need to design efficient systems for home hydrogen 

fueling and battery charging. This paper contains a proof 

of concept for this technology in which a major efficiency 

improvement was achieved by utilizing the unique 

maximum power point phenomenon of PV devices and 

matching it to an electrolyzer or battery charger.  This 

design maximizes the coupling efficiency between the PV 

and load systems. In our study, solar to hydrogen 

efficiencies approached 10% and solar to battery charge 

efficiencies approached 17%.  We also proved that 

sufficient electrical energy can be generated by a 500-ft
2
 

PV array on an average sunny day in southeastern 

Michigan to fuel a FCEV with more than 0.5 kg of 

hydrogen or to charge EREVs with 30 kWh of energy. 

Both energy collection processes can be conducted with 

optimum efficiency using the same PV array. A self-

regulating PV system can also be designed to reduce risks 

of battery overcharging and potential overheating. 
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