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Using Recycled Photovoltic Modules and Batteries for 
Engineering Education, Student Projects, and as Viable Portable, 

Backup Storage Power Sources 
 
Abstract:  
 
As the efficiencies of new photovoltaic (PV) modules continue to increase, and their purchase 
prices dramatically decrease, companies and organizations that were early adopters of PV energy 
sources are now often upgrading their sometimes decades-old PV arrays to the newer, higher 
efficiency PV systems. The installation of these upgraded PV systems often, unfortunately, result 
in the older and fully depreciated, but still reasonably functional, PV modules being hastily 
disassembled (sometimes destructively), scraped and sent to a landfill. Recently, the Alternative 
Energy Engineering program at Lawrence Technological University (LTU) received donated, 
scrapped, and older Isofoton I-94/24 PV modules from Masco Corporation, a local industrial 
partner of the LTU College of Engineering. In this paper, the faculty and student authors show 
how these scrapped, but still functional, PV modules can yet have a useful life. The initial 
performance assessment of each module by the authors using a simple, low-coast variable 
resistance testing set-up to sort-out working and non-working modules is discussed. Examples of 
the generated module performance test data are presented. Also reviewed are how these test data, 
along with Isofoton product literature, were used in the circuit design for their integration with 
recycled 12-volt lead-acid batteries (available from a previous university project) into a portable, 
and expandable, back-up, photovoltaic power-source student project. Also, a possible approach 
for how this integrated system could serve as a prototype for how such recycled modules and 
batteries might be used for viable energy storage systems in the future is proposed. Lastly, 
student feedback regarding their experience, knowledge gained, and the benefits they received in 
participating in this project are documented.       
 
Introduction: 
 
Lawrence Technological University (LTU or Lawrence Tech) has offered an alternative energy 
engineering program since 2003, and has been documented previously [1]. The faculty-author of 
this paper is the director of that program, and has been since its inception. Due to the high level 
of student interest, there is always an on-going desire to find appropriate renewable energy 
projects for students to take on and to participate in for the program. Lawrence Tech also faces 
the challenge common to all universities of securing funding for such student projects, and 
making available the faculty time needed to properly supervise and support those projects. High 
value engineering projects, at low-cost are very desirable. Often corporate donations of 
equipment and materials help, and using those materials does provide valuable opportunities for 
students to learn and participate in truly meaningful educational activities. These are the origins 
of this project.   
 
The unique and interesting aspect of this faculty-student project focuses on how it is indeed 
possible to use older, recycled photovoltaic modules (donated to Lawrence Tech from a 
partnering company in Southeast Michigan) and several deep-discharge, 12-volt, lead-acid 
batteries that were available and used on a previous project at Lawrence Tech in 2007, and 
integrate these into a viable power system. This on-going project is a portable PV powered 



prototype system with energy storage and various energy outputs. We have now physically 
demonstrated this integrated system’s ability to capture solar energy and convert it to DC power, 
to deliver 110 volts AC, and both 24 volt DC and 12 volt DC output power in both laboratory 
and out-door experimental setups. Another important aspect of this project is that the PV power 
source is expandable. The basic stand-alone cart has two PV modules (at approximately 100-
watts each), but the design also allows for an additional four more PV modules (yielding to up to 
~600 watts total) providing greater solar source power for quicker battery charging, or more day-
time external power delivery. The system is also expandable to incorporate additional battery 
storage.  
 
Background: 
 
The goal of this on-going project is to design and build a self-contained and portable 
photovoltaic (PV) power system with on-board electric energy storage batteries using repurposed 
and recycled materials.  
 
The 12 volt, lead-acid deep-discharge batteries used in this project were “left-over” batteries 
from the Solar Decathlon competition in which Lawrence Tech entered and competed in 2007. 
The Solar Decathlon, sponsored by the US Department of Energy, at that time was an 
international collegiate competition where students were challenged to build a full-scale, energy-
efficient, livable home powered only by renewable energy technologies. The Lawrence Tech 
design incorporated a photovoltaic power system with several deep discharge, lead-acid 
batteries. Four batteries “left-over” from that system where kept in the school’s alternative and 
renewable energy laboratory by the faculty-author of this paper. These batteries are eleven years 
old, but had seen only minimum use over that time. To prevent shelf-life aging these batteries 
were lightly discharged and recharged approximately once every six months to help keep them 
viable. No exact record was kept, but the six months was generally the cycling time frame. 
Typically, this involved partially discharging the batteries for 4 to 5 minutes using a 6 ohm 
power resistor. Then the batteries were recharged using a standard automotive battery charger 
until the charger turned off per its internal controls. The batteries were returned and stored to the 
cool, dry location in the LTU alternative energy lab.       
 
In the summer of 2013, MASCO Corp. donated twelve Isofoton I-94/24 PV modules to 
Lawrence Tech, along with a 1.0 kW solar water heating system. MASCO Corporation. 
corporate headquarters are located only a few miles from Lawrence Tech, in Southeast 
Michigan. Their business focus is the design, manufacture and distribution of numerous well-
known home improvement and building products [2]. MASCO is one of several corporate 
partners with Lawrence Tech and employs several of LTU’s engineering graduates. In the mid-
2000’s MASCO Corp. was evaluating various renewable energy systems and assessing how they 
could be integrated into some of their product lines. They had several renewable energy 
development projects underway involving solar water heating and solar photovoltaics. Upon the 
completion of these development projects MASCO decommissioned the projects and placed the 
related hardware into long-term storage in 2010. It was these solar heating and PV systems that 
were donated to Lawrence Tech, and these PV modules that are being used in this project. 
 



The reuse of these PV modules points to a much larger opportunity for potential low-cost and 
non-critical photovoltaic projects. Early adopters of PV technology from 10 to 15 years ago, or 
longer, are starting to upgrade their PV power arrays, as these older systems are now fully cost 
depreciated. As a result, large quantities of used, but still functional PV modules are becoming 
available. These used, older modules, typically do have some level of age-degradation and 
usually do not have the high performance of the newer and more efficient PV technologies. 
Depending on the PV technology (amorphous silicon, crystalline or polycrystalline, or some 
other photosensitive material), various levels of age and solar exposure will result in 
performance degradation. These performance degradations are well documented [6][7][8]. In 
most cased these decommissioned modules are, however, fully-functional and can still have a 
useful life. Their low cost (and in some cased “no cost”, being they are fully depreciated and can 
be donated, as was the case with the Lawrence Tech modules used in this project) make them 
still-viable power sources for non-critical, and useful applications. It is estimated that the 
Isofoton I-94/24 PV modules used in this system have encountered a Voc degradation of 
approximately 4.5% and an Isc degradation of approximately 14.2% (see Appendix C and 
reference 20 and 21 for sample calculations).  
 
Our repurposed and reuse approach is different than what is often discussed in recycling and 
Life-Cycle- Analysis, where a given technology is reprocessed and its composite materials are 
returned to their raw or base form. This more fundamental recycling has been discussed 
extensively in the literature [9]. This new re-use of PV modules is starting to gain interest, 
however, and is now considered a viable option for some PV applications, including engineering 
education [10].  
 
The authors believe this project is fundamentally important because, if successful, it can serve as 
a demonstration of low-cost, and reliable photovoltaic applications. Utilization of these 
previously used photovoltaic modules can provide engineering schools with constrained and 
limited budgets the opportunity to obtain functional PV modules, and in some cases fully 
operating systems. This can render these systems available to students for general testing, study, 
and variety of unique projects. Another aspect of this project is that it may be possible to 
demonstrate the viability of applications in low-income areas, or in remote, rural communities 
that face limited electric power availability, and may have financial constraints which limit their 
access to energy storage and photovoltaic systems [11] [12].    
 
So what is a possible approach that interested university faculty can use to get access to these 
decommissioned PV modules, and system components? It must be understood that very often the 
decommissioning of PV systems is often done by PV installers. They are requested to take way 
the old system and install a new, higher efficiency system. We recommend that interested faculty 
directly contact their local PV installers and ask about the availability of older modules. Inquire 
if it is possible to come and pick up discarded modules or PV hardware at the job site. Offer to 
remove all functional materials at no cost to the installer. Such an approach might provide 
several opportunities to obtain working modules, hardware or even complete systems.     
 
 
 
 



Individual Photovoltaic Module Testing and Characterization: 
 
As mentioned, Isofoton I-94/24 PV modules were used in this project (see Appendix A for 
manufacture details regarding these modules) from a decommissioned system operated by Masco 
Corp. Prior to donation to Lawrence Tech in the summer of 2013, the twelve PV modules were 
stored outside for what is believed to have been three years (the exact time is not known). During 
this outdoor storage the modules were stacked one-on-top of another face-down, and 
unfortunately were not covered. They were subject to snow and ice buildup on the rear-side 
framing, and several freeze-thaw events over their outdoor storage period. Because of this, major 
physical damage was observed by LTU on two modules, rendering them unusable. These where, 
therefore, set aside for classroom show-and-tell educational purposes only. 
 
Before any consideration of which remaining ten modules could be used, it was necessary to 
characterize their power output for stability, safety, and uniformity. Rudimentary current/voltage 
plots (i-V curves) and power characterizations where carried out individually on each module 
using a simple variable resistance circuit in direct sunlight during the summer of 2018 to assure 
the modules were fully functional and not damaged. Solar insolation (also known as irradiance, 
or power density) during these characterizations were typically between 750 W/m2 and 850 
W/m2. All insolation readings were measured with a LI-COR LI-250A light meter. Short circuit 
currents (Isc) were typically between 2.25 and 2.75 amps, and open-circuit (Voc) were typically 31 
to 35 volts, depending on solar insolation and air temperature. Ambient and module surface 
temperatures were measured during each characterization test using K-type thermocouples taped 
to the back of each module tested as well as the open ambient air in a shaded area next to the 
modules. For quick setup all electrical connections were made using simple laboratory alligator-
clip leads.  
 
Data acquisition was accomplished using a Graphtec GL-240; Compact Standalone 10-Channel 
Datalogger. Currents were measured using 10 amp/10 mV current shunts (Crompton), and an 
Electronics-Salon 100 watt 50 ohm, high power, wire-wound, variable resistor. An example of 
the electrical schematic is shown in Figure 1 below.  
 
Figure 2(A) below shows the basic outdoor test stand for evaluating each individual module. A 
separate lab cart (not part of this project system design) was used to transport and hold the 
materials required for data collection.   
 
Today all commercially available PV modules have bypass diodes internally installed for safety 
protection to prevent reverse current flow during cell shading. The need for bypass diodes in PV 
modules, and PV arrays is well known, well understood, and well documented [13] [14] [15]. It 
is vital that any used or recycled modules be checked to assure these bypass diodes are fully 
functional. It is possible to do a quick (but not always effective) check of PV diodes using a 
common lab multi-meter with a standard diode check setting. This, however, may not be 
adequate because PV modules often operate at 30oC to 50oC above ambient temperatures. Warm 
diodes may perform differently at elevated temperatures than at room temperature. Therefore, 
checking diodes at elevated temperatures during solar exposure is critical [16] [17]. This was 
done by simply affixing a series of cardboard strips over various individual cells on each module 



and conducting a standard IV sweep. Figure 2(B) shows the testing set-up for how these diodes 
were evaluated for each module. 
 
The authors were plesantly surprised to find good performance between all ten photovoltaic 
modules when characterized in outdoor sun testing. Figures 3 shows a typical i-V plot for one of 
the properly functioning Isofoton modules. Figure 4 shows the i-V sweep plot for the module 
with cardboard strips over various cells to assess the bypass diodes. 
 

  
Figure 1: The basic circuit schematic for characterization testing of each PV module.  

 

        
(A)                                                                                   (B) 

Figure 2: Shown here are the basic outdoor testing condifuration of the Isofoton I-94/24 PV 
modules. the basic test stand setup is shown in (A). The assessment of module bipass safety diodes 
is illustrated in (B) showing carboard strips shading various cells. 

 



 
 

Figures 3: Shown here is a typical i-V plot for one of the test modules. Excellent uniformity was 
observed between all of the modules characterized. 

 

       

Figure 4: The i-V plot for the module illustrated above in Figure 2(B) above, with 
cardboard strips shading strings of cells in the module to assess the bypass diodes. This 
characteristic plot indicates correct bypass diode operation.  

 
Battery Testing and Verification: 
 
The deep-discharge batteries used in this study are Discover EV24-80 amp-hour lead acid 
batteries. (Note: these have now been re-designated by the manufacturer as 85 amp-hour 
batteries. Specifications for the original 80 Amp-hour batteries are no longer available from the 
manufacturer. But specifications for the 85 amp-hour batteries are available and are posted in 



Appendix B.) As mentioned previously, the batteries were stored in a cool, dry location in the 
Lawrence Tech renewable energy lab for approximately eleven years, but had been occasionally 
discharged and recharged with the intent to help maintain their functionality. Even when this is 
done there is a natural degradation of lead-acid batteries. The rule of thumb for such batteries is 
to charge them every few months. But after five to six years of storage along with infrequent use, 
it is not uncommon for lead acid batteries to become chemically inactive displaying limited, 
charging and discharging. Such batteries may not recover.   
 
Initially, as would be expected, these batteries showed low electrochemical activity after their 
prolonged storage. There are, however, various documented methods for how to maintain and 
revitalize lead-acid batteries [3] [4] [5]. At the start of this project in the early summer of 2018 
variations of these methods were used to “bring back from the dead” these Discovery lead acid 
batteries required for this project. We at LTU have found marginally, or seemingly dead 12-volt 
lead-acid batteries can often be revitalized back to some level of electrochemical activity.  There 
is no single set protocol for guaranteed success. The protocol provided here may not revive a 
dead battery, but generally the Lawrence Tech process is as follows:  
 

1) Using a high internal resistance multi-meter determine if the lead-acid battery has any 
residual voltage, if not, then it may not be a successful candidate for this process.  
2) Using a DC power supply, bring the input voltage up to 15 to 18 volts for 2 to 4 
minutes (note that voltages in this range can result in electrolysis of the battery 
electrolyte, so this should not be done over prolonged periods of time and must not be left 
un-attended) and then turn off the voltage for a similar amount of time.  
3) Check to see if any increase in voltage is observed. 
4) Repeat steps 2 and 3 for four to six times.  
5) If an increase in voltage is observed, then using the DC power supply apply 15 volts 
for 10 to 15 minutes and disconnect.  
6) Check the voltage for a possible voltage increase.  
7) Using a power resistor (5 to 10 ohms), discharge the battery for a few minutes to 
approximately 11.5 volts.  
8) Repeat steps 5, 6, and 7 four to five times or more if electrochemical activity is 
observed.  
9) Using a standard automotive battery charger (see below), charge the battery until the 
charger automatically turns off.  
10) After charging, discharge the battery to approximately 11.5 volts, and do this charge 
and discharge activity several times, to determine if the capacity of the battery is 
increasing. Such repeated light-duty cycling can often help a battery recover to some 
nominal level of functionality.  

 
The current retail price for similar new batteries is approximately $240 each! Obviously, it was 
highly desirable to recover these batteries, if at all possible, due to their high cost. Most 
recharging of these batteries was done using a standard automobile battery charger (Schumacker 
SC-600A Automatic SpeedCharge battery charger), however, some charging was also done 
using an available laboratory variable-voltage/current power supply. A typical charging profile 
for one of the Discovery EV24-80 amp-hr batteries is shown in Figure 5 below.    
 



After several attempts using the above prescribed recovery methods success was obtained with 
these four batteries. The test data, however, did show that degradation had taken place with these 
batteries. A quick (and an admittedly rough) calculation using the assumption of an average 
discharge of 12 volts and the rated 80 amp-hrs yields a value of 960 W-hr. Since 1 hour equals 
3600 seconds an estimate of 3.5 MJ in each battery can be made for a complete and total 
discharge of each battery (if they were new units).  However, total discharge is highly 
undesirable, even for deep-discharge batteries, and a not-to-exceed maximum discharge of 50% 
was selected (and is more typically used as a discharge level to assure longer battery cycle life). 
Thus, a usable capacity of 1.7 MJ per new battery is a better estimate of available energy. Figure 
6 below shows discharge results for two of the batteries in series (24 volts nominal). The various 
wattage discharges in this series of tests were accomplished at constant watts over the duration of 
each discharge test using a Morningstar ProStar PS-MPPT-25M; 25 amp 12/24 volt MPPT 
charge controller. (This charge controller will be used in the final configuration of the portable 
power cart design.) High discharge rates typically result in lower estimates of available energy, 
and low discharge rates provide a more accurate estimate of real available energy level in 
batteries. Preventing excessive battery discharge is typically accomplished by preventing 
batteries from discharges below 11.5 volts. This is how the Morningstar charge controller, used 
for these tests, functions. 
 

 
Figure 5: A typical battery charging profile using the Schumacker SC-600A automobile battery 
charger. Current and voltage are plotted against time in seconds. It is clearly evident that the 
charger goes into a pulsed “float mode” after 1600 seconds.     

 
Assuming a 50% discharge for two new comparable batteries in series yields 3.4 MJ of usable 
energy. Reviewing the actual test data in Figure 6 below shows that two of the old batteries in 
series (24 volts) discharged at 113.7 watts over 17,435 seconds, yields an estimated 50% battery 
capacity of 1.98 MJ, or a decrease in energy storage capacity of ≈ 43%. Considering the cost of 
new batteries, the authors deemed this as acceptable for this project.   
 



 
Figure 6: This graph shows time-to-discharge curves to approximately 50% state of charge for two 
Discovery batteries in series for a 24 volt system.   

 
System Design: 
 
When designing any electrical system one must determine the maximum current and power 
rating of its various constitutive components. The authors selected a Morningstar ProStar PS-
MPPT-25M; 25 amp 12/24 volt MPPT charge controller. This was purchased specifically for this 
project, and was selected primarily based on capabilities, but also its purchase price ($390). The 
maximum DC input voltage from the PV modules for the ProStar PS-MPPT charge controller is 
120 volts. The typical PV module testing data we collected showed a Voc ≈ 33 volts, which might 
suggest that three of these modules in series could be used. This would be a serious error, as the 
modules are rated for 39.6 Voc. Making corrections for Nominal Operating Cell Temperature 
(NOCT, see Appendix C for sample calculations), taking into account the possible high and low 
temperatures for the area Lawrence Tech is located, and using typical temperature coefficients 
for monocrystalline PV cells one quickly sees that new modules could display a maximum Voc 
values up to 46 volts [18] [19] [20] [21]. This results in limiting the input to two Isofoton I-94/24 
PV modules in series. (Calculations for these values are found in Appendix C.) 
 
Using similar calculations for maximum current, we see estimate maximum Isc ≈ 3.4 amps. For 
wire run distances in this design it was estimated that 14 AWG wires would be adequate. 
However, the modules have 12 AGW wires, so for consistency and added safety, this design 
used 12 AWG wires throughout all current-carrying wired systems. 
 
The goal of this portable PV power system was to have multiple power outputs, which 
include110 VAC, 12 VDC and 24 VDC. The Morningstar ProStar PS-MPPT charge controller 
provides 24 VDC output for power usage, as well as 12 VDC or 24 VDC optional output settings 
for battery charging. A SinergexTM PureSine2 1500-124 inverter, which accepts 21 to 30 VDC 



power input to 110 VAC, was used for the VAC output. The SinergexTM inverter has two 3-
prong NEMA 5-15R output plugs, and controls for auto shut-off should input voltage dropping 
below 21 volts or go above 30 VDC. This inverter was used in a previous project in 2007 and 
was not purchased for this project. The 12 VCD output is provided by a Mean Well SD-200B-12 
CD/CD converter, which was also available from a previous project.         
 
In-door System Bench Testing: 
 
To address the need to evaluate the system design during development over inconsistent, non-
sunny, winter-weather months, an indoor bench test setup was assembled to confirm system 
operation. A Sorensen XG300-2.8 Programmable DC Power Supply (which could provide 
voltages and currents comparable to those anticipated by two Isofoton I-94/24 PV modules in 
series) was used to simulate PV module input. Because higher currents were possible from the 
charge controller into the batteries a 50 am/10 mV current shunt (Crompton) was used in that leg 
of the circuit. Figure 7 below illustrates a schematic of the system used during bench test 
simulations. In addition, Figure 8 below shows a photo of the actual bench test hardware 
configuration in the lab.  

 
 

Figure 7: This shows the bench test simulation using the Sorensen power supply to simulate PV 
module input.  

 



      

Figure 8: This shows the actual bench test simulation setup configuration in the lab to simulate PV 
module input. An incandescent lamp is used in this configuration as an AC load downstream from 
the inverter. To address safety concerns only authorized lab staff were allowed into the lab during 
these bench tests.  

 
Several bench-test simulations were undertaken to assure all systems performed as required, and 
to also understand the interrelating dynamics of the charge controller, the power supply, inverter 
and batteries. An example of test data are plotted in Figure 9 below. The sequence of test steps 
are listed in the table imbedded in the graph of Figure 9.     
 

 
 

Figure 9: These data were collected from one of several bench tests using a power supply to 
simulate PV module input. Several step changes were carried out in this test and are listed in the 
table embedded in the body of the graph. 

 



Once bench tests were completed a series of outdoor solar tests were conducted. Initially, 
electrical connections were made, as before, using alligator clip jumper cables. 110 VAC loads 
were obtained using incandescent lamps on a typical multi-plug extension cord plugged into the 
NEMA 5-15R inverter plug. Figure 10(A) and 10(B) below show the outdoor test setup. It 
should be noted that in Figure 10 three PV modules are shown, but only two were connected in 
series to provide power to the test system.      
 

   
(A)                                                                                         (B) 

Figure 10: These two photos show one of the outdoor test setup configurations of the system. 
Figure 10(A) on the left shows the sun exposure side of the system. Figure 10(B) shows the rear-
side, including the data collection system. Two of the three incandescent lamps used as a load 
from the inverter are turned on in (B).  

 
Data for the test conducted in Figure 10 above are provided in Figure 11. There were some fast-
moving clouds that were passing overhead during this test yielding significant variation in power 
input from the PV modules. Insolation values ranged from 450 W/m2 to 750 W/m2.  
 



 
 

Figure 11: Shown here are data plotted from the test undertaken in Figure 10 above. Significant 
fluctuations can be seen in the PV watts due to rapidly moving high altitude clouds. Incandescent 
lamps were used as an alternating current load from the inverter. 

 
Preliminary Cart Prototype: 
 
A major goal of this project was to produce a small and manually mobile PV power system, with 
energy storage capacity and various forms of power output. The authors also wanted to make the 
system expandable for both added PV power generation, and added battery storage. A simple 
manually rolling prototype base-cart was designed and built. It has a simple clamping 
mechanism allowing for two PV modules on the cart that are electrically connected in series to 
tilt to the any solar angle. It is entirely made of scrap wood the faculty-author had in his lab or of 
disposed of wood from various on-campus construction projects.  
 
The size and mobility of the portable cart is critical. When not used it will be stored in the 
engineering building. To be used it must be able to pass through internal building doorways, and 
also through building exits for transport outside. Also, the system requires a low center-of-
gravity and a broad enough foot-print to assure that in case of any wind conditions during usage 
the cart is stable, and will not tip over from a PV module “sail-effect”.  
 
Another design goal was that it must also be easily and manually moved by one person. It must 
be easily positioned and oriented to the sun by one person, and it must be safely operated by a 
non-technical individual without risk of system damage, or electric shock. 



 
Lastly, the system must have minimal cost and flexible allowing for easy future redesign and 
modifications.  
 
Figure 12 shows a photo of the student-co-author working in the university’s wood shop making 
PV mounting brackets for the cart. Figure 13(A) and 13(B) show the basic prototype testing cart. 
A system low center of gravity was accomplished by installing all of the electrical components 
on, or very close to the base deck of the cart. Each 12 volt battery weighs 53 lbs., and the other 
hardware items (not including wiring) mounted weigh approximately an additional 50 lbs. The 
wood frame and wheels weighs approximately 75 lbs. But each module weighs 22 lbs, and has a 
large surface area that can catch the wind. The total weigh of the completed system is 
approximately 280 lbs. Intentional efforts by the authors to “tip over” the cart found it to be 
extremely stable with an adequately low center of gravity, and yet very easy to move and 
transport.            

     

Figure 12: The student co-author of this paper is shown here making mounting brackets that hold 
the PV modules in place on the cart.  
 

       
(A)                                                                                           (B) 

Figure 13: These photos show the front (A) and rear view of the (B) prototype test cart to be used 
for assessing other hardware mounting and wire runs for the final future design. 



A long-term future goal of this design is to also incorporate solar altitude and azimuth tracking 
capabilities. This system prototype (as illustrated in Figure 13 above) does not have that 
capability. But all equipment, components and wiring is installed on the prototype cart with the 
understanding of how it will work and function given that as a possible future option.  
 
All non-module component mountings, such as batteries, charge controller, inverter, DC outputs, 
must not hinder module adjustment for solar angle, and also provide easy access when needed. 
That access must not result in casing shadows of any kind of the modules. Therefore, it was 
planned that all components would be fixed-mounted low on the cart deck to improve system 
center-of-gravity, and on the system rear-side, as seen in Figure 13(B). Because module tilt angle 
is adjustable, all electrical connections must be flexible and be routed along the swivel axis.  
 
A preliminary design circuit has been developed and installed on the cart. It is illustrated in 
Figure 14 below. This preliminary prototype will not be used in wet weather, however it still 
requires adequate grounding. The NEC, Article 690, has detailed guidelines for circuit design, 
fusing and grounding for building and stand-alone PV systems [22]. It does not, however, 
provide guidance for a design such as in this project. Other projects documented on YouTube 
show several systems (some which are well over 100 volts, and DC currents above 100 mA 
which can be fatal) with no grounding. This is an inherent safety risk. The proposed design will 
use an electrical grounding cable connected to the physical earth/soil, or other sufficient 
grounding source, to serve as a functional common ground. The actual system circuit wiring, 
charge controller and current shunts for the test cart configuration are shown in Figure 15.  
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Figure 14: The preliminary electrical wiring and component schematic of the prototype PV energy 
storage cart.   

 



 
 

Figure 15: A detailed photo of the circuit wiring, charge controller and current shunts for the test 
cart configuration.  

 
The base cart will eventually have the capability to stow four additional PV modules for system 
expansion. For use these added modules will be manually removable from the cart, self-equipped 
with simple tripod feet and manually set-up next to the cart, and using an external parallel-circuit 
flexible umbilical wire-harness cable and connecting plug to the on-cart charge controller. This 
will yield additional power input from the four stowed modules, for a total of six PV modules 
providing power (three sets of modules in parallel with two modules in series in each parallel 
set). Each series set of modules will be properly fused and grounded to assure safe operation. 
This configuration has now been successfully tested using jumper cables (but without the final 
designed wiring harness and without the final tripod feet installed). Figure 16 shows this testing 
setup.     
 
To evaluate system performance the Graphtec data logger was used to measure current, voltages 
as well as ambient air and PV module temperatures. The MorningStar charge controller has its 
own battery temperature monitoring and temperature compensation installed.  
 



 
 
Figure 16: The six module system using the two modules mounted on the base cart with additional 
power input from the four stowed modules (the four modules to the right of the cart), for a total of 
six PV modules providing power with three sets of modules in parallel with two modules in series 
in each parallel set. Circuit connections for the set-up shown here were made using temporary 
jumper cables for the four modules that will be stowed on the cart. 

 
Educational Plan For This System 
 
The PV solar energy storage cart project fits well with Alternative Energy Engineering course 
and program at Lawrence Tech. The most beneficial are the school’s Alternative Energy 
Engineering graduate course, and the Solar Energy Engineering graduate course, both of which 
can be taken by undergraduate seniors in engineering (who meet course prerequisites), as well as 
graduate engineering students.  
 
It will also be used in various areas of study for student interested in solar photovoltaic system 
design, and systems engineering. Specific academic curriculum and activities have yet to be 
developed but will be completed during the summer of 2019 once the testing system 
performance has been fully characterized. But some of the intended activities for use, however, 
are listed below.   
 
Besides the student’s experience gained during the process of designing and building the solar 
power project, this system will also be used as a lab model for the students from different 
colleges (Colleges of Architecture, Arts and Sciences) to demonstrate the different performance 
and operational aspects of PV technology. 
 



We intend to use this solar power and energy storage cart as a testing system for collecting data 
and use those data as reference for other different academic research that is ongoing at Lawrence 
Tech and related to the same field. It can be used as an educational example to discuss its 
integrated design, circuitry design, safety considerations, and basic solar PV system installation.   
 
We will explore how this project can be used to study the effects of the weather and 
environmental changes on the performance of the PV modules and other parts of the system. The 
impacts due to changes in operational parameters like temperature, light intensity, or angles of 
incidence of the sunlight can easily be examined using this portable solar cart. 
 
This project is an integrated electrical and power device that can be used to perform different 
experiments to measure and compare theoretical values versus practical values of many different 
physical properties like power, voltage, temperature, and current. 
 
The data collected using the data acquisition device provide an excellent educational opportunity 
giving students an opportunity to study the relations between the different components of the 
solar systems and the energy consumption required to operate these components. 
 
Future Work: 
 
There are several areas open to future work on this project. The most immediate being adding 
additional external electrical plugs allowing the integration of the four additional external PV 
modules. The base cart also still needs to be modified to safely stow and support these four 
modules so that these additional modules are not damaged during cart movement. The authors 
are confident the system will perform as intended, based on bench testing, and out-door solar 
testing. The goal is to have these items completed in the spring 2019 academic semester to allow 
a full range of system tests in the late spring and early summer.  
 
Additional assessment will be done to add the two remaining lead-acid batteries to expand 
energy storage.  
 
A full and complete testing plan for the system also needs to be defined to fully characterize the 
system performance. This then can serve as a data baseline for future educational lab activities 
for students.   
 
The last aspect of this effort could be to involve weather-proof the system, circuity, and data 
acquisition systems so that it, if desired, could be left outside for prolonged periods of time. The 
concern about electrical safety and adequate grounding remain as more modules will be added. 
This is an area in the future for extensive literature searches to learn about best practices. The 
longer term, out-door option will require more attention with the intent of adding PV solar 
tracking, this increasing power production.  
 
The authors intend to document this future work, and present those future efforts at the coming 
ASEE conference in 2020.  
 
 



Student Experience and Knowledge Gained:  
 
(The following is a review and the personal thoughts about this project by the student worker 
who assisted in the design, build, and testing of the PV cart, and also co-authored this paper.)  
 

“I am an undergraduate student assisting in design and building of the portable solar 
power project. My work on the project extended beyond my discipline curriculum and 
I believe it has a great impact on improving my professional skills preparing me for 
my future career.  
 
While participating in this project, I had the opportunity to practice and integrate 
much of the knowledge I learned during my three years of course work as an 
undergraduate student. Working in the renewable energy lab in a team of two with an 
expert professor, enhanced my communication abilities; team working skills; and 
added a valuable experience that I could not obtain during my usual course work.  
 
Throughout the time I spent working on this project, I had the chance to express my 
ideas and think critically and independently in solving related problems. In addition 
to the previous general valuable skills, I learned specific lab testing techniques, where 
I performed many different tests that I never had done before. I learned how to use the 
data acquisition system for temperature, current and voltage data collection. I also 
learned about the charge controller which served as a main control unit while testing 
the photovoltaic modules and batteries performances, the DC/AC inverter to supply 
different load systems, mechanical/electrical relays as switches, voltage and current 
regulators (for the current using current shunts), and many other important electrical 
devices and lab tools. During and after the process of collecting the tests data, I had 
the chance to analyze the collected data independently and review the result with my 
supervisor.  
 
Before starting the work in the solar project, I had no chance to practice design and 
build circuits on a large scale. I also had no laboratory or research experiences with 
batteries or PV systems prior to this. Throughout my participation in the solar energy 
project, I gained knowledge about the electrochemical dynamics of lead-acid 
batteries; physical and electrical performance characteristics of the PV modules; and 
basic knowledge about installing energy-storage solar systems.  
 
Working on these kinds of projects and research is encouraged and recommended for 
any undergraduate student. I personally recommend spending more time working in a 
similar academic project like the solar power project. The experience I gained during 
working in this project is equivalent to the work experience gained in any 
undergraduate internship opportunity.”   

 
Summary and Conclusions: 
 
A portable PV power system has been proposed, designed, fabricated, and physically tested, we 
have demonstrating its ability to deliver 110 volts AC, and both 24 volt DC and 12 volt DC 



output power to the user when it batteries are fully charged. A prototype test cart has been built 
with the intent of outfitting it as a stand-alone system. The portable cart, holds all the system 
components, and is also made of materials that were on-hand from previous Lawrence Tech 
projects. Several of the main operational components in this system were previously used, 
recycled, and/or repurposed materials, such as the PV modules and batteries, thus, significantly 
lowering the project cost.  
 
Another important aspect of this project is that the PV power source is expandable. The basic 
stand-alone cart has two PV modules (approximately 100-watts each), but the design also allows 
for adding additional PV modules to provide greater solar source power for quicker battery 
charging, or more day-time external power delivery. The system will also be expandable to 
incorporate additional as-needed battery storage. 
 
This project, based on documented student feedback, has been a beneficial educational 
experience for the student involved. It will also serve as an educational solar PV demonstration 
testing system to help engineering students gain the opportunity to use, learn and understand the 
operational dynamics of a complete PV system containing photovoltaic modules, charge 
controller, storage batteries, and various power outputs including 110 VC, 12 VDC and 24 VDC. 
The simple data acquisition system tracks current and voltages for the PV, battery and power 
output components, as well as module and ambient air temperatures. These features allow the 
student to assess temperature effects of both PV and battery performance characteristics.      
 
It has also given the College of Engineering at Lawrence Tech a new approach for how to 
develop and complete meaningful projects at very low up-front cost. This approach may be a 
viable one for other engineering schools.   
 
Lastly, this system can serve as a demonstration prototype illustrating how to potentially re-use 
older PV modules for possible low-income, or limited power access areas at minimal expense. 
 
Based on these efforts the project has now since been reviewed by other LTU engineering 
faculty and College of Engineering administration staff, and has deemed a success, as well as a 
valuable addition to the Alternative Energy lab resources to be used in the future to help educate 
Mechanical, Electrical and Architectural Engineering students within the college.      
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APPENDIX C 
 
To assess the degradation of the Isofoton I-94/24 PV modules an understanding of the common 
pv module rating methods must be established.  
 
STC – Standard Test Conditions 
- 1000 watts/m2 irradiance 
- 25oC cell temperature 
- 1.5 air mass 
 
PTC – Which means Photovoltaics for Utility Systems Applications (PV USA) Test Conditions 
- 1000 watts/m2 irradiance 
- 20oC ambient temperature 
- 1.5 air mass 
- 1 m/s wind speed 
 
Nominal Operating Cell Temperature (NOTC) – the temperature of the cells when operating at 
an ambient temperature of 20oC, and air mass of 1.5, and insolation of 0.8 kW/m2 and a wind 
speed of 1 m/s.  
 

.
      (1) 

Tc = the new cell temperature 
Ta = the new ambient air temperature 
G = the new insolation value 
 
Calculating Isc, Voc at a new temperature 
Voc = Voc(at 25oC)[1 + (TC – 25oC)(ΔVoc/ΔT)]   (2) 
Isc = Isc(at 25oC)[1 + (TC – 25oC)(ΔIsc/ΔT)]    (3) 
 
Using collected data from module testing 

Actual air temperature = 7.4oC 
Actual module temperature = 36.1oC 
Actual G = 0.866 kW/m2 
NOTC from Isofoton I-94/24 product specifications = 47oC 
Using equation (1) to compare and estimated cell temperature to an actually measured 
cell temperature using a known ambient air 

Tc = 7.4oC + {[(47-20)/0.8] 0.866} = 36.6oC 
With an actual measure cell temperature of 36.1oC 

 
Using equation (2) and measured Voc values from collected data 

Typical values for ΔVoc/ΔT for monocrystalline cells = -0.0039 
Stated value of Voc(at 25oC) from Isofoton I-94/24 product specifications = 39.6 Volts  
Known measured value of the cell = 55oC during testing 
We get a new value of Voc at the test conditions of 33.4 Volts  
This equates to a percentage difference of 4.48 % from the specified new module voltage 
at these conditions 



 
Using equation (3) and measured values of Isc from collected data 
Isc = Isc(at 25oC)[  

Typical values for Δ Isc/ΔT for monocrystalline cells = -0.00077 
Stated value of Voc(at 25oC) from Isofoton I-94/24 product specifications = 3.27 amps  
Known measured value of the cell Isc at 55oC = 2.87 amps 
We get a new value of Isc at the test conditions of 3.346 amps 
This equates to a percentage difference of 14.212 % from the specified new module 
voltage at these conditions 
 
 
   

 
  
 
 
 


