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Abstract 

 

 The electricity demand of both residential and commercial customers is a 

constantly changing characteristic of large scale power systems. This is a challenge that 

utility companies all over the world are faced with every day. One of the methods that is 

currently being used to help with the challenges created by fluctuating load during peak 

demand is called load leveling. The basic premise behind load leveling is that energy 

during off-peak times is stored using some form of an energy storage system. During 

peak demand times, this energy that was stored previously during off-peak times is 

discharged to the load. There are many benefits to approaching energy management in 

this fashion from both the utility and customer point of view. 

 The objective of this project is to provide successful load leveling capabilities to a 

simulated commercial customer using a battery energy storage system (BESS). This 

particular battery storage system incorporates the functions of photovoltaic (PV) 

generation in order to maximize load leveling capabilities and enhance voltage regulation 

of the battery units. Both lithium ion and lead acid batteries are considered with the PV 

generation. The addition of the PV generation creates a reduction in load that can be used 

in conjunction with the load leveling capabilities of the storage system. 

 Through successful implementation of a load leveling algorithm incorporating 

both the batteries and PV generation, quantifiable results will be presented detailing the 

positive impact seen by the commercial customer utilizing demand side management. 
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Problem Description 

 

 Constantly having to account for large fluctuations in system loading continues to 

be a challenge for utility companies in today’s world. There are a few different 

approaches that can be taken in order to help alleviate this problem. Shown below is a 

demonstration of how a commercial customer’s load profile changes drastically over the 

course of a single day, as well as the seasonal impact. 

 

 
Time (hr.) 

 

Figure 1. Example Load Profile for a Small Manufacturing Plant [10] 

 The first type of management that can occur is called supply side management. 

Supply side management is any action that is taken by the utility to ensure that 

generation, transmission, and distribution of energy are conducted efficiently [1]. Some 

of the methods that utility companies utilize in order to manage electric demand are 

spinning reserves and fossil fuel generation plants that can be operational in minutes. 

When interested in managing electric demand on a smaller scale (customer level) there is 

a different type of management that can be utilized.  

 The type of management that is explored by this project is more commonly 

referred to as demand side management. As opposed to leaving the job of reacting to 

peak demands solely on the utility company, demand side management implements 

tactics that are operated by the customers to help reduce the overall peaks of electricity 

demand over the course of a day. Large, commercial customers who are able to maintain 

a flat load profile throughout the course of the day help the utility company greatly 

because they are able to more efficiently determine their economic dispatch. This concept 

is known as load leveling. One method of demand side management that can be a very 

useful tool for a commercial customer is a Battery Energy Storage System (BESS) that 

incorporates photovoltaic generation within its load leveling capabilities. 

 In order to reduce the necessity of running generation plants at levels that can 

greatly reduce efficiency, load leveling systems such as the BESS provide a known 

demand that does not fluctuate as much. The batteries used, whether they are lithium ion 

or lead acid batteries, are able to store energy during times when the peak demand is low. 

This stored energy can then be discharged to the commercial customer’s load during 
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times of peak demand. Benefits to the utility company are that the peak loads demanded 

by large customers that implement these systems are lower and more predictable. From 

the customer’s perspective, they are saving money by buying more energy at a lower rate 

and avoiding the higher tariffs that occur when demand is at its maximum during the day. 

Environmental benefits are seen by both the utility company and the commercial 

customer as well. 

Introducing photovoltaic generation into the scheme of a BESS is a very 

interesting concept; one that has the potential to improve efficiency of load leveling 

practices even further. Photovoltaic generation creates electric power from the conversion 

of solar radiation into direct current. Since the capability of such a system relies heavily 

on the current conditions of the sun, it is not a viable source of energy throughout the 

whole day. However, the peak loads often occur during the warmest times of the day. 

This is also when photovoltaic generation is most viable. Incorporating PV generation 

into the algorithm used for load leveling can allow for a second type of load leveling 

relief provided to the load. This PV generation may also be able to charge the BESS if for 

some reason there was a shortage of cheaper energy in off peak times necessary to charge 

the BESS fully for its next load leveling operation. The single line diagram of the system 

used during this project is shown in Figure 2 below. 

 
Figure 2. System Single Line Diagram 
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Deliverables 

 

 Matlab code to run software simulations of the load leveling system with lithium 

ion batteries 

 Results of hardware test of load leveling system with lithium ion batteries to 

verify accuracy of simulations 

 Results of tests on lead acid batteries to see if PV generation can provide 

sufficient relief to maintain lead acid battery voltage 

 Economic analysis of proposed system to determine viability 

 Lab guide that could be used in classroom setting, such as ECEP-354 or  

ECEP-451 

There are two different types of battery sets that are available for testing in the 

Drexel Power Lab. One set is a 24V lead acid battery set (see Appendix H), while the 

other is a 24V lithium ion battery set. Prior senior design groups working with this 

equipment only utilized the lithium ion for load leveling [6]. Physical testing of this 

system with the addition of the PV generation was run and compared against prior 

groups. Appendix I shows a block diagram of the current lab set up that was used. 

For the analysis of the effectiveness of this system, load factor is considered as a 

parameter. Load factor is defined as the average load divided by the maximum load in a 

given time frame (in this case, 24 hours). An ideally leveled load would have a load 

factor of 100%. While this level of success is unfeasible, it is expected that there will be 

significant improvement after the system is connected to the load. Also, success can be 

evaluated by analyzing the money saved through the load leveling system. With the 

knowledge of peak and off-peak energy costs, the amount the commercial customer 

would spend before and after load leveling can be determined and compared to decide if 

an adequate difference has been made.   

In order to load level with the lead acid battery set, the prior issue of battery 

voltage needed to be addressed. Prior groups have been unable to maintain the terminal 

voltage of the lead acid battery above its refloat voltage to allow for effective load 

leveling. The refloat voltage is essentially a “shut off” point and when it is reached, the 

lead acid battery set will no longer be able to discharge. This voltage limit is reached long 

before the minimum state of charge (SOC) limit is attained due to the nature of battery 

discharge. Simulations were run on the lead acid battery in the Power Lab in order to 

determine the SOC characteristics versus the battery voltage to determine what 

acceptable discharge duration would be. 

The original proposed deliverables that had been established at the beginning of 

the project will be altered due to unforeseen circumstances. The deliverables that have to 

be removed from the project include the extension of PV availability to the 

Reconfigurable Distribution Automation and Control (RDAC) lab to allow for greater use 

by all students and researchers.  This also included the creation of a portable inverter on a 

cart to make the inverter accessible anywhere. The reason for removing these aspects is 

because of the intense inclement weather during winter term, which prevented hardware 

testing due to a lack of solar irradiance.  The additional time that will be available will be 

used to focus on the hardware testing and analysis of the results. 
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Progress 

 

Part 1 – Software Testing 

 

 The primary focus of Winter Term was on creating accurate simulations of the 

proposed load leveling system in Matlab, taking into account both the battery energy 

storage system and the photovoltaic generation. It was decided that the viability of this 

system should be analyzed both seasonally and geographically, to account for varying 

loads and solar availability. To represent this, two locations were be modeled: 

Philadelphia, PA, where hardware testing was be performed, and Phoenix, AZ, which 

served to represent an ideal solar setting. Each of these locations was modeled in both 

summer and winter.  

In order to include the PV power, accurate solar models were needed. Using the 

NREL provided System Advisor Model (SAM) [2], the 1.6kW PV system located on 

Drexel’s Main Building was modeled for both cities. The yearly output of these models 

can be seen in Appendix B. Using this data, average daily values were calculated for each 

location during both summer and winter, which are shown in Appendix C. Finally, a 

standard commercial load was found on OpenEI [3]. A standard summer and winter day 

were found and these loads were used as a constant in both locations (see Appendix D).  

The Matlab code used for the simulation is based off the previous year’s design 

[6].  The Matlab code and flowchart were altered in order to incorporate the addition of 

PV into the system. The alterations that we performed on their flowchart are contained in 

the first section, which is run at the beginning of every 24-hour period. This version 

receives both the forecasted load and the forecasted PV output. The PV output is then 

subtracted from the load profile and the remaining load average is calculated. Based on 

this data, the charge and discharge rates at each hour are calculated. At each hour, the 

current load is compared to the average to determine if it should charge or discharge. It 

then checks that the battery SOC can handle the charge/discharge, and does so if able. 

The current flowchart being used can be viewed in Appendix E. 

With the Matlab simulation code set up, and the relevant data inputs gathered, 

four simulations were run. In the case of these simulations, a 4.5kWh battery (the same 

size available in the Drexel CEPE) was used. The results of these simulations are based 

on their improvement to the load factor, defined as: 

 

            
            

            
 

 

The results are summed up in Table 1 below, which compares the original and 

improved load factor of the commercial load.  Based on this initial analysis, the system 

shows an improvement over the previous system in all four cases. As expected, Arizona 

in the summer showed the greatest improvement with the implementation of this system.  

However, the differences in improvement were minimal, suggesting that this system 

could function year round in a variety of geographical locations.  
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Table 1. Results of initial Matlab simulations. 

Simulation Original Load Factor New Load Factor Improvement 

PA – Summer 62.38% 71.34% 8.96% 

PA – Winter  54.34% 63.68% 9.34% 

AZ – Summer 62.38% 73.37% 10.99% 

AZ - Winter 54.34% 61.09% 6.75% 

 

 The second major topic that was investigated throughout the course of Winter 

Term was the voltage regulation of the lead acid battery set. As previously stated, prior 

groups were unable to maintain the voltage of the lead acid battery above the “sell 

voltage”. Maintaining the battery voltage above the sell voltage ensures that the battery is 

able to discharge to the load for load leveling purposes. If this cannot be maintained, then 

all load leveling capabilities are lost for the lead acid battery. The lithium ion battery set 

does not run into this problem because it comes with a battery management system. 

 The SimPowerSystems feature of Mathworks Simulink was used in order to 

model the 24V lead acid battery set. This battery model is used to implement the common 

dynamic models that are representative of the most popular types of rechargeable 

batteries. The main differentiation between any of the available types of rechargeable 

batteries is the discharge model and the charge model. The given models implemented by 

this SimPowerSystems model are shown in Appendix G. 

 It can be seen that both the charging and discharging models are a function of the 

extracted capacity, the low frequency current dynamics, the battery current, and the 

exponential zone dynamics. The extracted capacity can be how much of the lead acid 

battery’s charge has already been used prior to the current cycle. The low frequency 

current dynamics play a role in time period that is defined as the exponential voltage drop 

which will be defined shortly. The battery current is the amount of current that is either 

being used to charge the battery or being discharged from the battery depending on the 

cycle it is currently in. The final variable is the exponential zone dynamics. The charging 

and discharging characteristics of any battery are not linear characteristics. The 

“exponential zone” denotes the initial exponential voltage drop when the battery is being 

discharged. This can be seen graphically by the sample model given by MathWorks 

below in Figure 3: 

 

 
Figure 3. Typical Battery Discharge Characteristics [13] 
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 For any battery discharge there are typically three different sections that can be 

analyzed. The exponential section show in yellow in the figure above shows the 

exponential voltage drop at the beginning of the discharge. The light colored area shows 

the nominal area. The nominal area is the area where the battery can continue to 

successfully discharge because the battery has not yet reached a voltage below its “float 

voltage”. 

 After this model was investigated and the parameters were defined, simulations 

were run in order to demonstrate the theoretical voltage characteristics of the lead acid 

battery in the lab against the theoretical state of charge. Four main rates were used to 

simulate the lead acid battery and the theoretical time that it would be above the “float 

voltage”. Once again, the battery voltage needs to be maintained above the float voltage 

in order for the battery to successfully discharge to the load for the purposes of load 

leveling. If this battery voltage cannot be maintained, the inverter will then have to 

prepare the battery to be charged by the utility. All sense of load leveling is lost in this 

case. The results of this are shown in Table 2, below. The scope outputs are shown in 

Appendix G. 

 

Table 2. Summary of Lead Acid Battery Testing Results. 

Discharge Rate Capacity (Ah) 
Discharge 

Current (A) 

Battery Voltage 

Maintained after 1 

hour of discharge? 

(Y/N) 

100 hour rate 532 5.32 Y 

50 hour rate 476 9.52 Y 

10 hour rate 340 34 Y 

1 hour rate 140 144 N 

  

These simulated results can all be seen on the same plot when the discharge 

characteristics are plotted together in Figure 4. There, the y-axis shows the lead acid 

battery voltage against the x-axis which shows the time that the battery is being 

discharged.  

 

 
 

Figure 4. Plot of Lead Acid Battery Voltage Characteristics Based on Discharge Rates 

 It can be seen from Figure 3 above that for a lesser discharge current, the battery 

voltage is maintained for a longer duration. The deepest discharge possible, per the 

manufacturer specifications, is shown as 144A. Since this is considered the “1 hour rate” 
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it makes perfect sense that the voltage drop-off point where the battery can no longer 

discharge occurs at approximately the 1 hour mark in the plot above. It can also be seen 

that the lowest amount of discharge current, per the manufacturer specifications, is 5.32 

A. When the lead acid battery is discharging at this rate there is a significant period of 

time when the battery is able to hold its voltage above the specified float voltage. The 

only downside to this approach of lead acid battery operation is that there will not be 

significant load factor improvements to be seen from such a small amount of current 

being discharged from the battery to the load. The utility will still need to supply the 

large majority of the load for the simulated commercial customer. 

 

Part 2 – Battery Diagnostic Testing 

 

 Before actually testing the load leveling concept, diagnostic tests were performed 

on the lead acid and lithium ion batteries in the Drexel Center for Electric Power 

Engineering to confirm that they were operating at the same level as last year, when they 

were previously used. Two tests were performed on each set of batteries: a constant load 

test and variable load test, with the battery voltage, current and state of charge (SOC) 

measured over time for each.  

Constant load tests for both the lead acid and lithium ion batteries were performed 

first, with the testing plan shown in Appendix J. During a planned two hour test for the 

lead acid batteries, a breaker tripped after 45 minutes, ending the test. Upon reviewing 

the manuals in lab, it was found that the system has a safety feature to shut down when 

voltage drops below 21V. The test was repeated, and the results were almost identical 

with the system shutting off after 45 minutes due to the battery voltage passing below 

21V. When the same test was performed on the lithium ion batteries, the same results 

were seen, as the batteries passed below 21V and the system shut down. All of these 

results are shown in Appendix K, where they are compared with the previous tests 

performed on the battery a year prior. Despite this limitation, the data gathered up to the 

45 minute mark showed the batteries to be in similar condition to the tests that were 

performed by last year’s team. The battery voltage appears to be slightly lower this year, 

which caused the batteries to pass below the 21V mark much earlier than last year’s team. 

The rate at which state of charge decreased was very similar to last year.  

Based on the shut off time, it was decided that the variable load test would be run 

using intervals of 1 minute for the lead acid battery and 2 minutes for the lithium ion 

battery, to make sure the system remains active during the test. The testing plan for this is 

also included in Appendix J, while the results are shown in Appendix L. The voltage, 

current and SOC again behaved as expected, with two exceptions. The battery voltage 

again lowered faster than expected, cutting the lithium ion test short by 6 minutes, but 

still yielding viable data. Also, the SOC for the lithium ion remained at 100% for more 

than half of the test, indicating that the calculation of SOC was incorrect, and the battery 

was not fully charged at the start of the test. If it had more charge, it likely would have 

been able finish the test. 

Analyzing the results of these tests, it was decided that while the batteries were 

operating at a slightly lower voltage than the last time they were tested, they would still 

function for the load leveling tests. However, many of the assumed voltage set points 

would not be able to be used, as the battery was now operating below their level. It was 
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also decided that 2 minute intervals would be used for the final load leveling test, as the 

batteries would be able to maintain their voltage for this time.  

 

Part 3 - Renewable Resource Center and MPPT Testing 

 

Before a final load leveling test could be completed, the renewable load center 

(RLC) was tested piece by piece. The first testing that was done has already been 

explained within the battery diagnostic section. The second testing that was completed 

involved the PV array. Specifically, the maximum power point tracking (MPPT) and 

later, manual manipulations to the array’s operating point were experimented with. The 

“operating point” of the PV array dictates the amount of power that it is able to produce 

at any given point. All PV arrays operate along a “knee curve” that shows the relationship 

between an open circuit voltage and its corresponding current output. These knee curves, 

as shown in Appendix Q, are dependent on cell temperature and solar irradiance levels. 

 The charge controller included within the RLC is able to determine the operating 

point for the PV array. In MPPT mode, the system automatically tracks the knee curve as 

it changes, based on the open circuit voltage, and determines what the max power output 

could be. The maximum power point is found at the very edge of the knee curve, just 

before the current drops off as voltage increases. The U-Pick mode allows users to 

operate the PV array at a specified percentage of the array’s open circuit voltage. 

Manipulating this feature can produce an experimental knee curve, similar to those given 

with the array’s specification sheets. One important difference is that the specifications 

give I-V curves per cell, whereas the figure in Appendix Q shows the I-V curve for the 

entire PV array. 

After the MPPT and U-Pick modes of the charge controller/PV array were 

investigated, the RLC was connected to the utility grid to demonstrate its capability to 

supply a load while “selling” the excess energy generated back into the utility grid. In this 

situation a controllable load was used in order to program a specific load profile. Since 

the load profile demand was lower than the overall generating capabilities of the RLC, 

there was an excess. With a grid-tie connection put into place, this excess energy is able 

to be fed back into the utility grid. This system is illustrated in Figure 2. 

 In order to perform such a grid-tie experiment, a few different setting needed to 

be changed within the inverter and charge controller by the MATE controller first. These 

are detailed in Appendix P. Within grid-tie mode, the battery storage system in 

conjunction with the PV arrays is able to sell power through the inverter as long as the 

battery voltage is maintained above a specified sell voltage programmed into the inverter. 

“Selling” in this case means that the flow of power is going from the DC side of the 

inverter to the AC side. If the sell voltage is not maintained, the utility will then have to 

charge the battery and supply the load. Measurements were taken at the output terminals 

of the battery, the output of the inverter on the AC side, and the input coming from 

PECO, shown in Figure 43 of Appendix Q.  

Adding the sold power and the load demand will equal the inverter output in the 

figure above, due to the conservation of energy throughout the system. Since this load 

profile is lower than the overall generating capability of the RLC, this load has the 

potential to represent the targeted amount of load that a particular commercial customer 

would like to level over a specified duration of time. 
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Further analysis was continued by applying a load that increased from 200W-

600W in increments of 100W every 10 minutes, and observing the response of the 

system. These results were also recorded in Appendix Q, Figures 44-46. Figure 44 shows 

that as the load increases, the power sold back to the load decreases. Figure 45 shows that 

when the PV power dips, the battery power increases to compensate. Each of these plots 

represents a side of the inverter, and when they are added together as in Figure 46, it can 

be seen that the input and output of the inverter is approximately equal, within the limits 

of the inverters efficiency, which was approximately 85%. 

 

Part 4 – Load Leveling Test 

  

With the lab components properly analyzed, the load leveling testing commenced. 

The lab procedure shown in Appendix R was used for this test. The load applied was the 

same as in the software test from winter term for a summer load, but was scaled to half 

size to be within the limits of the programmable load in the lab. This load was 

programmed into the variable load, and the battery was set to charge mode when the load 

was below its average, and set to discharge mode when the load was above its average. 

The resulting utility power, along with the load, is shown in Figure 5 below. 

 

 
Figure 5. Load Leveling Test Results 

 The expectation was for the Utility plot to be a leveled version of the Load plot. 

Unfortunately, the team ran into an issue with the way in which the system managed the 

rate of discharge for the battery. The battery that Drexel purchased was oversized for the 

load, because it was intended to be able to work with any future expansions to the lab in 

terms of renewable resources (such as wind generation). As a result, the battery was large 

enough to fully feed the load, resulting in the Utility plot being negative during this 

period, as the battery was able to feed the load and still discharge back to the grid. In a 

real world application, the battery in a system of this nature would not be large enough to 

handle the entire load. The only way to handle this issue in the lab would be to limit the 

rate of discharge. Despite the team’s efforts, no solution to this problem was found before 

the end of the term. Safety restrictions and current limiting capabilities of the distribution 
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system within CEPE did not allow for a larger load to be placed in this load leveling 

setup. However, it can still be seen that the system was programmed in such a way that 

the PV and battery acted instantaneously to deliver a relatively consistent output despite 

the large variances in solar power generation over the course of the test. These specific 

results can be seen further in Appendix Q. A properly sized system will be able to 

provide the proper results.  

 The MATE3 system which controlled the inverter and charge controller had a 

clear set point to adjust to control the rate of charge, but no set point could be found to 

control the rate of discharge. This is an issue that will need to be handled by a future team 

if this lab set up is to be usable in future applications of this type. 

 

Part 5 – Economic Analysis 

An increasing number of utilities each year are implementing programs that are 

designed to benefit customers that shift their demand to “off-peak” times as opposed to 

“peak” times. A load leveling algorithm such as the one proposed can help to distribute 

this high-cost energy to low-cost times.  

 Please see Appendix S for the calculations of how much load will be shifted from 

peak to off-peak, depending on the utility company. The total cost savings per day, based 

on a few specific utility incentive programs, are shown below in Table 3 [15-17].  

 

Table 3. Utility Rates. 
Utility 

Company 

Program 

Name 

“Peak” 

Times 

Summer/Winter 

“Peak” Rate 

(cents/kWh) 

“Off-Peak” Rate 

(Summer/Winter) 

Daily 

Leveled 

Energy 

(kWh) 

Daily 

Reduced 

Energy 

(kWh) 

PECO 

(Philadelphia, 

PA) 

Smart 

Time 

Pricing 

2pm-

6pm 

 

 

15.95/15.95 

 

6.85/6.85 

 

80 

 

210 

PG&E 

(Northern 

California) 

Time-

Of-Use 

Pricing 

12pm-

6pm 

 

 

23.60/15.9 

 

20.2/14.1 

 

120 

 

330 

NV Energy 

(Southern 

Nevada) 

Time-

Of-Use 

Pricing 

 

1pm-

7pm 

 

30.03/4.887 

 

6.144/4.887 

 

120 

 

315 

  

Under proper weather conditions, a load leveling system that employs PV 

generation will have load that is “leveled” from peak to off-peak times as well as 

additional load that is essentially negated. A 60kWh PV generation was calculated in 

conjunction with a 20kWh usable capacity for both lithium ion and lead acid batteries. 

Lead acid batteries do not have as long of a life span or available depth of discharge, 

leading to the price difference for the same usable capacity. As can be seen below in 

Table 4, the yearly savings can vary largely based on the utility company and other 

policies. Additionally, the savings for several other system sizes were calculated and are 

shown in Table S.3 of Appendix S. These suggest a linear relationship between the size 

of the system and the savings incurred for customers of this size. 
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Table 4. Results of Economic Analysis 

Company Lithium Ion/PV Yearly Savings ($) Lead Acid/PV Yearly Savings ($) 

PECO -165.545 -3565.885 

PG&E 1063.92 -2336.42 

NV Energy 3729.77355 329.43355 
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Work Schedule / Proposed Timeline 

 

 
Figure 6. Gantt Chart 
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Industrial Budget 

 

Table 5. Breakdown of Industrial Budget. 

Labor Budget     $176,400.00 

Electrical Engineer 
Salaries 

Weekly 
Hours Payrate Nine Month Total 

Matthew Helker 40 $30/Hr. $43,200.00 

Christopher Vaile 40 $30/Hr. $43,200.00 

Matthew Yoder 40 $30/Hr. $43,200.00 

  

Consultant Salaries 
Weekly 
Hours Payrate Nine Month Total 

Dr. Chika Nwankpa 2 $250/Hr. $18,000.00 

Jesse Hill/Jon Bererdino 8 $100/Hr. $28,800.00 

  

Facilities and Supplies Budget   $11,920.00 

Facilities Cost Duration Rate Nine Month Total 

Drexel Power Lab 5 Hrs./week $30/Hr. $5,400.00 

        

Supply Cost Quantity Cost Total 

Mathworks MATLAB 1 License $1,900  $1,900.00 

AutoCAD 1 License $4,200  $4,200.00 

Microsoft Office 2010 3 Licenses $140  $420.00 

  

Net Total     $188,320.00 

  

Overhead - 35%     $65,912.00 

  

Project Grand Total     $254,232.00 

 

 

 

 

Out-of-Pocket Budget 

 

The out-of-pocket budget is expected to be inconsequential for this project. The 

Drexel Power Lab already owns all of the major equipment that is expected to be used. 

This includes a Kyocera photovoltaic array, Outback inverter, Flexmax charge controller, 

a lead acid battery (24V) and two lithium ion batteries (24V and 48V). Additionally, any 

cables needed to reconnect these products for the project are expected to be available 

from the lab. Minor expenses such as stationary and printing will be handled by the team 

as they arise.
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Societal, Environmental or Ethical Impacts 

 

 There are many environmental, social, and ethical impacts that a BESS system 

that includes photovoltaic arrays can cause throughout its life cycle.  This life cycle 

includes the construction, operation, and decommissioning of these systems.  The most 

negative impacts occur during the construction and decommissioning stages of the life 

cycle.  These impacts range from the mining of metals to the pollution created while 

producing photovoltaic modules. 

 Society is bound to be affected in some way by any new technologies or new 

strategies of using technologies.  The case of the BESS system seems to bring about 

positive and negative impacts to people who have a BESS system as well as those who do 

not have a BESS system.  People with a BESS system implementing photovoltaic arrays 

would tend to save money due to the fact that they would be acquiring energy from the 

grid during the nonpeak or night hours when electricity is cheaper and the energy gained 

from the sun is free.  This small amount of savings per day may take a long time to 

accumulate enough to pay for the cost of the system.  The amount of energy saved 

depends on the location and equipment of the system.  Some locations have a greater 

photovoltaic resource supply, and equipment has different efficiencies and abilities 

between units.  The production of such systems might actually hinder people from 

coming or cause them to leave a place where these modules and batteries are being made.  

The harmful production and decommissioning of photovoltaic modules and batteries may 

upset people in nearby areas.  Multiple outcomes can occur from this such as protests 

against such actions. 

 The environment is largely impacted from the life cycle of the load leveling 

system.  The photovoltaic cells are not easy to produce.  Their production requires heavy 

metals and toxic materials.  Heavy metals, including cadmium and selenium, require 

risky mining that entails the use of large diesel machinery, which produce emissions.  

The toxic materials, while only being used in small amounts, can cause harm over long 

periods of exposure time.  Production can affect the air around the site to the point where 

it is unbearable to be outside.  The decommissioning of photovoltaic units and batteries 

also can cause environmental problems.  The photovoltaic units that include cadmium 

and selenium will pollute the area around where it is keep for disposal.  Data has yet to be 

collected about the long-term effects of photovoltaic units due to the long life that they 

have and the short time that the technology has been available.  The possible pollutions 

that the photovoltaic modules and batteries can cause brought about reason for laws to be 

passed in order for proper disposal of batteries.  Similar laws may someday get passed 

that deal with the disposal of photovoltaic arrays.  The load leveling system does not 

produce any emissions or pollutions during its potentially long use, but they can release 

pollutants if damaged in a fire or storm [5]. 

 There are also some ethical issues that come about with the introduction of load 

leveling systems.  The production affects all living things from the pollution, including 

humans.  The total environmental footprint should be looked at for all ways of producing 

energy and determine if the damage to the environment is worth the use of these systems.  

It could also be decided how ethical the use of photovoltaic and battery use in a system 

compared to other sources of energy production.   
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Summary/Conclusions 

 

 After it was determined that the PV generation would be implemented with the 

previously constructed BESS system, the specifics of how the PV array would operate in 

conjunction with the battery sets were investigated.   

 It was decided that the best way to implement the PV generation into the load 

leveling capabilities of the lithium ion battery set was to essentially form an “adjusted” 

load. This adjusted load is the result of taking the normal, daily demand from the 

customer and subtracting the forecasted PV generation for that day. After this 

initialization occurs, the load will be easier to effectively level. Easier in this situation 

means that a smaller size of battery storage will be necessary for equivalent financial 

savings. There are many different places where a PV array can be installed, however not 

all of these locations share similar outputs in expected PV generation. For example, 

Phoenix, Arizona will be expected to provide a much stronger solar generation profile 

than Philadelphia. MATLAB simulations were run demonstrating this difference and 

ultimately providing a look at what type of load leveling improvements the incorporation 

of PV generation can provide for a commercial customer using a BESS. 

 Since the lithium ion battery has a built-in battery management system, 

maintaining the “sell voltage” of this system is not a concern. However, the same cannot 

be said while using the lead acid battery set for the purposes of load leveling. The lead 

acid battery set does not have a battery management system built in and previous load 

leveling testing has shown that the battery voltage is not maintained at a high enough 

level for a long enough time in order to produce significant load leveling improvements. 

One idea that was investigated was modeling the dynamics of discharge of a lead acid 

battery within Simulink in order to gain an understanding of the voltage vs. state of 

charge characteristics. It was determined that voltage was maintained sufficiently within 

the simulations for lower discharge rates. This knowledge leads to the idea that the PV 

generation could potentially be discharged directly to the load so that the requirements 

for discharge of the lead acid battery are slightly lowered. Lowering the demand on the 

lead acid battery may be able to make this a viable load leveling tool at a lower cost than 

the lithium ion battery set. 

 Implementing a system such as this will have many noticeable improvements. The 

load factor specific to the commercial customer will be improved by a quantifiable 

margin over a 24 hour period. Regarding the economic benefit of a system such as this, it 

can be seen that the utility company in question ultimately can determine whether a 

BESS with PV generation is a smart option for a commercial customer. Many utility 

companies have a relatively small time frame that is considered peak hours, which limits 

the amount of high cost energy can be transferred to low cost energy. Commercial 

customers, before installation, need to first calculate the role that their utility company’s 

programs play into their cost benefit analysis.  

 As PV generation becomes cheaper, which it is projected to do in the near future, 

a system such as this may be able to eventually be beneficial, regardless of utility 

policies. Continued improvements and expanded usage of load leveling systems such as 

this one will undoubtedly have a positive impact on the global community, reaching far 

beyond just the benefits seen by a simulated commercial customer. 
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Appendix A:  Design Constraints Summary 

 

Team Number: ECE-23 

 

Project Title: Load Leveling Battery Energy Storage System in Areas with Photovoltaic 

Generation 

 

Summary of the Design Aspects: 

 

 This Battery Energy Storage System is designed to provide load leveling to any 

load profile.  It is able to provide load leveling with the combined use of photovoltaic 

modules and batteries.  The load leveling system’s size will be designed to fit an 

industrial or commercial purpose.  A previous group designed the function and placement 

of the photovoltaic and battery system currently in the lab.  This means we will be 

improving upon their design and including the integration of the photovoltaic array into 

the load leveling process. An algorithm will also be designed to regulate the system, and 

will be implemented in software simulations to be compared with hardware tests. When 

testing is completed, a lab manual will be designed to implement the system into a future 

Drexel power class, such as ECEP-354 or ECEP-451. 

 

Design Constraints: 

 

Economic: 

 

 The Center of Electrical Power Engineering determines the economic limitations 

on the project.  There was no exact amount that was specified, but they had to be 

reasonable in their standards and provide use in the future in education and/or research.  

Also, the equipment used for the project is very expensive, so the scale of the project has 

to be limited. 

Manufacturability: 

 The manufacturability of this BESS system does not limit the project because all 

the components of the system are readily produced and accessible.  There are no new 

components that need to be ordered.  If a new component is needed throughout the 

process, there can still be tests done while the component is being manufactured and 

shipped. 

 

Sustainability: 

 

 The load leveling system has the ability to have a long lifetime with care and 

maintenance.  Photovoltaic module’s average lifetime varies around 20-25 years.  The 

batteries do not last as long as the photovoltaic modules, but they also do not cost as 

much as the photovoltaic modules. 

Environmental: 

 There are environmental effects that are caused from the production and 

decommissioning of the photovoltaic modules and batteries.  That means that they are not 
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easily expendable, so many varieties cannot be studied.  Large solar fields also take up a 

lot of space and can ruin habitats for animals. 

 

 

Ethical, Health, and Safety: 

 

 The main limitations of health and safety are due to the harmful materials used 

during production and released during decommissioning.  As mentioned above, habitats 

can be destroyed to make room for large solar fields needed to load level large loads 

consisting of industrial or commercial customers. 

 

Social: 

 

 There were no impeding social limitations because the uses of load leveling 

systems are widely accepted among people.  Photovoltaic arrays are a common 

integration into systems.  There are ways to improve social constraints, for example use 

more environmentally friendly materials and procedures. 

 

Political: 

 

 Energy production and trade is a huge political controversy in the world, 

especially with regard to fossil fuels.  The implementation of BESS system with 

photovoltaic arrays may cause these controversies to weaken and strengthen the 

arguments for renewable resources. 

 

 

 

 

 

 

 

 

 

 

 

Standards and Regulations: 

- Inverters, Converters, Controllers and Interconnection System Equipment for Use With 

Distributed Energy Resources, UL Standard 1741 

- IEEE 1547 Standard for Interconnecting Distributed Resources with Electric Power 

Systems, IEEE Standard 1547-2003, October 2003. 

- IEEE Recommended Practice for Sizing Lead Acid Batteries for Stationary 

Applications, IEEE Standard 485-2010, April 15, 2011  

- IEEE Recommended Practice for Personnel Qualifications for Installation and 

Maintenance of Stationary Batteries, IEEE Standard 1657-2009, December 18, 2009  

- IEEE Guide for the Protection of Stationary Battery Systems, IEEE Standard 1375-

1998, March 19, 1998. 
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Appendix B – Yearly Solar Data 

Yearly solar data collected from SAM shows that both cities have similar peak PV 

resources, but that Phoenix, AZ has a much more consistent profile, making it the better 

choice. 

 

 
 

Figure 7. Yearly PV output in Philadelphia, PA 

 
 

Figure 8. Yearly PV output in Phoenix, AZ. 
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Appendix C – Average Daily Solar Data 

For each city, the PV production at each hour was averaged for the month of January to 

produce the standard winter curve, and for the month of July to produce the standard 

summer curve. Summer has a higher peak than winter, and Phoenix, AZ has higher peaks 

than Philadelphia, PA. 

 

 
 

Figure 9. Average daily PV production for Philadelphia, PA. 

 

 
 

Figure 10. Average daily PV production for Phoenix, AZ. 
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Appendix D – Sample Commercial Load Data 

Examples of standard summer and winter days were taken from the OpenEI load data for 

a large commercial building to create the sample loads shown. These have been scaled 

down by a factor of 1000 to work with the equipment available in the lab. 

 

 
Figure 11. Sample commercial load used for summer simulations. 

 

 
Figure 12. Sample commercial load used for winter simulations. 
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Appendix E: Matlab Code Flowchart 

The code accepts 24 hour load forecasts and solar output forecasts. It then finds the 

difference between them, and then finds the average of this remaining load. At each hour, 

it checks if the load is greater/less than the average, and discharges/charges accordingly 

after making sure that the battery State of Charge (SOC) is not too low/high, respectively. 

 

 

 

 
Figure 13. Simulation Flow Chart. 
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Appendix F – Load Leveling Simulation Results 

These plots show the simulation outputs for the load leveling system with lithium ion 

battery and PV incorporation. Each scenario (Philadelphia and Phoenix, both in summer 

and winter), shows the PV power produced, original load, remaining load after 

subtracting PV, and final leveled load.  

 

 
 

Figure 14. Simulation output for Philadelphia, PA in summer. 

 
 

Figure 15. Simulation output for Philadelphia, PA in Winter. 
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Figure 16. Simulation output for Phoenix, AZ in summer. 

 

 

 
 

Figure 17. Simulation output for Phoenix, AZ in winter. 
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Appendix G: Battery “Float Voltage” Test Results 

Computer simulations were run for a model lead acid battery set based on the equations 

below, consistent with the specifications of the battery within the Power Lab. The upper 

subplot is a plot of simulated battery voltage vs. time, while the lower subplot is a plot of 

state of charge vs. time. All plots are based off of a one hour discharge simulation. 

 

General Lead Acid Battery Discharge Model [4] 

 

  (    
       )       

 

    
      

 

    
          (

   ( )

   ( )
) 

 

Where, 

E0 = Constant Voltage (V) 

K = Polarization constant (Ah
-1

) or Polarization resistance (Ohms) 

Q = maximum battery capacity (Ah) 

it = Extracted capacity (Ah) 

i* = low frequency current dynamics (A) 

Exp(s) = exponential zone dynamics (V) 

Sel(s) = represents the battery mode ( 0 for discharge and 1 for charging) 

 

General Lead Acid Battery Charge Model [4] 
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Where all of the variables are the same as the discharging equation above. 
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Time (sec) 

Figure 18. Lead Acid Battery Simulated Voltage and SOC at 1 hour rate 

 

 
Time (sec) 

Figure 19. Lead Acid Battery Simulated Voltage and SOC at 10 hour rate 
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Time (sec) 

Figure 20.  Lead Acid Battery Simulated Voltage and SOC at 50 hour rate 

 

 
Time (sec)  

Figure 21.  Lead Acid Battery Simulated Voltage and SOC at 100 hour rate 
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Appendix H: Specifications for Lead Acid Battery in the Power Lab 

The lead acid battery set described was available in the Drexel Power Lab. The 

configuration is a 24VDC configuration consisting of (4) 6V cells connected in series. 
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Appendix I: Specifications for Lithium Ion Battery in the Power Lab 

The lead acid battery set described was available in the Drexel Power Lab. The 

configuration is a 24VDC configuration consisting of (8) 3V cells connected in series. 
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Appendix J: Specifications for Photovoltaic Module in the Power Lab 

The photovoltaic module described was available in the Drexel Power Lab. The 

configuration is for (2) 72VDC arrangements producing 0.8kW consisting of (4) module 

parallel subarrays for a total of 1.6kW. 
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Appendix K: Block Diagram of Drexel’s System for Hardware Testing 

This block diagram shows the current lab set up in the Drexel Center for Electric Power 

Engineering (CEPE). It shows the connections between the solar panels, the two available 

battery banks, the load, and the power from the utility (PECO). The current set up is a 

single phase system, but standard commercial customers would use a 3-phase system.  

 

 

 
Figure 22. System Block Diagram. 
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Appendix L: Battery Diagnostic Testing Plan 

Note: This plan can be adapted into a lab plan for a power class, such as ECEP-354 or  

ECEP-451 as an introduction to the varying characteristics of the batteries over time. 

1. Objective:   

The purpose of this experiment is to obtain the characteristic curves for the Lithium 

Ion and Lead Acid batteries in the CEPE lab to ensure that they are still functioning 

properly. These tests have not been performed in a year since the previous senior 

design group worked on them. Because our project’s results will be compared with 

theirs, it is important to confirm that the batteries are functioning on the same level 

they were when the previous team performed their experiments. 

2. Experimental Set Up: 

2.1. Circuit Diagram 

 
Figure 23. Circuit diagram for battery testing. 

2.2. Meters: 

Measurements will be taken from the AC and DC side of the system. At the point 

labeled M1, the MATE3 will be used to record the voltage, current, and battery 

state of charge (%SOC) on the DC side. At the point labeled M2, the Remote 

Terminal Unit (RTU) station will be used to record the voltage and current on the 

AC side. 

3. Experimental Plan:   

3.1. Scenarios 

Two tests will be performed on the batteries: the constant load test and the 

variable load test. The constant load test will connect a constant load to the 

Variable  

Load 
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batteries and observe them as time passes. The variable load test will examine the 

batteries response to a load that changes to mimic a real world commercial load. 

Additionally, each of these tests will be performed on both the Lead Acid and 

Lithium Ion batteries for comparison. 

 

3.2. Step-by-step Plans 

Constant Load Test 

1. Verify that battery state of charge is at 100% on the MATE3 

2. Open 20A “charger” breaker on Load Center 

3. Verify that 175A “battery” breaker on DC panel is closed 

4. Verify that battery is connected to inverter via Anderson Connector 

5. Closer 30A “standalone” breaker 

6. Turn on power to lab station 

7. Turn on 25 light bulbs to serve as load 

8. Record Measurements: 

a. Take recordings every 5 minutes 

b. Record Voltage, Current, and SOC on DC side using MATE3 

c. Record Voltage and Current on AC side using Remote Terminal Unit 

(RTU) 

9. Stop discharging at 50% SOC 

10. Turn off light bulbs and turn off power to lab station 

11. Open 30A “standalone” breaker 

12. Verify battery connection via Anderson Connector for charging 

13. Close 60A “charge controller” breaker on DC panel 

14. Close 20A charger breaker on Load Center 

15. Repeat process, switching out Lithium Ion battery with Lead Acid battery 

16. Recharge batteries when finished 
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Variable Load Test 

1. Verify that battery state of charge is at 100% on the MATE3 

2. Open 20A “charger” breaker on Load Center 

3. Verify that 175A “battery” breaker on DC panel is closed 

4. Verify that battery is connected to inverter via Anderson Connector 

5. Closer 30A “standalone” breaker 

6. Turn on power to lab station 

7. Vary controllable load every 5 minutes according to schedule in Table L.1. 

8. Record Measurements: 

a. Take recordings every 5 minutes 

b. Record Voltage, Current, and SOC on DC side using MATE3 

c. Record Voltage and Current on AC side using Remote Terminal Unit 

(RTU) 

9. Stop discharging at 50% SOC 

10. Turn off light bulbs and turn off power to lab station 

11. Open 30A “standalone” breaker 

12. Verify battery connection via Anderson Connector for charging 

13. Close 60A “charge controller” breaker on DC panel 

14. Close 20A charger breaker on Load Center 

15. Repeat process, switching out Lithium Ion battery with Lead Acid battery 

16. Recharge batteries when finished 

 

4. Predict the results 

For each test, the variables measured (voltage, current, state of charge) will be plotted 

over time. The results are expected to be comparable to the plots shown in last year’s 

senior design final report [6]. This will confirm that the batteries are functioning on 

the same level and that the results our load leveling tests are able to be compared with 

theirs. 
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Table L.1. Variable load test loads. 

Interval Total Load (W) 

1 1221 

2 1187 

3 1169 

4 1165 

5 1192 

6 1272 

7 1406 

8 1477 

9 1473 

10 1462 

11 1452 

12 1422 

13 1394 

14 1375 

15 1358 

16 1354 

17 1373 

18 1421 

19 1472 

20 1462 

21 1437 

22 1382 

23 1296 

24 1210 
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Appendix M: Battery Diagnostic – Constant Load Test Results 

These results are compared against the previous year’s results to highlight the slightly 

lower performance, along with the earlier cut off time. 

 
Figure 24. Comparison of voltage for lead acid with constant load. 

 

 
Figure 25. Comparison of current for lead acid with constant load. 

 

 
Figure 26. Comparison of state of charge for lead acid with constant load. 
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Figure 27. Comparison of voltage for lithium ion with constant load. 

 

 
Figure 28. Comparison of current for lithium ion with constant load. 

 

 
Figure 29. Comparison of state of charge for lithium ion with constant load. 
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Appendix N: Battery Diagnostic – Variable Load Test Results 

These tests show the batteries responses to a varying load as described in Appendix L. 

 

 
Figure 30. Voltage for lead acid with variable load. 

 

 

Figure 31. Current for lead acid with variable load. 

 

 

Figure 32. State of charge for lead acid with variable load. 
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Figure 33. Voltage for lithium ion with variable load. 

 

 

Figure 34. Current for lithium ion with variable load. 

 

 

Figure 35. State of charge for lithium ion with variable load. 
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Appendix O: MPPT Testing Lab Plan 

Note: This plan can be adapted into a lab plan for a power class, such as ECEP-354 or  

ECEP-451 as an introduction to the Renewable Resource Center and the way in which 

MPPT is determined. 

 

1. Objective:   

 The purpose of this experiment is to manually determine the maximum power 

point of operation for the solar array in the Drexel Interconnected Power Systems 

Laboratory (IPSL). 

 The power that is flowing from a solar array can be determined by the following: 

P = I * V 

P = power, I = current, V = voltage 

 The relationship between current and voltage for photovoltaic modules mimics a 

“knee” curve seen below in Figure 1. The power that is delivered from the solar arrays to 

the battery banks in IPSL is dictated and controlled by the charge controller, to be 

discussed later. 

 
Figure 36. I-V Curve of Photovoltaic Module KD210GX-LP at various cell temperatures [Appendix J] 

Any point along the solid curves that are shown in Figure 1 can be considered as 

an operating point for the solar arrays. In order to make sure that the maximum possible 

power flow is attained, the correct operating point must be chosen by the charge 

controller for the solar array.  

 For example, if an operating point of I = 8.5A and V = 2V is chosen, you are only 

producing 17W of power. If you choose the optimal power point at the “knee” of the 

curve, occurring at I = 7.9A and V = 26.6V. This produces the maximum power, per cell, 

of 210W. Since the current configuration in the Drexel Power Lab has 8 solar cells, a 

maximum power of 1.6kW can be produced. 
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 This maximum power point is automatically selected, based on the current 

conditions, by the FLEXmax60 Maximum Power Point Charge Controller. For the 

purposes of this lab, you will manually change settings on the charge controller to 

determine what the maximum power point will be. 

 

2. Experimental Set Up:  Showing: 

2.1. Simplified single line diagram 

 
Figure 37. Single line diagram for MPPT testing 

Equipment Used: 

- Subarray A and Subarray B: 

o (4) Kyocera KD210GX-LP High Efficiency Multicrystal Photovoltaic 

Modules connected in series configuration 

- PV Combiner 

o Outback FWPV8 PV Combiner Box 

- Charge Controller 

o Outback FLEXmax 60 Maximum Power Point Tracking Charge 

Controller 

- Lead Acid Battery Bank: 

o (4) 6V Rolls s-530, Lead-Acid, Deep Cycle, Solar Batteries connected 

in series 

 

2.2. Meters to be used 

 The only two measurements necessary for this experiment are the % of Open 

Circuit Voltage and the Power of the PV arrays. Both of these measurements will be 

taken directly on the Charge Controller Display. 
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3. Experimental Plan:   

3.1. Variable to be measured 

 During the course of this experiment, the power that is flowing from the PV 

arrays to the battery bank will be measured. 

 

3.2. Scenarios 

 In order to speed up maximum power point tracking time, there are limits set for 

the minimum and maximum percentage of the open circuit voltage that can be selected as 

an operating point for the charge controller. The lower limit is defaulted to 50% of the 

open circuit voltage. The upper limit is set to 90% of the open circuit voltage, partially 

because the open circuit voltage can never exceed 150VDC for this charge controller. 

 

3.3. Step-by-step Procedure 

1) Before starting, ensure that the PV and Charge Controller (CC) breakers are 

OPEN. 

2) Adjust the set points on the MATE3 as specified in Appendix P 

3) Next, CLOSE the CC breaker. At this point, the battery voltage should power 

on the charge controller display. Verify that the correct battery voltage 

(24VDC) has been detected before proceeding. The charge controller will 

show the system voltage in the upper right corner of the display. 

4) You should now be viewing the Status screen shown below: 

 
Figure 38. Charge Controller Status Screen [14] 

5) Press the left-most soft button on the charge controller to access the Main 

Menu screen 

6) From the Main Menu, move the arrow and select the Advanced tab. 

7) Once in the Advanced menu, select the “next” arrow until you arrive at the 

MPPT Mode screen shown below: 
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Figure 39. MPPT Mode Screen of Charge Controller [14] 

8) From the MPPT Mode Screen, select the “MODE” button until “U-Pick % 

(Voc)” is shown. 

9) Once this is completed, select the “NEXT” button to proceed to the Park MPP 

screen shown below: 

 
Figure 40. Park MPP Screen on Charge Controller [14] 

10) This screen is where the measurements for this experiment will be taken. Start 

with a %Voc near 50%, the minimum value and record the power (in Watts). 

11) Next, select a %Voc near 90% and record the power output from the PV 

arrays. 

12) With these values as a starting point, change the % of the open circuit voltage 

that you are operating the charge controller at in order to determine the 

maximum possible power output. The max possible output of the PV array in 

IPSL is 1.6kW, but will not be attained when conditions are less than optimal. 

13) Record multiple values of %Voc and power in order to prove that you have 

found the maximum power point manually using the charge controller. 
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Appendix P: MATE3 Set Point Adjustment Procedure 

Follow this guide to put the Renewable Resource Center into the proper mode to text the 

MPPT tracking feature and perform load leveling tests. 

 

Press LOCK Button, enter passcode ‘141’ 

 

Set up: 

 AC Input 

o AC Input Mode  USE to DROP 

 Settings 

o Inverter 

 Battery Charger 

 Absorb Voltage Time  1h to 0h 

 Float Voltage Time  1h to 0h 

 Grid Tie Sell 

 Grid Tie Capable N to Y 

 Sell Voltage  26.2V to 25.2V 

o Charge Controller 

 Charger 

 Absorb Voltage Time  1h to 0h 

 Grid Tie Mode 

 Grid Tie Enables  N to Y 

 AC Input 

o AC Input Mode  DROP to USE 

 

Load Leveling: 

 Settings 

o Inverter 

 AC Input and Current Limit 

 AC Charger Limit  adjust as needed for CHARGING 

 Grid Tie Sell 

 Sell Voltage  adjust as needed for DISCHARGING 
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Appendix Q: Renewable Resource Center and MPPT Testing Results 

These plots show the results of the Renewable Resource Center testing. Figure 41 shows 

the expected I-V curve for the PV system, while Figure 42 shows the experimentally 

produced I-V curve for the entire system. Finally, Figure 43 shows that the load and 

utility feeds add up to equal the inverter power. 

 

 
Figure 41. I-V curves for PV cells in renewable load center [Appendix J] 

 

 
Figure 42. Experimental I-V Curve Created for Entire PV Array 

 

 
Figure 43. Renewable Load Center Testing Results 
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The following 3 plots are for further analysis of the Renewable Resource Center (RRC). 

Figure 44 shows that as the load increase, power sold to the load decreases. Figure 45 

shows that as PV power decreases, battery power increases in response. Figure 46 shows 

that the power into the inverter (battery and inverter) and out of the inverter (utility and 

load) are approximately equal, within the limits of the inverter efficiency. 

 

 
Figure 44. Renewable Resource Center – Load and Power Sold to Utility 

 
Figure 45. Renewable Resource Center – PV and Battery Power 

 
Figure 46. Renewable Resource Center – Comparison of Inverter Input and Output 
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Appendix R: Load Leveling Testing Plan 

 

1. Objective:   

The goal of this experiment is to perform the final load leveling test of the project, 

and determine if the results reflect the expectations determined from the software 

simulations. The results will be limited by the oversized batteries in the lab, coupled 

with the lack of an ability to control the rate of discharge in the batteries. 

 

2. Experimental Set Up:   

2.1. Single Line Diagram 

 
Fig. 47. Single Line Diagram for load leveling 

 

2.2. Meters 

Battery voltage, current, and state of charge is recorded through the BMS on a 

laptop. PV power production is shown on the charge controller screen. AC 

readings were taken on multimeters and RTUs at two points: immediately after 

the inverter, and on the utility side. 

 

3. Experimental Plan:   

3.1. Scenarios considered 

For this experiment, the same load used in the Matlab simulation was intended to 

be used, but was scaled down to half size to function within the programmable 

load limits. Because discharge rate could not be controlled on the battery, results 

may have been skewed due to the battery handling too much of the load. 
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3.2. Step-by-step Plans 

1. Input load profile shown in Table R.1 to programmable load with intervals of 

2 minutes, and a max current value of 20A 

 
Figure 48. Programmable load set up 

2. Connect measurement equipment to utility side and inverter side as shown 

below 

 
Figure 49. Utility feed measurements 

 
Figure 50. Inverter feed measurements 

3. Connect laptop to lithium ion BMS as shown and run TeraTerm program to 

record battery data 
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Figure 51. Battery measurements set up 

4. Adjust MATE3 set points as shown in Appendix P. 

5. Adjust the max charger amps in the MATE3 to 15A 

6. Verify all system connections with lab personnel before proceeding 

7. Discharge battery to at least 80%  

8. Set Sell Voltage on MATE3 to below battery voltage to enter charge mode 

9. Activate load profile, and take recordings at each station every minute 

10. At Interval 7, adjust the Sell Voltage to above the battery voltage to enter 

discharge mode 

11. At Interval 22, adjust the Sell Voltage to below the battery voltage to enter 

charge mode until end of test 
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Table R.1. Load data for load leveling test 

Interval Load (W) Battery Setting 

1 258.2 Charge 

2 258.2 Charge 

3 258.2 Charge 

4 264.35 Charge 

5 288.65 Charge 

6 845.25 Charge 

7 999.7 Discharge 

8 1533.55 Discharge 

9 1501.35 Discharge 

10 1473.5 Discharge 

11 1468.85 Discharge 

12 1426.95 Discharge 

13 1467.2 Discharge 

14 1461.3 Discharge 

15 1459 Discharge 

16 1487.5 Discharge 

17 1351.85 Discharge 

18 1156.2 Discharge 

19 1147.65 Discharge 

20 1014.95 Discharge 

21 1016.55 Discharge 

22 299.3 Charge 

23 264.35 Charge 

24 258.2 Charge 
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Appendix S – Economic Analysis Calculation 

 The following load profile was the profile entered into the controllable load for 

the load leveling testing. In order to demonstrate economic analysis, it was scaled up 100 

times. Based on the solar predictions in Appendix C, 75% PV power was used for 0900 

through 1100 hours and again from 1600 hours to 1800 hours. 100% PV power was 

assumed for the hours in red. 

 

Table S.1. Load Profile Used for Economic Analysis (Green = 75% PV and Red = 100% 

PV) 

Interval Demand (W) Scaled Demand (KW) 

0 258.2 25.82 

1 258.2 25.82 

2 258.2 25.82 

3 264.35 26.435 

4 288.65 28.865 

5 845.25 84.525 

6 999.7 99.97 

7 1533.55 153.355 

8 1501.35 150.135 

9 1473.5 147.35 

10 1468.85 146.885 

11 1426.95 142.695 

12 1467.2 146.72 

13 1461.3 146.13 

14 1459 145.9 

15 1487.5 148.75 

16 1351.85 135.185 

17 1156.2 115.62 

18 1147.65 114.765 

19 1014.95 101.495 

20 1016.55 101.655 

21 299.3 29.93 

22 264.35 26.435 

23 258.2 25.82 

 

Table S.2. Sizing of System Used in Calculations 

System System Type 
PV Size 
(kWh) 

Battery Size 
(kWh) 

1 Lead Acid + PV 60 20 

2 Lithium Ion + PV 60 20 
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PV Specifications for Calculations: 60 kWh with a standard 25 year lifespan 

 

Lead Acid Battery Specifications for Calculations: 20 kWh usable capacity with 500 cycle lifetime (1 day 

= 1 cycle) 

 

Lithium Ion Battery Specifications for Calculations: 20kWh usable capacity with 1900 cycle lifetime (1 

day = 1 cycle) 

 

Equipment Cost for usable capacity ($/kWh) 

PV Array 4520 

 

Equipment Cost for usable capacity ($/kWh/cycle) 

Lithium Ion Battery  .5754 

Lead Acid Battery 1.0412 

 

 
PV Generation (Reducing Load) 

     

Company Reduced Load (kWh) 

Summer Peak 
Rate 
(cents/kWh) 

Winter Peak 
Rate 
(cents/kWh) 

Summer 
Savings 
(cents) 

Winter 
Savings 
(cents) 

Total Yearly 
Savings ($) 

 PECO 210 15.95 N/A 1222567.5 N/A 12225.675 
 PG&E 330 23.6 15 1432992 64074 14970.66 
 NV 315 30.03 4.887 1154052.9 374075.415 15281.28315 
 

        

        Savings = (# of Summer Days * Summer Peak Rate * Daily Leveled Load) + (# of Winter Days * Winter Peak Rate * Daily Leveled Load) 
 

 
Battery Leveling (Leveled Load) 

    

Company 
Leveled Load 
(kWh) 

Summer Peak 
Difference 
(cents/kWh) 

Winter Peak 
Difference 
(cents/kWh) 

Summer 
Savings 
(cents) 

Winter 
Savings 
(cents) 

Total 
Yearly 
Savings ($) 

PECO 80 9.1 9.1 265720 N/A 2657.2 

PG&E 120 3.4 1.8 75072 39096 1141.68 

NV 120 23.886 0 349691.04 0 3496.9104 
Savings = (# of Summer Days * Summer Peak/Off Peak Difference * Daily Leveled Load) + (# of Winter 
Days * Winter Peak/Off Peak Difference * Daily Leveled Load) 

 

Company 
Total Yearly Savings 
before Install Costs ($) 

Lithium Ion + 
PV Yearly Cost 
($) 

Lead Acid + PV 
Yearly Cost ($) 

Lithium Ion + 
PV Total 
Yearly 
Savings ($) 

Lead Acid 
+ PV Total 
Yearly 
Savings ($) 

PECO 14882.875 15048.42 18448.76 -165.55 -3565.89 

PG&E 16112.34 15048.42 18448.76 1063.92 -2336.42 

NV 18778.19355 15048.42 18448.76 3729.77 329.43 
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Table S.3. Comparisons of savings for varying system sizes. 
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Appendix T: 24 Hour Load Factor Improvement versus Battery Size 

 

One limit on effectiveness of this system is the size of the battery used. With a 

large enough battery, the load could be completely leveled. However, the benefits from 

this may not outweigh the costs of sufficiently large battery. Using the data for 

Philadelphia in the summer, the battery size was varied from 2kWh to 20kWh to see its 

effect on the improvement of the load factor. The results, shown in Figure 52 below, 

show a very linear improvement up to 10kWh , at which point increased battery size 

yields less return as it get closer to 100% leveling.  

 

 
Figure 52. Comparison of battery size and load factor improvement. 
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Appendix U: Drexel Writing Center Confirmation 
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