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PREFACE 

The California Energy Commission Public Interest Energy Research (PIER) Program supports 
public interest energy research and development that will help improve the quality of life in 
California by bringing environmentally safe, affordable, and reliable energy services and products 
to the marketplace. 

The PIER Program conducts public interest research, development, and demonstration (RD&D) 
projects to benefit California. 

The PIER Program strives to conduct the most promising public interest energy research by 
partnering with RD&D entities, including individuals, businesses, utilities, and public or private 
research institutions. 

PIER funding efforts are focused on the following RD&D program areas: 

• Buildings End-Use Energy Efficiency 

• Energy Innovations Small Grants 

• Energy-Related Environmental Research 

• Energy Systems Integration 

• Environmentally Preferred Advanced Generation 

• Industrial/Agricultural/Water End-Use Energy Efficiency 

• Renewable Energy Technologies 

• Transportation 

 

 

 

 

 

 

 

Report on Operations of 33 kW/33kWh PV Integrated Energy Storage System is a deliverable for 
the California Energy Commission contract number 500-10-043 conducted by the University of 
California, San Diego. The information from this project contributes to PIER’s Renewable Energy 
Technologies Program. 

For more information about the PIER Program, please visit the Energy Commission’s website at 
www.energy.ca.gov/research/ or contact the Energy Commission at 916-654-4878. 

http://www.energy.ca.gov/research/
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ABSTRACT 

University of California – San Diego (UCSD) has been conducting research on electric and 
thermal energy storage as a way to improve utilization of renewable generation.  This report 
describes the results of one of the first community size energy storage systems, 30 kW / 30 
kWh, in the US.  This system was installed at the University of California – San Diego campus 
and was integrated with a dedicated 30 kW photovoltaic (PV) array.  Deployment of energy 
storage will be an important factor that will enable reliance on renewable energy generation as 
an efficient, reliable, cost effective source of generation in California.  Much of the renewable 
generation that has been and is continuing to be installed are small roof top systems on 
residential and commercial buildings.  This distributed renewable resource generation (DER) 
will also require energy storage systems to ensure stable distribution voltages and defer 
distribution system upgrades by reducing line loadings.  It is also anticipated that DESS will be 
able to provide “behind the meter services” for commercial and residential customers.  The 
applications for energy storage could include peak shifting, demand reduction, emergency 
backup, as well as ancillary services. 

Distributed energy storage is a relatively new technology, and little is known about its expected 
performance characteristics.  UCSD has been testing energy storage on its campus and has been 
monitoring the performance over the last 3 years.  UCSD as part of task 3.1 of the CEC contract 
500-10-043 has developed this report to describe the results of this performance monitoring of a 
30 kW/ 30 kWh PV integrated energy storage system. 
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EXECUTIVE SUMMARY 
UCSD has been field testing energy storage over the last 3 years.  Battery chemical energy storage for 
supporting integration of renewable generation is relatively new, and distributed smaller energy storage 
systems for commercial and behind the meter applications has little long term performance history.   

This report describes the operation of a 30 kW / 30 kWh PV integrated energy storage system supplied 
by Sanyo/Panasonic.  The project was interfaced with UCSD’s solar forecasting system, and testing was 
focused on firming renewables.  This system was one of the first community size energy storage systems 
integrated with PV solar and installed in California, in fact at the time this was one of the first installed in 
the US.  The control algorithms developed for this system were developed to accept solar forecasting 
information and command the energy storage system to store PV solar power when it is generated 
during off peak hours, and discharge energy during on peak hours to reduce the local load and peak 
demand requirements, as well as smoothing the impact of renewable intermittency. 

 

Figure 1 Sanyo-Panasonic Energy Storage System 

Below is a summary of key points about this system: 
• Located on the UCSD Campus in the La Jolla Playhouse District at the Mandell Weiss Forum, The 

SANYO system consists of a 30kW Photovoltaic System mounted on top of The Mandell Weiss 
Forum with a battery storage system, inverter/controller w/ 30kW battery (Lithium Ion, polymer 
based) storage capacity. 

• Benefits – Minimize GHG (Green House Gas) emissions and stabilize the power grid through 
optimal control system integrating energy generation, energy storage and energy efficiency 
technologies. 

• Compact interchangeable battery modules (DCB-102) are similar in size to a DVD player – 
Weighs 19kg - Voltage output 48V (39-52V max) – charging current 10A – Built-in interface (self-
diagnosis, alarm etc.) –utilizes 18650 battery cells. 

• Design battery Charge/Discharge efficiency : 98% 
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• Total/Charge/Discharge system roundtrip efficiency : 85% 

The purpose of this demonstration energy storage project was: 
• Test peak shaving to reduce the energy use/cost.    
• Provide stable and efficient energy.  
• Store solar energy & inexpensive night-time energy (from commercial grid) and use at peak 

time to lower the energy cost.   
• Ancillary Function (emergency power back up for communication etc.)  



 

CHAPTER 1 
INTRODUCTION  
UCSD and Sanyo (later Panasonic) jointly developed the concept of demonstrating energy 
storage to make PV more dispatchable and to improve PV performance.  The concept included 
an integrated standalone approach with both matching PV and energy storage.  The location 
chosen was the La Jolla Playhouse on the UCSD campus since it had both roof space and power 
infrastructure to support a test system.  A 30 kW / 30 kWh energy storage system with 
corresponding 30 kW PV array was installed at the La Jolla Playhouse and was operational by 
November, 2011.  The system was decommissioned from service in June, 2014.  This report 
summarizes some of the results of operation of the system. 
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CHAPTER 2: 30 kW / 30 kWh PV Integrated Energy 
Storage Project at UCSD 
2.1 Design and Installation 
In early 2011 UCSD installed its first 30 kW/ 30 kWh lithium-ion energy storage system 
integrated with 30 kW of roof top PV solar.  The 30 kW/ 30 kWh energy storage system is 
located at the La Jolla Playhouse UCSD, and it is outdoors and enclosed in a 20 ft. modified 
storage container.  This lithium-ion energy storage system is integrated with 30 kW of roof 
top PV solar, the project was interfaced with UCSD’s solar forecasting system, and testing 
was focused on firming renewables, smoothing of intermittency, and peak load shifting use 
cases.  This system was one of the first distributed energy storage systems (DESS) 
integrated with PV solar and installed in California, in fact at the time this was one of the 
first DESS installed in the US,  and thus has been in operation collecting the most data for 
DESS.  Figure 2 shows the schematic summary of the DESS and how it is integrated with PV 
solar and local distribution customer load. 
 

 
 

Figure 2 Sanyo DESS System Summary 
 
The DESS utilizes lithium-ion batteries that are packaged in modules; each module contains 
312  standard P18650 batteries.  Each module is rated at 1.6 kWh, there are a total of 20 
modules in the container, see picture below in Figure 3.  The DESS is connected to the same 
AC power system as the 30 kW PV solar system and the PV solar inverter and DESS inverter 
are designed to work in concert through a local control and monitoring system.  The 30 kW 
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PV solar system is located on the roof of the adjacent Mandel Weiss Theater and consists of 
150 Sanyo panels.    
 
 

 
 

Figure 3 Sanyo DESS battery system 
 
 

 
 

Figure 4 Sanyo PV Solar Panels 
 
The DESS controller is designed to control charge and discharge of the batteries to stabilize 
the power use and reduce peak.   Also energy arbitrage has also been utilized to charge the 
DESS during off peak hours when energy costs are lower, and discharged later to meet 
theater peak load requirements. 
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2.2 Control System and Operation 
 
A control algorithm was developed to purchase power during off peak periods when 
energy cost production is lower.  A separate control algorithm was developed to accept 
solar forecasting information and command the energy storage system to store PV solar 
generated when it is generated during off peak hours, and discharge energy during on peak 
hours to reduce the local load and peak demand requirements.  Figure 5 below shows an 
example of this operation. 
 
 

 
 

Figure 5 Control optimization to minimize energy costs using DESS 
 
 
2.3 Smoothing of PV Solar Intermittency and minimization of impact on 
the electric distirbution system  

 
The impact of high levels of PV penetration on the distribution system has become a 
concern to utility operations and customer power quality.  One of the major concerns is the 
potential impact of the rapid fluctuations of distribution voltages and line loading caused 
by the intermittency of PV due to the passing of clouds.   
 
A control algorithm was developed for monitoring the PV roof top power production and 
control of the DESS charge and discharge to smooth out the intermittency with the goal of 
improving distribution system performance.  This control concept was tested using the 
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Sanyo DESS and adjacent rooftop PV.  Figure 6 shows an example of how this type of 
control worked. 
 
 
 

 
 

Figure 6 Smoothing of PV Intermittency using DESS 
 
2.4 Frequency Regulation Application 
 
Energy storage offers some unique response capability due to the advanced capabilities of 
the power electronics in the power conversion system, coupled with the fact that energy 
storage batteries can provide real power on a moment’s notice.  As more renewable 
generation introduced into the grid and conventional power plants are retired from service 
the impact of the intermittent and variable nature of the renewable resources make it 
much more difficult for Independent System Operators of the grid to maintain a constant 
frequency and minimize Area Control Error (ACE).  Energy storage, because of its fast 
response capability, can provide rapid response frequency regulation capability not 
possible with other forms of energy resources.  Using the Sanyo energy storage system 
UCSD investigated and demonstrated the feasibility of using energy.  Figure 7 below shows 
an example of the Sanyo DESS output responding to a frequency regulation signal from the 
Pennsylvania-New Jersey-Maryland (PJM) frequency regulation signal. 
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Figure 7 Sanyo Energy Storage output in response to PJM frequency regulation signal 
 

 
2.5 Battery life expectancy 
 
The management of the individual batteries and modules is important to ensuring long 
battery life for long endurance energy stationary energy storage applications.  The Sanyo 
DESS battery management control unit (BMU) was designed to monitor and calculate in 
real time the voltage and temperature of each individual lithium-ion battery cell and make 
adjustments to optimize performance.  The BMU is designed to manage the individual 
battery modules and cells as one large integrated energy storage system with optimized 
performance.  The goal of the BMU control algorithms is to ensure long battery life.  Based 
on continually monitoring voltage, current and temperature data from the individual cells 
the control system estimates the life span of each cell and optimizes the performance of the 
battery system.  The DESS also has a battery switching unit (BSU) that allows switching 
individual battery modules on and off and reconfiguring the overall system as needed to 
improve overall performance.   
 
In addition a Power Management Unit (PMU) manages the discharge and charge rates of 
the overall battery system.  The main purpose of the PMU is to ensure that the battery 
energy storage system operates within safe limitations, and acts mainly as protection 
functions. Specifically, the PMU has the following functions: 
 

1. Battery status management 
• Battery module total and individual cell over voltage detection / charge and 

discharge current detection / temperature detection. 
2. Charge management 

• Charge permission / Full charge detection / re-charge management 
3. Protection detection function 

• Over charge detection / Over discharge detection / Over current detection / 
Temperature malfunction detection. 
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4. Capacity detection function 
• Current accumulation method 

5. Traceability information 
• Battery module manufacture date 

6. Communication function 
• Inter-battery module / Inter-BPU102(Protection Unit) communication function 

 
Performance data was collected and the data exhibited a great deal of variability and some 
of the data in the series were missing. As a result, it is difficult to develop an accurate 
estimate of battery life expectancy. Nonetheless, if the battery degradation is estimated 
based on this data, the estimated lifecycle under 2 cycles per day would be about 366 days, 
only one year.  This estimated life expectancy does not agree with previous battery testing 
experience, which indicated a lifecycle as long as 15 years. 
 
Below is a summary of some of the performance data that was collected and the 
programmed schedule of charging and discharging of the energy storage system. 
 
 
2.5.1 Obtained Data  
Operation of Energy Storage System: Each day two cycles of Charge and Discharge between 
30% and 80% of State of Charge (SOC) had  been scheduled  at  the same time of the  day 
and  the  same conditions as follows: 
 
Programmed Schedule (for all times the charging / discharging stops at either the 
programmed end time or when the system reached 80% / 30% SOC, whichever is earlier)  

a) 8 am - 12 noon: 5kW continuous Charge 
b) 12 noon - 3:30 pm: 4kW continuous Discharge 
c) 3:30 pm - 7 pm: 6kW continuous Charge 
d) 7 pm - 10:20 pm: 5kW continuous Discharge 
e) 10:20 pm – 8 am: No operation and stay in SOC 30% 

 
2.5.2 Test Data Collection Criteria  
Normally, as the battery begins to degrade, the amount of discharged energy gets smaller. 
The amount of discharged energy in each 10 minute interval is calculated from the data of 
input current and voltage during each interval. The total amount of discharged energy at 
each cycle from 80% to 30% is summed (“summarized data” sheet of the excel data). 
Observing the change of this total amount through the entire experiment informs the 
change in kWh capacity equivalent of 50% SOC, indicating the degradation of the useable 
capacity of the battery.  Only data obtained when the battery system is discharged  from  
80%  to  30%  are  considered to be effective. Data  representing discharge intervals, 
where discharge operation is stopped by the programmed end time, are not counted since 
it did not reach 30% SOC.  Similarly, when discharge operation was stopped in the 
previous interval as the programmed end time was reached, the data are not used since 



 

8 

the battery did not start from 80% SOC.  Data from the charge cycle is not selected at all 
for analysis since the analysis is complicated and difficult due to the transition of constant 
current/voltage behavior.  

 
2.5.3 Estimated Life Expectancy Based on Performance Data 

The performance data analysis indicates that for two cycles per day under 50% Depth of 
Discharge (DOD) the estimated lifecycle to reach 60% of the initial capacity is 366 days. 
However, we deem the analysis inaccurate as after quality control only a few charge 
cycles could be used to obtain this result.   This estimated lifecycle (366 days, 1 year) is 
too short from based on our knowledge and experience.   The following is an estimation 
of life expectancy based on lab tests performed on the batteries and is provided for 
reference. 

 
 
2.5.4 Battery Life Expectancy Based on Lab Tests  

Lifecycle lab test result and analysis are based on the same battery pack used at UCSD 
under the same condition as much as possible:  
 • 2 cycles per day 
 • SOC 30% - 80 % resulting in 50% 

  • Charge and discharge rate : 0.15C 
 • Remain at SOC 100% for 9.7 hours 

  • Temperature : 25oC 
 
 

 
 

Figure 8 Degradation of Battery Capacity 
 
The lab test condition represented 5 years corresponding to 3650 cycles (= 2 cycles per day 
x 365 days x 5 years) of continuous operation. For these lab tests, degradation by cycles 
was 16.7% and degradation by storage was 8.3% after 5 years. The 5 year total degradation 
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was 25.0% meaning that the capacity would be at 75% of the initial capacity after 5 years. 
The UCSD degradation would be expected to even smaller as non operation (1020pm to 
8am) occurred at 30% SOC versus 100% SOC in the lab tests.  Therefore, based on lab test 
conditions, the estimated life expectancy to reach 60% capacity would be about 15 years. 
At that time the degradation by cycles would be 28.9% and degradation by storage would 
be 14.4%. It is expected that about 60% of the battery capacity would remain after 15 years, 
if the batteries were cycled based on the same duty cycle used in the UCSD application. 
 
 
2.6 System Efficiency 

The system operation was monitored during charge and discharge cycles, and the input 
and ouput power was measured of each major component, from this a calculation of overall 
system efficiency and the efficiency of each component was determined.  Figure 9 shows a 
summary of the efficiency of the entire Lithium Ion Battery (LIB) energy storage system 
and the Power Conditioning System (PCS). 

 

Figure 9 Sanyo-Panasonic Energy Storage System Efficiency 
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CHAPTER 3: 
SUMMARY AND CONCLUSIONS 
When integrated directly with PV, energy storage can enhance the overall performance of 
renewable generation, make it more dispatchable, and eliminate the impacts of variability.  
In addition energy storage can provide ancillary services such as frequency regulation, as 
demonstrated in this project.  More operational data is needed to give a proper assessment 
of life expectancy.  Based on lab testing of the batteries, a life expectancy of about 15 years 
seems reasonable.   
 
Installation of the energy storage system was completed successfully.  Though there were 
some notable challenges, since electrical and safety standards for this type of energy 
storage system have not been fully developed.  The data acquisition system did not store 
data properly, and became a critical item later on when analyzing system performance.   
 
Energy storage based on lithium ion batteries appears to be highly efficient.  However the 
balance of plant including the Power Conditioning System (PCS) can result in significantly 
reducing overall system efficiency.  In this project the balance of plant reduced efficiency 
from 99.7% to about 88.6%. 
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