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   Abstract — This paper presents a procedure for sizing a 
Battery Energy Storage System (BESS) for the purposed 
of shaving the peak demand of a residential distribution 
feeder. The BESS power and energy storage rating are 
determined from actual load demand data and desired 
level of peak reduction using the load following method. 
The impact of distributed photovoltaic (PV) power 
generation (to be installed by residential customers) on the 
feeder load curve, and on the BESS sizing is explored. It is 
determined that while PV installations have no impact on 
the BESS power rating, they reduce its energy storage 
capacity in proportion with the PV penetration level. 
 

Index Terms— Battery Energy Storage System (BESS), 
load peak shaving, BESS sizing, distributed photovoltaic 
systems, peak demand. 
 

I. INTRODUCTION 
lectric utility infrastructure costs are driven primarily by 
the need to serve the load during the peak demand period. 
Therefore, it is desirable to shave peak demand in order to 

defer generation, transmission and distribution equipment 
upgrades, and reduce or avoid the necessity to purchase much 
higher cost generation assets. 
     A common practical way to achieve a reduction in peak 
load is through demand-side management techniques such as 
direct load control of residential and commercial HVAC 
systems, and price responsive load control typically via a two-
tiered time-of-use (TOU) rate. In addition, utility rate 
structures typically include charges tied to peak monthly 
demand of commercial and industrial customers.  
     Another alternative for utility load leveling is the 
application of battery energy storage systems (BESS) which 
has been known for quite some time [1]-[10]. In here, load 
leveling involves storing electric energy in a battery during 
the off-peak period, and extracting it during the peak period. 
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     The rationale for the BESS scheme revolves around the 
fact that energy during the off-peak periods is cheaper and 
readily available; whereas, energy during the peak period of 
the day can be several times more expensive and sometimes 
hard to acquire. 
     In addition to load leveling, energy storage systems can 
provide a wide array of solutions to other key issues that 
affect the power system: These include, but not limited to, 
spinning reserves, frequency control, voltage regulation, relief 
of overloaded network components, capacity release, and the 
possibility of temporary islanding operations. Battery storage 
is also being used in conjunction with renewable energy 
resources (i.e., solar or wind) where they provide a means of 
converting these non-dispatchable and highly variables 
resources into dispatchable ones [11]-[13]. 
     Although significant advances have been made in battery 
technology in terms of efficiency and life cycle over the past 
decade, their relatively high cost is hard to justify in many 
applications. For this reason, several reported BESS 
installations for the purpose of load leveling are considered as 
pilot projects that are partially of wholly funded by 
government entities. Nonetheless, the initial capital cost can 
be justified in case where the daily load profile creates a 
significant price difference between peak and off-peak load 
periods, and other factors such as deferral of equipment 
upgrade are taken into account. 
     Several studies have been reported on short-term 
scheduling of a given BESS to determine the hourly 
charge/discharge cycles for utility applications [5]-[6].  Others 
studies analyzed the combination of a PV array and a battery 
bank, both of which belong to a customer [11] or to the 
supplier [14]. This paper considers a real case where the 
sizing of a utility-owned BESS that is planned for installation 
at the substation end of a residential feeder is explored. The 
impact of future customer-owned distributed PV systems on 
the BESS sizing is also analyzed. A schematic of the system 
under study is shown in Figure 1 below where Pgrid, Pload, and 
Pbatt respectively represent the grid power, the feeder load 
power, and the power generated by the battery system. 
     The paper content is as follows: First, the load demand of 
the feeder under study is examined during the past summer 
months. This is followed by sizing the BESS from the desired 
level of peak shaving by load following. Finally, the impact of 
distributed roof-mounted photovoltaic systems PV (soon to be 
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installed by individual customers) on the load curve and BESS 
power and energy ratings is quantified.  
 

 
Figure 1: Feeder with Battery Energy Storage System and 

Residential Distributed PV Systems. 

II. FEEDER LOAD CHARACTERISTICS 

     The local electric utility company imports a significant 
portion of the power demand from neighboring States during 
the hot summer period (June - September). In order to reduce 
peak demand, the company provides a choice for customers to 
participate in the Time Of Use (TOU) program in which the 
current energy rates are $0.24/kWh during the peak hours 
(1:00-7:00 pm) and $0.08/kWh for the rest of the time. In 
addition, it provides incentive for customers who allow their 
air conditioning systems to be controlled by the utility as 
needed during the above peak time window. 
     An experimental project is underway to install a BESS for 
load leveling purposes at the substation end of a relatively 
new feeder that is currently lightly loaded, and serves a 
growing residential area at the edge of town. The hourly real 
power demand of this feeder during the summer months of 
last year (2008) is shown in Figure 2 below. Note that a peak 
of  =1.46 MW occurred on July 8, and this coincided 
with the system peak demand for that year. 

max
loadP

 
Fig. 2:  Feeder Load during Peak Period (June-September). 

     Figure 3 shows the load duration curve corresponding to the 4-
month long peak period. In here, 100% of the time represents 2,928 
hours, or 122 days. For example, the feeder load exceeds 1 MW for 
21% of the time (or 616 hours). The section that follows addresses 
the battery system sizing without considering the roof-mounted PV 
systems being installed by some individual customers. 
 

 
 

Fig. 3: Load Duration curve during peak period (June-September). 

III. BATTERY STORAGE SYSTEM SIZING WITHOUT 
CONSIDERING PV PENETRATION 

      Sizing a suitable battery, in terms of its power and energy 
ratings, for shaving the peak demand hours depends primarily 
on the desired amount peak-shaving σ which is defined as a 
percentage of the maximum peak load, and available capital 
for the project: The amount of peak power shaving should be 
associated with the marginal cost of generating or importing 
electricity during the specified peak hours, while the cost of 
the battery system is largely associated with its energy storage 
rating (MWH) rather than the power rating (MW). Hence a 
small period of discharge is desired if all possible.  Once the 
peak shaving is established, then the battery system is to 
supply a maximum net power of 
 

maxmax
loadbatt PP σ=                                    (1) 

 
The BESS power rating PBESS should include the battery losses 
during discharge as well as losses in the Power Conversion 
Unit (PCU). Let the overall system efficiency be denoted by η. 
Then, 

dbattBESS PP η/max=                                     (2) 
 
The new grid power after battery installation becomes 
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      In this particular case under study, a shaving σ = 25% is 
desired.  Hence, the BESS must provide a peak power of 

= 0.365 MW, which limits the grid power to  = 

1.095 MW. This latter value is indicated by a dotted red line 
in Figures 2 and 3. Assuming a discharge efficiency η

max
battP max

gridP

d = 90%, 
then the BESS power rating is PBESS = 0.4 MW. 
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     To determine the capacity or energy rating of the BESS, 
we first compute the daily energy demand that must be 
supplied the battery in order to keep the power flow from the 
substation side not to exceed the desired peak of 1.095 MW. 
This is achieved by simply determining the area between the 
load curve and horizontal red line in Figure 2 for each day i of 
the summer season: 
 

.,)( max24

0

max
grid

i
loadgrid

i
load

i
batt PPdtPPE ≥−= ∫             (4) 

 
The next step is to determine the maximum value of these 
daily energies to be injected by the BESS: 
 

},,...,,max{ 21max n
battbattbattbatt EEEE =                        (5) 

 
where n is the number of days of the summer period. Finally, 
the BESS energy storage rating EBESS is obtained by diving the 
result obtained in (5) by the discharge efficiency ηd and adding 
the minimum energy that must remain in the battery at all time 
(specified by the minimum State of Charge SOCmin) i.e.,  
 

,maxmin
max

batt
d

batt
BESS ESOCEE +=

η
                              (6) 

 
     In this study, Figure 4 shows the daily energy to be 
generated by the battery system according to Eqn. (4), with n 
= 122 days.  It is clear that the storage system is required to 
supply a maximum amount of energy of = 2.12 MWH. 
Once again, assuming a discharge efficiency η

max
battE

d = 90%, and 
letting the battery SOCmin = 20% leads to the BESS capacity 
rating EBESS ≈ 2.75 MWH. 
     One notes that the above BESS power and capacity ratings 
of 0.4 MW and 2.75 MWH were derived based on load 
following, i.e., battery power generation matches any load 
change in excess of the 1.095 MW threshold. This method is 
referred to as power control or load following since the 
demand controls the amount of power generated by the battery 
system. In this case, the battery system will operate at variable 
power for a total of 360 Hours or 12% of time. The operating 
time is also variable between 0 and 9 hours per day. 
Furthermore, it will operate at rated power for only two hours 
and only during the specific day where the maximum demand 
occurred (i.e., July 8). 
     The above method does not fully utilize this resource since 
the battery is utilized in only 63 days out of 122 days, and 
discharged only partially when used, except for the day of 
system peak. On the other hand, the method extends the life 
cycle as the depth of discharge (DOD) of batteries has a direct 
affect on their expected life.  A more common way to operate 
the BESS is to supply constant power over a specific number 
of hours during the peak period. If this method were to be 
applied to the feeder under study, the capacity of the battery 
system would have to be upgraded by nearly 50% in order to 
achieve the desired level of peak shaving. 

 
Fig. 4: Daily BESS Energy Generation. 

 
     Since the daily utility load experiences a low demand 
period during the early morning hours, this period is suitable 
for charging the battery. In this study, the BESS is to be 
recharged early the following morning (starting at 4:00 am), if 
it was partially discharged the previous day, in order to 
prepare for the next discharge cycle. 
      The resulting variation in power demand of the feeder load 
in combination with the BESS is shown in Figure 5 which 
illustrates the desired peak power shaving.  The Figure also 
shows the daily minimum load is higher that the base case due 
to battery charging during the early morning hours.  
 

 
Fig. 5: Daily Grid Power Variation (after Battery Installation). 

 

IV. DISTRIBUTED PV SYSTEM CHARACTERISTICS 
     
Presently, only a handful of residential customers served by 
this particular feeder installed grid-interactive roof-mounted 
photovoltaic systems. However, the level of penetration of 
these systems is expected to rise sharply in the not too distant 
future. For example, one particular subdivision plans to install 
roof-integrated PV systems (averaging 2 kW per unit) in over 
150 homes. 
     How will these system affect the peak load and hence 
battery sizing? The answer depends on the PV penetration 
level, orientation of the arrays, the coincidence level between 
the feeder peak and PV generation, and local weather 
conditions. Ideally, PV systems are oriented south (for all 
regions in the northern hemisphere) at a particular tilt angle in 
order to optimize the annual energy production. In reality, 
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however, there are restrictions on roof tilt angle (most homes 
are built with a 22.5o roof tilt in the local area), and not all the 
roofs have suitable south-facing areas. Hence some 
installations will end up facing more south-east or south-west 
rather than south. 
     From the utility point of view, the west-facing PV systems 
are preferable since the system peak occurs in the late 
afternoon/early evening hours. To illustrate, Figure 6 shows 
the actual load curve of the day of peak demand on the feeder, 
and PV generation of a 2 kW system with 22.5o tilt angle for 
three orientations: east, south and west. Note that only the 
array facing west still produces some level of power during 
the peak demand hour of 6:00 pm. 
 

 
 

Fig. 6: PV Generation with Different Orientations and Load Curve. 
 
     Simulations were conducted with PV-DesignPro software 
to estimate the power generation from distributed PV systems 
at 20% penetration level and its impact of the feeder load 
curve. It is assumed that 150 systems (each rated at 2 KW) 
will soon be installed, and they all face south at 22.5o tilt 
angle. Past weather local weather data was used in the 
analysis. The resulting total hourly power production by these 
distributed PV systems is shown in Figure 7 below, and the 
modified feeder power variation is displayed in Figures 8. 

 

 
Fig. 7:  Hourly PV Power Generation (20% Penetration Level). 

 
     Note that the peak power demand is reduced by a very 
small amount of just 3% (from 1.460 MW down to 1.415 
MW). Consequently, PV systems that face south have little or 
no impact of the peak power demand in this particular region. 
On the other hand, these PV systems do contribute a 

significant amount of energy when considering the peak time 
windows. For example, the feeder load now exceeds 1 MW 
during 430 hours (i.e., 14.7% of the time). Without these PV 
systems, the feeder load exceeded the same amount of power 
during 616 hours (or 21% of the time) as indicated earlier – 
that’s nearly 25% reduction.  From Figure 7, west facing PV 
systems are expected have more significant reduction in both 
peak power and energy demand. 
 

 
Fig. 8: Daily Grid Power Variation (after PV Installations). 

 

V. IMPACT OF DISTRIBUTED PV ON BSS SIZING 
 

     As stated above, the south-facing PV systems have a 
negligible impact on the feeder maximum power demand. 
Hence in order to achieve the desired 25% reduction in peak 
shaving, the battery system power rating of 0.4 MW remains 
the same after the distributed PV installations. But the battery 
capacity rating should be reduced since these systems partially 
reduce the feeder energy demand during the peak time 
windows as noted above. To determine the new MWH rating 
of the BESS system, the same procedure outline in part III is 
performed on the modified hourly power demand displayed in 
Figure 8. The BESS daily energy production is displayed in 
Figure 9 below. 
 

 
Fig. 9: Daily Battery Energy Generation (with 20% PV Penetration). 

 
     Note that the maximum energy production by the battery 
bank is now  reduced to 1.59 MWH  (that is a 25% reduction 
when compared to the value of 2.12 MWH prior to PV 
installation). Once gain, adding 10% of this energy to account 
for losses and 20% for satifying the minimum State-Of-
Charge constraint  results in an new BESS rating of nearly 0.4 
MW/2MWH. If the original size of the BESS system is to be 
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kept, then PV penetration will help maintain the battery bank 
at higher state of charge. The resulting stored capacity after 
peak shaving can then be used to reduce peak demand of 
adjacent feeder or as an additional spinning reserve. For 
comparison purposes, Figure 10 shows the modified feeder 
load duration curve after installing the PV and battery storage 
systems.  
 

 
Fig. 10: Load Duration Curve after and Battery Installation. 

VI. CONCLUSION 
     This paper presented a straight forward procedure for 
sizing a battery energy storage system for the purpose of 
shaving the peak demand of a residential power distribution 
feeder. The BESS power rating is obtained from the desired 
percentage of peak shaving and the feeder actual peak, while 
the capacity rating is derived from the daily maximum excess 
energy above the desired peak demand. The BESS is to be 
operated by following the load. 
     The impact of distributed PV systems (to be installed on 
the same feeder) on the BESS sizing was also analyzed 
numerically. As most PV systems will be south-facing, they 
have little or no impact on the BESS power rating. However, 
the installation of these systems assist in downsizing the 
energy storage rating of the BESS while achieving the same 
level of peak load shaving. The reduction in battery size 
depends on the level of penetration of the PV systems. 

REFERENCES 
[1] Bhargava, B.   Dishaw, G., Application of an energy source power system 

stabilizer on the 10 MW battery energy storage system at Chino 
substation, IEEE Transactions on Power Systems, Volume: 13 , Issue: 1, 
Feb. 1998 , page(s): 145 – 151. 

[2] Kyung-Hee Jung   Hoyong Kim   Daeseok Rho, Determination of the 
installation site and optimal capacity of the battery energy storage system 
for load leveling, IEEE Transaction on Energy Conversion, Volume: 11 , 
Issue: 1,  March 1996, page(s): 162 – 167. 

[3] Miller, N.W.   Zrebiec, R.S.   Delmerico, R.W.   Hunt, G.   Achenbach, 
H.A.; A VRLA battery energy storage system for Metlakatla, Alaska, 
Eleventh Annual Battery Conference on Applications and Advances, Long 
Beach, CA, l 9-12 Jan. 1996, page(s): 241 – 248. 

 [4] Oudalov, A.; Chartouni, D.; Ohler, C.; Linhofer, G.; Value Analysis of 
Battery Energy Storage Applications in Power Systems, Power Systems 
Conference and Exposition, 2006. PSCE '06, 2006 IEEE PES Oct. 29 
2006-Nov. 1 2006, Page(s):2206 – 2211.

[5] Papic, I., Simulation model for discharging a lead-acid battery energy 
storage system for load leveling; IEEE Transaction on Energy 
Conversion, Volume 21, Issue 2, June 2006, Page(s):608 – 615. 

 [6] Oudalov, A.; Cherkaoui, R.; Beguin, A.; Sizing and Optimal Operation of 
Battery Energy Storage System for Peak Shaving Application, IEEE 
PowerTech,  Lausanne, 1-5 July 2007, Page(s):621 – 625.

[7] Miller, N.W.; Zrebiec, R.S.; Hunt, G.; Deimerico, R.W.; Design and 
commissioning of a 5 MVA, 2.5 MWH battery energy storage system, 
Proceedings. IEEE Transmission and Distribution Conference, 15-20 
Sept. 1996, Page(s):339 – 345.

[8] Lin, C.E.; Tsai, M.T.; Tsai, W.I.; Huang, C.L.; Development of a general-
purpose demand-side battery energy storage system, Conference Record 
of the 1995 IEEE IAS Annual Meeting,  IAS '95., Volume 3,  8-12 Oct. 
1995, Page(s):1893 – 1899. 

[9] Steven C. Smith, P.K. Sen, and Benjamin Kroposki, Advancement of 
Energy Storage Devices and Applications in Electrical Power System, 
IEEE PES General Meerting, Pittsburgh, PA, July, 2008. 

[10]Bradford P. Roberts, Sodium-Sulfur (NaS) Batteries for Utility Energy 
Storage Applications, IEEE PES General Meeting, Pittsburgh, PA, July, 
2008. 

[11]Wang , X. Y.; Mahinda Vilathgamuwa, D.; Choi, S. S.; Determination of 
Battery Storage Capacity in Energy Buffer for Wind Farm, IEEE 
Transaction on Energy Conversion, Volume 23,  Issue 3,  Sept. 2008 
Page(s):868 – 878.

[12]Chiang, S.J.; Chang, K.T.; Yen, C.Y.; Residential photovoltaic energy 
storage system, IEEE Transactions on Industrial Electronics, Volume 45,  
Issue 3,  June 1998, Page(s):385 – 394. 

[13]Jinhong Jeon; Seulki Kim; Changhee Cho; Jonbo Ahn; Jangmok Kim; 
Power control of a grid-connected hybrid generation system with 
photovoltaic/wind turbine/battery sources, 7th International Conference 
on Power Electronics, 22-26 Oct. 2007 Page(s):506 – 510. 

[14]B.H. Chowdhury and Saifur Rahman, Analysis of Interrelationships 
Between Photovoltaic Power and battery Storage for Electric Utility Load 
Management, IEEE Trans. On Power Systems, Vol. 3, No. 3, August 
1988, pp. 900-905. 

 
Chandu Venu was born at Hyderabad, India, in 1985. He received his B.S. 
degree from Jawaharlal Nehru Technological University in 2007. He is 
currently pursuing his Masters Degree at University of Nevada, Las Vegas. 
His field of interest includes microgrids, energy storage and quality of power. 
 
Yann Riffonneau was born in Tours, France, in 1983. He received his  
Master Degree from Savoie University, Chambéry, in 2006. His is  
currently doing his PhD on energy management and optimization on hybrid  
grid connected PV systems, at University of Grenoble, France. His field  
of interest includes energy management, optimization, quality of power  
and renewable energy. 
 
Seddik Basha received the Engineering and Magister degree from Ecole 
Natinale Polytechnique of Algiers, Algeria, in 1982 and 1990, and PhD and 
HDR degrees from Polytechnic Institute of Grenoble, France, in 1993 and 
1998. He is presently Professor at the Universite’ Joseph Fourier and manager 
of the Power System Group in Grenoble Electrical Engineering Laboratory. 
His area of interest includes power electronic systems, power quality and 
renewable energy. 
 
Yahia Baghzouz (M’82-SM’92) was born in Beni-Amrane, Algeria in 1956. 
He received his B.S., M.S. and Ph.D. degrees in electrical engineering from 
Louisiana State University, Baton Rouge, LA, in 1981, 1982 and 1986, 
respectively. He is currently professor of Electrical Engineering, and 
Associate Director of the Center for Energy Research at the University of 
Nevada, Las Vegas. His interests are in power quality and distributed 
renewable resources. He is a registered Professional Engineer in the State of 
Nevada. 
 
 

5

http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(bhargava%20%20b.%3cin%3eau)&valnm=Bhargava%2C+B.&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(%20dishaw%20%20g.%3cin%3eau)&valnm=Dishaw%2C+G.&history=yes
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=59
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=14211
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(kyung-hee%20jung%3cin%3eau)&valnm=Kyung-Hee+Jung&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(%20hoyong%20kim%3cin%3eau)&valnm=Hoyong+Kim&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(%20daeseok%20rho%3cin%3eau)&valnm=Daeseok+Rho&history=yes
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=10400
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(miller%20%20n.w.%3cin%3eau)&valnm=Miller%2C+N.W.&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(%20zrebiec%20%20r.s.%3cin%3eau)&valnm=Zrebiec%2C+R.S.&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(%20delmerico%20%20r.w.%3cin%3eau)&valnm=Delmerico%2C+R.W.&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(%20hunt%20%20g.%3cin%3eau)&valnm=Hunt%2C+G.&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(%20achenbach%20%20h.a.%3cin%3eau)&valnm=Achenbach%2C+H.A.&history=yes
http://ieeexplore.ieee.org/search/searchresult.jsp?disp=cit&queryText=(%20achenbach%20%20h.a.%3cin%3eau)&valnm=Achenbach%2C+H.A.&history=yes
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=3483
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=3483
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4075697
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4075697
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=34276
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4534843
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4029
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4010
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=60
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=4603059
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=41
http://ieeexplore.ieee.org/xpl/tocresult.jsp?isnumber=14939
http://ieeexplore.ieee.org/xpl/RecentCon.jsp?punumber=4674377

	I. INTRODUCTION
	II. Feeder Load Characteristics
	III. Battery Storage System Sizing Without Considering PV Penetration
	IV. Distributed PV System Characteristics
	V. Impact of Distributed PV on BSS Sizing
	VI. Conclusion

