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ABSTRACT 

 This thesis assesses the use of the California Independent System Operator (CAISO) 

wholesale grid state indicator to enable price-responsive demand. This assessment is based on 

system and economic analyses for using the indicator to manage the operation of various smart 

grid technologies and applications. The system analysis was done by measuring the total and 

peak power reduction, as well as power loss using GridLAB-D software. The life cycle cost 

technique was applied to the economic analysis for different cases of battery energy storage 

technologies.  
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CHAPTER 1 

 

INTRODUCTION 

 

 

 This chapter briefly introduces the current state of the U.S. electric power system and 

how it may be improved by price response demand in the future. The smart grid (SG) and its 

energy storage and demand response (DR) technologies are discussed in Section 1.1. The 

research objective of this thesis and how it will be achieved are outlined in Section 1.2. Section 

1.3 describes the organization of this thesis.  

1.1 Background 

 The U.S. electric power system still relies on 1960s and 1970s technology [1]. Electric 

power is generated by central power plants, and then stepped up to the transmission voltage level 

[2]. The transmission grid transmits the power over long distances to substations [2]. At the 

substations, the power will be stepped down to the distribution voltage level to enter the 

distribution system [2]. When it reaches the service locations, power is stepped down again to 

the required service voltages [2]. Figure 1.1 shows an example of a traditional electric power 

system [2]. 
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Figure 1.1. Example of traditional electric power system. 

  

 Even though the electric power system is providing 99.97 percent reliability, it still has 

significant issues [3]: 

 Power outages and interruptions: It costs U.S. $150 billion every year for power outages 

and interruptions. Power goes out on the average of about 2.5 hours per year for each 

customer, which leads to high economic losses especially in industries requiring high-

quality power. 

 Inefficient management of load: Generation must change according to the continuous 

variation in electric demand, which results in lower efficiency, higher emissions, and 

higher costs. 

 These issues may be addressed by an electric grid that enables two-way flow of 

electricity and information by utilizing modern control and communication technologies in order 

to deliver sustainable, economic, and secure electric power. This is referred to as the smart grid 

(SG) [2, 4]. Requirements of a SG, as reported by the National Institute of Standards and 

Technology (NIST), are as follows [2]: 
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 Improving electric grid reliability, security, efficiency, and quality. 

 Optimizing facility utilization and avoiding construction of back-up power plants. 

 Improving resilience to disruption. 

 Enabling automatic maintenance, operation, and healing responses to system disturbances. 

 Facilitating expanded deployment of renewable energy sources (RES). 

 Enabling transition to electric vehicles and new electric energy storage (EES) options. 

 Reducing greenhouse gas emissions. 

 Increasing consumer participation in electric grid. 

 Enabling new products, services, and markets. 

 Figure 1.2 shows a conceptual model for the SG provided by NIST [2]. This model 

divides the SG into seven domains, in which each domain consists of one or more SG actors 

(such as devices, systems, and programs) that make decisions and exchange information required 

for performing applications [2]. 
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Figure 1.2. The NIST conceptual model for SG. 

 As mentioned previously, enabling RES, EES, and consumer participation are basic 

requirements of a smart electric grid. EES technologies (such as ultra-capacitors, flywheels, fuel 

cells, batteries, compressed air, and pumped hydro) can provide support to the following [2]: 

 Grid system (such as arbitrage, ancillary services, and transmission congestion relief). 

 End user/ utility customer (such as reliability, power quality, and demand charge 

management). 

 Renewables (such as renewable capacity). 

 Currently, only about 2.5% of the total electricity delivered in the US is cycled through 

energy storage systems, mostly pumped hydro systems [6]. The limited use of EES is due to high 

storage system cost and the limited experience with storage system design and operation [5].  

 Consumer participation can be achieved by demand response, which allows end-use 

customers to reduce or shift their electricity usage during peak periods in response to price 

signals or financial incentives to increase economic efficiency in energy markets, improve 

system reliability, and integrate RES [7, 8]. There are two types of DR programs; dispatchable 



 

5 

demand and non-dispatchable demand. In dispatchable demand programs, customers can bid into 

the energy and ancillary service markets, and then receive and respond to dispatch signals from 

the system operator [9]. In non-dispatchable demand, or price-responsive demand (PRD), 

programs, the system operator sends price signals to customers such as: 

 Time-of-use pricing (TOU). 

 Critical peak pricing (CPP). 

 Real-time pricing (RTP). 

 Other information on system conditions to configure devices for automatic response 

without requiring wholesale market participation.  

 According to the Federal Energy Regulatory Commission (FERC), the issues and 

challenges that face DR are the following [10]: 

 Certain market rules designed for supply-side resources. 

 Shared state and federal jurisdiction. 

 Measurement and verification challenges. 

 Disagreement over cost-effectiveness. 

 Perceived lack of reliability, predictability, and sustainability. 

 Lack of customer education and awareness. 

 Lack of a sufficient deployment of enabling technologies 

 Lack of interoperability and open standards. 

 Lack of dynamic pricing at the retail level. 
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1.2 Problem Statement 

 The independent system operator (ISO) is an organization formed at the recommendation 

of the FERC to coordinate, control, and monitor the operation of the electrical power system, 

usually within a single US state, but sometimes combining multiple states [11].  

 As a step toward enabling PRD, the California Independent System Operator (CAISO) 

realized the need for new information that the ISO can provide to connect wholesale and retail. 

This information indicates the wholesale market conditions for locations within the ISO grid and 

provides forward-looking advisory signals. The format of this information provides a consistent 

signal across regions to achieve more-efficient and less-costly planning and for serving load. 

Therefore, in June of 2012, the CAISO proposed a wholesale grid state indicator to facilitate 

these developments [9]. 

 The question addressed by this thesis was, “Would the CAISO wholesale grid state 

indicator be able to provide benefits for both grid and consumer as intended?” This question is 

answered here through economic and system analysis for transmission and distribution grids, 

which apply EES, RES, and/or PRD, within the CAISO grid. 

1.3 Thesis Outline 

Chapter 2 presents the $/kilowatt hour (kWh) cost of storing electricity for various 

electric storage technologies used for generation, transmission, and distribution applications. 

Chapter 3 introduces the proposed the CAISO wholesale grid state indicator. Chapter 4 assesses 

the ability of the indicator to reduce the cost associated with battery storage systems by 

managing their operation based on price differentials as price responsive demand. Chapter 5 

assesses the use of the indicator to provide grid and customer benefits by integrating various 
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smart grid technologies and applications. Chapter 6, the last chapter of this thesis, presents 

conclusions and future work.  
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CHAPTER 2 

 

REVISED ANALYSIS OF ENERGY COST TO STORE ELECTRICITY 

 

 

 Many types of electric energy storage technologies distributed into different stages, such 

as development, near commercial and commercial. These technologies can provide generation, 

as well as transmission and distribution (T&D) applications to enhance the current electric power 

system.  However, 95% of the current storage capacity is pumped hydro due its lower cost [12]. 

New pumped hydro installations are limited by site requirements and environmental impacts. 

Therefore, economy is the major driving factor for how much other storage technologies such as 

batteries and compressed air energy storage (CAES) are adopted in electric grid.   

This chapter provides an economic analysis of different EES technologies by applying 

the life cycle cost analysis technique. This technique calculates the cost added to each kilowatt 

hour of electricity by the EES system. The life cycle cost technique is explained in Section 2.1. 

Section 2.2 presents the studied electric energy storage technologies: their types, specifications, 

and assumptions. The life cycle cost technique results for the studied cases are discussed in 

Section 2.3. Section 2.4 presents the conclusions based on the analyzed results. 

2.1  Life Cycle Cost Technique  

The methodology presented in the work of Aburub and Jewell [14], which was 

developed at Wichita State University [15], is explained in this section. It is used to calculate the 

cost added to each kWh of electricity (   ), by an EES system as follows: 

 

     
  

   
                                    (2.1) 

where    is the annual cost, and     is the annual energy production of an EES system. The 

    can be calculated as 
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                      (2.2)  

where   is the rated output power,   is the number of charge/discharge cycles per day,    is the 

length of each discharge cycle, and   is the number of days the storage system is operated each 

year. 

The annual cost (  ) consists of three components: the annual capital cost (   ), the annual 

replacement cost (   ), and the annual fixed operation and maintenance cost (   ). It can be 

calculated as 

                        (2.3)  

The annual capital cost is 

                     (2.4)  

where     is the total capital cost, and     is the capital recovery factor. The     and     

can be calculated, respectively, as  

     
         )

 )

      )   )
                                (2.5) 

where    is the annual interest rate to finance the storage system, and   is the life of the storage 

system in years, and 

                         (2.6)  

where     is the power conversion system total cost,     is the storage unit total cost, and     

is the balance of plant cost, which is the total cost of the balance of the storage system. These 

parameters can be written as 

                     (2.7)  

where      is the unit cost of the power electronic system, and   

     
         

   
                     (2.8) 
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where      is the storage unit (unit cost) and     is the efficiency of the storage system. The 

efficiency     can be calculated as   

     
                              

                          
                              (2.9) 

                             (2.10)  

where      is the balance of plant unit cost of the storage system.  

The annual replacement cost is 

     
      

   
           (2.11) 

where   is used to annualize the replacement cost as 

    [     )
        )

     ]          (2.12)  

where   is the future battery replacement cost and   is the replacement period. The number of 

terms in   determines the number of replacements during the storage system life. The 

replacement period   can be calculated as  

  
 

   
         (2.13)  

where   is the number of charge/discharge cycles in the life of the storage unit. 

 

The annual fixed operation and maintenance cost     is: 

 

                    (2.14) 

 

where     is the fixed operation and maintenance cost per rated power of storage.  

 

2.2 Case Studies 

 The EES technologies analyzed are batteries, compressed air energy storage, and pumped 

hydro. The battery technologies are lithium ion (Li-ion), advanced lead acid (Adv. LA), 

vanadium redox (VB),  sodium sulfur (Na/S), zinc bromine (Zn/Br), iron chromium (Fe/Cr), zinc 

air (Zn/Air), and zinc halogen (Zn/H). The battery and CAES technologies are considered for 
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both generation and T&D applications, whereas pumped hydro is considered for generation 

applications only.  

2.2.1 Assumptions 

 In the case studies, systems are assumed to operate either 250 or 100 days/yr. The 250 

days/yr represent the approximate number of weekdays minus holidays in a year (so this is the 

daily use). The 100 days/yr represent the approximate number of peak summer seasons (so this is 

the daily use during the peak season). The length and frequency of charge/discharge cycles 

depends on the application. For generation applications, the length of discharge cycle is assumed 

to be 8h [15]. The storage for generation is designed to charge overnight and discharge during 

the day [15]. Thus, generation storage systems are charged and discharged one time during each 

day [15]. For T&D storage systems, the length of the discharge cycle is assumed to be 4h [15]. 

The storage for T&D is designed to discharge during morning and afternoon periods and is 

charged at other times [15]. Thus, T&D storage systems are charged and discharged twice a day 

[15]. The designed rated output capacity of storage systems for generation applications is 10 

MW, and for T&D storage systems is 2.5 MW [15]. The annual interest rate for financing the 

storage system is assumed to be 7.7% [15]. However, inflation and escalation rates are not 

considered in this analysis [15].  The unit cost for power electronics is assumed to be 1.25 times 

the power conversion system equipment cost for generation and T&D applications [16]. The unit 

balance of plant cost is assumed to be equal to the utility interconnection cost [16]. The fixed 

operation and maintenance costs are assumed to be 2% of the unit cost for power electronics [16]. 

Due to a lack of available manufacturers’ data, the life of storage is assumed to be equal to the 

calculated replacement period. The future amount of replacement cost is assumed to be 30% of 

the unit cost for storage unit [16].  
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 In 2011 and 2012, the manufactures of these EES technologies provided prices and 

performance information for generation applications and T&D applications, which are presented 

in Tables 2.1 and 2.2, respectively [16], [17], [18]. 

TABLE 2.1 

REVISED DATA FOR GENERATION APPLICATIONS 

 

Parameters 
Li-

ion 

Adv. 

LA 
Zn/Br Na/S VB Fe/Cr Zn/Air Zn/H CAES 

     

PH 

 

Rated output 

(MW) 
10 10 10 10 10 10 10 10 10 10 

Efficiency 0.9 0.8 0.6 0.77 0.75 0.7 0.7 0.75 0.9 0.85 

Unit cost for 

power electronic 

(US$/kW) 

312.5 312.5 312.5 312.5 312.5 312.5 312.5 312.5 312.5 312.5 

Unit cost for 

storage units 

(US$/kWh) 

1000 500 350 400 750 

     

350 

 

300 640 500 300 

Unit cost for 

balance of plants 

(US$/kWh) 

7 7 7 7 7 

         

7 

 

           

7 

 

7 7 7 

Fixed O&M costs 

(US$/kW) 
6.26 6.26 6.26 6.26 6.26 6.26 6.26 6.26 6.26 6.26 

Future amount of 

replacement costs 

(US$/kWh) 

300 150 105 120 225 105 90 192 150 90 

Number of 

charge/discharge 

cycles in life 

8,000 2,000 3,000 4,500 100,000 3,750 3,750 3,750 12,500 6,250 
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TABLE 2.2 

REVISED DATA FOR T&D APPLICATIONS 

 

Parameter Li-

Ion 

Adv. 

LA 

Zn/Br Na/S VB Fe/Cr 

 

Zn/Air Zn/H CAES 

Rated output (MW) 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

Efficiency 0.9 0.8 0.6 0.77 0.75 0.7 0.7 0.75 0.9 

Unit cost for power 

electronic (US$/kW) 
375 375 375 375 375 375 375 375 375 

Unit cost for storage 

units (US$/kWh) 
2400 2375 1300 490 900 400 350 750 600 

Unit cost for balance of 

plant (US$/kWh) 
23 23 23 23 23 23 23 23 23 

Fixed O&M cost 

(US$/kW) 
7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 7.5 

Future amount of 

replacement cost 

(US$/kWh) 

720 712.5 390 147 270 120 105 225 180 

Number of charge/ 

discharge cycles in life 
8,000 2,000 1,500 4,500 100,000 7,500 7,500 7,500 25,000 

 

2.3 Results 

 The life cycle cost technique presented in Section 2.1 was applied to the assumptions and 

updated data in Section 2.2. The resulting costs are the costs added by the storage systems to 

each kWh of electricity that is stored and discharged. These costs are plotted in Figures 2.1 to 2.4, 

in which each figure shows the cost added of electricity at different discharge times [14]. As 

shown in Figures 2.1 and 2.2, the lowest COE for generation applications is at the designed 8-h 

discharge time. At shorter times, available capacity goes unused and this causes the increase in 

COE. Similarly, the lowest COE for T&D applications is at the designed 4-h discharge time, as 

shown in Figures 2.3 and 2.4. 
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Figure 2.1. Added cost to electricity (COE) vs. discharge time, 10 MW generation application 

operating 250 days/yr. 

 

 

Figure 2.2. Added cost of electricity (COE) vs. discharge time, 10 MW generation application 

operating 100 days/yr. 
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Figure 2.3. Added cost of electricity (COE) vs. discharge time, 2.5 MW T&D application             

operating 250 days/yr. 

 

 

Figure 2.4. Added cost of electricity (COE) vs. discharge time, 2.5 MW T&D application               

operating 100 days/yr. 

 

 For the generation storage systems that are shown in Figures 2.1 and 2.2, the costs are 

higher for those systems operating 100 days/yr because the system fixed costs are spread over a 

much lower number of total kWh stored. Similar to generation results, T&D storage systems 
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have higher costs for 100 days/yr of operation. In addition, it has been noticed that the cost for 

both generation and T&D storage systems increases as the replacement period decreases. Figure 

2.2 shows that the cost added by CAES, that operates 100 days/yr for generation applications, is 

slightly higher than that for Na/S because the total capital cost of CAES is higher. Table 2.3 

summarizes the COE results of all storage systems operating as designed [14]. 

TABLE 2.3 

COE FOR SYSTEMS OPERATING AS DESIGNED  

 

System Design Cost Added (US$/kWh) 

Generation, 250 days/yr (batteries) 0.223-0.626 

Generation, 250 days/yr (CAES) 0.196 

Generation, 250 days/yr (PH) 0.151 

Generation, 100 days/yr (batteries) 0.464-1.565 

Generation, 100 days/yr (CAES) 0.490 

Generation, 100 days/yr (PH) 0.377 

T&D, 250 days/yr (batteries) 0.157-2.252 

T&D, 250 days/yr (CAES) 0.128 

T&D, 100 days/yr (batteries) 0.384-2.589 

T&D, 100 days/yr (CAES) 0.321 

 

 Based on Table 2.3, the pumped hydro storage system added the lowest cost to 

electricity; however, this system needs special site requirements and causes environmental 

impacts. For the other system designs shown in Table 2.3, the cost added by CAES is less than 

that for batteries; however, it has the same disadvantages of pumped hydro. The highest cost 

added by generation battery storage systems is four times the cost of pumped hydro. For T&D 

battery storage systems, the highest cost added is seventeen times the cost of CAES. 

The costs added by VB, pumped hydro, and Zn/Br storage systems in 2012 were 

significantly higher than those in the work of Poonpun and Jewell [15]. Some cost parameters 
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could not be obtained and were assumed negligible [15], but all were obtained from 

manufacturers in the 2012 update. Also, some of the costs in the update are higher than those in 

the work of Poonpun and Jewell [15] due to more accurate information provided by 

manufacturers in 2012. The cost added by Na/S in 2012 was less than that calculated in the work 

of Poonpun and Jewell [15] because the total capital cost for the technology has decreased. 

Table 2.4 presents recent values for peak wholesale and average retail electricity prices in 

the US. These prices were used to compare with the COE added by each storage system. 

TABLE 2.4 

US ELECTRICITY PRICES 

 

Conditions Electricity Rate (US$/kWh) 

Wholesale day ahead peak 0.03788 [19] 

Average US Retail, Industrial 0.0711 [20] 

Average US Retail, Commercial 0.1043 [20] 

Average US Retail, Residential 0.1217 [20] 

 

Based on Table 2.4, the cost added by pumped hydro, which is US$0.151/kWh, is four 

times the wholesale peak, and close to the average residential retail price. The lowest cost battery 

system adds a cost to electricity close to the average residential retail price, whereas the highest 

cost system adds a cost sixty eight times the wholesale peak price. In addition, the lowest cost 

CAES system adds a cost to electricity that approximately equals to the average residential retail 

price, whereas the highest cost system adds thirteen times the wholesale peak price. 

2.4 Conclusions 

Electric energy storage technologies can significantly contribute to improving the 

efficiency and reliability of the current electric grid. However, the cost of these technologies 

plays a critical role in determining their penetration level. 
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A battery storage system designed to operate 250 days /yr for generation applications, 

adds US$0.223-0.626 to each kWh of electric energy stored. A T&D battery storage system 

designed to operate 250 days/yr, adds US$0.157-2.252/kWh stored. Similarly, a battery storage 

system designed to operate only 100 days/yr for generation applications, adds US$0.464-

1.565/kWh to the cost of electricity. A T&D battery storage system designed to operate 100 

days/yr, adds US$0.384-2.589/kWh.  

The highest cost of using a battery storage system was much higher than average 

wholesale or retail prices. However, the lowest cost was close to the average residential retail 

prices. 

The highest cost added by generation battery storage system was four times the cost of 

pumped hydro and seventeen times the cost of CAES for T&D applications.  

Compared to the battery storage system, pumped hydro and CAES added lower costs to 

electricity. However, both pumped hydro and CAES need special site requirements and have 

environmental impacts to consider. If the cost of battery storage systems continues to decrease, 

then in the future, they may approach the cost of CAES and pumped hydro.  

 Storage system design parameters have a significant effect on the added cost of electricity 

as shown in Figures. 2.1 to 2.4. Thus, these parameters must be chosen carefully when designing 

a storage system in order to optimize the added costs to electricity. The replacement period of 

batteries has a significant effect on the cost added to electricity. The balance of plant and O&M 

costs have much less effect on the added cost to electricity compared to replacement cost.  
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CHAPTER 3 

 

CAISO WHOLESALE GRID STATE INDICATOR 

 

 

 In organized markets, the magnitude of wholesale prices and differences among them 

across locations can reflect grid conditions [9]. High prices indicate that expensive generation is 

being used to serve the load [9]. Prices that are close to market and bid caps indicate potential 

shortages and hence reliability risks [9]. Differences in prices among locations indicate 

congestion in the transmission system, which prevents lower cost generation from reaching the 

load in some areas because transmission lines are full [9].   

 This chapter contains only one section that describes how the CAISO applied these 

market concepts to develop the structure of its wholesale grid state indicator.  

3.1 Indicator Structure 

To form the proposed indicator, the CAISO assembled and analyzed data for the 12-

month period from April 1, 2011, to March 31, 2012 to compute a composite market price (CMP) 

that combined the following [9]: 

 Locational marginal price (LMP) for each location: the minimum cost of supplying the 

next increment of electric demand at a specific location on the power system taking into 

account supply bids, demand offers, and physical aspects of the transmission system [13]. 

 Highest ancillary service price for incremental capacity. 

 Flexible ramping capacity price. 

Then the different composite market prices CMPs were grouped into ranges to develop 

an indicator of 11 grid states that provided immediate and forward looking data. Figure 3.1 

shows the wholesale grid state indicator as offered by the CAISO [9]. 
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Figure 3.1. CAISO wholesale grid state indicator. 

 

 As shown in Figure 3.1, the proposed indicator had four visual cues, each visual cue 

representing two to three grid states. Grid states were differentiated by 15- minute, real-time pre-

dispatch composite market price ranges (or intervals), in which each range occurred for a certain 

number of times during the one-year period. The visual cues are explained as follows: 

 Blue (use now): In this visual cue, consumers can use energy for purposes, such as 

electric vehicle charging or refrigeration in thermal energy storage systems, due to the 

low price ranges.  Ranges that include prices below $0 (grid states 0 and 1) indicate that 

the ISO would pay loads to increase their demand, since supply resources are willing to 

pay to produce energy, in order to improve system reliability. These negative prices can 

occur when the real-time output of variable energy resources exceeds forecasts. The 
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upper limit in the range of grid state 2 is the average price of off peak hours (7:00 PM to 

7:00 AM) of recent days. These recent days are likely to be 7 days, in order to track 

variations in prices through a simple mechanism, but the CAISO also seeks stakeholder 

input too. 

 Green (use freely): Here, the system is generally not stressed but prices are higher than 

those in the blue visual cue. Price ranges include the average during on peak hours (7:00 

AM to 7:00 PM). Grid states 3, 4, and 5 of this visual cue allow devices to adjust their 

operation time. This visual cue has the largest number of real-time pre-dispatch intervals. 

 Yellow (use cautiously; defer tasks if possible): In this visual cue, CMPs  have deviated 

more from average prices. Therefore, reduction in the use of price responsive end user 

devices would help to stabilize system conditions. This visual cue includes grid states 6, 7, 

and 8. 

 Red (use sparingly, shut down low priority devices): This visual cue has the most severe 

grid states (9 and 10), in which devices respond for a limited number of hours per year.   

 Distribution system operators, utilities, or energy service providers can adjust grid states 

to enable smart devices to become a proactive, independent, and beneficial part of the grid, while 

remaining under customer control [9].  Figure 3.2 shows the choice of signals that consumers can 

have for their device response [9]. 
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Figure 3.2. Choice of signals that consumer can have for their device response. 
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CHAPTER 4 

 

USING CAISO WHOLESALE GRID STATE INDICATOR TO SCHEDULE STORAGE 

 

 

 As mentioned in previous chapters, cost is the main challenge that faces the increase in 

the penetration level of electric energy storage technologies, especially batteries. In Chapter 2, it 

was found that the cost added to electricity by battery storage systems is high for generation and 

T&D applications. Therefore, these systems need to be managed in an optimal way to reduce 

their cost in order to provide many benefits to optimize grid operation such as providing 

ancillary services and increasing the penetration level of variable renewable resources.  

 Price-responsive demand offers economic benefits for both the grid and consumers since 

it helps to avoid the need for additional generation and transmission capacity, and provides 

savings for consumers as a result of demand reductions [21]. In addition, price-responsive 

demand improves grid reliability and enables efficient management of the grid due to the 

predictable change in energy demand [21]. Electric energy storage technologies, such as batteries, 

can be managed as price-responsive demand in that the benefits of these technologies can 

increase and their cost can decrease. 

 In this chapter, the CAISO wholesale grid state indicator, which is explained in Chapter 3, 

is used to enable price-responsive battery energy storage by scheduling its operation based on 

grid states. Economic impacts on both the CAISO and storage owners are calculated to explore 

whether a single-purpose resource can realize adequate savings simply through energy-price 

differentials. Section 4.1 presents all the studied cases for battery technologies. Section 4.2 

describes the technique that is used to calculate the final revenue for the studied cases. The 

results of applying this technique are discussed in Section 4.3  
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4.1 Case Studies 

 The CAISO wholesale grid state indicator is used to schedule charge/discharge cycles of 

battery energy storage systems based on grid conditions. Several charge/ discharge schedules are 

assumed to check the economic feasibility for both the CAISO and the storage owner of using 

this indicator to schedule battery energy storage. These battery storage technologies used in the 

case studies are those presented in Chapter 2.  

4.1.1 Assumptions 

 In the case studies presented in this section, it is assumed that battery storage 

technologies are initially fully charged, and the depth of discharge (DOD) is equal to the charged 

energy.  

 The first case study assumes that storage technologies are discharged during the red cue 

intervals and charged during three different combinations of grid states: 

 States 0 and 1 

 State 2 

 States 3, 4, and 5 (green cue)  

 In the second case study, storage technologies are discharged during the red cue, the same 

as the first case, but three different combinations of grid states are assumed for charging: 

 States 0, 1, and 2 (blue cue) 

 States 0, 1, 3, 4, and 5 

 States 2, 3, 4, and 5 

  For the first two combinations, 69.57% of charge cycles occur during grid states 0 and 1, 

and 30.43% are during grid states 2, 3, 4, and 5. For the third combination, 69.57% of charge 

cycles occur during grid state 2, and 30.43% occur during states 3, 4, and 5.  
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 For the third case study, the number of charge/discharge cycles is increased, thus the 

storage technologies are discharged during grid states 7, 8, 9, and 10, and charged during the 

blue and green cues. In the blue cue, 54.16% of charge cycles occur during grid states 0 and 1, 

and 45.84% occur during grid state 2. 

 In the fourth case study, the storage technologies are discharged during grid states 7, 8, 9, 

and 10, the same as the third case, but different combinations of grid states are assumed for 

charging: 

 States 0, 1, 3, 4, and 5 

 States 2, 3, 4, and 5 

Here, 54.16% of charge cycles occur during grid states 0, 1, and 2, and 45.84% are during the 

green cue, states 3, 4, and 5. 

Table 4.1 summarizes all assumed cases. 
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TABLE 4.1 

SUMMARY OF CHARGE/DISCHARGE CYCLES IN CASES 1,2,3, AND 4 

 

Case Discharge Charge 

1 

  

 

 

 

 

                 9 and 10 

0 and 1 

2 

3 and 4 and 5 

2 

0 and 1 and 2 

0 and 1 3 and 4 and 5 

2 3 and 4 and 5 

3 7 and 8 9 and 10 
0 and 1 and 2 

3 and 4 and 5 

4 7 and 8 9 and 10 
0 and 1 3 and 4 and 5 

2 3 and 4 and 5 

  

4.2 Calculations of Economic Feasibility 

 In this section, the final economic revenue ( ) that the storage owner will get from 

scheduling storage using the grid state indicator is calculated using data from Tables 2.2 and 4.2, 

and the limits of the grid state ranges [16], [17], [18]. These limits, shown in Figure 2.1, are 

generated using $19.78 /MWh and $27.08 /MWh as off and on peak prices respectively for the 

CAISO NP15 zone in the first half of 2012 [22].   
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TABLE 4.2 

DEPTH OF DISCHARGE FOR ALL BATTERY TECHNOLOGIES 

 

Battery Technology 
Depth of Discharge (DOD) 

(%) 

Li-ion 100 

Adv. LA 50 

Zn/Br 100 

Na/S 90 

VB 80 

Fe/Cr 100 

Zn/Air 50 

Zn/H 100 

 

The final economic revenue   can be calculated as  

   ∑   ∑               (4.1)  

where    is the total annual revenue to the storage owner from selling energy during discharging, 

   is the total annual payment that the storage owner will make for charging, and    is the 

annual cost of battery storage system. The total annual revenue to the storage owner    can be 

calculated as  

                           (4.2)  

in which negative values of    indicate that the owner had a net revenue from charging storage 

during negative energy price grid states. In that case, the     is the upper limit of the associated 

grid state ranges in order to obtain the maximum economic benefit from charging the storage 

during these grid states. For positive values of   , the lower limit of the associated grid state 

ranges is used in order to do the minimum payments for charging the storage during these grid 

states. Therefore, the   ) sign in equation (4.1) is determined based on whether    is a payment 

or revenue. 
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 Depth of discharge, which is provided for each battery storage technology in Tables 2.2 

and 4.2, provides the rated energy capacity     for each storage technology. The number of 

charge cycles per year is represented by   , which is calculated as: 

    
      

  
          (4.3)  

where     is the number of real-time pre-dispatch intervals in a charge grid state,    is the length 

of the real-time pre-dispatch interval (15 minutes), and    is the length of the charge cycle (4 h 

for each one).  

 Total annual revenue to the storage owner (  ) from selling energy during discharging can be 

calculated as  

                           (4.4)  

 The upper limit of the associated grid state ranges is used to obtain the maximum. The 

number of discharge cycles per year (  ), and it can be calculated as follows: 

         
      

  
          (4.5)  

where     is the number of real-time pre-dispatch intervals in a discharge grid state, and    is 

the length of discharge cycle (4 h for each one).  

 As presented in Chapter 2, using the life cycle cost technique, the annual cost of owning 

and operating the battery storage system can be calculated as follows: 

                        (4.6) 

4.3 Results 

 In this section, the data from Table2.2 and the assumptions from Section 4.1.1 are applied 

to find all values required to calculate the final economic revenue   that is explained in Section 

4.2. To calculate  , equation (4.1) shows that the values of   ,    , and     are needed. 
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Equation (4.6) is used to find the values of    for all battery storage systems in all scheduling 

cases. These values are presented in Tables 4.3 and 4.4 [23]. 

TABLE 4.3 

LIFE CYCLE COST TECHNIQUE RESULTS FOR CASES 1 AND 2 

 

Storage 

Costs 

(US$/y) 

             

Li-Ion 

         

Adv. LA 

            

VB 

      

Na/S Zn/Br Fe/Cr Zn/Air Zn/H 

    2,162,709 3,433,600 1,935,875 624,018 2,997,857 536,382 480,709 870,420 

    18,750 18,750 18,750 18,750 18,750 18,750 18,750 18,750 

    5,598 305,322 252,069 11,184 352,873 1,615 1,413 2,827 

   2,187,057 3,757,672 2,206,694 653,952 3,369,480 538,997 500,872 891,997 

 

TABLE 4.4 

LIFE CYCLE COST TECHNIQUE RESULTS FOR CASES 3 AND 4 

 

Storage 

Costs 

(US$/y) 

            

Li-ion 

         

Adv. LA 

           

VB 

      

Na/S Zn/Br Fe/Cr Zn/Air Zn/H 

     2,503,190 6,183,853 1,935,875 873,238 5,767,569 632,585 566,927 1,026,535 

    18,750 18,750 18,750 18,750 18,750 18,750 18,750 18,750 

    103,458 1,099,179 252,069 74,360 1,141,303 25,580 22,382 44,765 

   2,625,398 7,301,782 2,206,694 966,348 6,927,622 676,915 608,059 1,090,050 

 

 Equations (4.2) and (4.4) are used to find the values of    and    respectively. The final 

economic revenue   that the storage owner will get for all battery storage systems in all 

scheduling cases are presented in Tables 4.5, 4.6, 4.7, and 4.8 [23]. 
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TABLE 4.5 

FINAL ECONOMIC REVENUE FOR CASES 1 AND2 (PART 1) 

 

  (US$/y) for 

Charge During 
Li-Ion Adv. LA VB Na/S 

 

States 0 and 1                                                   

Green cue                                                   

State 2                                                    

Blue cue                                                    

States 0 and1 

and green cue  

                                                  

State 2 and 

green cue  

                                                  

                                                   

TABLE 4.6 

FINAL ECONOMIC REVENUE FOR CASES 1 AND2 (PART 2) 

 

  (US$/y) for 

Charge During Zn/Br Fe/Cr 

             

Zn/Air 

                    

Zn/H 

States 0 and 1                                               

Green cue                                              

State 2                                                

Blue cue                                                

States 0&1 and green 

cue  

                                              

State 2 and green cue                                                
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TABLE 4.7 

FINAL ECONOMIC REVENUE FOR CASES 3 AND 4 (PART 1) 

 

  (US$/y) for 

Charge During 

                         

Li-ion 

                        

Adv. LA 

                     

VB Na/S 

Blue cue                                                     

Green cue                                                    

Grid states 0 and 

1 and green cue 

                                                  

Grid state 2 and 

green cue  

                                                  

 

TABLE 4.8 

FINAL ECONOMIC REVENUE FOR CASES 3 AND 4 (PART 2) 

 

  (US$/y) for 

Charge During Zn/Br Fe/Cr 

               

Zn/Air 

                    

Zn/H 

Blue cue    -6,871,382   -620,675                         

Green cue    -6,913,511   -662,804,405                         

Grid states 0 and1 

and green cue 

  -6,882,788   -632,081                         

Grid state 2 and 

green cue  

  -6,900,035   -649,328                         

 

 As shown in Tables 4.5, to 4.8, storage revenue is negative for all scheduling cases. None 

of the cases studied is economically feasible for the storage owner. Incentives for storage will be 

needed, such as tax incentives for installing storage, or increased payments for energy and 

demand during certain intervals to achieve the economic feasibility of using such an indicator to 
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schedule storage. Figures 4.1 to 4.4 show the minimum payments that would be required by the 

CAISO in each case to provide minimal revenue to storage owners [23]. 

 

Figure 4.1. CAISO minimum payments, during discharging intervals of case 1, to provide  

 minimum revenue to storage owner vs. storage technologies charged during several    

 intervals. 

 

 

Figure 4.2. CAISO minimum payments, during discharging intervals of case 2, to provide 

minimum revenue to storage owner vs. storage technologies charged during several intervals. 
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Figure 4.3. CAISO minimum payments, during discharging intervals of case 3, to provide 

minimum revenue to  storage owner vs. storage technologies charged during several intervals. 

 

 

 

 

 

 

 

 

 

 

  

 

 As shown in Figures 4.1 to 4.4, cases 1 and 2 require higher payments than cases 3 and 4. 

This is because the annual operating days of storage technologies in cases 1 and 2 are less than 

Figure 4.4. CAISO minimum payments, during discharging intervals of case 4, to provide 

minimum revenue to storage owner vs. storage technologies charged during several intervals. 
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those in cases 3 and 4. Therefore, the cost added to electricity by storage technologies decreased 

during cases 3 and 4, which leads to the decrease in payments. 

 The annual number of operating days of storage technologies in cases 1 and 2 is 42, and 

the number of charge and discharge cycles per year is 126. For cases 3 and 4, the number of 

annual operating days is 102, and the number of charge/discharge cycles per year is 306. Figures 

4.5 and 4.6 show the calculated cost of electricity for all storage technologies in all cases based 

on the life cycle cost technique presented in Chapter 2 [23]. 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Cost added to electricity vs. storage technologies in cases 1 and 2. 
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 The payments for Adv. LA batteries are the highest among all storage technologies 

studied in all cases (see Figures 4.1, to 4.4) because the Adv. LA battery has the highest cost of 

stored electricity (see Figures 4.5 and 4.6) caused by its high     (see Tables 4.3 and 4.4).  

 Combinations of grid states for charging in cases 2 and 4 do not significantly change in 

the payments when compared to cases 1 and 3 respectively.  

 It is better to charge storage technologies during grid states 0 and 1, blue cue, and grid 

states 0 and1 with green cue, since the composite market prices are either low or negative during 

these intervals. Thus, the storage owner will get higher revenue, and the overall cost to the 

market will be less (see Figures 4.1 to 4.4). 

4.4 Conclusions 

 Electric energy storage is one of the technologies that can be managed as a price-

responsive demand. The proposed CAISO wholesale grid state indicator is a simplified method 

for scheduling and controlling this type of demand, which has an important role in the smart grid. 

Figure 4.6. Cost added to electricity vs. storage technologies in cases 3 and 4. 
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 This chapter presented the results of several case studies that used the grid state indicator 

to schedule energy storage as a single-purpose resource whose operation would be paid only 

through energy price differentials. None of the cases, however, provided revenue to the storage 

owner. Increased payments to storage during the discharging intervals, or other incentives would 

be needed to produce sufficient storage revenue, such as through resource adequacy contracts or 

regulatory incentives. However, the results show that these needed payments are very high under 

the conditions studied here. Payments could be increased when the composite market prices are 

negative and decrease what the storage owner pays to charge storage during the low composite 

market price intervals. 

 Among these studied cases, the most economically feasible are cases 3 and 4, in which 

the Fe/Cr battery is the most economic feasible storage technology compared to all other 

batteries. Thus, the cost added to electricity by storage technologies has a crucial effect on the 

economic feasibility of using the grid indicator to schedule storage.  

 Another factor that could have a significant effect on the economic feasibility of using the 

grid state indicator is the actual sequence of grid states over time. Simulating the actual sequence 

of grid states and the associated charge/discharge intervals will give a better understanding of 

how the storage will be scheduled and thus the economics.  
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CHAPTER 5 

 

USING CAISO WHOLESALE GRID STATE INDICATOR TO MANAGE 

DISTRIBUTION SYSTEM OPERATION 

 

 

 Today, about 7% of total electrical energy in the U.S. is lost between generators and 

customers, and most of this loss occurs in the distribution system [24]. Customers can expect 

between 1.5 and 2 power interruptions per year and between 2 and 8 hours without power, in 

which 80% of interruptions are due to problems in the distribution system [24].  Emerging smart 

grid technologies, such as demand response and distributed energy resources (DERs), will 

improve the reliability, efficiency, environmental effects, and economics of the distribution 

system [25]. DERs (such as battery energy storage) can be managed along with air conditioning 

systems as price-responsive demand (PRD) to increase their value, and decrease problems 

caused by intermittent DERs (such as solar generation). 

 As mentioned in Chapter 2, distribution system operators, utilities, or energy service 

providers can adjust on the grid states provided by the CAISO to reflect the distribution system 

conditions. This enables smart devices to become proactive, independent, and a beneficial part of 

the grid, while remaining under customer control. 

 This chapter shows how the CAISO wholesale grid state indicator was modified to reflect 

a distribution feeder conditions within the CAISO region. The modified indicator was then used 

to manage the operation of substation battery energy storage and residential air conditioner 

systems connected to the feeder by considering the output of residential solar photovoltaic (PV) 

systems. GridLAB-D software was used to implement different case studies to assess the 

effectiveness of the modified indicator based on the total and peak substation transformer VA 

output power reduction, feeder real power loss reduction, and economic feasibility results. 
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Section 5.1 introduces the GridLAB-D software and its tools that were used to simulate the 

studied distribution system, which is also described in this section. Section 5.2 describes how the 

CAISO indicator can be modified for distribution system purposes, and tested it under different 

system connection cases, and provides the data needed to do that. This section also analysis the 

results of each of the studied cases to assess the effectiveness of this indicator in providing grid 

benefits. The economic analysis for cases that connects battery storage to the grid is discussed in 

Section 5.3. The conclusions of the system and economic results are presented in Section 5.4. 

5.1 GridLAB-D Software 

 Historically, the inability to effectively model and evaluate smart grid technologies has 

been a barrier to adoption [26]. GridLAB-D is a new power distribution system simulation and 

analysis tool that addresses this problem [27]. It incorporates the most advanced modeling 

techniques, using high-performance algorithms to deliver the best in end-use modeling [27].  

 GridLAB-D was developed by the U.S. Department of Energy (DOE) at Pacific 

Northwest National Laboratory (PNNL) with under funding from the Office of Electricity in 

collaboration with industry and academia [27]. It is designed as an open-source tool, freely 

available to any user, to encourage collaboration with industry and academia [27].  

GridLAB-D implements classes and solvers in modules. The modules used in the discussion in 

this chapter are as follows [27]: 

 Climate module: It includes weather data, such as temperature, humidity, and solar 

radiation, for different regions. The weather data of the San Francisco region of 

California are used. 

 Tape module: Used to update the model at specified times from a file, and collect 

information from the model. The tape module is used to provide the grid state schedule 
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and battery charge/discharge schedule, record the output power of the substation 

transformer, collect the feeder real power losses, and collect the total output power and 

energy of solar PV systems. 

 Powerflow module: Provides the solvers needed to calculate the model performance. The 

solver method used here is the Newton Raphson method.  

 Residential module: Simulates single family homes with various appliances, electronics, 

and occupants. 

 Market module: Provides a combination of wholesale market simulation and responsive 

appliance control.  Here, the market module applies a price-responsive demand program 

to control the operation of air conditioner systems in the residential module based on the 

grid state schedule provided by the tape module. 

 Generator module: Provides DER models that can be thought as negative loads (or 

normal loads in the case of batteries that are charging). Here, the substation battery 

energy storage and residential solar PV panels are used.  

 The PNNL developed a taxonomy of 24 prototypical radial distribution feeder models in 

the GridLAB-D simulations environment based on actual utility models for various regions in 

US [28]. Feeder R1-12.47-2 representing a moderately populated suburban and lightly populated 

rural area on the West Coast of the U.S. was used. Table 5.1 provides information about this 

feeder [29]. 
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TABLE 5.1 

FEEDER R1-12.7-2 SPECIFICATIONS 

 

Nodes 337 

Voltage (kV) 12.47 

Load (kW) 2830 

Voltage Regulators 0 

Reclosers 0 

Residential Transformers 227 

Commercial Transformers 13 

Industrial Transformers  0 

Agricultural Transformers 0 

Overhead Lines (of circuit-feet) (%) 70 

Underground Lines (of circuit-feet) (%) 30 

 

 

 Figure 5.1 shows the R1-12.47-2 feeder plotted using Graphviz, which is graph 

visualization software [33]. 
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Figure 5.1. Feeder R1-12.47-2. 

 The MATLAB script (Feeder_Generator.m) was used to generate the feeder, which has 

570 connected houses, 544 of them residential and 26 of them commercial. 

5.2 System Analysis 

The CAISO wholesale grid state indicator table, described previously in Chapter 3, was 

used to develop the grid states for the hottest day in San Francisco in 2011.  Based on historical 

San Francisco weather data of 2011, the hottest month was September with an average daily high 

temperature of 73 , and the hottest day September 28 with 89    as the highest temperature 

[30]. 

The average on and off peak energy market prices in the Pacific Gas and Electric (PG&E) 

area were used to develop the price ranges in the grid state indicator table. As shown in Figures 

5.2 and 5.3, at the end of the third quarter of 2011, the average real-time on-peak and off peak 

prices were around $38/MWh and $28 /MWh, respectively [31]. 
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Figure 5.2. Comparison of on-peak quarterly prices for PG&E area 

 

Figure 5.3. Comparison of off-peak quarterly prices for PG&E area 

 

 The real-time locational marginal prices with the hour-ahead scheduling process (HASP) 

of the CAISO, which are shown in a report of the CAISO [32], were projected into the developed 
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price ranges to identify the grid states, as shown in Figure 5.4 [33]. These grid states were used 

to compare the transmission system conditions with the output power of the distribution 

substation transformer that reflected feeder R1-12.47-2 conditions. It can be seen from Figure 5.5 

that the transmission and distribution conditions are not matched several times, which is due to 

the differences between transmission and distribution load profiles [33]. 

 

 

Figure 5.4. Part of 15-min LMPs of HASP, grid states, and visual cues for CAISO on September 

28, 2011. 
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Figure 5.5. Comparison between transmission grid states and VA output power of  distribution 

substation transformer that reflecting t feeder conditions. 

 

      The total real power losses in overhead lines, underground lines, triplex lines, and 

transformers before connecting any smart grid technology is 2.487 MW. The following sub-

sections will present and analyze different integration cases of smart grid technologies with the 

distribution feeder. 

5.2.1 Case 1 (Battery Connected to Feeder) 

The substation is the strongest point of the distribution system and can generally handle 

more battery energy storage capacity than other points on the system.  Therefore, the battery, 

with specifications shown in Table 5.2, was connected to the distribution substation of the feeder 

[14]. 
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TABLE 5.2 

BATTERY SPECIFICATIONS 

 

Type of Battery 
Vanadium Redox 

(VB) 

Maximum Power (MW) 2.5 

Maximum Energy (MWh) 10 

Maximum Power per Cycle (MW) 0.25 

Efficiency (%) 0.75 

Length of Each Charge/Discharge Cycle (h) 0.5 

Annual Operating Days (days per year) 250 

Number of Charge/Discharge Cycles in Life 100,000 

 

 As shown in Table 5.2, the chosen battery was vanadium redox because it has the highest 

number of charge/discharge cycles in life based on the work of Aburub and Jewell [14]. 

The charge/discharge schedule of battery was developed based on both the transmission and 

distribution systems conditions, in which the transmission grid state schedule was modified to 

reflect the distribution system conditions. 

 Figure 5.6 shows that based on the modified grid state schedule, the VB was in an idle 

state during grid state 4, and charged during grid states 2 and 3 by 80% and 40%, respectively of 

its maximum output power per cycle [33]. In addition, it discharged during grid states 5 and 6 by 

40% and 80% respectively of its maximum output power per cycle. Figure 5.7 shows a 

comparison between the VA output power of the distribution substation transformer before and 

after connecting the battery [33]. 
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Figure 5.6. Part of modified grid states and visual cues of case 1 for feeder. 
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Figure 5.7. Comparison between VA output power of distribution substation 

transformer before and after connecting  battery. 

 
 

 Based on these results, the total reduction in VA output power of the distribution 

substation transformer after connecting the battery was -1.045 magavolt ampere (MVA). This 

means that the battery added load to the feeder, because it is not 100% efficient. In addition, the 

total real power loss in the feeder was 2.486 MW. 

 It can be seen in Figure 5.7 that adding the battery reduced the VA output power during 

peak times, and increased the VA output power by a significant amount during off-peak times. 

5.2.2 Case 2 (Solar Connected Feeder) 

In this case, no battery was connected to the feeder. Instead, 20 residential solar PV 

panels were connected to the feeder with a 3% penetration level. Solar panel specifications are 

shown in Table 5.3. 

The tilt and power models used in the solar calculations in GridLAB-D are solar position 

(SOLPOS) and flat-plate models. The SOLPOS model was used to calculate the direct normal 

sunlight. This model provided more correction for astronomical variations in the earth’s path 
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through space, as well as environmental effects on the direct sunlight [34]. The final results of 

this model are more representative of the direct solar radiation reaching the plane of the 

photovoltaic array at different times of the day [34]. The flat-plate model adjusted the efficiency 

based on the solar cell temperature to obtain more precise modeling of the output during midday 

peak solar output times [34]. 

TABLE 5.3 

RESIDENTIAL SOLAR PV PANELS SPECIFICATIONS 

 
Panel Type Single crystal silicon 

Efficiency (%) 20 

Shading Factor (%) 47 

Azimuth Angle (degrees) 236.71 

Tilt Angle (degrees) 62 

Orientation Type Fixed axis 

 

  The azimuth and tilt angles were calculated based on [35]. Since the orientation 

type does not allow tilt adjustments (fixed axis), the azimuth and tilt angles are set for the winter.  

Figure 5.8 shows that based on the historical records from 1974 to 2012, the highest median 

cloud cover (shading factor) on September 28 was 47% [36]. 
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Figure 5.8. Median cloud cover. 

 

Figure 5.9 shows a comparison between the VA output power of the distribution substation 

transformer before and after connecting the residential solar PV panels [33]. 

 

Figure 5.9. Comparison between VA output power of distribution substation transformer before 

and after connecting residential solar PV panels. 
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 Based on simulation results, the total reduction in the VA output power of the distribution 

substation transformer after connecting the solar panels was 0.815 MVA. In addition, the total 

real power loss in the feeder was 2.474 MW. Connecting solar panels to the feeder has reduced 

the VA output power from the substation transformer during peak times, but not as much as did 

the battery. 

5.2.3 Case 3 (PRD Applied to Feeder) 

Considerable research has been done in the area of demand response, and most of it 

focuses on enabling DR in the residential sector since its energy consumption represents a 

significant portion [37].  

Based on that, the market module in GridLAB-D was used to apply price-responsive 

demand program to residential customers, in which a controller is placed on each thermostat to 

adjust the cooling set point based on customer preferences and grid states that reflect both 

transmission and distribution system conditions. 

Figure 5.10 shows a comparison between the VA output power of the distribution 

substation transformer before and after applying the residential PRD program [33]. The 

controller compares grid states, which are provided every 15 minutes by an input file to 

GridLAB-D, with the average of those grid states. If a grid state at a specific time is less than the 

average grid state, the cooling set point will be adjusted to a lower value by an amount that 

considers the customer preference. Also, if the grid state at specific time is greater than the 

average grid state, the cooling set point will be adjusted to a higher value by an amount that 

considers the customer preferences.      
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Figure 5.10. Comparison between VA output power of distribution substation transformer before 

and after applying PRD program. 

 

 Based on simulation results, the total reduction in VA output power of the distribution 

substation transformer after applying PRD was -2.998 MVA. This means that the controllers 

added load to the feeder when they adjusted the operation of thermostats. In addition, the total 

real-power losses in the feeder were 2.533 MW. The spikes in Figure 5.9 are due to the shifted 

power consumption by the PRD program from on-peak times to off-peak times by considering 

customer preferences. 

5.2.4 Case 4 (Battery and Solar Connected to Feeder) 

In this case, the battery of case 1 was connected to the feeder of case 2. The battery 

charge/discharge schedule and grid states of case 1 were adjusted based on the solar generation 

as follows: 

 If the battery in case 1 was charging and solar panels were not generating, generating less, 

or generating in case 2 more than what was charging the battery, then the battery in case 

4 kept charging the same amount as in case 1. 
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 If the battery in case 1 was discharging and solar panels were not generating in case 2, 

then the battery in case 4 will keep discharging the same amount as in case 1. 

 If the battery in case 1 was discharging more than what solar panels were generating in 

case 2, then the battery in case 4 discharged the amount in case 1 minus what the solar 

panels were generating in case 2. 

 If the battery in case 1 was discharging less than what the solar panels were generating in 

case 2, then the battery in case 4 remained in an idle state. 

 If the battery in case 1 was in an idle state, then it was also in an idle state in case 4. 

It was found that the grid states in case 4 remained the same as those of case 1; however, the 

battery schedule changed. The battery was in an idle state during grid state 4, and charged during 

grid states 2 and 3 by 80% and 40% respectively, of its maximum output power per cycle. In 

addition, it discharged during grid states 5 and 6 by 40% and 70%-80% respectively, of its 

maximum output power per cycle. 

Figure 5.11 shows a comparison between the VA output power of the distribution substation 

transformer before and after connecting the battery to the feeder in case 2 [33].  
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Based on the simulation results, the total reduction in VA output power of the distribution 

substation transformer of case 4 is 1.305 MVA. In addition, the total real power loss in the feeder 

is 2.474 MW. 

As shown in Figure 5.11, the output power of the substation transformer was reduced by 

a significant amount during on-peak times and increased during off-peak times due to battery 

charging. As a result, the overall performance of the feeder was improved when the battery and 

solar panels were integrated and the while the transmission and distribution systems conditions 

were considered.  

5.2.5 Case 5 (Battery and PRD Applied to Feeder) 

In this case, the battery of case 1 was connected to the feeder of case 3 that applied a PRD 

program. The battery charge/discharge schedule and grid states of case 1 were adjusted based on 

a comparison made between the real power output  added or subtracted from the substation 

Figure 5.11. Comparison between VA output power of distribution substation transformer before 

and after connecting battery of case 1 to the feeder in case 2. 
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transformer after applying the PRD program in case 3, and the real power output of the battery in 

case 1. This process is as follows: 

 If the battery was charging in case 1and the PRD decreased or maintained the same real 

power output of substation transformer in case 3, then the battery kept charging the same 

amount here as in case 1. 

 If the battery was charging in case 1and the PRD program increased the output power of 

substation transformer in case 3 by more than what the battery did, then the battery was 

in an idle state in case 5. 

 If the battery was charging in case 1and the PRD program increased the output power of 

substation transformer in case 3 by less than what the battery did, then the battery 

charged the amount it was charging in case 1 minus the amount that the PRD program 

added to the substation output. 

 If the battery was in an idle state in case 1, then it was also in an idle in case 5. 

 If the battery was discharging in case 1and the PRD program decreased the output power 

of the substation transformer in case 3 by less than what the battery did, then the battery 

discharged the amount it was discharging in case 1 minus the amount that the PRD 

program was reduced from the substation’s output. 

 If the battery was discharging in case 1and the PRD program decreased the output power 

of substation transformer in case 3 by more than what the battery did, then the battery 

was in an idle state in case 5. 

 If the battery was discharging in case 1and the PRD program increased the output power 

of substation transformer in case 3 by less than what the battery decreased, then the 
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battery discharged the amount it was discharging in case 1 plus the amount that the PRD 

program added to the substation’s output. 

 If the battery was discharging in case 1and the PRD program increased the output power 

of the substation transformer in case 3 by more than what the battery decreased, then the 

battery discharged its maximum output power per cycle. 

 Figure 5.12 shows that based on the modified grid state schedule, the battery was in an 

idle state during grid state 4, and charged during grid states 2 and 3 by 40%-80% and 0%-40% 

respectively, of its maximum output power per cycle. In addition, discharged during grid states 5 

and 6 by 0%-40% and 40%-80% respectively of its maximum output power per cycle [33]. 

Figure 5.13 shows a comparison between the VA output power of the distribution substation 

transformer before and after connecting battery of case 1 to the feeder of case 3 [33]. 
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Figure 5.12. Part of modified grid states and visual cues of case 5. 

 

 
 

Figure 5.13. Comparison between VA output power of distribution substation transformer before 

and after connecting battery of case 1 to feeder of case 3. 
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Based on the simulation results, the total reduction in VA output power of the distribution 

substation transformer of case 5 was -2.371 MVA. When compared to the reduction in case 3, 

connecting battery of case 1 to the feeder of case 3 increased the reduction in output power of the 

substation transformer. In addition, the total real power loss in the feeder was 2.533 MW. 

When comparing Figure 5.13 to Figure 5.10, it can be seen that the output power from 

the substation was considerably reduced during on-peak times, and increased during off-peak 

times by battery charging. Therefore, the overall performance of the feeder was improved after 

connecting the battery and considering transmission and distribution system conditions. 

5.2.6 Case 6 (Solar and PRD Applied to Feeder) 

 In this case, the solar panels of case 2 were connected to the feeder of case 3. Figure 5.14 

shows a comparison between the VA output power of the distribution substation transformer 

before and after connecting the solar panels of case 2 to the feeder of case 3 [33]. 

 

 
 

Figure 5.14. Comparison between VA output power of distribution substation transformer before 

and after connecting solar panels of case 2 to feeder of case 3. 
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 It can be seen  Figure 5.14 that connecting the solar panels to the feeder of case 3 reduced 

the output power of the substation transformer during those times that solar panels were 

generating power, and sometimes increased the output power to recover the reduction in power 

due to PRD.  

 Based on simulation results, the total reduction in VA output power of the distribution 

substation transformer of case 6 was -2.172 MVA. Compared to the reduction in case 3 and 5, 

connecting the solar panels of case 2 to the feeder of case 3 increased the reduction in output 

power of the substation transformer by a significant amount. In addition, the total real power loss 

in the feeder was 2.521 MW. 

5.2.7 Case 7 (Battery, Solar, and PRD Applied to Feeder) 

 In this case, the battery of case 1 was connected to the feeder of case 6. The battery 

charge/discharge schedule and grid states of case 1 were adjusted based on a comparison made 

between the real power output of the battery in case 1 with the real power output added or 

subtracted from the substation transformer after applying solar and PRD to the feeder in case 6. 

This process was as follows:  

 If the battery was charging in case 1 and the real power output of the substation 

transformer was not changed by applying solar and PRD in case 6, then the battery kept 

charging the same amount in case 7 as in case 1. 

 If the battery was charging in case 1 and the real power output of the substation 

transformer was increased (to a value more than what the battery was charging) by 

applying solar and PRD, the battery was in an idle state in case 7. 

 If the battery was charging in case 1 and the real power output of the substation 

transformer was increased (to a value less than what the battery was charging) by 
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applying solar and PRD, then the battery charged what it was charging in case1 minus the 

real power output added by solar and PRD in case 6. 

 If the battery was charging in case 1 and  the real power output of the substation 

transformer was decreased (to a value less than what the battery was charging) by 

applying solar and PRD, then the battery kept charging the same amount in case 7 as in 

case 1. 

 If the battery was in an idle state in case 1, then it was also in an idle state in case 7. 

 If the battery was discharging in case 1 and the real power output of substation 

transformer was decreased (to a value less than what the battery was discharging) by 

applying solar and PRD, then the battery discharged what it was discharging in case 1 

minus the real output power subtracted by solar and PRD in case 6. 

 If the battery was discharging in case 1 and the real power output of substation 

transformer was decreased (to a value more than what the battery was discharging) by 

applying solar and PRD, then the battery will be in an idle state in case 7. 

 If the battery was discharging in case 1 and  the real output power of the substation 

transformer was increased (to a value less than what the battery was discharging) by 

applying solar and PRD, then the battery discharged the same amount as in case 1 plus 

the real power added to the feeder of case 6. 

 If the battery was discharging in case 1 and the real power output of the substation 

transformer was increased (to a value more than what the battery was discharging) by 

applying solar and PRD, then the battery discharged the maximum amount of real power 

per cycle. 



 

60 

Figure 5.15 shows that, based on the modified grid state schedule, the battery will be in an 

idle state during grid state 4 and will charge during grid states 2 and 3 by 40%-80% and 0%-40% 

respectively, of its maximum output power per cycle [33]. In addition, it will discharge during 

grid states 5 and 6 by 0%-40% and 40%-80% respectively, of its maximum output power per 

cycle. Figure 5.16 shows a comparison of the VA output power of the distribution substation 

transformer before and after connecting the battery of case 1 to the feeder of case 6 [33]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                      

 

  

Figure 5.15. Part of modified grid states and visual cues of case 7. 
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 Based on the simulation results, the total reduction in VA output power of the distribution 

substation transformer of case 7 was -1.838 MVA. When compared to the reduction in cases 4 

and 5, connecting the battery of case 1 to the feeder of case 6 increased the reduction in power 

output of the substation transformer of case 5 (because of the energy supply provided by solar 

panels) and decreased the reduction of the substation transformer of case 4 (because of the non-

100%-efficient battery). In addition, the total real power loss in the feeder was 2.521 MW. Table 

5.4 summarizes the total power reduction and loss for all studied cases. 

 

 

 

 

 

 

 

Figure 5.16. Comparison between VA output power of distribution substation transformer 

before and after connecting battery of case 1 to feeder of case 6. 
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 TABLE 5.4  

POWER REDUCTION AND LOSS FOR ALL CASES 

 

Case 
Power Reduction 

(MVA) 
Power Loss (MW) 

1 -1.045 2.486 

2 0.815 2.474 

3 -2.998 2.533 

4 1.305 2.474 

5 -2.371 2.533 

6 -2.172 2.521 

7 -1.838 2.521 

 

 

5.3 Economic Analysis 

 This section analyzes the economic feasibility of using the modified distribution system 

grid states to schedule batteries in cases 1, 4, 5, and 7 for the simulation day (September 28, 2011) 

by applying the principle presented in Section 4.2 and modifying equations (4.1) to (4.3). 

 The total September 28, 2011payment that the battery owner will make for charging is 

 

                          (5.1)  

 The total September 28, 2011 revenue to the battery owner from selling energy during 

discharging is: 

                          (5.2) 

in which     is the maximum power per cycle presented in Table 5.2. The length of charge 

cycle (  ) and discharge cycle (  ) is 0.5 hour for each. The state of charge (   ) and the depth 

of discharge (   ) per cycle varies based on the battery schedule for each of the studied cases 

in this section. Table 5.5 shows the “best” and “worst” composite market price (   ) for each 

grid state based on the price ranges of the CAISO grid state indicator with on and off-peak prices 

presented in Section 5.2. The “best” and “worst” prices for grid states 2 and 3 are the mean 
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minimum and maximum payment respectively, and the best and worst prices for grid states 5 and 

6 are the mean maximum and minimum revenue, respectively. 

TABLE 5.5 

COMPOSITE MARKET PRICES 

Grid State 
CMP best 

($/MWh) 

CMP worst 

($/MWh) 

2 (payment) 0 28 

3 (payment) 28 38 

5 (revenue) 50.54 41.8 

6 (revenue) 63.46 50.54 

 

Based on the VB data presented in Table 2.2 and battery specifications in case 1, 

equation (4.6) was used to calculate, the annual cost of owning and operating the battery system. 

The value of     changes based on the number of charge/discharge cycles per day in each case, 

and this will change the    values. For cases 1 and 4, the number of charge/discharge cycles is 

21 and 13 respectively. For case 5, this was 20 and 12 respectively. For case 7, this was 20 and 

11, respectively. 

The final revenue ( ) that the battery owner will get in US$/day is: 

   ∑   ∑              (5.3)  

Table 5.6 shows the best and worst   for cases 1, 4, 5, and 7. 
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TABLE 5.6 

FINAL REVENUES 

 

 
Best   

($/day) 

Worst   

($/day) 

Case 1 -1450.082 -1477.518 

Case4 -1444.80475 -1481.94025 

Case5 -1396.826 -1420.77525 

Case7 -1372.52975 -1395.95325 

 

As shown in Table 5.6, there are no revenues, only payments. And the payments are 

reduced for the best composite market prices in all of the four cases but not significantly amount. 

Also, it can be seen that case 7 has the lowest payment, which is where battery, solar, and PRD 

were integrated together.  

5.4 Conclusions 

 In this chapter, the benefits of integrating different smart grid applications in the 

distribution system while considering both transmission and distribution system conditions were 

discussed.  

 The power loss before applying any smart grid technology was 2.48 MW. Compared to 

the power loss values in Table 5.4, connecting battery or/and solar systems to the distribution 

feeder decreased the power loss.  

 Case 7, which integrates battery, solar, and price-responsive demand technologies, has 

the lowest final payment for a battery storage system. Case 4, which integrates battery and solar, 

has the lowest feeder losses and the highest total and peak reduction in the output VA power of 

the substation transformer.  
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 The benefits of integrating smart grid technologies and managing them by considering 

transmission and distribution grid conditions could increase when the efficiency of battery 

increases, there are more incentives provided for storage, and distribution composite market 

prices are used instead of these for transmission to calculate the final revenues of a battery 

storage system. 
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CHAPTER 6 

 

CONCLUSIONS AND FUTURE WORK 

 

 

6.1 Conclusions 

 This thesis assessed the ability of the CAISO wholesale grid state indicator to enable 

price-responsive demand that provides benefits for both the grid and electric customers. The 

assessment was done through studies by integrating several smart grid technologies, managed by 

the indicator signals, in the transmission and distribution systems. The key results of these cases 

are as follows: 

 Electric energy storage provides many benefits to the electric grid; however, its cost is 

the main barrier to increasing its penetration level.  

 The cost added to electricity by battery storage systems was much higher than that added 

by compressed air energy storage and pumped hydro systems. Also, this added cost was 

higher than wholesale and retail electricity prices. Therefore, the cost of battery systems 

must be reduced since CAES and pumped hydro suffer from special site requirements 

and environmental impacts. 

 PRD programs can be considered as a solution to the cost issue of battery systems. 

However, when the CAISO indicator was applied to enable this kind of demand for 

battery storage systems, none of the cases studied provided any revenue to the storage 

owner. Therefore, payments to the storage owner would need to be increased during 

discharging and negative market price conditions. Also, payments made by the storage 

owner during low grid states could be decreased, or capital cost incentives could be 

offered to storage developers. All of these factors together can improve the economic 

performance of battery storage systems. 
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 Cases 3 and 4, which were studied in Chapter 4 and consider discharging during both 

yellow and red cues while charging either during blue or green cues, were the most 

economically feasible cases among all the cases studied. The Fe/Cr battery was the most 

economic feasible storage technology due to the low cost added to electricity by this 

battery system.  

 Price-responsive demand can be also applied to the integration other of smart grid 

technologies, in which their operation can be managed by considering transmission and 

distribution system conditions, and/or the power generated by renewable energy systems.  

 Distribution system losses were reduced when battery and solar systems were connected 

to the distribution feeder.  

 While all cases studied produced negative revenue, the integration of battery, solar, and 

price-responsive demand (case 7, Chapter 5) provided the best economic results of the 

cases studied.  

 The lowest feeder losses and the highest total and peak power reduction were reached by 

integrating battery and solar systems (case 4, Chapter 5).  

 Increasing the efficiency of batteries, providing more incentives for storage, and using 

distribution composite market prices instead of those for transmission could increase the 

value of integrating smart grid technologies by considering transmission and distribution 

system conditions.  

6.2 Future Work 

 According to the observations and conclusions made throughout this thesis, the following 

future work is recommended: 
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 Comparisons of the costs and benefits to other situations such as reducing the operating 

costs of thermal energy storage or electric vehicle charging.   

 Studies on the effect of applying the incentive level and cap provided by the California 

Public Utilities Commission (CPUC) with its Permanent Load Shifting (PLS) program 

[38]. 
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