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Matthew John Anderson 

 

ABSTRACT 

 

 

The balance of the supply of renewable energy sources with electricity demand will 

become increasingly difficult with further penetration of renewable energy sources. 

Traditionally, large stationary batteries have been used to store renewable energy in 

excess of electricity demand and dispatch the stored energy to meet future electricity 

demand. Cool thermal energy storage is a feasible renewable energy balancing solution 

that has economic and environmental advantages over utility scale stationary lead-acid 

batteries. Two technologies, ice harvesters and internal-melt ice-on-coil cool thermal 

energy storage, have the capability to store excess renewable energy and use the energy 

to displace electricity used for building cooling systems. When implemented by a utility, 

cool thermal energy storage can replace large utility scale batteries for renewable energy 

balancing in utility regions with high renewable energy penetration. The California 

Independent System Operator (CAISO) region and the Electric Reliability Council of 

Texas (ERCOT) are utility regions with large solar and wind resources, respectively, that 

can benefit from installation of cool thermal energy storage systems for renewable energy 

balancing. With proper scheduling of energy dispatched from cool thermal energy 

storage, these technologies can be effective in displacing peak power capacity for the 

region, in displacing traditional building cooling equipment, and in recovering renewable 

energy that would otherwise be curtailed. 
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Chapter 1 
 

Introduction 

 
Energy generation is challenged worldwide by increased demand, concerns of climate change 

from greenhouse gases and a limited supply of fossil fuels. These factors are driving increased 

penetration of renewable energy sources (RES) as a clean and sustainable alternative to 

conventional energy resources. Substantial financial resources are being invested in RES, some 

estimates are as high as $257 billion worldwide in 2011, such that solar and wind energy 

supplies are increasing at an average rate of 42% and 27% each year from 2000 to 2010 

(Edenhofer, Seyboth, Creutzig, & Scholmer, 2013).  

 

Unlike traditional primary energy sources, wind and solar energy are inherently variable in their 

ability to supply energy because of environmental factors. Additionally, being located in remote 

areas makes transmission of renewable energy more difficult. The intermittency of RES 

continues to create issues with grid connectivity and cost reduction that makes them unsuitable 

for base load energy applications (Kazempour, Moghaddam, M.R., & Yousefi, 2009). Coupled 

with high demand during peak hours, these issues are driving research towards suitable energy 

storage systems (ESS) for numerous applications (PNNL, 2012), (Sandia National Laboratories, 

2001), (IEA, 2005).  

 

A brief overview of the electrical grid and energy resources will provide some clarity on the 

current issues limiting the utilization of renewable energy sources. In the United States the grid 

exists as three interconnections named the Western Interconnection, Eastern Interconnection and 

the Electric Reliability Council of Texas (ERCOT), (NERC, 2011). The Western Interconnection 

includes the majority of the grid west of the Rockies, the Eastern Interconnection includes the 

majority of the grid east of the Rockies except for a large area of Texas which is included in 

ERCOT. Each interconnection is a separate entity that supplies electricity to consumers within its 

boundaries. Furthermore, the supply and demand of energy within the interconnections is 

regulated by balancing authorities who are responsible for the managing the energy within sub-

regions of the interconnections. Figure 1-1 below shows the framework of interconnections and 

balancing authorities within North America.  
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Figure 1-1. Map of balancing authorities and regions within the electrical grid of North America (NERC, 

2011, Balancing and Frequency Control), Used under fair use, 2014 

 

Balancing authorities have the ability to buy, sell and trade energy to neighboring balancing 

authorities in order to manage the transient energy demand. This system helps to aggregate and 

smooth geographically dispersed RES since balancing authorities that are over generating energy 

can trade with balancing authorities that are experiencing diminished renewable energy output. 

Figure 1-2 below demonstrates how this system balances renewable energy supply in Denmark. 

The output of a single wind farm may vary between full and no capacity over time, but the wind 

capacity over the entire region of Western Denmark is considerably more consistent (IEA, 2005). 

 
Figure 1-2. Aggregating effects of Denmark’s electrical grid on geographically dispersed wind energy (IEA, 

2005, Variability of Wind Power and Other Renewables: Management Options and Strategies), Used under fair 

use, 2014 

The Western Interconnection 

is supported by the WECC. 

The Eastern Interconnection 

is comprised of MRO, NPC, 

RFC, SERC, FRCC and SPP 

and ERCOT is supported by 

the TRE balancing authority. 
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As a result of the delegation of energy resources by balancing authorities, ESS located away 

from the point of energy generation can still be used to balance intermittent RES that are within 

nearby balancing areas. With renewable energy penetration below 20%, the grid is capable of 

managing intermittent RES so that minimal renewable energy curtailment is necessary (IEA, 

2005). However, as we continue to rely on RES for more of our electricity supply, energy 

storage will play an important role in renewable energy balancing (REB).  

 

Traditionally, electricity is generated by a mix of steady base load power plants, load-following 

power plants and operating reserves (Denholm, Ela, Kirby, & Milligan, 2010). Base load power 

plants are usually coal-fired or nuclear and able to meet the large constant energy demand each 

day (Denholm, Ela, Kirby, & Milligan, 2010). They are run near maximum capacity at all times 

to increase overall efficiency and keep generating costs low. Load-following power plants are 

usually hydroelectric, natural gas or oil-fired and used to meet the fluctuations of demand 

throughout the day (Denholm, Ela, Kirby, & Milligan, 2010). Operating reserves are a class of 

power plants that have the ability to respond rapidly to demand fluctuations due to load-

forecasting errors and potential failures in other power plants or transmission lines (Denholm, 

Ela, Kirby, & Milligan, 2010). Due to the number of power plants that must be maintained at all 

times, operation and maintenance (O&M) costs are high compared to an ideal system where 

energy demand is known in advance (Denholm, Ela, Kirby, & Milligan, 2010). In this system, 

renewable energy sources act as a negative load on the demand curve that can lessen the need for 

flexible generation.  

 

Figure 1-3 below demonstrates how wind energy can be used to reduce the amount of flexible 

generation necessary to meet demand throughout the day and week. During periods of high 

demand, the available wind energy enables a decrease in flexible generation as seen between 

hours 12-18. When demand is low and wind generation is fairly high, hours 2-7, no flexible 

generation is necessary to meet demand. However, over generation of renewable energy is 

occurring so either wind energy must be curtailed or base load power plant production must be 

reduced causing additional wear and tear on the power plant and increased O&M costs.  This 

phenomenon is driving energy storage systems for renewable energy balancing where the extra 

renewable energy can be stored and used when needed to meet peak electricity demand rather 

than being wasted when demand is low.  
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Figure 1-3. Energy demand curve demonstrating renewable energy’s impact on the traditional power 

generation system when providing 16% of total load (Denholm,  P., Ela, E., Kirby, B., & Milligan, M., 2010, 

The Role of Energy Storage with Renewable Electricity Generation. National Renewable Energy Laboratory), 

Used under fair use, 2014 

 

Renewable energy curtailment wastes clean, inexpensive energy that could be used if adequate 

infrastructure were in place to deliver elsewhere or store the energy for later. Generally, 

renewable curtailment happens because of overburdened transmission lines, high renewable 

generation when load is low with no way to export the energy to neighboring balancing areas, or 

when renewable energy production and base load generation are greater than the current energy 

demand (Fink, Mudd, Porter, & Morgenstern, 2009).  With growing renewable energy capacity 

across the United States, it will take a mix of solutions to reduce curtailment, including installing 

adequate energy storage systems and transmission lines, increasing the size of balancing areas 

and implementing a dynamic scheduling system that can respond quickly to changes in available 

renewable energy (Fink, Mudd, Porter, & Morgenstern, 2009). 

 

Energy storage systems can be an effective solution for renewable energy balancing, in addition 

to being suitable for other applications that require a variety of energy, power, storage time and 

discharge time requirements. Examples of these applications include power quality, requiring 

only 0.2 kWh of energy to be stored and discharged in a matter of seconds, and seasonal storage 

which stores thousands of MWh of energy for weeks at a time (Sandia National Laboratories, 

2001). Energy storage applications for renewable energy sources include renewable matching, 

load leveling and renewables back-up. Renewable matching uses energy storage to match the use 

of renewable energy with the electricity use profile, load leveling uses energy storage to flatten 

the load and reduce the difference between peak and minimum demand and renewables back-up 

uses energy storage to provide energy when renewable sources are not generating energy. Table 

1-1 shows the power, energy and storage time requirements of these particular applications 

(Sandia National Laboratories, 2001).  
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Table 1-1. Renewable energy storage system requirements 

Renewable Energy 

Storage Application 

Power Energy Storage Time 

Renewable matching Up to 10 MW 10-10,000 kWh Minutes to 1 hour 

Load leveling 100’s of MW 100-1000 MWh Several hours 

Renewables back-up 0.1 to 1 MW 20-200 MWh Days 

  

Studies have evaluated the use of many ESS systems including mature batteries (lead-acid, NaS), 

advanced batteries (Li-Ion, Redox flow), flywheels, supercapacitors, pumped hydro, compressed 

air storage (CAES) and hydrogen storage (Sandia National Laboratories, 2001), (Soloveichik, 

2011). Each system offers unique advantages and disadvantages related to storage capabilities, 

cost, size and environmental factors so selecting an ESS is highly dependent on the application. 

However, in terms of breadth, battery storage offers a solution for the broadest range of 

applications.  

 

One specific application where ESS could help balance the renewable energy supply is using 

cool thermal energy storage (CTES) to displace building cooling power requirements. A CTES 

system linked to a building cooling system can help to balance the supply of energy from 

renewable energy sources by cooling a thermal reservoir during off-peak hours, or when 

renewable energy supply is high, and then using the reservoir to displace the electricity used for 

air conditioning during peak cooling hours. Peak electrical loads generally occur during typical 

work hours and heating, ventilation and air conditioning (HVAC) systems are one the largest 

contributors to peak loads of buildings (Ban, Krajacic, Grozdek, Curko, & Duic, 2012). While 

batteries could be used for renewable energy balancing, CTES may offer a more attractive 

alternative as it is particularly well suited for inexpensive long-term energy storage.  

 

CTES offers the advantages of a mature technology, including high reliability, low maintenance 

and well known costs (CALMAC, 2014). Rather than being collocated with renewable energy 

sources, CTES systems can store energy at or near the point of end use. Furthermore, CTES can 

be integrated into singular building cooling systems or within district cooling system. For 

building cooling systems, CTES can be implemented using a variety of technologies including 

chilled water, ice storage and ice slurry (Yau & Rismanchi, 2012). Commercially available 

CTES systems exist in the United States and worldwide, although a large portion of CTES 

adopters are located in North America and Europe (BAC, 2012), (Ice Energy, 2013).  

 

CTES systems have many characteristics that make them attractive for REB needs, such as the 

capability to provide a wide range of energy storage capacity and power depending on user needs 

(CALMAC, 2014), storage times of a few hours and the advantages of mature technology. These 

systems are commercially available and can provide energy storage ranging from kWh to many 

MWh (BAC, 2013), (Ice Energy, 2013).  

 

CTES has the ability to meet multiple energy storage applications, including load leveling, peak 

shaving and end-use applications such as demand charge reduction, many of which have 

additional cost saving benefits for end users. Not only can CTES offer reduced electricity costs 

for the end user, but it can also help balance the renewable energy supply for the utility.  

 



 6 

Comparing first costs between ice-based CTES systems and lead-acid battery storage systems 

yields results that indicate CTES can be a cheaper storage option than batteries. For example, a 

100 kWh, 10 kW energy storage system using lead-acid batteries cost $120/kWh and $20/kWh 

for installation totaling $14,000 (Albright, Edie, & Al-Hallaj, 2012). An ice harvester system 

costs $426/kW for the chiller and $8.50/kWh for the installed tank cost totaling $5,110 for the 

same amount of power displacement (Roth, Zogg, & Brodrick, 2006).  

 

CTES may also offer a better environmental solution for long term energy storage than lead-acid 

batteries. Ice storage used in an office building can reduce CO2 emissions from electricity used 

for cooling by as much as 14% compared to a comparable electric chiller system (Trane, 2009). 

Alternatively, lead-acid batteries have a poor environmental track record due to raw material 

acquisition that negatively affects the environment during mining operations. Additionally, 

processing lead creates SO2 and is energy intensive leading to high emissions from the 

combustion of fuels (Albright, Edie, & Al-Hallaj, 2012). 

 

CTES is also compatible with seasonal variations in the energy supply and demand. Data from 

PJM
1
 suggests that the total power demand in the summer is 36% higher than in the winter, 

indicating a greater need for energy storage in the summer when CTES is an alternative. 

Furthermore, in the residential sector, 58% of the energy used goes to heating and cooling, and in 

the commercial sector, the heating and cooling portion is 40%. So, there is an opportunity to 

significantly impact energy demand by managing the amount of energy that goes to heating and 

cooling of buildings. On the supply side, in California wind speeds are highest in the hot summer 

months and almost 75% of all annual wind power output is produced in the spring and summer 

(California Energy Commission , 2014) when CTES is an alternative energy storage solution. 

For climates with similar characteristics elsewhere in the United States, using CTES for building 

cooling needs in the spring and summer months may provide a significant portion of REB. 

 

Texas is the largest producer of wind energy in the United States and ERCOT, which represents 

about 85% of the electricity load in Texas, has an installed wind capacity of 10,056 MW as of 

2011 (ERCOT, 2011).  During its greatest periods of curtailment between December 2008 and 

July 2009, wind was curtailed between 500 and 1,000 MW during the peak hour and from 

February to April 2009 between 2,500 and 3,000 MW during the peak hour (Fink, Mudd, Porter, 

& Morgenstern, 2009). Putting this in perspective, 1,000 MW is roughly the size of a nuclear 

power plant, so significant renewable energy resources are not being fully utilized. These figures 

demonstrate the potential for Texas to adopt a state wide CTES fleet to balance wind energy.  

 

While some of the 2009 curtailment was attributable to bottlenecks in the utility grid that have 

since been corrected, ERCOT still regularly experiences days where wind energy accounts for 

more than 30% of the load during low load hours (ERCOT, 2013). During these times, 

curtailment may reach 6% of the wind energy generation for a day. ERCOT is anticipating 

additional wind capacity in the coming years with a forecasted 16,430 MW installed wind 

capacity by 2016 (ERCOT, 2013). To accommodate this increase in wind capacity, new 

transmission lines are being installed across the ERCOT territory, but curtailment will continue 

to be an issue as installed wind capacity increases.  

                                                 
1
 PJM is a regional transmission organization that coordinates the sale of electricity in 13 states on the east coast and 

Washington D.C. 
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Due to Texas’ warm climate, extended spring and summer seasons and high production of wind 

energy in the spring, Texas and neighboring southwestern states with large renewable capacities 

may be suitable locations for CTES systems to balance renewable energy and reduce the extent 

of curtailment. Texas in particular is an interesting case because ERCOT is mostly independent 

of the Western and Eastern Interconnection.  As a result, energy generated within the bounds of 

ERCOT generally has to be used solely by ERCOT consumers.  

 

Analysis of wind data available from ERCOT on April 9, 2013 provides an example of the 

magnitude of storage that may be necessary to eliminate renewable energy curtailment as well as 

the economic opportunity. On this day, ERCOT curtailed an average of 465 MW of wind energy 

(6.1% of production) throughout the day (ERCOT, 2013). This was the largest curtailment of 

2013 based on the data available and would correspond to a need for 11.16 GWh
2
 of storage for 

the entire ERCOT region to completely eliminate curtailment. It is difficult to say exactly how 

much storage is necessary, but cumulative long term energy storage needs to be considered on 

the order of 100s to 1,000s of MWh for a utility region such as ERCOT.  

 

In contrast to a wind-rich utility region such as ERCOT, a solar-rich utility region has better 

synchronization between renewably energy supply and demand since solar energy is generated 

during daylight hours. Therefore, the value of energy storage in a utility region that has a large 

solar resource may be less than a wind-rich region where the generation of renewable energy is 

more erratic. California has a large solar energy capacity and a warm climate, but the extent to 

which CTES systems used for renewable energy balancing may be economically feasible in this 

region is unclear. 

 

In summary, the inherent intermittency of renewable energy sources contributes to a lack of 

synchronization between energy supply and demand and leads to renewable energy curtailment 

under certain circumstances. This phenomenon has created a need for renewable energy 

balancing solutions including energy storage. Ice based cool thermal energy storage is a mature 

technology that may have the potential to provide financial and environmental advantages over 

competing energy storage technologies such as lead-acid and advanced batteries. To determine 

the viability of CTES as an attractive alternative to stationary lead-acid batteries for renewable 

energy balancing, this research will present a financial lifecycle cost analysis of commercially 

available ice based CTES systems and determine the environmental impacts of implementing 

these energy storage technologies. The analyses will be conducted for both a utility with large 

wind resources (e.g., ERCOT) and a utility with large solar resources. 

 

 

 

 

 

 

 

                                                 
2
 At a conservative selling price of electricity as $30/MWh, 11.16 GWh would have a value of $334,000. 
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Chapter 2 
 

Literature Survey  

 

The analysis of CTES as an alternative to renewable energy balancing requires an understanding 

renewable energy sources and their interaction with the electrical grid and an understanding of 

the characteristics of CTES relative to conventional lead-acid batteries. This chapter summarizes 

relevant literature pertaining to the operation of the electrical grid with renewable energy 

sources, including renewable energy intermittency and balancing, and the generation of 

electricity from a mix of generation technologies. Furthermore, an overview of the storage 

technologies considered in this analysis will be presented which include stationary lead-acid 

batteries, internal-melt ice-on-coil CTES and ice harvester CTES.  

2.1. Renewable Energy Sources, Intermittency and Balancing 

 

With few exceptions, all of the electricity used by consumers within an interconnection is 

generated by power plants inside the interconnection. Coordinated efforts involving balancing 

authorities and reliability coordinators are required to balance energy generation with the 

transient nature of electricity use (NERC, 2011). Balancing authorities monitor the frequency of 

the current on the electrical grid as an indicator of the balance of energy supply and demand 

within the balancing area (NERC, 2011). When an imbalance is present, a frequency change will 

occur which allows the balancing authorities to detect and stabilize the imbalance. Then the 

balancing authorities can use frequency response, rescheduling of generators and the trade of 

energy between balancing authorities to restore the electricity supply and demand balance 

(NERC, 2011).   

 

Balancing authorities can be thought of as a web of nodes within an interconnection connected 

by high voltage transmissions lines. Reliability coordinators monitor the electricity demand 

across the interconnection and provide direction to balancing authorities (NERC, 2011). As the 

demand changes at each node within the interconnection, balancing authorities dispatch energy 

from power plants within their authority and purchase energy from neighboring balancing 

authorities to meet the present electricity demand (NERC, 2011). In addition to balancing supply 

and demand within their own balancing area, balancing authorities must also assist in balancing 

supply and demand across the entire interconnection (NERC, 2011) 

 

Traditionally electricity is generated by a mix of base load power plants, intermediate power 

plants, peaking power plants and operating reserves (Denholm, Ela, Kirby, & Milligan, 2010). 

Base load power plants, usually coal-fired and nuclear power plants, supply a steady generating 

output to meet the minimum demand. Intermediate and peaking power plants are categorized 

under load-following power plants for their ability to follow the fluctuating demand throughout 

the day. Both intermediate and peaking power plants have the ability to ramp up or down 

throughout the day to follow the load. Intermediate power plants operate nearly all of the time to 

meet any amount of load beyond that which is provided by base load power plants. Peaking 

power plants only operate during times of highest electricity demand (Energy.ca.gov, 2009). This 



 9 

typically occurs during the summer when ambient temperatures are high and building cooling 

loads are large.  

 

Finally, operating reserves are power plants that are used to meet unforeseen demand 

fluctuations caused by frequency variation, load-forecasting errors and unscheduled transmission 

line congestion or power plant outage (Denholm, Ela, Kirby, & Milligan, 2010). In order to 

respond rapidly to these relatively small generation requirements, a large class of operating 

reserves is known as spinning reserves. Spinning reserves are running at partial load so they can 

respond quickly when called on. As a result, spinning reserves suffer efficiency penalties and 

often displace more efficient and cost-effective power plants (Denholm, Ela, Kirby, & Milligan, 

2010). 

 

The present energy generation mix also includes renewable energy sources such as wind energy, 

solar energy, geothermal energy and biofuel (Edenhofer, Seyboth, Creutzig, & Scholmer, 2013). 

These function similarly to intermediate power plants by meeting load that is not met by base 

load power plants. Unlike traditional load-following power plants, RES do not necessarily follow 

the changing load (Denholm, Ela, Kirby, & Milligan, 2010). Wind energy in particular has 

difficulty balancing supply and demand due to the intermittent nature of wind (Denholm, Ela, 

Kirby, & Milligan, 2010). To a lesser degree, solar energy experiences similar issues, but 

balances supply and demand relatively well due to the availability of solar energy coinciding 

with peak electricity use during the day.  

 

As an example of the extent that renewables have penetrated the energy generation mix in the 

United States, during May of 2014 net wind energy generation in the United States supplied 

15,532 GWh and net solar energy generation contributed an additional 1,880 GWh (EIA, 2014). 

For reference, coal-fired power plants provided 119,483 GWh, nuclear power plants supplied 

62,947 GWh and natural gas power plants supplied 87,700 GWh of energy (EIA, 2014). While 

traditional generation produces the bulk of electricity used across the United States, combined 

wind and solar generation also contributes significant energy resources (equal to nearly 25% of 

nuclear power plant energy production in May 2014).  

 

The role of renewables in the United States energy generation mix is only expected to grow 

judging by the implementation of renewable portfolio standards (RPS) by many states. In 

California, executive order S-14-08 implements a goal of providing 33% of annual energy from 

qualifying renewable energy sources by 2020 (Scharzenegger, 2008) and in 2005, Texas 

implemented SB 20 with the goal of installing an additional 5,000 MW of renewable energy 

capacity by 2015 (Texas, 2005). Between 2006 and 2008 the installed wind capacity grew more 

than 8,500 MW to roughly 25,000 MW nationwide (Fink, Mudd, Porter, & Morgenstern, 2009). 

Solar capacity is also growing rapidly with net solar energy generation growing from 827 GWh 

in May of 2013 to 1,880 GWh in May of 2014 (EIA, 2014). The growth in renewable energy, is 

leading to a growth in renewable energy curtailment. 

 

When available renewable energy cannot be used completely, energy produced from renewable 

sources is curtailed. Since RES are often located in remote locations to obtain the maximum 

amount of renewable resources available, they must rely on transmission lines to transfer energy 

from the source (Fink, Mudd, Porter, & Morgenstern, 2009). As a result, overburdened 
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transmission lines are a common cause of renewable curtailment. Renewable curtailment can 

also occur when electricity use is being met sufficiently by base load power plants and RES are 

generating excess energy (Denholm, Ela, Kirby, & Milligan, 2010). Instead of ramping down 

base load power plants, which would result in increased operating and maintenance costs, the 

excess renewable energy will be curtailed. With increases in renewable energy capacities to 

levels described in RPS, renewable curtailment will likely experience growth as well.  

 

A promising solution to mitigate renewable curtailment is the use of energy storage systems to 

store curtailed renewable energy until electricity demand increases to the point that the stored 

energy can be used to offset electricity from intermediate or peaking power plants. Energy 

storage for the electric power industry spans a broad range of applications (Sandia National 

Laboratories, 2001). Energy storage applications can be classified by the length of time that 

energy storage is required as shown in Table 2-1.  

 
Table 2-1. Classes of energy storage 

Class Other Names Applications Storage Time 

Real Time Very short 

duration 

Power quality, frequency 

regulation 

Seconds 

Short Term Intra-hour Uninterruptible power supply, 

Distributed generation,  

End-use peak shaving, Renewable 

matching,  

Spinning reserves 

1 to 60 minutes 

Long Term Inter-hour, Intra-

day 

Load leveling, ramping 1 to several 

hours 

Very Long Term Intra-week Seasonal storage, renewables 

back-up 

Days to weeks 

 

Applications that fall into the real time class deal with frequency regulation and power quality 

and only require energy storage for a few seconds. Technologies suitable for real time energy 

storage include flywheels, supercapacitors, lead-acid batteries, hydrogen fuel cells and micro-

super conducting magnetic energy storage (SMES) (Sandia National Laboratories, 2001). Short 

term energy storage applications have the most breadth and include end-use peak shaving, 

spinning reserves and uninterruptible power supply among others. Many energy storage 

technologies have characteristics that meet short term energy storage needs. These technologies 

include flywheels, advanced batteries, lead-acid batteries, compressed air energy storage 

(CAES), hydrogen fuel cells, SMES, pumped hydro, and supercapacitors (Sandia National 

Laboratories, 2001). 

 

The long term class of energy storage requires energy to be stored over several hours for load 

leveling and load following applications. These particular applications require energy storage 

capacities between 100 and 1,000 MWh and can use nearly any of the energy storage 

technologies available on the market (Sandia National Laboratories, 2001). Very long term 

energy storage requires energy to be stored for days or weeks at a time. Applications such as 

seasonal storage and renewables need very long term energy storage anywhere from 20-100,000 

MWh of energy storage capacity (Sandia National Laboratories, 2001). For the larger energy 
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capacity applications, CAES offers a strong solution, but requires an underground reservoir to 

store large quantities of compressed air.  

 

Energy storage to mitigate renewable energy curtailment can be classified under long term 

energy storage, often requiring energy to be stored overnight for several hours until electricity 

use increases during the morning and into the afternoon. Figure 2-1 below shows how curtailed 

renewable energy might be stored and dispatched later. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1. Energy storage applications and solutions to mitigate renewable energy curtailment (Denholm, P., 

Ela, E., Kirby, B., & Milligan, M., 2010, The Role of Energy Storage with Renewable Electricity Generation. 

National Renewable Energy Laboratory), Used under fair use, 2014 

 

The lighter blue portion represents base load generation, which generates a constant inflexible 

supply of energy, the darker blue portion represents load-following generation and the green 

segment represents available wind energy. As the load decreases between hours 12 and 18, 

nearly the entire load can be met with base load energy. Simultaneously, the available wind 

energy has increased and is generating a surplus of energy which either requires base load 

generation to ramp down or wind energy to be curtailed. As discussed earlier, ramping down 

base load generators is difficult and usually avoided so the surplus wind energy, shown in black 

in, must either be curtailed or stored.  

 

A variety of options exist to make use of the surplus renewable energy including supply shifting 

and energy storage, which would move the excess renewable energy to a period with larger load. 

Alternatively, additional load can be added or the load itself can be shifted so that all renewable 

energy can be used when it initially becomes available (Denholm, Ela, Kirby, & Milligan, 2010). 

Finally, the minimum load can be decreased which would decrease the generation requirements 

for base load generation (Denholm, Ela, Kirby, & Milligan, 2010). 
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Load and supply shifting provide an interesting renewable curtailment solution that can make use 

of energy storage technologies that might otherwise be over looked. Thermal energy storage, and 

cool thermal energy storage in particular, has the capability to shift peak building cooling loads 

off-peak. When renewable energy is used to charge the CTES system, it can simultaneously 

participate in load shifting and supply shifting.  

2.2. Energy Storage Systems 

 

In this section, three energy storage systems will be discussed which are suitable for long-term 

energy storage to mitigate renewable energy curtailment. The first of these represents a mature, 

traditional energy storage technology using stationary lead-acid batteries to store excess 

renewable energy when necessary and discharge that energy when it is needed. Additionally, two 

types of CTES will be discussed, namely internal-melt ice-on-coil thermal energy storage and ice 

harvester thermal energy storage. Both are mature, commercially available ice based CTES 

systems that have unique characteristics which show potential to offer a low-cost renewable 

energy storage solution. 

2.2.1. Stationary Lead-Acid Battery 

 

There are a wide variety of battery technologies available for energy storage applications. These 

include secondary batteries such as lead-acid, sodium-sulfur (NaS), nickel-cadmium (NiCd) and 

lithium-ion as well as flow batteries like vanadium redox and zinc-bromine (ZnBr)  (Sandia 

National Laboratories, 2001), (Soloveichik, 2011). Secondary batteries are also known as 

rechargeable or storage batteries. They use reversible electrochemical reactions between 

electrically connected cells to charge and discharge the battery (Linden & Reddy, 2002). 

Secondary batteries have environmental and economic benefits over disposable batteries and can 

be used for a variety of energy storage applications (Soloveichik, 2011). 

 

Flow batteries were demonstrated as early as the 1970’s, but are less mature than secondary 

batteries like lead-acid and NiCd (Soloveichik, 2011). They are made using two electrolytes 

dissolved in liquid and stored in separate reservoirs separated by an ion exchange membrane 

(Soloveichik, 2011). Chemical energy is converted to electricity as the dissolved electrolytes are 

pumped through an electrochemical cell stack (Soloveichik, 2011). Flow batteries have the 

ability to decouple energy storage capacity and power such that the energy capacity is 

determined by the size of electrolyte reservoirs and the power is determined by the size of the 

electrochemical cell (Soloveichik, 2011). 

 

The lead-acid battery is perhaps the most mature secondary battery technology and is used in a 

wide variety of applications. They are used as automotive batteries and in a number of stationary 

applications (Linden & Reddy, 2002). Two types of lead-acid batteries exist, the valve-regulated 

lead-acid (VRLA) and flooded lead-acid batteries. Both types of lead-acid batteries are used in 

large-scale energy storage applications including peak shaving, voltage and frequency regulation 

and uninterruptible power supply among others (Soloveichik, 2011) due to their long service life, 

high depth of discharge and low storage losses when stored at proper temperatures (Linden & 

Reddy, 2002).  
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A Sandia National Laboratory report titled Characteristics and Technologies for Long- vs. Short-

Term Energy Storage uses lead-acid batteries as the primary battery candidate for energy storage 

applications (Sandia National Laboratories, 2001). They are typically seen as the standard of 

comparison for other battery technologies used for stationary energy storage because of their 

maturity and successful implementation in industry. Manufacturers for stationary lead-acid 

batteries include Exide technologies, C&D Battery and Storage Battery Systems. 

2.2.1.1. Typical Lead-Acid Battery Characteristics 

 

Lead-acid batteries have a wide range of energy storage capacities, ranging from kWh to MWh, 

and power ratings, kW to MW. The storage capacity for this type of battery ranges from 2,054 

Ah to 4,000 Ah to 1.75 voltage pre-charge (VPC) at an 8-hour rate, 25°C
3
 (GNB Industrial 

Power, 2014). Overall dimensions are 384 mm long, 438 mm wide and 638 mm tall with mass 

ranging from 198 to 263 kg (GNB Industrial Power, 2014). These batteries have a 20 year life 

expectancy. Stationary lead-acid batteries are constructed using thick plates and high paste 

density and are highly flooded with electrolyte for easier maintenance (Linden & Reddy, 2002). 

Positive plate configurations that are commonly used include flat-pasted in the United States and 

Planté and tubular in Europe (Linden & Reddy, 2002). To increase nominal voltage, battery cells 

are arranged in series on insulated battery racks to achieve voltages of 12 V to 160 V or higher 

(Linden & Reddy, 2002). For larger storage capacities, parallel configurations of series of cells 

can be used. 

 

DC power is used to charge stationary lead-acid batteries. A variety of charging schemes can be 

used including constant-current, constant potential, pulse charging and rapid charging among 

others (Linden & Reddy, 2002). Stationary lead-acid batteries can initially be charged with high 

current after a complete discharge (Linden & Reddy, 2002). At this point during the charging 

process, battery voltage can remain low, but as the battery gains more charge, voltage will 

increase for the same charging current which may result in gasification (Linden & Reddy, 2002). 

The main consideration when recharging is to use a charging current that maintains the cell 

voltage below the gassing voltage at all times. Self-discharge rates are relatively low when the 

battery is maintained properly, usually between 1 and 3% per month depending on the plate type 

(Linden & Reddy, 2002). 

 

Maintenance of stationary lead-acid batteries involves keeping the battery at or below design 

temperatures, keeping the battery clean, avoiding complete discharge of the battery, maintaining 

the electrolyte levels and matching charging equipment with the battery requirements (Linden & 

Reddy, 2002). 

 

Large scale stationary lead-acid battery cost estimates are available from a variety of sources. 

Due to the maturity of lead-acid battery technology, costs are fairly stable. Total capital cost 

estimates for a 10 MW lead-acid battery installation, including power conditioning systems and 

all equipment necessary to transfer electricity to the grid, range between $1740 and $2580 per 

kW (Rastler, 2008). This type of installation is illustrated by the 10 MW stationary lead-acid 

battery system installed in Chino, Ca in 1988 described in the next section. 

                                                 
3
 Based on specifications provided by Exide technologies for their GNB Flooded Classic H1T model 
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2.2.1.2. Case Study: Chino, CA 10 MW Stationary Lead-Acid Battery 

 

In 1988 a 10 MW, 40 MWh battery energy storage facility was commissioned in Chino, CA. 

This project was undertaken by Southern California Edison, the Electric Power Research 

Institute and the Lead Zinc Research Organization. The plant uses 8,256, 2-volt lead-acid cells 

arranged in 8 series connected strings for a rated capacity of 50 MWh AC  (EPRI, 1992). 

However, the battery was operated at 80% depth of discharge for an available 40 MWh of energy 

storage to extend the life of the battery. The Exide model GL35 flooded electrolyte cell was used 

for its long life in deep discharge applications. This particular cell is rated at 3,250 Ah to 1.75 

VPC at 5-hour rate. A nominal 2,000 V DC is achieved with the 8 parallel string configurations 

(EPRI, 1992). The recharge regime consists of a constant current, constant voltage, constant 

current process (EPRI, 1992).   

 

During the first year of testing, the battery was operated in two modes known as block loading 

and load following (EPRI, 1992). In block loading mode, the battery was discharged during peak 

hours and charged at night during non-peak hours with base load power. For the load following 

mode, the battery responds dynamically to the load between 10 AM and 6 PM. When operating 

in load following mode, the battery efficiency averaged 80% at 10 MW discharge. The overall 

plant efficiency was calculated between 70 and 72% (EPRI, 1992).  

 

The total facility cost estimate was $18.2 million in 1995 dollars at $1,823 per MW (Sandia 

National Laboratories, 1997). Of the total facility costs, 44% of were attributed to energy 

capacity, 14% were attributed to power conversion systems and 42% for battery housing facility, 

HVAC equipment and battery to grid interface (Sandia National Laboratories, 1997). Notable 

results from this project include the successful demonstration of a large scale multi-string lead-

acid battery facility for load-following applications.  

2.2.1.3. Lead-Acid Battery Environmental Considerations 

 

The material composition of a typical stationary flooded lead-acid battery cell includes the 

materials listed in Table 2-2 (Rydh, 1999). 

 
Table 2-2. Composition of typical flooded lead-acid battery 

Material % by weight 

Lead 52 

Lead Dioxide 21 

Non-Hazardous Ingredients 8 

Electrolyte (sulfuric acid) 19-44 

  

Lead and lead dioxide make up the majority of the material composition for flooded lead-acid 

batteries. Most of the lead production in the western world is directly used for batteries (Rydh, 

1999), though secondary (or recycled) lead use in batteries is high as well. For lead production 

used in lead-acid batteries, stationary batteries account for 15% of the total lead use while 

automotive and traction batteries account for the remaining 85% (Rydh, 1999). Typical 

stationary lead-acid batteries will use between 20 and 60% secondary lead and will have a 
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packed shipping weight per 4,000 Ah (at 8-hour rate cell) of 274 kg corresponding to roughly 35 

kg/kWh (GNB Industrial Power, 2014). 

 

A lifecycle assessment comparing vanadium redox and stationary lead-acid batteries was 

performed by Carl Rydh of the University of Kalmar, Sweden. The assessment considers the 

environmental impacts of operating a 450 kWh, 50 kW battery at an average output of 150 kWh 

every day for 20 years. Impacts from electricity production are neglected since both batteries are 

assumed to receive energy from the same source. Both batteries are assumed to be constructed 

and used in Sweden. Results from this study are presented in Table 2-3. 

 
Table 2-3. Environmental impacts of stationary lead-acid battery 

Global Warming Potential CO2 eq. 1,313,000 kg/MW 

Acidification Potential SO2  4,300 kg/MW 

Smog Potential NOx  4,840 kg/MW 

 

For a lead-acid battery with 50% secondary lead use, CO2 emissions are 1,313 kg/kW where 43% 

of CO2 emissions occur during material extraction, 18% for transportation, 19% for battery 

production and 20% during recycling processes (Rydh, 1999). SO2 emissions are 4.3 kg/kW 

where 38% occur during material extraction, 7% during transportation, 8% for production and 

48% for recycling (Rydh, 1999). NOx emissions are 4.84 kg/kW where 48% occur during 

material extraction, 39% during transportation, 6% during production and 6% during recycling 

(Rydh, 1999). For a 50 kW lead-acid battery, global warming potential is 21,167 and 

acidification potential is 229 (Rydh, 1999).  

 

Job related risks with lead-acid batteries involve exposure to sulfuric acid vapors and lead dust 

which may lead to respiratory problems (Exide Technologies, 2013). Ingestion of sulfuric acid 

can cause severe mouth, throat and stomach irritation while acute lead compound ingestion can 

lead to systemic toxicity (Exide Technologies, 2013). Skin and eye contact with sulfuric acid 

may cause severe burns and irritation (Exide Technologies, 2013). With proper care and 

maintenance according to the safety data sheets and manufacturer instructions, job safety risks 

from exposure to electrolyte and lead can be successfully mitigated.   

2.2.2.  Ice-Based Cool Thermal Energy Storage 

 

Ice-based CTES comes in a variety of forms using different mechanisms for the generation of ice 

(charging) and release of energy as the ice melts (discharging). A brief overview of these storage 

technologies, which includes ice-on-coil, ice harvester, ice slurry and encapsulated ice, follows. 

 

A form of ice-based CTES that is known as ice-on-coil TES, comes in a variety of 

configurations. Common amongst all ice-on-coil systems is the use of a coil, or heat transfer 

surface, where ice forms without detaching throughout the charging and discharging cycle 

(Pacific Northwest National Laboratory, 2000). Both external-melt ice-on-coil systems and 

internal-melt ice-on-coil systems charge in a similar fashion. The coils are placed in a tank and 

surrounded by water. To charge, evaporating refrigerant or secondary coolant is passed through 

the interior of the coil and ice begins to form on the exterior surface of the coils (Pacific 

Northwest National Laboratory, 2000). To discharge, external-melt systems pass warm water 



 16 

over the surface of the ice on the coil and internal-melt systems pass warm secondary coolant 

through the interior of the coil to melt the ice (Pacific Northwest National Laboratory, 2000), 

hence the names external- and internal-melt. An advantage to the external-melt system is their 

avoidance of secondary coolant, but incomplete discharge leads to a decrease in efficiency 

during charging (Pacific Northwest National Laboratory, 2000). Furthermore, fully charging the 

external-melt system makes it difficult to pass water through the tank during discharge due to the 

large accumulation of ice, whereas fully charging an internal-melt system can increase the 

storage density (Pacific Northwest National Laboratory, 2000).  

 

Ice harvester systems form ice on coils, or specially designed ice-making surfaces, that are 

physically separated from the ice storage tank. Generally the coils are located above the ice 

storage tank, which contains a mixture of ice and water (Automatic Ice Systems, Inc. , 2013). As 

water gathers at the bottom of the ice storage tank, it is pumped out of the tank and distributed 

over the surface of the coils to form sheets of ice on the coil surface. When the ice is sufficiently 

thick on the coil, hot refrigerant is pumped through the coils causing the ice to detach and fall 

into the ice storage tank below (Pacific Northwest National Laboratory, 2000). Cool water is 

pumped to the cooling load during discharge and returns to the ice storage tank as warm water 

and the cycle repeats. Ice harvester CTES systems generally have greater equipment costs than 

other ice-based CTES, but the cost for increased energy storage capacity is relatively low. For 

this reason, ice-harvester systems are best for applications that require high energy storage 

capacity and low cooling capacity (Pacific Northwest National Laboratory, 2000). 

 

Ice slurry systems, like ice harvesters, create free ice that is not attached to a surface. As such, 

they do not see the decrease in charging efficiency that ice-on-coil systems do as the ice thickens 

on the coil surface (Pacific Northwest National Laboratory, 2000). Ice slurry systems produce 

small ice particles inside a glycol-water solution. The ice is created by passing a 5-10% glycol 

solution through a shell-and-tube heat exchanger surrounded by evaporating refrigerant (Pacific 

Northwest National Laboratory, 2000). Ice forms in the glycol solution as it cools and slushy 

mixture is transferred to a storage tank. To discharge the system, the slushy mixture is pumped to 

the cooling load, either directly or through a heat exchanger, and the warm solution returns to the 

tank and the charging cycle begins again (Pacific Northwest National Laboratory, 2000). Like 

ice harvester systems, the equipment cost is relatively high, but energy storage capacity can be 

increased relatively cheaply with a larger storage tank. To capitalize on the costs and benefits of 

ice slurry systems, they are best utilized in applications with large energy storage capacities 

(Pacific Northwest National Laboratory, 2000).  

 

Encapsulated ice systems create ice by using a chiller to bring coolant below freezing 

temperature and passing the subfreezing coolant over water contained within small plastic 

capsules (Pacific Northwest National Laboratory, 2000). The capsules are typically balls roughly 

4 inches in diameter (Pacific Northwest National Laboratory, 2000). To discharge the system, 

warm coolant is passed over the capsules to melt the ice contained within and then then 

transferred to the cooling load (Pacific Northwest National Laboratory, 2000). A storage tank is 

used to contain the plastic capsules which makes installation of encapsulated ice systems simple. 

Similarly, eutectic salt systems are available that contain eutectic salt within the capsules instead 

of water (Pacific Northwest National Laboratory, 2000). The salts used for CTES are generally a 

mixture of inorganic salts, water and nucleating/stabilizing agents that freeze at 47° F, so water 
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or coolant used during discharge leaves the tank at a warmer temperature than encapsulated ice 

systems (Pacific Northwest National Laboratory, 2000). The eutectic salt mixture is also more 

expensive than water (Pacific Northwest National Laboratory, 2000) 

2.2.3. Internal-Melt Ice-on-Coil 

2.2.3.1. Typical Internal-Melt Ice-on-Coil Characteristics 

 

Internal-melt ice-on-coil CTES are widely used for building cooling applications and a variety of 

products exist on the market today. One such product, Ice Energy’s Ice Bear system, uses an 

internal-melt ice-on-coil system to generate ice (Ice Energy, 2013). The Ice Bear is a pre-

packaged unit that makes installation simple. It can supply a maximum cooling capacity of 18 

kWt and has an energy capacity of 105 kWth per unit (Ice Energy, 2013). The Ice Bear can be 

installed in buildings with existing 14 to 70 kWt direct expansion (DX) packaged air 

conditioning units, meeting the larger cooling capacities by linking multiple Ice Bear units 

together (Ice Energy, 2013).  

 

According to Ice Energy, the Ice Bear system was specifically designed to be deployed at the 

utility scale as a fleet capable of shifting many MWh of energy at a time (Ice Energy, 2014). The 

on-board CoolData Controller can be used by utilities to aggregate a fleet of Ice Bear units to 

work cohesively (Ice Energy, 2013). This application in particular could be adapted to monitor 

renewable energy generation and charge/discharge the fleet as renewables fluctuate throughout 

the day.  Ice Energy has a track record of success deploying these units and at least one utility, 

Glendale Water & Power, in California has adopted a fleet of Ice Bear units with a cooling 

capacity greater than 2 MWt (Ice Energy, 2014).  

Another such product is the CALMAC Ice Bank, which uses the same internal-melt ice-on-coil 

design, but with much larger energy and cooling capacities that are not limited to configurations 

that include DX air conditioning packages. The Ice Bank Model A has an energy storage 

capacity range of 144-570 kWth and the Model C has an energy storage capacity range of 288-

1709 kWth (CALMAC, 2014). The Ice Bank can be used in a variety of applications including 

office/commercial, retrofits, educational buildings, medical centers and ice rinks.  

 

Internal-melt systems inherently couple the charge rate with energy storage capacity because the 

ice making coils are housed within the ice storage tank. Generally a full charge occurs for 10 

hours over night and complete discharge can occur anywhere from 4 to 8 hours (CALMAC, 

2014). 

 

An internal-melt ice-on-coil system requires an ice storage tank with integrated ice making coils 

and a chiller to cool a glycol mixture that will circulate within the coils and make ice. Installed 

ice storage tank costs for internal-melt systems are about $19,903/MWth as of 2000 (Pacific 

Northwest National Laboratory, 2000). Air-cooled chillers with cooling capacities between 70 

and 700 kWt are large enough to generate ice for internal-melt systems and have an estimated 

cost of $281,170/MWt as of 2011 (R.S. Means Company, 2011).  

 

The range of energy storage capacities and the commercial success of the commercial internal-

melt ice-on-coil products like the Ice Bank and Ice Bear make this particular ice-based CTES an 

ideal candidate for renewable energy balancing purposes.  
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2.2.3.2. Internal-Melt Ice-on-Coil Environmental Considerations 

 

The material composition for an internal-melt system includes materials for the tank shell, 

insulation, heat exchanger coils, coolant and a chiller. Table 2-4 below lists the material 

composition for the main components of a typical internal-melt ice-on-coil system based on 

CALMAC’s model 1190C which has an energy storage capacity of 570 kWth (CALMAC, 2000), 

(CALMAC, 2010). Material composition was derived from product information obtained from 

the manufacturer through email correspondence with Paul Valenta of CALMAC (Valenta, 2014). 

Various life cycle inventory studies were referenced to determine the approximate environmental 

impact of the production of internal-melt ice-on-coil energy storage systems. These studies are 

discussed below and are organized by sub-component as listed in Table 2-4. 

 
Table 2-4. Material composition for internal-melt ice-on-coil energy storage system 

Component Sub-

Component 

Material Material 

Volume 

(m
3
) 

Density 

(kg/m
3
) 

Weight 

(kg) 

Weight 

to 

Energy 

Ratio 

Vapor Compr. 

(VC) Chiller 
See Table 2-5 

6824 

kg/MWt 

Internal Melt 

(IM) Tank
4
 

Shell Polyethylene 0.19 940 176 
309 

kg/MWt 

IM Tank Heat Exch. 

Coils 

Polyethylene 

Tubing 
0.5 940 470

 825 

kg/MWt 

IM Tank 
Glycol 

Solution 

25% 

Glycol/75% 

Water 

0.494 1028 508 
890 

kg/MWt 

IM Tank 
Insulation 

Expanded 

Polystyrene
5
 

0.96 32 31 
54 

kg/MWt 

 

Vapor Compression Chiller. A comparative life cycle assessment between a typical vapor 

compression chiller and a solar-assisted absorption chiller was performed by Bukoski, Gheewala, 

Mui, Smead and Chirarattananon. The study evaluates two chiller systems, the first of which 

includes three 500 ton vapor compression chillers and an additional backup 500 ton vapor 

compression chiller (Bukoski, Gheewala, Mui, Smead, & Chirarattananon, 2014). The alternative 

system is a solar-assisted 159 ton absorption chiller coupled with a chilled water storage tank. 

Based on information provided by CALMAC, absorption chillers are not suitable for ice-making 

because water is typically used as a refrigerant which cannot be used to make ice (CALMAC, 

2014), so their environmental impacts will be neglected. 

 

The life cycle assessment evaluates the cradle-to-grave impact of a vapor compression cooling 

system which includes a pre-use phase, use phase and recycling phase (Bukoski, Gheewala, Mui, 

Smead, & Chirarattananon, 2014). Raw material extraction, processing and unit manufacturing 

are all classified under the pre-use phase, while actual operation of the chiller is classified as the 

                                                 
4
 Based on CALMAC’s Ice Bank Model C with shell thickness of 0.01m  

5
 Outer diameter of 2.4m and thickness of 0.05m  
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use phase. All pre-use phase operations are assumed to occur in China, while recycling is 

assumed to occur in Thailand. The recycling phase includes recycling of all metals, re-use of 

refrigerant, disposal of hazardous wastes and effects of landfill use for un-reclaimable materials 

(Bukoski, Gheewala, Mui, Smead, & Chirarattananon, 2014). Transportation of materials and 

products between phases is included in the analysis as well. Only pre-use phase and recycling 

will be discussed because environmental impacts during the use phase are highly dependent on 

the local energy generation mix. Additionally, emissions from the use phase would be negligible 

for an ice storage system that only uses renewable energy to charge. Table 2-5 below shows the 

material composition for the vapor compression chiller system evaluated in the life cycle 

assessment (Bukoski, Gheewala, Mui, Smead, & Chirarattananon, 2014).  

  
Table 2-5. Vapor Compression Chiller Composition by Weight  

Material Percent Mass Contribution (%) 

Carbon Steel 42.9 

Cast Aluminum 1.9 

Cast Iron 20.9 

Copper 27.6 

Stainless Steel 1.9 

HCFC-123 Refrigerant 4.5 

 

To estimate energetic inputs for the manufacturing process, the authors used EcoInvent energy 

input database to determine the inputs for production of a 100 kWt absorption chiller. Then they 

assumed that the manufacturing processes between an absorption chiller and vapor compression 

chiller of the equal cooling capacities are the same (Bukoski, Gheewala, Mui, Smead, & 

Chirarattananon, 2014).  

 

Environmental impacts are measured with global warming potential (GWP) in kg CO2 

equivalent, acidification potential in kg SO2 equivalent, eutrophication in kg PO4 equivalent and 

abiotic resource depletion potential in kg Sb equivalent. To remain consistent with 

environmental considerations discussed in the Literature Survey for lead-acid batteries and ice 

harvesters, only global warming potential and acidification will be presented here. Pre-use, end 

of life and transportation environmental impact results, for the functional unit of four 500 ton 

chillers, are a global warming potential of 234,121 kg CO2 equivalent and an acidification 

potential of 4,114 kg SO2 equivalent (Bukoski, Gheewala, Mui, Smead, & Chirarattananon, 

2014).  

 

Polyethylene Shell. Environmental impacts for high density polyethylene (HDPE) shell were 

determined from a report produced by Plastics Europe in 2008 (Plastics Europe, 2008).  

 

The Plastics Europe report on HDPE cradle-to-gate environmental performance gathered input 

information from Plastic Europe’s member companies for the production of hydrocarbon 

material (Plastics Europe, 2008). Fuel, energy and hydrocarbon resource inputs for production of 

HDPE were derived from International Energy Agency reports (Plastics Europe, 2008). 

Ancillary operations and transportation figures were derived from manufacturers and LCI 

databases (Plastics Europe, 2008).  
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The functional unit used was 1 kg of HDPE. Output parameters considered include global 

warming potential, ozone depletion potential, acidification potential, particulate matter and 

waste. Global warming potential and acidification potential will be presented to remain 

consistent with environmental impacts discussed for the alternative energy storage systems. To 

produce 1 kg of HDPE, the global warming potential is 1.96 kg of CO2 equivalent and the 

acidification potential is 6.39 g of SO2 equivalent (Plastics Europe, 2008).  

 

Polyethylene Tubing for Heat Exchanger Coils. The life cycle inventory (LCI) performed by 

Franklin Associates for the production of plastic and metal pipes for piping applications includes 

the environmental assessment of ¾” pressurized hot and cold water distribution pipe made with 

cross-linked polyethylene (Franklin Associates, 2008). The functional unit is 1000 feet of pipe. 

The scope of the LCI includes raw material extraction, pipe fabrication and transportation to the 

consumer, in other words it is a cradle-to-gate assessment (Franklin Associates, 2008). The 

density of polyethylene pipe evaluated in this LCI is 112 lb/1000 ft.  

 

The environmental impacts provided by the study include air-borne emissions, water-borne 

emissions and waste (Franklin Associates, 2008). To remain consistent with environmental 

impacts considered for the lead-acid battery and ice harvester energy storage systems, 

greenhouse gas emissions in CO2 equivalent, SOx emissions and NOx emissions will be listed. 

However, due to the limitations of this particular LCI, neither acidification potential, in SO2 

equivalent, nor smog potential, in NOx equivalent, is provided so SOx emissions will not be 

considered for environmental evaluation since SO2 emissions cannot be discerned from the data. 

Smog potential, in NOx equivalent, from polyethylene pipes will be assumed to be equal to NO2 

emissions provided in this particular LCI. 

 

To produce 1000 feet of ¾” polyethylene pipe, greenhouse gas emissions of 444 lbs (202 kg) 

CO2 equivalent, SOx emissions of 3.86 lbs (1.76 kg) and NOx emissions of 0.95 lbs (0.43 kg) 

occur (Franklin Associates, 2008).  

 

Glycol Solution. The case study on environmental impacts of glycol-based antifreeze solutions 

collects lifecycle inventory data for a cradle-to-gate analysis from antifreeze literature, reference 

texts, interview with chemical industry experts, chemical industry databases published by 

Stanford Research Institute and an LCA published by Franklin Associates in 1994 (Greene, 

1996).  

 

The functional unit in this case study is 1000 gallons of glycol solution at a dilution ratio of 50% 

water, 50% for ethylene glycol
6
 (Greene, 1996). To produce and transport 1000 gallons of 

ethylene glycol, 11,499 lbs (5227 kg) of CO2 is emitted, 71.3 lbs (32.4 kg) of SOx is emitted and 

41.2 lbs (18.7 kg) of NOx is emitted  (Greene, 1996). Global warming potential, in CO2 

equivalent, and smog potential, in NOx equivalent, are not provided under the scope of the case 

study, so global warming potential and smog potential will be assumed to be equal to the amount 

of CO2 and NOx emitted.  

 

                                                 
6
 For reference, CALMAC’s Ice Bank heat exchanger coils use a 25% glycol solution (CALMAC, 2010) and 

environmental impacts have been adjusted to reflect a 25% glycol solution. 
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Expanded Polystyrene Insulation. The life cycle assessment of the production of expanded 

polystyrene evaluates environmental impacts for expanded polystyrene packaging to transport 

fish in Europe (PwC Ecobilan, 2011). Data sources include product specifications from expanded 

polystyrene manufacturers and manufacturing data that was collected specifically for this 

assessment through a survey distributed to expanded polystyrene manufacturers (PwC Ecobilan, 

2011). Fuel sources are based on the European fuel mix as of 2008.  

 

The scope of this life cycle assessment includes raw material extraction, production of expanded 

polystyrene packaging and transportation of materials and finished product, transportation of 

packaging with fish and end-of-life (PwC Ecobilan, 2011). For the French market, 1000 

expanded polystyrene containers (96 g each) are evaluated as the functional unit. This 

corresponds to a functional unit of 96 kg of expanded polystyrene. 

To produce 96 kg of expanded polystyrene in the French market, global warming potential of 

767 kg of CO2 equivalent is produced and acidification potential of 1630 g of SO2 equivalent is 

produced (PwC Ecobilan, 2011). 

 

Table 2-6 below shows the results for the environmental impact (expressed per unit of thermal 

storage capacity, MWth or per unit of cooling rate MWt obtained by combining the material 

composition in Table 2-4 with the results from the previously discussed environmental studies. 

 
Table 2-6. Environmental impacts of internal-melt ice-on-coil energy storage system 

Material Global Warming 

Potential CO2 eq. 

Acidification 

Potential SO2  

Smog Potential 

NOx  

High Density 

Polyethylene Shell 
605 kg/MWth 1.97 kg/MWth Not Available 

Polyethylene Pipe 4957 kg/MWth Not Available 10.6 kg/MWth 

25% Glycol Solution 720 kg/MWth Not Available 2.58 kg/MWth 

Expanded Polystyrene 430 kg/MWth 0.915 kg/MWth Not Available 

VC Chiller 17,223 kg/MWt 294 kg/MWt Not Available 

2.2.4.  Ice Harvester 

The ice harvester CTES was selected as an alternative to the internal-melt ice-on-coil CTES. 

Unlike ice-on-coil systems, ice harvesters inherently decouple the cooling and energy storage 

capacity due to the separation of ice generator and ice storage tank (Mueller, 2001). Ice harvester 

systems typically have a higher equipment cost, but can be cost-effective in high energy capacity 

applications since increasing energy capacity only involves upgrading to a larger ice storage tank 

(Pacific Northwest National Laboratory, 2000). Commercial products like Mueller’s Avalanche 

Ice Harvester are available on the market and have been implemented in a variety of applications 

(Mueller, 2001) 

2.2.4.1. Typical Ice Harvester Characteristics 

 

The capacity range for a typical ice harvester unit is 10 – 150 kWt based on Mueller’s Avalanche 

system, but multiple units can be linked together to achieve greater cooling capacities (Mueller, 

2001). An ice storage tank is installed to collect the ice, but its size is independent of the cooling 

rate of the ice harvester itself.  
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Ice harvesters have a broader range of applications than internal-melt ice-on-coil systems due to 

their large cooling rate and energy storage capacities (Pacific Northwest National Laboratory, 

2000). Typical applications include large building cooling applications, such as hospitals or large 

office buildings, but they can be implemented at manufacturing or cogeneration plants to satisfy 

large cooling needs (Mueller, 2001). 

 

Ice harvester units ranging from 700 kWt to 3,500 kWt have an estimated installed cost of 

$195,000 + $281/kWt as of 2000 (Pacific Northwest National Laboratory, 2000). An additional 

cost is included for the ice harvester tank as well (Pacific Northwest National Laboratory, 2000). 

2.2.4.2. Ice Harvester Environmental Considerations 

 

The material composition for an ice harvester system includes materials for the tank shell, 

insulation and dynamic ice generator. Table 2-7 below lists the material composition required for 

a typical ice harvester based on a 160 MWth system evaluated in a case study at Rohm and Haas, 

Spring House research facility in Pennsylvania (Dinçer & Rosen, 2011). Due to difficulty in 

obtaining material composition for a typical ice harvester ice generator, which includes a chiller 

and evaporator plates, the same material composition and lifecycle inventory data for the vapor 

compression chiller that was discussed for the internal-melt system will be used. 

 
Table 2-7. Material composition for ice harvester energy storage system 

Component Sub-

Component 

Material Vol. 

(m
3
) 

Density 

(kg/m
3
) 

Weight 

(kg) 

Weight to 

Energy 

Ratio  

Ice Harvester 

Tank 
Tank Concrete 845 2320 1.96x10

6 12,253 

kg/MWth 

Ice Harvester 

Tank 
Insulation 

Polyisocyanurate 

Foam 
85 40 3400 

21.3 

kg/MWth 

Vapor Compr.  

(VC) Chiller
7
 

See Table 2-5
 6,824 

kg/MWt 

 

Concrete Tank. An environmental LCI of Portland cement concrete developed for Portland 

Cement Association by Nisbet, Marceau and VanGeem (Nisbet, Mareau, & VanGeem, 2002) is 

referenced to determine the environmental impacts of the production of concrete ice storage 

tanks. The functional unit for this evaluation is 1 cubic meter of ready mix concrete, which 

makes 136 concrete masonry units of 0.016 m
3
 (0.2 m x 0.2 m x 0.4 m), (Nisbet, Mareau, & 

VanGeem, 2002). 

 

The scope of this inventory includes inputs and outputs for producing concrete from raw material 

extraction to concrete production, which consists of cement manufacture and concrete 

manufacture. Information sources include a previous lifecycle inventory by Portland Cement 

Association in 1996 which was updated in 2002, published reports, emission factors and 

                                                 
7
 Based on 1760 kW air-cooled compressor. Trane model RTAC500. http://www.portableac.com/wp-

content/uploads/PA-ACCTR-500-SPEC-SHEET.pdf 
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information from members of the Environment Council of Concrete Organizations (Nisbet, 

Mareau, & VanGeem, 2002).  

 

Emissions to air for one functional unit of ready mix concrete with a 28 day compressive 

strength of 35 MPa include 329 kg of CO2 equivalent, 0.765 kg of SO2 equivalent and 1.004 kg 

of NOx equivalent (Nisbet, Mareau, & VanGeem, 2002).  

 

Polyisocyanurate Insulation. A life cycle assessment of polyisocyanurate insulation was prepared 

for Polyisocyanurate Insulation Manufacturers Association (PIMA) by Pavlovich, Phelan and 

Jewell in 2011 (Pavlovich, Phelan, & Jewell, 2011). The assessment evaluates six life cycle 

stages including raw material extraction, transportation of materials, polyisocyanurate 

manufacturing, installation and removal and end of life. For consistency among environmental 

impacts considered, installation and removal will not be considered. The functional unit for this 

study is 1 ft
2
 of polyisocyanurate insulation with a 2.5” overall thickness. 

 

Data sources include primary data from polyisocyanurate manufacturing plants in the U.S. and 

Canada and secondary data from lifecycle databases and literature (Pavlovich, Phelan, & Jewell, 

2011). Impact categories include global warming potential, in kg CO2 equivalent, eutrophication 

potential, in kg N equivalent, acidification potential, in moles H+ equivalent, smog potential, in 

NOx equivalent, and ozone depletion potential, in kg R11 equivalent. To remain consistent with 

information available for the sub-components of the other energy storage systems considered, 

only global warming potential and smog potential will be presented here. 

 

For 1 ft
2
 of polyisocyanurate insulation with an R-value of 20.4, global warming potential and 

smog potential from raw materials, transport of raw materials, manufacturing and disposal are 

0.98 kg CO2 equivalent and 0.0084 g NOx equivalent (Pavlovich, Phelan, & Jewell, 2011). 

 

The vapor compression chiller life cycle inventory data used for the internal-melt energy storage 

system will be used to represent the ice harvester ice generator environmental impact due to the 

difficulty in obtaining information on specific design and construction for ice harvester dynamic 

ice generators.  

 

Table 2-8 below shows the results for the environmental impact (expressed per unit of thermal 

storage capacity, MWth or per unit of cooling rate, MWt) obtained by combining the material 

composition in Table 2-7 with the results from the previously discussed environmental studies. 

 
Table 2-8. Environmental impacts of ice harvester energy storage system 

Material CO2 emissions   SO2 emissions  NOx emissions  

Concrete Tank 798 kg/MWth 1.86 kg/MWth 2.53 kg/MWth 

Polyisocyanurate 

Insulation 88.3 kg/MWth Not Available 

7.54x10
-4 

kg/MWth 

VC Chiller 17,222 kg/MWt 294 kg/MWt Not Available 
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2.3.Relationship of Current Research to Literature 

 

Energy storage systems, which include batteries, flywheels, supercapacitors, CAES and pumped 

hydro, have been evaluated in a number of studies on an economic basis for real-time, short-

term, long-term and very long-term applications (IEA, 2005), (PNNL, 2012), (Sandia National 

Laboratories, 2001). This research will build upon the current state of the literature, as 

summarized in the preceding sections, by extending viable renewable energy balancing energy 

storage systems to include internal-melt ice-on-coil and ice harvester CTES. The CTES systems 

will be evaluated against traditional stationary lead-acid batteries to determine the relative 

performance of CTES against a standard energy storage system. This research is intended to 

determine the economic value, for an electric utility, of CTES used specifically for renewable 

energy balancing and the corresponding environmental considerations of CTES. Furthermore, 

this research will seek to understand the value of energy storage for renewable energy balancing 

in utility regions with contrasting renewable energy source characteristics, namely a utility 

region that is largely invested in wind energy and a utility region that is largely invested in solar 

energy.  
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Chapter 3 
 

Analytical Methods 
 

This chapter will provide an overview of the analysis followed by a detailed discussion of the 

two utility regions for which storage technologies are evaluated. The energy use profiles, 

renewable energy resources, and building cooling load profiles are described for each region. 

Next, the detailed characteristics of lead-acid batteries, internal-melt ice-on-coil thermal energy 

storage systems and ice harvester thermal energy storage systems are outlined. Finally, the 

approach for establishing an optimal mix of storage technologies for renewable energy balancing 

is presented.  

3.1. Overview of Analysis 

 

This section will provide a brief overview of the utility regions and energy storage technologies 

selected for evaluation and a general description of the problem that is being solved.  

 

Two utility regions will be evaluated to determine the value of ice thermal energy storage in 

utility regions with different renewable energy characteristics. Specifically, it is relevant to 

determine the value of ice thermal energy storage in a region with a large solar power capacity 

and another region with a large wind power capacity because solar power and wind power are 

available on different schedules. While solar power is generally available during the day and not 

at night, wind power fluctuates wildly in comparison and may be available at any time 

throughout the day or night. As a result, a solar rich region may require a smaller energy storage 

capacity to balance renewable energy while a wind rich region may require significant energy 

storage capacity. For this reason, both a solar-rich utility region and a wind-rich utility region 

will be evaluated to determine the effect of a region’s renewable energy mix on the value of 

energy storage.  

 

Large stationary batteries are the conventional energy storage technology for renewable energy 

balancing. Due to the maturity of lead-acid batteries, they are generally used as the standard of 

comparison when examining the value of emerging battery technologies and other energy storage 

technologies. Thus, the value of ice thermal energy storage will be measured against 

conventional energy storage using stationary lead-acid batteries. 

 

Ice thermal energy storage is a unique energy storage technology because its usefulness depends 

on the coordination between the energy storage system, buildings and their cooling loads. 

Assessing the value of ice thermal energy storage requires assumptions to be made about 

building populations and climates that are representative of the utility regions selected for 

analysis. A representative climate and an estimated building population suitable for use with ice 

thermal energy storage have been assumed for each utility region to emulate conditions that will 

affect the performance of ice thermal energy storage. 
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3.1.1. Utility Regions 

 

Two utility regions were selected to evaluate the financial impact from a utility perspective of 

implementing energy storage technologies for renewable energy balancing. In order to be a 

viable candidate for implementing energy storage for REB, both regions should have a high 

penetration of renewable energy sources. 

 

California and Texas represent the states with the largest solar energy and wind energy 

production, respectively. Electricity in California is provided by the California Independent 

System Operator (CAISO).  During May 2014, California produced 1,028 GWh of solar energy, 

or nearly 55% of the entire United States solar energy production, and an additional 1,812 GWh 

of wind energy (EIA, 2014). The state of Texas largely operates independently of the western 

and eastern interconnections under the Electric Reliability Council of Texas (ERCOT). During 

May 2014, Texas produced 3,353 GWh of wind energy, or nearly 22% of the entire United 

States wind energy production, and an additional 29 GWh of solar energy (EIA, 2014).  

 

The CAISO region and the ERCOT region were selected as the utility regions to be evaluated in 

this study to include both a solar-rich and wind-rich utility region. Solar power profiles 

inherently match electricity use profiles well due to the nature of electricity usage which peaks 

during mid-day coincident with peak solar irradiation. Wind power is naturally sporadic and may 

occur at any time throughout the day, so it is more difficult to match wind availability with 

electricity usage. The effect that a region’s renewable energy portfolio will have on the value of 

ice thermal energy storage is unclear so a solar-rich region in CAISO and a wind-rich region in 

ERCOT will both be assessed to determine the value of ice thermal energy storage in utility 

regions with contrasting renewable energy portfolios. 

 

To simulate regional building cooling power and renewable power generation, climates were 

selected from both the CAISO and ERCOT region that best represent the average climate. One 

representative climate was selected for the ERCOT region, but two climates were selected to 

represent the CAISO region. Both California and Texas span more than 8° latitude from southern 

border to northern border, but northern California may not have as significant a cooling season as 

southern California and Texas. To best represent the climate of California, which will in turn 

affect the simulation of regional cooling power and solar power production, a representative 

climate from both northern and southern California was used. 

3.1.2. Energy Storage Technologies 

 

As discussed in the Literature Survey, a large variety of energy storage technologies exist that 

are suitable for REB applications. In particular, renewable energy balancing strategies require 

energy storage candidates to have large energy storage capacities with the capability to store 

energy for hours or days at a time. All technologies selected should be mature, commercially 

available and have a history of successful implementation in large scale energy storage. One 

battery technology and two CTES technologies were selected.  

 

Batteries were chosen over other energy storage technologies including flywheels, super 

capacitors, pumped hydro and compressed air energy storage due to their flexibility in sizing, 
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charging, design and location. Lead-acid batteries have been proven to work in a variety of 

energy storage applications such as Chino, CA’s 10 MW stationary lead-acid battery power plant 

(Linden & Reddy, 2002). They are feasible for very short to very long duration energy storage 

applications and have the capability to be successfully deployed for REB (Sandia National 

Laboratories, 2001). 

 

The internal-melt ice-on-coil energy storage system was selected as one of the CTES system 

alternatives. The range of energy storage capacities and the commercial success of the 

commercial internal-melt ice-on-coil products like the Ice Bank and Ice Bear make this particular 

ESS an ideal candidate for REB purposes (Ice Energy, 2014), (CALMAC, 2014).  

 

The ice harvester was selected as the other CTES system alternative because ice harvesters can 

be cost-effective in high energy capacity applications. Commercial products like Mueller’s 

Avalanche Ice Harvester are available on the market and have been implemented in a variety of 

applications (Mueller, 2001).  

3.1.3. General Description of the Problem 

 

As discussed in detail in the preceding sections, energy storage may be an economically 

attractive means for improving the utilization of renewable energy sources such as solar and 

wind. Additionally, ice based CTES may be a viable alternative to batteries for balancing the 

demand of electricity with the supply of intermittent renewable energy sources.  

  

Specifically, CTES can be an effective energy storage solution to help accommodate intermittent 

renewable energy supply when energy must be stored for periods of 1 to 12 hours8.  In this way, 

ice based CTES can help with applications of peak shaving, load shifting and load leveling. 

When electricity demand is low and renewable generation is high (typically at night in areas with 

high wind production), CTES can be charged with the abundance of renewable energy and can 

store that energy for use the next day (ASHRAE, 2012). Over the course of the next day, the ice 

from the CTES unit can replace or supplement the air conditioning system’s chiller. Similarly, at 

any time throughout the day when periods of relatively high renewable generation compared to 

electricity demand are present, the CTES can charge and then discharge when electricity demand 

increases.  

 

The economic viability of renewable energy storage in general, and the use of cool thermal 

energy storage in particular, is evaluated by developing a life cycle cost analysis of an energy 

storage system comprised of a mix of batteries and CTES equipment. In this analysis, the initial 

cost corresponds to the incremental cost of energy storage relative to the cost of traditional 

generating capacity to meet peak demand. Annual cost savings correspond to the decreased 

operating costs associated with improved utilization of existing renewable sources. The analysis 

is formulated as an optimization problem where the objective is to maximize the present value of 

an energy storage system by choosing an optimal combination of storage systems. 

 

                                                 
8
 The lower limit here is based on the hourly electricity market and the maximum is based on typical storage times 

of ice based CTES.  
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3.2. Utility Region Characteristics 

The economic performance of the energy storage system depends on the hourly power demand 

profile, the hourly availability of renewable power, and, in the case of ice storage, the hourly 

cooling power that can be displaced by the ice storage system. This section will provide further 

detail on the characteristics of the power demand, renewable power availability, and building 

cooling power characteristics of the CAISO and ERCOT utility regions. Additionally, base load, 

intermediate and peak power plant generation characteristics will be discussed. 

3.2.1. Energy Use Profile 

 

Under authorization by the Federal Power Act, FERC collects annual electric balancing authority 

data through FERC form 714. Actual hourly electricity use is reported for the entire year and can 

be accessed publicly. Data from 2012 is used since this is the most recent year for which hourly 

electricity demand data is available. Hourly electricity data was extracted from FERC form 714 

for both the ERCOT and CAISO regions. Figure 3-1 and Figure 3-2 below depict the annual 

hourly energy use profile for CAISO and ERCOT, respectively
9
.  

 

For the CAISO region, the hourly energy use for much of the year fluctuates about a mean of 

roughly 25 GWh with maximum values approaching 30 GWh and minimum values near 20 

GWh. During the summer months, the mean hourly energy use increases as does the peak which 

approaches 47 GWh toward the end of July. Annual base load hourly energy use is roughly 18 

GWh. 

 

 
Figure 3-1.CAISO 2012 annual energy use profile (annual energy use = 235,601 GWh) 

 

                                                 
9
 Note that in the energy use and renewable energy availability figures presented in this document, the values 

represent the amount of energy used or produced (in MWh) during the course of the hour and not the instantaneous 

power demand or renewable power production (in MW). The amount of energy used (or produced) during the hour 

will be denoted as the “hourly energy use” (or “hourly energy production”). The hourly values correspond to the 

average power demand (or power generation) over the course of the hour and will be less than the true peak values.  
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Figure 3-2. ERCOT 2012 annual energy use profile (annual energy use = 326,307 GWh) 

 

The ERCOT region uses much more energy throughout the year than the CAISO region, 

particularly during the summer season. This can be partially attributed to the warmer climate of 

Texas which creates large building cooling loads throughout the region. As shown in Figure 3-2, 

the peak hourly energy use occurs near June and reaches approximately 67 GWh. Base load 

hourly energy use is roughly 22 GWh, occurring in the winter. In addition to larger peak values, 

the ERCOT region exhibits much larger energy use fluctuations during the course of a day than 

does the CAISO region.  

3.2.2. Electricity Generation 

 

This section will provide an overview of the analysis used to construct an hourly renewable 

energy generation model for CAISO and ERCOT. Additionally, this section will discuss the 

characteristics of base load, intermediate and peak power generation. 

3.2.2.1. Renewable Energy  

 

Renewable Capacity. The total CAISO nameplate solar capacity of 2,559 MW in 2012 was 

derived from the Interstate Renewable Energy Council Solar Market Trends 2013 report 

(Sherwood, 2014). As described below, the hourly energy production from this installed solar 

capacity was estimated by considering both a northern California and a southern California 

climate. Thus, the installed solar capacity had to be divided between the two climates. As an 

approximation, the installed capacity was assigned to the two regions in direct proportion to the 

populations of northern and southern California. Based on 2010 U.S. Census data, the population 

of northern and southern California are 14.57 million and 22.68 million, respectively. Based on 

the population fraction, northern California was assigned 1,001 MW (39%) of the solar 

generating capacity and southern California was assigned the remaining 1,558 MW (61%) of the 

solar generating capacity. The installed nameplate wind capacity for the entire CAISO region 

was determined to be 5,506 MW as of 2012 (EIA, 2012)
10

. 

                                                 
10

 While hourly solar energy production was determined by simulation and required the division of solar capacity 

between northern and southern California, hourly wind energy production was extracted from data provided by 
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ERCOT’s solar energy nameplate capacity of 75 MW was derived from the EIA Electric Power 

Annual report with data for 2012 (EIA, 2012). Wind nameplate capacity was determined to be 

10,056 MW from the ERCOT Capacity, Demand and Reserves Report (ERCOT, 2011).  

 

Hourly Renewable Generation. Hourly solar energy generation was simulated using NREL’s 

PVWatts application (NREL, 2014). PVWatts is a web application developed by NREL to 

estimate electricity production from grid-connected ground or roof mounted photovoltaic (PV) 

solar arrays. The application accepts a geographic location, which it uses to find local TMY data, 

and a description of the PV system to estimate hourly solar energy production
11

. The 

characteristics assumed for each utility region are indicated in Table 3-1. The simulation was 

based on a 1 MW array and the results were then scaled to the actual installed capacity. For 

wind, hourly estimates of energy production were based on historical data that were then scaled 

to the present value of installed wind capacity identified in the preceding section. CAISO 

releases actual hourly wind energy production in the form of a daily renewables watch, through 

their website
12

. A report of actual hourly wind production for 2012 was released by CAISO 

(CAISO, 2014) and wind data was extracted from the actual market data of this report. Hourly 

wind energy generation was obtained directly from ERCOT for 2012. 

 

Figure 3-3 and Figure 3-4 show the annual renewable energy (sum of solar and wind) available 

in CAISO and ERCOT, respectively. As noted, these figures are based on simulated solar 

profiles and historical wind profiles and are scaled based on the present installed renewable 

capacity for each region.  

 

In Figure 3-3, two trends are apparent: renewables are most available during the summer and 

fluctuate regularly on a daily basis. Both of these trends are due to the large portion of solar PV 

in the CAISO region’s renewable energy mix. As a result, renewable energy is greatest during 

daylight hours and during the summer months when solar irradiation is at its peak. Hourly 

available renewable energy generally oscillates between 0 MWh and 3,000 MWh for much of 

the year, but during the summer months a peak of nearly 4,000 MWh is reached with daily 

summer minimums (attributable to wind) approaching 500 MWh. 

 

 

 

 

 

 

 

 

 

 

                                                                                                                                                             
CAISO. Thus, there is no need to divide the installed wind capacity between northern and southern California.  solar 

capacity for both northern and southern California, wind power generation was extracted from data provided by 

CAISO, so there is no need to determine the individual installed wind capacities of northern and southern California 
11

 More information regarding PVWatts can be found at the following web address: 

http://pvwatts.nrel.gov/index.php 
12

 CAISO daily renewables watch can be accessed at the following web address: 

http://www.caiso.com/green/renewableswatch.html 
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Table 3-1. PV array simulation parameters 

Factor Effect (NREL, 2014) 

 

Value 

PV module nameplate 

derate factor 

Accounts for the accuracy in the nameplate rating 

provided by the manufacturer compared to capacity 

as demonstrated in the field 

0.95 

Default 

Inverter and 

transformer efficiency 

Accounts for the combined efficiency from the 

inverter and transformer to convert DC power to AC 

power 

0.95 

Assume 

Mismatch derate 

factor 

Accounts for the efficiency from PV modules with 

mismatched current-voltage characteristics that arise 

due to manufacturing tolerances 

0.98 

Default 

Diodes and 

connections derate 

factor 

Accounts for losses that from voltage drops across 

the diodes used to block reverse current flow and 

from resistive losses in electrical connections 

0.995 

Default 

DC wiring derate 

factor 

Accounts for resistive losses in the wiring between 

PV modules and between the PV array and inverter 

0.98 

Default 

AC wiring derate 

factor 

Accounts for resistive losses in the wiring between 

inverter and connection to the electrical grid or local 

utility 

0.99 

Default 

Soiling derate factor Accounts for accumulation of dirt, snow and debris 

on the surface of the PV module which prevents full 

absorption of solar radiation by the PV module 

0.95 

Default 

System availability 

derate factor 

Accounts for system down time because of 

maintenance, inverter outage or utility outage 

0.98 

Default 

Age derate factor Accounts for the performance losses due to aging of 

the PV module. Typically performance loss is 1% a 

year 

1.00 

Assumed 

Shading Accounts for fraction of array that is shaded 0 

Assumed 

Tracking 

characteristics 

Array assumed to be stationary, south facing and installed with a 

tilt angle equal to the local latitude 

Local geography and 

climate 

Geography and climate based on: 

    CAISO - Northern California: San Jose (37.3° latitude) 

    CAISO - Southern California: Long Beach ( 33.8° latitude) 

     ERCOT – Austin, TX (30.3° latitude) 
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Figure 3-3. Simulated hourly renewable energy for CAISO based on present renewable capacity (annual 

renewable energy generation = 14,522 GWh) 

 

Figure 3-4 shows a seemingly random supply of renewable energy, compared to the renewable 

energy production in the CAISO region. On any given day during the year, available renewable 

energy fluctuates between roughly 0 MWh and 7,000 MWh, with no noticeable increase during 

any period. However, with peak renewable energy nearing 8,000 MWh, the ERCOT region has 

significantly more renewable energy at its disposal than does the CAISO region. 

 

 
Figure 3-4. Simulated hourly renewable energy for ERCOT based on present renewable capacity (annual 

renewable energy generation = 29,861 GWh) 

 

3.2.2.2. Conventional Power Generation 

 

Base Load Power. Base load power is defined as the amount of power required to meet minimum 

demand. Base load power must always be provided and is produced by coal-fired, nuclear and 

hydropower plants that have very low operating costs. Generally (hydropower is the exception) 

these plants respond slowly to load changes and take a long time to start and stop. As such, base 

load power is always being generated at a constant rate. 
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Base load power is an important consideration when renewable energy curtailment occurs. When 

power demand is at a minimum and renewable power is available, either base load generation 

must be ramped down temporarily to accommodate renewables production or renewables must 

be curtailed and clean energy wasted. Generally the latter case is chosen because base load 

power plants suffer efficiency and maintenance issues when having to ramp up and down often.  

 

Intermediate and Peak Power. When the power demand exceeds base load capacity, intermediate 

and peaking power plants are dispatched. Typically intermediate power plants are coal-fired, 

natural gas-fired or diesel and capable of relatively high ramp rates to meet the fluctuating 

energy demand throughout the day. As a trade-off for ramping capabilities, intermediate power 

plants have higher operating costs which translates to increased electricity costs.  

 

In situations when power demand is very high across the, grid peaking power plants are 

dispatched. Peaking power plants are capable of extremely high ramp rates, but are the most 

costly power plants to operate. Generally peaking conditions occur in the summer during the 

workday when building cooling loads are high, so peaking power plants operate for only a few 

hundred hours a year.  

 

Dispatch Model. Utilities have a large number of generating resources available to meet the 

demand for electricity. The sequence in which these resources are employed to meet demand has 

a strong influence on the cost of electricity, the extent of renewable curtailment, and the 

economic viability of energy storage systems. In this research, a specific sequence of operation 

or dispatch model is assumed. In this model, base load power remains a constant throughout the 

year. When demand exceeds base load, renewables are dispatched first to meet the power 

demand. Once demand exceeds the capacity of the base load and renewable generators, 

intermediate power plants are dispatched
13

.  

 

Generally this mix will be sufficient to satisfy the demand throughout the year, but when more 

power is required peaking power plants will generate the remaining power. 

 

Peaking power plants operate around 600 hours a year, based on typical operating procedures 

(Energy.ca.gov, 2009). The 600
th

 largest load in ERCOT is 54,218 MW or roughly 81% of the 

annual peak while the 600
th

 largest load in CAISO is 35,417 MW or roughly 76% of the annual 

peak load. In this research, peaking plants are assumed to be dispatched when demand is 80% or 

more of the annual peak load.  

 

Figure 3-5 and Figure 3-6 below show the dispatch of generating resources to meet the power 

demand in the CAISO region and the ERCOT region with no energy storage based on the 

simulated energy use and renewable energy profiles and the assumed dispatch model. The red 

region in both figures shows the dispatch of peaking power. The annual peak power in 2012 for 

the ERCOT region is 66,746 MW and 46,675 MW for the CAISO region. 

                                                 
13

 In discussing dispatch, it is more appropriate to talk about demand (power) in MW instead of hourly energy use in 

MWh as in the preceding discussions. Here, values for hourly energy (MWh) are used as an approximation for 

instantaneous power (MW) recognizing that the hourly energy corresponds to the average of power over the hour 

and will underestimate the peak value during the hour. 
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In CAISO, peaking power is only dispatched during late summer when the power demand is over 

37,340 MW, but in ERCOT peaking power is dispatched regularly throughout the summer 

whenever power demand is greater than 53,400 MW.  

 

The dark blue region in both figures shows the dispatch of intermediate power which is required 

throughout the year to meet the power demand. Renewable power is shown in purple and it is 

clear that renewable power in the ERCOT region contributes significantly more power towards 

the hourly power demand than renewables in the CAISO region. The teal region shows the base 

load power which is generated at a constant rate for the duration of the year. For the ERCOT 

region, the base load power for 2012 was 22,548 MW based on the minimum energy use from 

FERC form 714 data. In the CAISO region, the base load power for 2012 was 18,481 MW. 

 

In CAISO, base load power generates enough power to meet nearly 40% of the annual peak load 

while in ERCOT base load power only contributes about 34% of the annual peak load. This is 

possible because the CAISO region has a relatively stable power demand compared to the 

ERCOT region where power demand fluctuates dramatically throughout the year with a large 

peak power period in the summer. In CAISO’s case this has positive financial impacts since 

more cost-effective base load power can be used to meet power demand and less intermediate 

and peaking power are required.  

 

 
Figure 3-5. Simulated power dispatch in CAISO with present renewables 
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Figure 3-6. Simulated power dispatch in ERCOT with present renewables 

 

Power Plant Operating Costs. To assess the financial merits of energy storage, the cost of the 

electricity displaced by the increased use of renewables must be determined. In this research, it is 

assumed that the renewable power displaces intermediate and peaking power and thus the cost of 

this power must be estimated. Base load generating costs are neglected because, with the 

assumed dispatch model, base load power is not displaced by storage or renewables.  

 

The EIA 2012 annual electricity review provides 10 year average estimates of energy generation 

costs for intermediate and peaking power plants (EIA, 2014). This data is summarized in  

Table 3-2. Base load generating costs are also included here for reference.   
 

Table 3-2. Estimated energy generation costs 

Base Load Power Generation Cost $20.34/MWh 

Basis: Fossil Steam, Nuclear, Hydro (Non-weighted average)  

Intermediate Power Generation Cost $42.91/MWh 

Basis: Fossil steam, Gas Turbine (Non-weighted average)  

Peak Power Generation Cost $54.36/MWh 

Basis: Gas Turbine  

 

A feasibility check was performed by comparing estimated energy generating costs to real time 

settlement point prices in ERCOT.  A 5 day average of real time settlement point prices was 

calculated between Monday August 18, 2014 and Friday August 22, 2014 based on prices 

provided by ERCOT for 14 hubs with 15 minute pricing intervals. This summer workweek time 

frame provides a reasonable basis to compare EIA cost estimates for all generation types since 

annual peak loads typically occur during the summer workweek.  

 

Figure 3-7 below shows the results from this estimation. Peak selling prices over a 24 hour 

period are between $50/MWh and $55/MWh, while base prices are between $20/MWh and 

$25/MWh. Thus, peak, intermediate and base load generation costs provided by EIA are 

reasonably consistent with real time prices in the ERCOT region.  
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Figure 3-7. Real time settlement point prices in ERCOT – 5 day average 

3.2.3. Building Cooling Power Suitable for Thermal Energy Storage 

 

The amount of power demand displaced by a CTES is limited by the amount of coincident 

cooling required by the building to which the CTES system is connected. Furthermore, not all 

buildings are suitable for CTES. This section will discuss the development of a regional cooling 

power
14

 for buildings that are suitable for thermal energy storage. The selection of a 

representative climate for each utility region is addressed first. Then, the regional building 

population suitable for thermal energy storage is estimated. And finally, results from a building 

cooling power analysis are presented for each region. 

3.2.3.1. Representative Climate 

 

The total cooling power of the CAISO and ERCOT regions must be modeled in order to 

calculate the maximum energy capacity available for ice storage systems. To do so, a 

representative climate was selected for each region that best represents the average climate in 

that region. Typical Meteorological Year (TMY)
15

 data from each representative climate was 

then used to generate cooling power profiles for representative buildings with the building 

energy simulation program, Energy Plus (U.S. Department of Energy, 2013).  

 

The eight most populous cities were selected in both the CAISO and ERCOT regions as 

candidates for the representative climates
16

. These represent 23.7% and 29.7% of the total state 

populations of California and Texas, respectively. Cooling degree days (CDD) were used to 

compare each climate and determine which best represents the average climate for the region. 

                                                 
14

 “Cooling Power” is defined as the power input to the refrigeration equipment that cools a building and can be 

metered within the Energy Plus building simulation. Cooling power will be less than the “cooling load” which is 

defined as the heat transfer rate from the building required to maintain the specified temperature set point. The 

cooling power corresponds to the cooling load divided by the coefficient of performance (COP) of the refrigeration 

equipment. 
15

 Typical Meteorological Year data sets contain hourly values of meteorological elements for a full year. They are 

derived from the National Solar Radiation Database archives with data from 1960-1990 and 1991-2005. “Their 

intended use is for computer simulations of solar energy conversion systems and building systems to facilitate 

performance comparisons” (NREL, 2014). 
16

 Population data from April 1, 2010 U.S. Census was used to find the most populous cities 
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Due to the large deviation of CDDs between northern and southern California, the CAISO region 

was sub-divided into northern and southern sub-regions and a city from each area was selected to 

represent the respective climate. 

 

A degree days calculator application, developed by BizEE software (BizEE Software, 2014) and 

using temperature data from Weather Underground (Weather Underground, 2014), was used to 

determine the monthly CDDs for a full year, beginning January 2013 and ending December 

2013. Base temperatures of 65° F and 69° F were used to calculate two sets of CDDs
17

 for both 

utility regions. Results between the CDDs calculated with a base temperature of 65° F and 69° F 

are consistent. 

 

The monthly CDD average of the eight selected cities was used to determine which city’s 

climate best represented the regional climate and cooling loads of each respective regions. San 

Jose, CA and Long Beach, CA were selected as the representative climates for northern and 

southern California, respectively, and Austin, TX was selected as the representative climate for 

ERCOT.  

 

Figure 3-8 and Figure 3-9 show the cooling degree days for each city compared to the regional 

average for the CAISO and ERCOT regions. The variation in climate across California is 

noticeable in Figure 3-8 where inland northern California cities like Fresno and Sacramento are 

significantly warmer in the summer than the average. This phenomenon is the basis for selecting 

both a northern and southern Californian representative climate. In the ERCOT region, climates 

tend to be more uniform as all of the cities closely resemble the regional average. 

 
Figure 3-8. Cooling degree days for CAISO cities 

 

                                                 
17

 65° F is commonly used by ASHRAE for cooling system designs and according to OSHA recommendations that 

office air temperature should be between 68° - 76° F. 
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Figure 3-9. Cooling degree days for ERCOT cities 

3.2.3.2. Building Population 

 

The estimation of cooling power for evaluating CTES performance depends not only on the 

climate, but also on building characteristics. The United States Department of Energy (DOE) has 

established reference buildings for use with Energy Plus simulation software. Formerly known as 

commercial building benchmark models, reference buildings provide complete descriptions for 

whole building energy analysis with Energy Plus software. Sixteen building types can be used to 

represent 70% of the commercial buildings in the U.S. Since building designs practices 

(insulation, fenestration, etc.) depend on climate, reference buildings are developed for 16 

climate zones covering all major climates of the United States (U.S. Department of Energy, 

2014).  

 

Data from the 2003 Commercial Buildings Energy Consumption Survey (CBECS) was used to 

estimate the population of each type of building for each of the CAISO and ERCOT regions 

(EIA, 2003). Each of the applicable building types was then associated with an Energy Plus 

reference building  

 

Of the fifteen non-mall building types covered in CBECS, four are suitable for use with the ice 

storage systems evaluated in this research. These include health care (inpatient), health care 

(outpatient), office and lodging. Schools, restaurants, supermarkets, stand-alone retail, strip 

malls, public assemblies, service buildings and warehouses were not considered viable 

candidates for ice-based CTES. Midrise apartment were initially considered, but could not be 

discerned from the lodging building type in CBECS data and will be omitted. Since CBECS data 

is tabulated by census region and not available on a state level, the census division data is used to 

determine the number of building of each type for California (Pacific census division) and Texas 

(West South Central census division) based on each state’s percentage of their respective census 

division population at the time of the 2010 U.S. Census
18

.  

                                                 
18

 California represents 77.92% of the Pacific census division population and Texas represents 69.18% of the West 

South Central census division population . The Pacific division is comprised of Washington, Oregon and California. 
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Table 3-3 displays the populations of each building type suitable for use with ice storage systems 

and indicates the applicable DOE reference buildings. Peak cooling power was simulated with 

Energy Plus and using DOE reference buildings characteristics for each building type. The 

resulting peak cooling power was then compared to reference building floor areas and the energy 

storage capacities of the CALMAC Ice Bank and Mueller Avalanche systems to determine 

reasonable floor area thresholds for each building type. As an example of the analysis, the peak 

cooling power for Houston reference buildings with Austin weather data can be found in Table 

3-4.  

 
Table 3-3. Regional building populations based on CBECS data 

CBECS 

Building 

Type 

Associated DOE 

Ref. Buildings 

(Area Range) 

Total Floor Area (ft
2
) 

Built after 1980 

(Built before 1980) 

Bldgs. per Region 

Built after 1980 

(Built before 1980) 

ERCOT CAISO ERCOT CAISO 

Health 

Care 

Outpatient Health 

Care 

47,724,807 

(3,435,810) 

66,300,521 

(48,462,247) 

5,232 

(1,191) 

4,604 

(8,702) 

Hospital 78,041,220 

(84,582,658) 

67,568,328 

(69,466,655) 

346 

(161) 

131 

(497) 

Office Small Office 

(1,000 – 10,000 ft
2
) 

95,723,928 

(71,360,112) 

122,619,042 

(143,459,957) 

26,981 

(22,177) 

32,896 

(43,867) 

Medium Office 

(10,000 – 100,000 

ft
2
) 

166,156,429 

(51,449,031) 

260,666,279 

(299,277,193) 

5,911 

(1,555) 

7,294 

(11,733) 

Large Office 

(100,000 – 500,000 

ft
2
) 

172,603,567 

(85,191,600) 

202,156,240 

(106,126,916) 

935 

(334) 

1,232 

(440) 

Lodging  Large Hotel 66,503,260 

(69,360,186) 

243,771,399 

(94,359,951) 

1,022 

(918) 

1,673 

(421) 

 
Table 3-4. Energy Plus reference building peak cooling power, post 1980 construction 

DOE Reference 

Building 

Floor Area 

(ft
2
) 

Number 

of Floors 

Results for Building 

Located in Austin, TX (see note) 

Peak Cooling 

Power (kW) Date of Peak Load 

Outpatient Health Care 40,946 3 182 27-Jul 

Hospital 241,351 5 419 6-Aug 

Small Office 5,500 1 14 28-Jul 

Medium Office  53,628 3 152 28-Jul 

Large Office 498,588 12 557 1-Aug 

Large Hotel 122,120 6 321 28-Jul 

                                                                                                                                                             
The West South Central division is comprised of Arkansas, Louisiana, Oklahoma and Texas. Population data can be 

found in Appendix 1. 
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Table 3-5 shows the energy capacities of two CALMAC Ice Bank internal-melt systems and 

Mueller’s Avalanche Ice Harvester systems. Specifications are based on data from the product 

catalog available from each manufacturer. The specifications listed are for a single unit, but 

multiple units can be linked together to attain larger capacities. The Ice Bank Model A is 

designed for smaller applications and Model C is designed to meet large cooling loads. The 

Avalanche system is designed for applications with large cooling loads.  

 
Table 3-5. Ice storage system capacities 

Ice Storage System 

Energy Capacity 

(kWth) Cooling Rate (kWt) 

CALMAC Ice Bank Model 1045 

A 
144 36 

CALMAC Ice Bank Model 1190 

C 
570 143 

Mueller Avalanche Ice Harvester Variable 123-1934 

 

By comparing the energy and cooling rates of the CTES systems to the peak cooling power used 

by the reference buildings, it is apparent that the CALMAC Ice Bank Model A is only suitable 

for use with small office buildings. For the small office building with a floor area of 5,500 ft
2
, 

the cooling power (for the ERCOT region) is 14 kW. Assuming a conventional cooling COP of 

3.0, this would correspond to a cooling load of 42 kWt, which a CALMAC Ice Bank Model A 

can supply for roughly 3 to 4 hours. If a single CALMAC Ice Bank Model C were used instead it 

could supply the peak cooling load of the small office building for nearly 13 hours, which would 

be oversized since office buildings only require cooling during the workday and likely 

experience only about five hours of equivalent full load cooling. In a similar fashion, the Mueller 

Avalanche Ice Harvester would be oversized for a small office building. 

 

For medium office buildings with a cooling load (for the ERCOT region) of 450 kWt, a single 

CALMAC Ice Bank Model C would not have the cooling rate necessary to meet the peak cooling 

load. However, linking four Model C tanks together would provide the energy capacity and 

cooling rate necessary to meet the peak cooling load for a full workday. For a
 
large office 

building with a cooling load (for the ERCOT region) of 1,671 kWt  considered, it would take 

fourteen Model C tanks to meet the peak load for five hours. On the other hand, a single Mueller 

Avalanche Ice Harvester could be used to supply the cooling power for a full work day at peak 

conditions.  

 

The conclusion from the preceding discussion is that the internal-melt ice-on-coil system, due to 

its modularity, can be applied to a wide range of building sizes, but the ice harvester design is 

more amenable to large buildings. Because of this, ice harvesters will only be considered suitable 

for large buildings that require more than 300 kW of peak cooling power (corresponding to ~900 

kWt or 260 tons of peak cooling load). These large buildings include large hotels, large office 

buildings and hospitals. 

 

The number of buildings per region in Table 3-3 is taken from CBECS data corresponding to the 

CBECS building types. However, due to the wide range of floor areas within each building type 
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it is more useful to find an equivalent building population of reference buildings by dividing the 

total floor space for each building type by the associated reference building floor area.  

 
Table 3-6. Regional reference building population 

CBECS Building 

Type 

Associated DOE Ref. 

Buildings 

Equivalent Number of Reference 

Buildings Built after 1980 

(Built before 1980) 

 

ERCOT CAISO 

Health Care Outpatient Health Care 1,166 

(83) 

1,619 

(1,184) 

Hospital 323 

(351) 

280 

(288) 

Office Small Office 17,404 

(12,975) 

22,294 

(26,084) 

Medium Office 3,098 

(960) 

4,860 

(5,581) 

Large Office 346 

(171) 

406 

(212) 

Lodging  Large Hotel 545 

(568) 

1996 

(773) 

 

Table 3-6 displays the equivalent reference building populations by region and by time of 

construction.   

3.2.3.3. Building Cooling Power Analysis 

 

To develop hourly cooling power for the building population of the CAISO region (equivalent 

building population is shown in Table 3-6) a series of simulations was performed using Energy 

Plus version 7.2 (U.S. Department of Energy, 2013). The total number of reference buildings in 

each sub-region (northern and southern California) was determined by apportioning the total 

equivalent number of buildings in the CASIO region from Table 3-6 to each sub-region 

according to the fraction of the population in the sub-region. Simulations for the northern 

California region were based on reference buildings designed for the San Francisco climate and 

simulations for the southern California region were based on reference buildings designed for the 

Los Angeles climate. Northern California simulations used weather data for San Jose, CA and 

southern California simulations used weather data for Long Beach, CA. Upon completion of all 

the simulations, the total cooling power for each CAISO sub-region was determined by 

multiplying the cooling power for each reference building by the equivalent number of buildings 

in the sub-region and then summing across building types. Results for the sub-region were 

summed to establish the total hourly cooling power for the entire CAISO region. The total 

cooling power for only large buildings was found in a similar manner. Large buildings include 

large office, large hotel and hospitals. The total large building cooling power is necessary to 

determine the amount of cooling power that can be met with ice harvesters. 
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Following a similar procedure for the ERCOT region, hourly cooling power for the building 

population of the ERCOT region (equivalent building population is shown in Table 3-6) was 

estimated with a series of simulations performed using Energy Plus version 7.2 (U.S. Department 

of Energy, 2013). A full year run was conducted for each DOE reference building with 

construction appropriate to the Houston climate zone. The simulation was run using TMY3 

weather data for Austin, TX.  

 

Example cooling power profiles for small office buildings in representative climates in CAISO 

and ERCOT are shown in Figure 3-12 through Figure 3-11. Cooling power profiles for each of 

the remaining reference building types are shown for ERCOT in Figure 3-13 through Figure 

3-17. 

 

In Figure 3-12, the cooling power profile for a 5,500 ft
2 

small office building in San Jose, CA 

shows a peak cooling power requirement near 8 kW compared to peak cooling power near 10 

kW in Long Beach, CA and peak cooling power near 15 kW in Austin, TX. These results are 

consistent with the characteristics of the respective climates. Annual cooling degree days with a 

base of 65 for San Jose, CA, Long Beach, CA and Austin, TX are 734, 1132 and 3139, which 

shows that Austin should have the largest cooling power requirement, followed by Long Beach 

and San Jose.  

 

All small office cooling power profiles follow a similar pattern of small cooling power towards 

the beginning and end of the year and a peak located midway through the year during the 

summer months. The large daily fluctuations in cooling power can be explained through the 

work day schedule as cooling systems are turned on only during the week as employees are in 

the office. The implication of this for ice storage systems is that they have the potential to be 

more effective in the summer when cooling requirements are larger. However, in the context of 

using ice storage systems specifically for renewable energy balancing, the elevated cooling 

power and regional energy use in the summer helps to mitigate renewable curtailment since daily 

minimum energy use during the summer is large enough to accommodate most, if not all, of the 

available renewable energy. So, the utility of ice storage may be greatest when the need is least. 

 

 
Figure 3-10. Annual cooling power profile for CAISO-San Jose post 1980 small office building 
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Figure 3-11. Annual cooling power profile for CAISO-Long Beach post 1980 small office building 

 

 

 
Figure 3-12. Annual cooling power profile for ERCOT post 1980 small office building 

 

The example cooling power profile shown in Figure 3-13 demonstrates the cooling needs of a 

53,000 ft
2
 medium office building in Austin, TX. Figure 3-13 shows a similar profile to the small 

office building, except cooling power is nearly 10 times larger (corresponding roughly to the 

ratio of building floor areas) with peak power near 150 kW occurring during the summer. 
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Figure 3-13. Annual cooling power profile for ERCOT post-1980 medium office building  

 

An example cooling power profile for a 498,000 ft
2
 large office building in Austin, TX is shown 

in Figure 3-14. Due to the increased floor area, number of employees and work equipment 

including computers, the cooling power is much larger than either the small or medium office. A 

sustained peak occurs in the middle of the year during late spring, summer and early fall, with 

peak loads of roughly 500 kW occurring over this period. As it pertains to the performance of ice 

storage systems for renewable energy balancing, this provides a longer window when ice storage 

can be effective for balancing. Due to the duration of large building cooling power peak being 

relatively wider than the regional energy use peak region, excess renewable energy can be 

charged to storage and dispatched to meet large office building cooling power requirements in 

the spring, summer and fall. 

 

 
Figure 3-14. Annual cooling power profile for ERCOT post-1980 large office building 

 

Following the trend of previous cooling power examples, the 122,000 ft
2
 large hotel in Figure 

3-15 experiences peak cooling during the summer with less cooling power in the winter months. 

The peak cooling power is nearly 300 kW.  
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Figure 3-15. Annual cooling power profile for ERCOT post-1980 large hotel 

 

Figure 3-16 and Figure 3-17 show example cooling power profiles for a 41,000 ft
2
 outpatient 

medical building and a 241,000 ft
2
 hospital located in Austin, TX. The outpatient medical 

building uses peak power in the summer near 190 kW while the hotel uses peak cooling power 

near 400 kW in the summer. Similar to the cooling power profiles of the office buildings, large 

cooling power fluctuations occur on a day-to-day basis for the outpatient medical building as 

patients and workers are not required to stay at the facility overnight. The hospital generally must 

provide 150 kW of cooling power at all times during the year, so ice storage systems used with 

hospitals for renewable energy balancing will have displaceable cooling power available, even 

during non-peak cooling seasons.  

 

 
Figure 3-16. Annual cooling power profile for ERCOT post-1980 outpatient medical building 
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Figure 3-17. Annual cooling power profile for ERCOT post-1980 hospital 

 

Figure 3-18 shows the relative cooling power profiles for a pre 1980 and post 1980 reference 

building. The cooling profiles are very similar, but in this case the post 1980 hospital requires 

slightly more cooling. 

 

 
 
Figure 3-18. Annual cooling power profile for ERCOT pre- and post-1980 hospital 

 

Figure 3-19 and Figure 3-20 show the aggregate building cooling power for the CAISO and 

ERCOT regions and show the relative aggregate large building cooling power profile, which 

includes large hotels, hospitals and large office buildings. While on an individual building basis, 

cooling power is greater in the ERCOT region, aggregate cooling power is greater in the CAISO 

region because there is a larger building population. In the ERCOT region, large buildings use a 

greater portion of the aggregate regional cooling power than large buildings in the CAISO 

region. 
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Figure 3-19. Aggregate annual CAISO cooling power profile 

 

 
Figure 3-20. Aggregate annual ERCOT cooling power profile  

 

3.3. Energy Storage Characteristics 

 

The characteristics of the energy storage system (battery or CTES) determine how the storage 

system interacts with the energy use profile, the generation profile, and, in the case of CTES, the 

building cooling power profile. In this section, the characteristics of each energy storage system 

used in the model will be discussed including energy storage capacity; charge and discharge 

rates; efficiencies and losses; and energy storage system costs. 

3.3.1. Energy Storage Capacity 

 

The energy storage capacity reflects the amount of electricity (MWh) that can be stored as 

chemical energy in a battery or the amount of cooling (MWth) that can be provided by a CTES 

system as it discharges. Both batteries and CTES systems are modular and can be assembled to 

whatever size is justified economically. However, the extent to which the CTES system capacity 
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can be utilized is limited by the amount of cooling energy that can be displaced. So, while a 

CTES system may be able to displace a large amount of electricity for cooling in the summer, it 

may not be able to displace any cooling during cold weather, limiting its effective storage 

capacity in the winter to zero. 

 

For batteries, the energy storage capacity is determined by the size of the electrodes and is the 

primary determinant of system cost. For the CTES, the energy storage capacity is determined by 

the volume of the storage tank and the type of media (typically ice) that is stored. The CTES 

system cost is determined by both the energy storage capacity and the charge rate, which are 

coupled for the internal-melt ice-on-coil system and decoupled for the ice harvester.  

3.3.2. Charge and Discharge Rates 

 

The charge rate reflects the maximum rate at which electricity can be supplied to the battery 

(MW) or the maximum rate of heat transfer (MWt) from the storage media in the CTES system. 

The discharge rate reflects the maximum rate at which electricity can be supplied by the battery 

(MW) or the maximum rate of heat transfer (MWt) to the storage media for the CTES system. 

 

Stationary lead-acid batteries generally charge to full usable capacity in 8 hours corresponding to 

a charge rate of SLAB/8, where SLAB is the storage capacity in MWh. Stationary lead-acid 

batteries typically discharge in 6 hours corresponding to a discharge rate of SLAB/6 (Linden & 

Reddy, 2002). 

 

Internal-melt charge rates are dependent on ice storage tank size. Manufacturers such as 

CALMAC, Ice Energy and Baltimore Air Coil typically estimate full charge times between 8 and 

12 hours, yielding charges rates in the range of SIM/8 to SIM/12, where SIM is the internal-melt 

storage capacity in MWth.  For this model, charge rates will be based on a 10 hour full charge 

time (SIM/10). Discharge rates vary, but will be based on an 8 hour full discharge to supply 

cooling for most of the work day 

 

Due to the configuration of ice harvester storage systems, charge rates are independent of energy 

storage capacity, and are determined by the cooling rate of the refrigeration equipment used to 

generate ice. Ice harvester discharge rates are determined by the heat transfer characteristics of 

the storage tank and vary, but will be assumed to correspond to an 8 hour discharge of the 

maximum energy storage capacity or a rate of SIH/8 where SIH is the ice harvester storage 

capacity in MWth. This allows the ice storage system to provide cooling for nearly the entire 

workday when cooling loads reach their peak. In addition, while in theory charge and discharge 

rates are independent, as a practical matter, they are related by equipment considerations. Based 

on case study data of a cogeneration facility in California showing a discharge rate of up to three 

times the charge rate, the maximum discharge to charge ratio is assumed to be three (Dinçer & 

Rosen, 2011). 
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3.3.3. Efficiencies and Losses 

 

All storage systems exhibit conversion losses during charging and discharging and also exhibit 

energy losses during the storage time. Lead-Acid batteries typically have charge and discharge 

efficiencies of roughly 85-90% yielding a round-trip efficiency of approximately 70%. Self-

discharge rates are generally in the range of 0.5-1% per week when stored at recommended 

temperatures (Exide Technologies, 2013). 

 

For ice storage systems, the energy conversion processes involve both work (electricity) and heat 

transfer. During the charging process, electricity is used to operate a refrigeration cycle, thus 

transferring heat from the storage media. The refrigeration cycle typically has a COP of 

approximately 3.0 indicating that the amount of energy transferred from storage is 3 times the 

energy that is supplied as electricity to the refrigeration cycle. During discharge, cooling 

provided by the storage media displaces cooling that would otherwise have to be provided by a 

refrigeration cycle. In this case, the reduction in electrical energy corresponds to the displaced 

cooling divided by the COP of the refrigeration cycle that would otherwise provide the cooling. 

Since the displaced refrigeration cycle typically operates with a higher evaporator temperature 

than the ice making cycle, the COP of the displaced cycle is greater. Hence the amount of 

electricity displaced during discharge is less than the amount used during charging, thus leading 

to a conversion loss. 

 

For modelling purposes, “round trip efficiency” is estimated as the chiller coefficient of 

performance (COP) during ice making divided by the chiller COP of a traditional building 

cooling system. During ice making operation of the chiller, the evaporator leaving temperature is 

roughly 22° F. With this evaporator temperature and a typical ambient temperature of 80° F, the 

corresponding COP is approximately 2.75 Wt/W (Crismond, 2014).  

 

The design COPs of each reference building cooling system modeled in Energy Plus are shown 

in Table 3-7. These COPs were obtained from the input data files (.idf) that are used by Energy 

Plus to simulate building cooling performance and correspond to the performance of the cooling 

equipment when operating at design conditions.  

 
Table 3-7. Design COP of reference building cooling systems 

Outpatient Health Care COP, Post 1980 2.73 

(Pre 1980) (3.01) 

Hospital COP, Post 1980 5.2 

(Pre 1980) (5.54) 

Small Office COP, Post 1980 3.07 

(Pre 1980) (3.38) 

Medium Office COP, Post 1980 2.8 

(Pre 1980) (3.3) 

Large Office COP, Post 1980 5.2 

(Pre 1980) (5.11) 

Large Hotel COP, Post 1980 2.5 

(Pre 1980) (2.64) 
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An average regional building cooling system COP was found by multiplying the cumulative 

cooling power of each building type by its respective reference COP to find cumulative cooling 

load (in MWt) for each building. The cumulative cooling loads were then summed to find the 

regional cooling load and the regional COP was determined by dividing the regional cooling load 

by the regional cooling power. This yields a COP of 3.99 that is used to represent the average 

cooling COP across all of the reference building types. Using this value for the cooling COP and 

an ice-making COP of 2.75 yields a round-trip efficiency of 0.69. For modeling purposes, it is 

useful to divide the round-trip efficiency into charge and discharge efficiencies. In the absence of 

a clear rational for partitioning round-trip efficiency, it is simply assumed that the charge and 

discharge efficiencies contribute equally. Thus, both charge and discharge efficiency are 

assumed to be 83% so that their product yields the desired round-trip efficiency.  

 

Storage losses for internal-melt systems are based on product specifications for CALMAC’s 

Model C internal-melt ice storage system. For this system, manufacturer’s data suggest that 

standby losses should not exceed one percent of the total stored capacity per day when ambient 

temperature is 85 F (CALMAC, 2010), therefore the average hourly storage loss as a percent of 

energy stored for internal-melt systems was determined to be 0.042%. 

 

Storage losses for ice harvester systems were determined by modeling the losses of an ice 

storage tank having a storage capacity of 158 MWth. The enclosed rectangular ice storage tank 

(27.5 m long x 18.3 m wide x 6.7 m high) (Dinçer & Rosen, 2011) is insulated with 0.76 m of 

polyisocyanurate insulation having a thermal conductivity of 0.03 W/mK. An ambient 

temperature of 297 K and interior temperature of 273 K were used to model the heat transfer 

from the tank. Storage losses from the sides of the tank totaled 5.79 kWt and 9.49 kWt from the 

top and bottom of the tank for a total loss of 15.28 kWt. The fractional storage loss depends on 

the amount of ice in storage and hence the operating characteristics of the system. As a 

simplifying assumption, fractional storage losses are approximated based on a tank that is 

charged to 50% of energy storage capacity. With this assumption, hourly ice harvester storage 

losses as a percent of energy stored are 0.02% 

3.3.4. Energy Storage System Costs 

 

This section will cover the energy storage system costs for the three energy storage systems 

evaluated. All costs are given in 2014 US dollars. Costs from literature are converted to 2014 

dollars using consumer price index data (U.S. Department of Labor, 2014). Cost calculations can 

be found in the Appendix. 

3.3.4.1. Lead-Acid Battery 

 

The initial cost of a lead-acid battery system is based on the battery discharge rate as given by 

Eq. (3-1): 

 

 CLAB = cLAB × RLAB  (3-1) 

 

where CLAB is the cost of the system in dollars; cLAB is the unit cost of lead-acid batteries in 

$/MW; and RLAB is the discharge rate in MW. The unit cost, cLAB, is based on cost estimates for 
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commercial stationary lead-acid batteries near 10 MW and includes the total cost for the battery, 

power conditioning system and grid connection equipment and is estimated to be $2160/kW in 

2008 US dollars. (Rastler, 2008). This translates to a unit cost, cLAB, of $2,391,000/MW in 2014 

dollars. 

3.3.4.2. Internal-Melt Ice-on-Coil 

 

The internal-melt ice-on-coil energy storage system is comprised of a packaged ice storage tank, 

which includes the ice making coils internally and a chiller for charging. The chiller is typically 

sized for a cooling rate corresponding to a 10 hour charge time as recommended by 

manufacturers such as CALMAC and Baltimore Air Coil, but compressor power must be upsized 

by 33% (relative to chillers designed for conventional cooling systems) to provide cooling at 

temperatures below 32° F (Pacific Northwest National Laboratory, 2000). The installed cost of 

internal-melt ice storage tanks was estimated to be $70/ton-hour in DOE's Federal Energy 

Management report on Thermal Energy Storage for Space Cooling (Pacific Northwest National 

Laboratory, 2000) issued in 2000. The unit cost was adjusted to 2014 US dollar and converted to 

$/MWth basis to yield a unit cost for storage, cIMS, of $27,498/MWth. Thus, the cost of internal-

melt storage tank, CIMS, expressed in 2014 dollars is given by Eq. (3-2): 

 

 CIMS = cIMS  × SIM  (3-2) 

 

where SIM is the capacity of the storage tank in MWth. 

 

Two types of chillers, air-cooled and water-cooled, are available for use with internal-melt ice 

storage systems. Air-cooled chillers are generally used for cooling capacities between 0.07 and 

0.700 MWt (20 – 200 tons) while water-cooled chillers are generally used when cooling 

capacities are between 0.7 and 5 MWt (200 – 1400 tons) and require a cooling tower. For the 

buildings evaluated in this model, only air-cooled chillers will be necessary. The 2011 marginal 

cost for a conventional air-cooled chiller, between 0.07 and 0.700 MWt, is $764/ton with an 

additional fixed cost of $20,000/chiller (R.S. Means Company, 2011). When used for ice 

making, the cooling capacity is reduced by 33%. When converted to a $/kWt basis with reduced 

cooling capacity due to ice making, the 2014 cost for an air-cooled chiller is a fixed cost of 

$21,180 and a marginal cost of $345,000/MWt. Assuming a typical ice-making chiller size for 

the internal-melt ice storage system of 0.209 MWt (~60 tons of refrigeration) yields a unit cost, 

cIMR, of $446,380/MWt. Thus, the cost of the internal-melt chiller, CIMR, expressed in 2014 

dollars is given by Eq. (3-3): 

 

 CIMR =  cIMR  ×  RIM  (3-3) 

 

where RIM is the charging rate assigned to the internal-melt storage. 
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For the internal-melt system, the storage size and the charge rate are linked by the system 

geometry and generally the charging rate, RIM, corresponds to a full charge of the storage 

capacity in 10 hours, such that: 

 

 RIM =
SIM

10h⁄   (3-4) 

By combining Eqs. (3-2) to (3-4), the total cost of an internal-melt CTES system can be 

expressed in terms of the capacity of the system, SIM, and the unit costs, cIMS and cIMR. 

 

 CIM =  (cIMS +  cIMR 10 h⁄ )SIM  (3-5) 

3.3.4.3. Ice Harvester 

 

The ice harvester system is comprised of a dynamic ice generator, for charging the system, and 

an ice storage tank separately located underneath of the dynamic ice generator.  The installed 

cost of the dynamic ice generator was estimated to be $990/ton with an additional fixed cost of 

$195,000/generator in DOE's Federal Energy Management report on Thermal Energy Storage for 

Space Cooling (Pacific Northwest National Laboratory, 2000) issued in 2000. The unit cost was 

adjusted to 2014 US dollar and converted to $/MWt basis to yield a unit cost for the dynamic ice 

generator of $388,342/MWt with a fixed cost of $269,490/generator. Assuming generators for 

the ice harvester storage system are deployed with a typical size of 2.2 MWt (~600 tons of 

refrigeration) yields a unit cost, cIHR, of $518,180/MWt. Thus the cost of the dynamic ice 

generators, CIHR, expressed in 2014 dollars is given by Eq. (3-6): 

 

 CIHR =  cIHR × RIH  (3-6) 

 

where RIH is the charging rate assigned to the ice harvester storage system. 

 

The installed cost of ice harvester ice storage tanks was estimated using an empirical expression  

from DOE's Federal Energy Management report on Thermal Energy Storage for Space Cooling 

(Pacific Northwest National Laboratory, 2000) issued in 2000. The empirical function was 

adjusted to 2014 US dollars and converted to $/MWth basis to yield: 

 

 CIHS = cIHS  × SIH
0.686

  (3-7) 

 

where cIHS is the unit cost for storage and is equal to $14,064/MWth and SIH is the capacity of the 

storage tank in MWth. 

 

 

 

 

 

 

 



 53 

3.4. Problem Formulation and Solution 

 

This section will discuss the problem formulation process including an overall idea of the 

problem to be solved, identification of goals and problem statement. 

3.4.1. Overview 

 

Due to the potential for increased economic value and reduced environmental impacts through 

the use of CTES for renewable balancing applications, it is worthwhile to perform an 

optimization to determine if it makes fiscal sense to adopt an ice-based CTES system. This 

optimization model will help determine what storage requirements (energy capacity, power 

rating, and energy storage technology) would be necessary to balance renewable energy sources 

and maximize present value to the utility.   

 

Limitations of when storage with CTES is effective exist due to the coupling of ice-based CTES 

with building cooling systems. Particularly, CTES is most effective in climates with large 

building cooling loads. For the United States this would mean that southern states would likely 

gain larger benefits from using CTES for renewables balancing. Furthermore, ice-based CTES 

may be most effective in spring and summer seasons when building cooling is required, to a 

lesser degree in the fall and least effective in the winter when cooling loads are small.  

 

The CAISO region of California and the ERCOT region of Texas will be evaluated using this 

optimization model. CAISO and ERCOT were selected as regions of analysis because they are 

large renewable energy producers and have warm building cooling seasons. California has a high 

proportion of renewable energy sources and the largest installed photovoltaic solar capacity in 

the United States (EIA, 2013). The Californian climate is more diverse than Texas, but the 

southern portion of the state experiences hot summers that produce large cooling loads at the 

same time that solar PV output is high. ERCOT offers a wind-rich electricity market and a hot 

climate with an extended building cooling season that makes it a likely candidate to take 

advantage of the benefits that CTES offers. As of 2013, ERCOT lists a cumulative installed wind 

capacity of 11,065 MW by far the largest installed capacity in the United States (ERCOT, 2014). 

 

The economic analysis for both regions will be conducted using a real dollar, present value 

analysis (2014 dollars) and will assume that energy prices escalate at the rate of inflation. The 

minimum attractive rate of return is assumed to be 6%. Stationary lead-acid batteries have a 

relatively long life compared to typical lead-acid batteries and are assumed to last 20 years 

without needing replacement (Linden & Reddy, 2002). Ice storage systems considered in this 

model also have an estimated life of 20 years (CALMAC, 2014). Initial storage system costs will 

be determined based on system size using the cost functions from Section 3.3.4. Annual 

operating cost savings associated with storage systems will be determined by simulating the cost 

of meeting hourly energy use across each of the regions of interests (ERCOT and CAISO). The 

simulation will calculate the annual operating cost savings arising from the incorporation of 

energy storage with a mix of base load energy, intermediate and peak energy, and renewable 

energy sources. Hourly inputs into the model include regional energy use (as described in 

Section 3.2.1), renewable energy production (as described in Section 3.2.2) and aggregate 

cooling power (as described in Section 3.2.3). After accounting for base load and renewable 
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power sources, the remaining energy that must be produced each hour through intermediate and 

peak power plants will be determined by the dispatch model to determine operating cost. The 

operation of energy storage technologies will be simulated based on the storage system 

characteristics (as described in Section 3.3) and an optimal mix of energy storage technologies 

will be selected to maximize the present value of the energy storage investment. Key 

assumptions for the analysis are summarized in Table 3-8. 

 
 Table 3-8. Key assumptions for analysis 

1. Transmission is adequate to transport distributed generation anywhere within the 

region 

2. All storage technologies have a life time of 20 years and negligible salvage value 

3. The marginal cost of renewable energy production is zero 

4. The energy storage systems will only be charged with curtailed renewable energy, 

except when used for peak shaving 

5. The utility can forecast demand one day in advance and charge the ice storage 

facility using intermediate or peak power, thus making the storage system 

available for offsetting peak utility power demand 

6. Energy use within the utility region remains constant over the life of the storage 

system 

 

7. Peak power plants are replaced periodically such that the peak demand reduction 

can eliminate capital costs 

8. Maintenance costs are neglected since they are negligibly small compared to the 

first costs of the storage systems. 

 

The overall problem is solved at two levels.  At the synthesis level, the problem is to maximize 

the present value of the energy storage system by determining optimal values for the storage 

system decision variables. At the lower level, the problem is to make the operational decisions 

required to meet the utility power demand and allocate energy to and from storage in a way that 

minimizes operating costs while satisfying system constraints. 

3.4.2. Synthesis Level Optimization 

 

Problem Statement 

 

At the synthesis level, the goal is to determine the mix of storage technologies (lead-acid battery, 

internal-melt CTES and ice harvester CTES) that maximizes the present value of the storage 

system investment. The objective function to be maximized is the present value of the storage 

system, the savings associated with displaced building cooling systems, the savings associated 
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with displaced power plant investment and the operating savings over the life of the system. This 

function is represented in words in Eq. (3-8) and in terms of the problem variables in Eq. (3-9). 

 

 Present Value = - Storage System Cost 

 + Value of Displaced Building Cooling System 

 + Value of Displaced Power Plant 

 + Present Value of Displaced Annual Generating Cost   (3-8) 

 

 PV = − [ cLABRLAB + (cIMS +
cIMR

10 hour
) SIM + cIHSSIH

0.686 + cIHRRIH] 

 + cDBCfcap (
SIM

10 hours
+ RIH) +cDPP(RDP)      

 + (P A⁄ , i%, n)(AB − AS − (cEi γrt⁄ − cEp)Ep,red,tot)   (3-9) 

 

where cDBC is the unit cost of alternative building cooling equipment displaced by CTES; fcap is 

the capacity factor of 1/0.7 which relates the capacity of chillers used during cooling to the 

capacity of chillers used during ice making; cDPP is the unit cost of displaced power plants; RDP is 

the peak power displaced by energy storage; P/A is the present value of an annuity with i% 

interest rate and n years; AB and AS are the annual operating costs for the base line (no storage) 

and storage scenarios, respectively; cEi and cEp are the unit costs of intermediate and peak energy 

generation, respectively, as discussed in Section 3.2.2.2; γrt is the round-trip efficiency of the 

storage system; and Ep,red,tot is the total peak energy that is displaced by charging the storage 

system with intermediate energy during off-peak hours and dispatching that energy during peak 

hours. 

 

The decision variables in this function are RLAB, SIM, SIH and RIH. The variables for the displaced 

plant capacity, RDP, the baseline annual operating cost, AB, the operating cost with storage, AS, 

and the reduction in peak energy generation with energy storage, Ep,red, are determined by the 

operating level simulation which is discussed in Section 3.4.3. Unit cost values for the storage 

system (e.g. cLAB, cIMS, etc.) have been established in Section 3.3.4.  

 

The unit cost of displaced building cooling equipment, cDBC, is determined through R.S. Means 

for air-cooled chillers (R.S. Means Company, 2011). The 2011 cost for an air-cooled chiller, 

between 0.07 and 0.700 MWt, is $764/ton with an additional fixed cost of $20,000/chiller (R.S. 

Means Company, 2011). When converted to a $/kWt basis, the 2014 cost for an air-cooled chiller 

is a fixed cost of $21,180 per chiller and an additional $230/kWt. Assuming a typical chiller size 

of 313 kWt (~90 tons of refrigeration) the cost is $93,198 per chiller and the unit cost for 

displaced building cooling, cDBC, is $298,000/MWt. Since chiller capacity is reduced by roughly 

30% during ice-making, the cooling rate of displaced building cooling equipment is related to the 

total rate of the ice storage system by a capacity factor, fcap, equal to the quotient of 1 and 0.7.  

The amount of building cooling displaced by CTES is the product of capacity factor and the 

combined discharge rate of ice harvesters and chillers for the internal-melt system. 

 

The unit cost of displaced power plant capacity, cDPP, is determined to be $1,009,974/MW based 

on information for the capital costs of a conventional combustion turbine power plant with a 

nominal capacity of 85 MW (EIA, 2013). Combustion turbines were selected since they have the 

capability of providing both intermediate and peak power. The displaced peak power (MW), 
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RDPP, is the difference in the annual peak power demand between the base line case where no 

energy storage is installed and a case where energy storage is installed. The displaced peak 

power is evaluated during the lower level simulation. 

 

Annual operating savings are determined by evaluating the difference in intermediate and peak 

energy generation costs between a case where no energy storage is installed and a case where 

energy storage is installed. Included in the annual operating cost for the storage case are the 

losses associated with processing energy through the storage system to reduce peak power 

demand. The net annual savings are assumed to occur uniformly over the twenty year life of the 

storage system and are translated into a present value using the uniform series present worth 

factor with a rate of return of 6%. 

 

Solution Approach. The optimal mix of energy storage systems to meet the hourly electricity 

demand while maximizing the present value of the storage system is determined using a 

MATLAB function that applies the Nelder-Mead simplex direct search method (Nelder & Mead, 

1965). The function is known in MATLAB as fminsearch and is used to determine optimal 

values of the decision variables RLAB, SIM, SIH, RIH. Lower bounds are necessary to constrain the 

objective variables RLAB, SIM and SIH to non-negative values so a modified form of fminsearch, 

called fminsearchbnd, is used
19

.  

 

The selection of the decision variables was determined based on characteristics of the three 

storage technologies. The ice harvester is unique in that it has the capability to decouple charge 

rate and energy storage capacity since the ice making evaporator plates are positioned above and 

separate from the ice storage tank. Thus, the ice harvester requires specifications of two values, 

SIH and RIH. The internal-melt ice-on-coil system is an all-in-one ice maker and ice storage tank, 

so energy storage capacity and ice charging rate are inherently coupled, and thus only one must 

be specified. Consistent with the discussion in Section 3.3.4.2, SIM was chosen. Similarly, the 

lead-acid battery’s charge and discharge rate are coupled with the energy storage capacity of the 

battery. The discharge rate, RLAB, was selected as the objective variable for lead-acid batteries 

because cost estimates for lead-acid batteries are dependent on the discharge rate.  

 

The optimization program accepts initial values for the objective variables from which it begins 

its search process for optimized values that maximize the present value of the storage system 

while meeting the hourly demand for electricity. The bounded Nelder-Mead simplex direct 

search will be referred to as the synthesis level optimization because it determines the 

configuration of the storage system. With each iteration, annual energy generation costs and peak 

power displacement are calculated through the lower level, or operational simulation, which uses 

a series of decision structures and linear optimizations to allocate stored energy throughout the 

day. 

 

                                                 
19

 fminsearchbnd is a modified form of the MATLAB optimization function, fminsearch. It is a user created 

modification that keeps intact all of the components of the original function, but allows bounds to be imposed on the 

search area. The function was created by John D’Errico and can be found at the following web address: 

http://www.mathworks.com/matlabcentral/fileexchange/8277-fminsearchbnd--fminsearchcon 
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3.4.3. Operational Simulation (Lower Level) 

 

The operational model has five main functions which are: 1) to determine when renewable 

curtailment will occur, 2) to optimize the allocation of energy storage between storage 

technologies when necessary, 3) to optimize the discharge of stored energy, 4) to decide how 

much additional energy must be generated to meet hourly energy requirements and 5) to 

determine the peak displacement capabilities of the energy storage system 

 

Charge/Discharge Decision. The operational model first decides whether to charge or discharge 

the storage system. This decision is based on a series of inputs, discussed in Sections 3.2.1 

through 3.2.3., that are evaluated by the operational simulation to determine how much energy to 

charge or discharge each hour. These inputs include hourly energy use, hourly solar and wind 

production, total building cooling power and total large building cooling power. First, the model 

must evaluate whether renewable curtailment will occur. Curtailment will occur when renewable 

energy production is greater than the hourly energy use minus the base load energy, as shown in 

Eq. (3-10): 

 

 Es(k) +  Ew(k) >  Eu(k)– Eb  (3-10) 

 

where Es(k) is the electrical energy, in MWh, provided by solar PV during hour k; Ew(k) is the 

electrical energy (MWh) provided by wind power during hour k; Eu(k) is the electrical energy 

(MWh) used by grid customers during hour k; and Eb is the electrical energy (MWh) provided by 

base load generating resources during an hour. 

 

If the inequality expressed by Eq. (3-10) is satisfied, energy must be transferred to storage to 

avoid renewable curtailment and a charge sub-function is called to determine how much energy 

to transfer to each type of storage.  

 

Charge Sub-Function. A sub-function within the lower level is used to determine the optimal 

allocation of renewable energy charged to energy storage technologies. This sub-function uses 

MATLAB's linear programming function, linprog, which accepts a series of bounds, linear 

inequalities and linear equalities to optimize an objective function. The problem statement for 

this charge optimization is shown in Table 3-9, where the objective is to maximize the energy 

transferred to storage subject to each storage system’s charge efficiency, γc, as shown in           

Eq. (3-11). 

 

Lower and upper bounds are set in Eqs. (3-12) through (3-17), which limit the energy transferred 

to each storage system during charging between zero and the maximum charge rate of each 

system. 

 

Eqs. (3-18) through (3-21) are linear inequalities used to further constrain the amount of energy 

charged to the system. In Eq. (3-18), the total amount of energy transferred to the energy storage 

systems is limited by the amount of curtailed renewable energy. Eqs. (3-19) through (3-21) 

restrict the amount of energy charged to each storage system by the amount of energy storage 

capacity that is currently available, while accounting for standby losses and charge efficiency.  
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Table 3-9. Statement of charge optimization problem 

 
Maximize: 

 Ec,TOT(k) = γrt,IHEc,IH(k) +  γrt,IMEc,IM(k) + γrt,LABEc,LAB(k) (3-11) 

  

Subject to constraints: 

 Ec,IH(k)  ≥ 0  (3-12) 

 Ec,IM(k)   ≥ 0  (3-13) 

 Ec,LAB(k) ≥ 0  (3-14) 

 Ec,IH(k)  ≤ Rc,IH COPice⁄ × 1 hour  (3-15) 

 Ec,IM(k)  ≤ Rc,IM COPice⁄ × 1 hour  (3-16) 

 Ec,LAB(k)  ≤ Rc,LAB × 1 hour  (3-17) 

 

 

 Ec,IH(k) + Ec,IM(k) + Ec,LAB(k)  ≤  Eb + Es(k) + Ew(k) − Eu(k)  (3-18) 

 

 Ec,IH(k)  ≤
SIH − (Estor,IH(k − 1) −  γl,IHEstor,IH(k − 1)) 

γc,IH
⁄   (3-19) 

 Ec,IM(k)  ≤
SIM − (Estor,IM(k − 1) − γl,IMEstor,IM(k − 1)) 

γc,IM
⁄   (3-20) 

 Ec,LAB(k)  ≤
SLAB − (Estor,LAB(k − 1) − γl,LABEstor,LAB(k − 1)) 

γc,LAB
⁄   (3-21) 

 

where: 

Ec,TOT is the total energy stored (MWh) during hour k 

γrt,IH is the round trip efficiency of the ice harvesting system 

γrt,IM is the round trip efficiency of the internal melt system 

γrt,LAB is the round trip efficiency of the lead acid battery system 

𝐸𝑐,𝐼𝐻(𝑘) is the energy stored in the ice harvesting system (MWh) during hour k 

𝐸𝑐,𝐼𝑀(𝑘) is the energy stored in the internal melt system (MWh) during hour k 

𝐸𝑐,𝐿𝐴𝐵(𝑘) is the energy stored in the lead acid battery (MWh) during hour k 

Rc,IH is the maximum charge rate for the ice harvesting system (MWt) 

Rc,IM  is the maximum charge rate for the internal-melt system (MWt) 

Rc,LAB is the maximum charge rate for the lead-acid battery (MW) 

COPice is the ice making COP of 2.75 discussed in Section 3.3.3 

 
 

Discharge and Dispatch. If the renewable energy production and base load energy is not 

sufficient to satisfy demand (i.e., Eq. (3-10) is false) then demand must be met with stored 

energy, intermediate generation and peak generation. In this case, the model must first determine 

whether or not all of the stored energy can be used. This decision is reflected in Eq. (3-22): 
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 Eu(k) −  Eb  −  Es(k) −  Ew(k) ≥ Estor,IH(k − 1) −  γl,IHEstor,IH(k − 1)  
 + Estor,IM(k − 1) −  γl,IMEstor,IM(k − 1) 
 + Estor,LAB(k − 1) 
 − γl,LABEstor,LAB(k − 1) (3-22) 

 

where Estor(k-1) is the energy (MWh) in storage in the k-1 hour and γl is the fractional hourly 

standby losses due to storage. Subscripts IH, IM, and LAB denote storage and losses for ice 

harvesters, internal-melt and lead-acid batteries. 

 

If the amount of energy demand that must be met with stored energy, intermediate generation 

and peak generation is greater than the amount of energy in storage (i.e., Eq. (3-22) is false) a 

sub-function within the lower level is used to determine the optimal transfer of energy from 

available energy storage technologies. This sub-function uses MATLAB's linear programming 

function, linprog. The problem statement for this charge optimization is shown in Table 3-10, 

where the objective is to maximize the energy transferred from storage, subject to each storage 

system’s discharge efficiency, γd, as shown in Eq. (3-23). 

 

Lower and upper bounds are set in Eqs. (3-24) through (3-29), which limit the energy transferred 

from each storage system during discharge between zero and the maximum discharge rate of 

each system. 

 

Eqs. (3-30) through (3-35) are linear inequalities used to further constrain the amount of energy 

discharged from the system. In Eq. (3-30), the total amount of energy transferred from the energy 

storage systems is limited by the amount of electricity use that must be met with either stored 

energy or intermediate and peak energy. Eqs. (3-31) through (3-33) restrict the amount of energy 

discharged from each storage system by the amount of energy available in storage, while 

accounting for standby losses and penalties imposed by the energy use limit. Eqs. (3-34) and    

(3-35) limit the amount of energy discharged by ice storage systems by displaceable building 

cooling power. 
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Table 3-10. Statement of discharge optimization problem 

 
Maximize: 

 Ed,TOT(k) = γd,IHEd,IH(k) +  γd,IMEd,IM(k) + γd,LABEd,LAB(k) (3-23) 

  

Subject to constraints: 

 Ed,IH(k)  ≥ 0  (3-24) 

 Ed,IM(k)   ≥ 0  (3-25) 

 Ed,LAB(k) ≥ 0  (3-26) 

 Ed,IH(k)  ≤ Rd,IH COPice⁄ × 1 hour  (3-27) 

 Ed,IM(k)  ≤ Rd,IM COPice⁄ × 1 hour  (3-28) 

 Ed,LAB(k)  ≤ RLAB × 1 hour  (3-29) 

 
  

 γd,IHEd,IH(k) +  γd,IMEd,IM(k) 
 +γd,LABEd,LAB(k) ≤ Eu(k) −  Eb − Es(k) − Ew(k) (3-30) 

 

 Ed,IH(k)  ≤
Estor,IH−γl,IHEstor,IH

pen
  (3-31) 

 

 Ed,IM(k)  ≤
Estor,IM−γl,IHEstor,IM

pen
  (3-32) 

 

 Ed,LAB(k)  ≤
Estor,LAB−γl,LABEstor,LAB

pen
  (3-33) 

 

 γd,IHEd,IH(k) +  γd,IMEd,IM(k)  ≤  Rbc × 1 hour  (3-34) 

 

 γd,IHEd,IH(k)  ≤  Rlbc  × 1 hour  (3-35) 

 

where: 

Ed,,TOT is the total energy transferred from storage (MWh) during hour k 

γd, IH is the fractional discharge efficiency of the ice harvester system 

γd, IM is the fractional discharge efficiency of the internal-melt system 

γd, LAB is the fractional discharge efficiency of the lead-acid battery system 

Ed,IH is the total energy transferred from ice harvester storage (MWh) during hour k 

Ed,IM is the total energy transferred from internal-melt storage (MWh) during hour k 

Ed,LAB is the total energy transferred from lead-acid battery storage (MWh) during hour k 

Rd,IH is the maximum discharge rate for the ice harvesting system (MWt) 

Rd,IM  is the maximum discharge rate for the internal-melt system (MWt) 

Rd,LAB is the maximum discharge rate for the lead-acid battery (MW) 

Rbc(k) is the cooling power (MW) required by all buildings during hour k 

Rlbc(k) is the cooling power (MW) required by large buildings during hour k 

 
 

If Eq. (3-22) is true, then all of the energy currently in storage can be used and the model must 

next determine if the energy transferred from each storage system will be limited by their 
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respective maximum discharge rate, displaceable cooling power, or not at all. The model 

sequentially evaluates the permissible discharge from ice harvester, internal-melt systems and 

lead-acid batteries to arrive at the total discharge rate from storage.  

 

For ice harvesters, the amount of electricity that can be displaced in the current hour by a 

discharge from storage, Ed,IH, cannot exceed the maximum discharge rate occurring for one hour 

as expressed in Eq. (3-36): 

 

 Ed,IH(k) = (Rd,IH COPice⁄ ) × 1 hour (3-36) 

 

For ice harvesters, which are only suitable for large buildings, the discharge rate is limited by the 

connected large building cooling power. Thus the amount of energy that can be discharged from 

ice harvester storage in the current hour cannot exceed the amount given in Eq. (3-37): 

 

 Ed,IH(k) =
Rlbc(k) × 1 hour

γd,IH
⁄    (3-37) 

 

Finally, the amount of energy discharged from ice harvester storage cannot exceed the amount of 

energy currently in storage as expressed in Eq. (3-38). 

 

 Ed,IH(k) = Estor,IH(k − 1) −  γl,IHEstor,IH(k − 1)  (3-38) 

 

The actual amount of energy discharged from ice harvester storage is the minimum of the three 

limits expressed in Eq. (3-36) to (3-38). 

 

An analogous decision structure determines the energy discharged from internal-melt storage, 

shown in Eqs. (3-39) through (3-41). For the internal-melt system, the amount of electricity that 

can be displaced in the current hour by a discharge from storage, Ed,IM, cannot exceed the 

maximum discharge rate occurring for one hour as expressed in Eq. (3-39). 

 
  

 Ed,IM(k) = (Rd,IM COPice⁄ ) × 1 hour (3-39) 

 

The discharge rate is further limited by the connected building cooling power. Thus the amount 

of energy that can be discharged from internal-melt storage in the current hour cannot exceed the 

amount given in Eq. (3-40). 

 Ed,IM(k) =
(Rbc(k) × 1 hour −  γd,IHEd,IH(k))

γd,IM
⁄   (3-40)  

Finally, the amount of energy discharged from internal-melt storage cannot exceed the amount of 

energy currently in storage as expressed in Eq. (3-41). 

 

 Ed,IM(k) =  Estor,IM(k − 1) −  γl,IMEstor,IM(k − 1)   (3-41) 

 

The actual amount of energy discharged from internal-melt storage is the minimum of the three 

limits expressed in Eqs. (3-39) to (3-41). 
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A third decision structure is used to determine the amount of energy discharge from lead-acid 

battery storage. The amount of electricity that can be displaced by lead-acid batteries during the 

current hour, Ed, LAB, cannot exceed the maximum discharge rate as expressed in Eq. (3-42). 

 

 Ed,LAB(k) =
RLAB × 1 hour

γd,LAB
⁄  (3-42) 

The amount of energy discharged from lead-acid battery storage also cannot exceed the amount 

of energy currently in storage as expressed in Eq. (3-43). 

 

 Ed,LAB(k) =  Estor,LAB(k − 1) −  γl,LABEstor,LAB(k − 1)  (3-43) 

 

The actual amount of energy discharged from lead-acid battery storage is the minimum of the 

two limits expressed in Eqs. (3-42) and (3-43). 

 

The operational simulation then determines the amount of intermediate generation and peak 

generation to dispatch to meet the remaining electricity demand. Peak generation can only be 

dispatched when electricity demand is greater than 80% of the annual peak electricity demand, as 

expressed in Eq. (3-44), and intermediate generation can be dispatched to meet electricity 

demand greater than base load up to 80% of the annual peak electricity demand, shown in  

Eq. (3-45).  

 

 Ep(k)  ≤ 0.2 × Eu,peak (3-44) 

 

 Ei(k) ≤ 0.8 × Eu,peak − Eb  (3-45) 

 
  

The annual cost of peak energy, CEp, and intermediate energy, CEi, are shown in Eqs. (3-46) and 

(3-47). 

 

 CEp = cEp ∑ Ep(k)8760
1   (3-46) 

 

 𝐶𝐸𝑖 = 𝑐𝐸𝑖 ∑ 𝐸𝑖(𝑘)8760
1   (3-47) 

 

The value of energy storage is partially determined by the savings that occur through the 

difference in annual operating costs for a base case with no storage and a case when energy 

storage is used (represented by AB and AS, respectively). AB and AS are calculated with  

Eq. (3-48). Equation (3-49) describes the present value of operating savings using the uniform 

series present worth factor with a rate of return, i. 

 

 Aj = (CEi + CEp)
j
… j = B, S  (3-48) 

 

 

 (P A⁄ , i%, n) =  
(1−(1+i)−n)

i
  (3-49) 
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Peak Power Displacement. The operational simulation’s final function is to determine the peak 

power displacement capabilities of each energy storage system. The amount of peak power that 

can be displaced by each storage system is limited by the amount of average hourly peak power 

used, the discharge rate of the storage system and in the case of ice storage, the available 

building cooling power.  

 

To determine the amount of peak power that is displaceable, the hourly combined intermediate 

and peak energy generated in the base case, Eip0(k), defined in Eq. (3-50), is calculated.  

 

 Eip0(k) =  Eu(k) − Eb − Es(k) − Ew(k)  (3-50) 

 

For the ice harvester storage system, the hourly peak power that can be displaced is the minimum 

of the average hourly intermediate and peak power, the discharge rate of the ice harvester system 

based on storage capacity, the discharge rate of the ice harvester system based on three times the 

charge rate of the ice harvester and the hourly large building cooling power, as described in  

Eq. (3-51). 

 

 RDP,IH(k) = 𝐦𝐢𝐧 {Eip0(k) 1 hour⁄ ,   SIH 8COPice,   3RIH COPice,  Rlbc(k)⁄⁄ }  (3-51) 

 

For the internal-melt system, the hourly peak power that can be displaced is the minimum of the 

average hourly intermediate and peak power, the discharge rate of the internal-melt system and 

the difference in the hourly building cooling power and the hourly displaced peak power of the 

ice harvester, as described in Eq. (3-52). 

 

 RDP,IM(k) = 𝐦𝐢𝐧 {Eip0(k) 1 hour⁄ ,  SIM 8COPice,   (Rbc(k) − RDP,IH(k))⁄ } (3-52) 

 

For the lead-acid battery system, the hourly peak power that can be displaced is the minimum of 

the hourly average intermediate and peak power minus the hourly displaced peak power of the 

ice harvester and internal-melt systems and the discharge rate of the lead-acid battery, as 

described in Eq. (3-53). 
 

 RDP,LAB(k) = 𝐦𝐢𝐧{(Eip0(k) 1 hour⁄ − RDP,IH −  RDP,IM),   RLAB}  (3-53) 

 

The hourly combined intermediate and peak energy generated in the storage case, Eip(k), is then 

calculated with Eq. (3-54). Equation (3-55) determines the new maximum value (achieved 

through the use of storage) of the hourly intermediate and peak energy use, Eip,max. A similar 

value is determined for the base case (without storage) using Eq. (3-56). 

 

 Eip(k) = Eip0(k) − (RDP,IH(k) +  RDP,IM(k) +  RDP,LAB(k)) × 1 hour  (3-54) 

 

 Eip,max = 𝐦𝐚𝐱{Eip(k)}
k=1…8760

  (3-55) 

 

 Eip0,max = 𝐦𝐚𝐱{Eip0(k)}
k=1…8760

  (3-56) 
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The amount of peak power capacity displaced, RDP, is calculated as the difference in the 

maximum average intermediate and peak power generation in the base case and the storage case, 

as shown in Eq. (3-57). 

 
 RDP = Eip0,max 1 hour⁄ −  Eip,max 1 hour⁄   (3-57)   

 

Finally, the hourly reduction in peak energy generation that is possible with energy storage, 

Ep,red(k), is found with the Eq. (3-58). The sum of the hourly reduction in peak energy 

generation, Ep,red,tot, expressed in Eq. (3-59) must be charged to storage during off-peak hours 

using intermediate energy and additional intermediate energy must also be generated to account 

for the round-trip efficiency of the storage system, as described in Eq. (3-9).  

 

 Ep,red(k) = 𝐦𝐚𝐱{(Eip0(k) − Eip,max), 0}
k=1…8760

  (3-58) 

 

 Ep,red,tot =  ∑ Ep,red(k)8760
k=1   (3-59) 
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Chapter 4 
 

Results 
 

4.1. Baseline (No Storage) Technical and Economical Comparison  

 

Figures 3-5 and 3-6 in the preceding chapter show the predicted power dispatch for CAISO and 

ERCOT respectively for the case of no energy storage.  The overall hourly energy use is equal to 

the sum of base load, renewable, intermediate, and peaking hourly energy output.  Related 

information is presented in a different way in Figure 4-1 and Figure 4-2.  Here results are 

presented for hourly energy use in excess of base load (blue line) and hour energy available from 

renewables (red line) based on present values of renewable penetration.  Where the hourly 

energy use in excess of base load exceeds the available renewable energy, intermediate or 

peaking power must be employed.  In the absence of storage, when the hourly energy use is less 

than the renewable energy available, renewable energy production must be curtailed.  The 

amount of renewable curtailment is also indicated in Figure 4-1 and Figure 4-2 (green line).  

 

 
Figure 4-1. Renewable curtailment in CAISO with present renewables 
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Figure 4-2. Renewable curtailment in ERCOT with present renewables 

 

The present renewable portfolio in the CAISO utility region consists of 5,506 MW of installed 

wind capacity and 2,575 MW of installed solar capacity based on data obtained from EIA (EIA, 

2012) and Interstate Renewable Energy Council Solar Market Trends 2013 report (Sherwood, 

2014). Due to the availability of such data, these figures are accurate as of 2012, but will be used 

as the present renewable portfolio as of 2014. 

 

The present renewable portfolio in the ERCOT utility region consists of 10,056 MW of installed 

wind capacity and 75 MW of installed solar capacity based on data obtained from ERCOT’s 

2011 Capacity, Demand and Reserves Report (ERCOT, 2011). Due to the availability of such 

data, these figures are accurate as of 2011, but will be used as the present renewable portfolio as 

of 2014. 

 

Renewable energy curtailment will increase with an increase in the renewable penetration.  Here 

cases for which renewable power comprises 25% and 33% of peak power are considered for 

each region. Renewable power that is 25% of peak power was selected based on renewable 

portfolio standards across the country which are generally between 20% and 33% 

(Scharzenegger, 2008), (Texas, 2005). This case will demonstrate the value of energy storage for 

a scenario where renewable capacity is distributed between wind and solar based on present 

renewable distribution, but with a capacity increase representative of a region where the most 

aggressive renewable portfolio standards have been partially implemented. 

 

In the 25% case, the distribution of wind and solar power capacity is based on the present solar 

to wind ratio in both regions. For CAISO, this represents a solar/wind ratio of 0.47 and an 

increased solar capacity of 3,718 MW and a wind capacity of 7,950 MW. In ERCOT the present 
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solar/wind ratio is 0.0075 which implies a solar capacity of 117 MW and a wind capacity of 

15,588 MW when penetration reaches 25%. 

 

A third case is evaluated where installed renewable capacity is increased further to 33% of peak 

load, corresponding to the most aggressive renewable energy targets. In the 33% case, the 

distribution between wind and solar is based on projected wind and solar capacities in 2024 for 

each region (halfway through the 20 year model life) by the EIA in the Annual Energy Outlook 

2014 (EIA, 2014). In California, the solar/wind ratio grows to 0.66 and in Texas the solar/wind 

ratio grows to 0.016. With these projected renewable distributions, 92,74 MW of wind and 6,129 

MW of solar would be installed in CAISO and 21,670 MW of wind and 356 MW of solar would 

be installed in ERCOT.  

 

The hourly energy use, renewable availability, and curtailment are presented in Figure 4-3 and 

Figure 4-4 for the 33% renewable penetration case in CAISO and ERCOT.  The curtailed 

renewable energy is presented for the cases of present, 25%-renewable energy, and 33%-

renewable energy in Figure 4-5 for CASIO and Figure 4-6 for ERCOT.  The time-integral of 

these curves represents the total annual energy that must be curtailed for each case, and thus 

represents the maximum amount of energy that could be captured by a storage system and 

moved to a time when it can be used.   

 

 
Figure 4-3. Renewable curtailment in CAISO with 33% renewables 
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Figure 4-4. Renewable curtailment in ERCOT with 33% renewables 

 
Figure 4-5. Renewable curtailment in CAISO 

 
Figure 4-6. Renewable curtailment in ERCOT 

 

Table 4-1 presents the results of this integration for each case and region, including the installed 

solar and wind capacities and the total renewable energy produced and curtailed in each region 

and each case. Also presented in Table 4-1 are the maximum values of peak hourly energy 



 69 

production, the total energy generation and the total annual cost of energy generation for each 

region and case.  The implementation of an energy storage system can reduce the need for 

intermediate and peak hourly energy production, thus reducing the need for capital investment in 

these generating resources.  

 

Total peak power demand is significantly greater, between 5000 and 6000 MW greater, in the 

ERCOT region than the CAISO region for each case. Annual energy use is also significantly 

greater in ERCOT than CAISO, with an additional 41,130 GWh, 34,097 GWh and 27,650 GWh 

of energy required in the present, 25% and 33% cases, respectively. Furthermore, annual 

renewable energy generation in ERCOT is more than double the amount of renewable energy 

generated in CAISO in all cases and curtailed renewable energy in ERCOT is more than ten 

times greater than the amount of curtailed renewable energy in CAISO for the same case.  

 
Table 4-1. Baseline (no storage) technical and economical values for each region 

Case Total 

Peak 

Power 

Demand 

MW 

Annual 

Non-

Renewable 

Energy 

Produced 

GWh 

Annual 

Cost of 

Energy 

$Millions 

Installed 

Wind 

Power 

MW 

Installed 

Solar 

Power 

MW 

Annual 

Renewable 

Energy 

Produced 

(Curtailed) 

GWh 

CAISO - present 7717 59,285 2550 5506 2575 
14,522 

(99) 

CAISO – 25% 

renewable 
7055 53,144 2285 7950 3718 

20,970  

(406) 

CAISO – 33% 

renewable 
6332 47,460 2039 9274 6129 

27,116  

(868) 

ERCOT – present 12,878 100,415 4333 10,056 75 
29,861 

(1,489) 

ERCOT – 25% 

renewable 
12,715 87,241 3764 15,588 117 

46,227 

(4,681) 

ERCOT – 33% 

renewable 
12,476 75,118 3239 21,670 356 

64,595 

(10,926) 

Note: The total peak demand is taken to be equal to the highest hourly energy use and hence is 

an hourly averaged value.  The true peak demand will be somewhat higher. 

 

The overall storage capacity and the mix of storage technologies that can best be used to capture 

a portion of the value of the curtailed renewable energy and the possible peak power reduction 

must be determined in consideration of the first cost and operating characteristics of the storage 

systems.  Results of this analysis are presented in the next section, with results for the CAISO 

region presented first, followed by the results for the ERCOT region. 
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4.2. Present Value  Comparison for CAISO Utility Region 

 

This section will discuss the present value of the storage systems selected during optimization for 

the three renewable capacity portfolios in the CAISO utility region: present day renewable 

capacity, renewable capacity equal to 25% of peak load and renewable capacity equal to 33% of 

peak load with forecasted solar and wind energy profiles. Relevant results from the optimization 

will be presented including technical and economical characteristics of the optimized storage 

systems. 

 

For all of the cases presented, the optimization begins with initial values of 100,000 MWth of ice 

harvester capacity and 2,500 MWt of ice harvester charge rate, 25,000 MWth of internal-melt 

energy capacity and 0 MW of lead-acid battery discharge rate. These values were selected 

through a combination of past experience running the optimization model and manual 

calculations which provided a reasonable storage system capable of recovering a large 

percentage of curtailed renewable energy. For the three cases evaluated in the CAISO utility 

region, this starting configuration for the storage system is technically capable of recovering 

between 50% and 70% of the curtailed renewable energy. The optimization was run from this 

starting set of decision variables to determine improved sets of values until further iterations 

yielded minimal improvements (less than 0.1% of present value). The optimization was then 

restarted from a new starting point to confirm that it converged to the same final set of values. 

 

Optimization results for the present renewable capacity portfolio will be presented first, followed 

by the results from the 25% renewable capacity portfolio and the 33% renewable capacity 

portfolio. 

4.2.1.  Renewable Energy Balancing with Present Renewable Capacity (17% of Peak  

Load) 

 

The full model was run with both the synthesis level optimization and operational simulation to 

determine the optimal energy storage mix to maximize present value. A total of 300 iterations 

were performed.  

 

The optimization begins with initial values of 100,000 MWth of ice harvester energy capacity 

and 2,500 MWt of ice harvester charge rate, 25,000 MWth of internal-melt energy capacity and 0 

MW of lead-acid battery discharge rate which yields a present value of -$273 million. The initial 

storage system is capable of recovering 68% of the 99 GWh of curtailed renewable energy and 

displacing 677 MW of peak generating capacity.  

 

After 300 iterations, all of the energy storage systems were reduced in size such that 8,716 MWth 

and 363 MWt of ice harvester energy capacity and charge rate were installed with an additional 

6,172 MWth of internal-melt energy capacity yielding a present value of $478 million. The lead-

acid battery discharge rate remained at zero indicating that batteries were not an economical 

alternative to CTES. 

 

Technical and economic characteristics of the optimized energy storage system are shown in 

Table 4-2. 
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Table 4-2. Technical and economic characteristics of optimized storage for the CAISO region with present 

renewable capacity 

Characteristic Optimized Storage 

Technical Performance 

Lead acid battery discharge rate, MW 0 

Ice harvester energy capacity, MWth 8,716 

Ice harvester charge rate, MWt 363 

Internal melt energy capacity, MWth 6,172 

Annual generation displaced by storage, MWh 31,653 

Percent of curtailment recovered by storage, % 32.0 

Peak power displaced by storage, MW 677 

Intermediate energy charged to storage to displace 

peak power, MWh 
2,278 

Maximum hourly intermediate and peak energy 

generation, MWh 
25,899 

Peak cooling power displaced, % 100 

Economic Performance (all numbers in 

millions of 2014 dollars) 

Initial cost of storage 638 

Displaced generating cost 683 

Displaced building cooling equipment cost 417 

Net initial value of storage 463 

Annual value of energy displaced by storage 1.33 

Present value of storage system 

- Assumes 20-year life, 6% rate of return 
478 

 

The CAISO utility region with present renewables is estimated to have 99 GWh of curtailed 

renewable energy annually. The optimized storage system is capable of recovering nearly 32% of 

that energy while also being capable of displacing 677 MW of peak power generating resources. 

To displace peak power, the system charges overnight using intermediate energy, requiring 2,278 

MWh of intermediate energy to displace 1,570 MWh of peak energy after accounting for losses. 

This peak energy reduction is illustrated in Figure 4-7, where the blue line represents the hourly 

intermediate and peak energy generated in the base case with no storage and the red line 

represents the maximum intermediate and peak energy generated with the optimized storage 

system installed. The energy above the red line is then generated during off-peak hours using 

intermediate energy, charged to storage and dispatched once energy use rises to displace peak 

energy. 
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Figure 4-7. Reduced peak energy with energy storage, CAISO present renewables 

 

With this system, the peak percentage of building cooling power displaced is 100%. To 

maximize the value of this storage system would require integration of CTES with the entire 

building population in the CAISO region. 

 

The system itself has an equivalent electrical charge rate of 356 MW at an ice making COP of 

2.75 (132 MW of ice harvester charge rate and 224 MW of internal-melt charge rate) and an 

equivalent electrical energy capacity of 5,414 MWh and costs $638 million. Roughly 65% of the 

initial cost of storage is recovered by the cost of displaced building cooling equipment and more 

than the entire cost of storage is recovered from displace generating costs leaving a net value of 

storage of $463 million. The annual generation displaced by storage has a value of $1.33 million 

and a present value of $15.25 million over the 20 year lifetime. Thus, the CTES system is 

essentially a peak shaving system that also has the capability of recovering curtailed renewable 

energy 

4.2.2. Renewable Energy Balancing with Renewable Capacity 25% of Peak Load 

 

The full model was run with both the synthesis level optimization and operational simulation to 

determine the optimal energy storage mix to maximize present value. A total of 200 iterations 

were performed.  

 

The optimization begins with initial values of 100,000 MWth of ice harvester energy storage 

capacity and 2,500 MWt of ice harvester charge rate, 25,000 MWth of internal-melt energy 

capacity and 0 MW of lead-acid battery discharge rate which yields a present value of -$17 

million. The initial storage system is capable of recovering 61% of the 406 GWh of curtailed 

renewable energy and displacing 734 MW of peak generating capacity.  

 

After 300 iterations, all of the energy storage systems were reduced in size such that 9,741 MWth 

of ice harvester energy capacity and 412 MWt of ice harvester charge rate were installed with an 

additional 6,416 MWth of internal-melt energy capacity yielding a present value of $559 million. 

The lead-acid battery discharge rate remained at zero indicating that batteries were not an 

economical alternative to CTES. 
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Technical and economic characteristics of the optimized energy storage system are shown in 

Table 4-3. 

 
Table 4-3. Technical and economic characteristics of optimized storage for the CAISO region with 25% 

renewable capacity 

Characteristic Optimized Storage 

Technical Performance 

Lead acid battery discharge rate, MW 0 

Ice harvester energy capacity, MWth 9,741 

Ice harvester charge rate, MWt 412 

Internal melt energy capacity, MWth 6,416 

Annual generation displaced by storage, MWh 103,341 

Percent of curtailment recovered by storage, % 25.5 

Peak power displaced by storage, MW 734 

Intermediate energy charged to storage to displace 

peak power, MWh 
3,274 

Maximum hourly intermediate and peak energy 

generation, MWh 
25,180 

Peak cooling power displaced, % 100 

Economic Performance (all numbers in 

millions of 2014 dollars) 

Initial cost of storage 681 

Displaced generating cost 741 

Displaced building cooling equipment cost 448 

Net initial value of storage 509 

Annual value of energy displaced by storage 4.42 

Present value of storage system 

- Assumes 20-year life, 6% rate of return 
559 

 

The optimized storage system is capable of recovering roughly 25% the 406 GWh of curtailed 

renewable energy while also being capable of displacing 734 MW of peak power generating 

resources. Compared to the optimized storage system in the present renewable portfolio case, an 

additional $43 million investment in energy storage systems enables more than three times the 

amount of recovered renewable energy and an additional 57 MW of displaced peak power. To 

displace the 734 MW of peak power and reduce the maximum intermediate and peak energy 

generation to 25,180 MWh, 3,274 MWh of intermediate energy is required to be generated over 

night to charge the storage system. The optimized storage system requires a maximum of 100% 
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of the building cooling power available during discharge throughout the year, which would 

require integration of CTES with the entire building population in the CAISO region.  

 

The system itself has an equivalent electrical charge rate of 383 MW at an ice making COP of 

2.75 (150 MW of ice harvester charge rate and 233 MW of internal-melt charge rate) and an 

equivalent electrical energy capacity of 5,875 MWh and costs $638 million. This system is 

slightly larger in energy capacity and charge rate than the optimized system from the present 

renewables case, but due to the increased availability of renewable energy is able to recover a 

much greater amount of renewable energy and displace a larger portion of the building cooling 

energy. 

 

From a financial perspective, roughly 66% of the initial cost of storage is recovered by the cost 

of displaced building cooling equipment, which is comparable to the storage system used in the 

present renewables case. Additionally, 108% of the initial cost of storage is recovered from 

displaced peak generating costs leaving a net value of storage of $559 million. The annual 

generation displaced by storage has a value of $4.42 million and a present value of $51 million 

over the 20 year lifetime. Again, the CTES system primarily has value in displacing building 

cooling and peak generating capacity, but also enables recovery of renewable curtailment, which 

in this case accounts for approximately 10% of the present value. 

 

The present value of optimized storage for the 25% renewables case is 17% larger than the 

storage system in the present renewables case. Both systems are similarly sized, but the storage 

system for the 25% case is capable of displacing more energy generation and more peak power 

and therefore has a larger present value.  

4.2.3. Renewable Energy Balancing with Renewable Capacity 33% of Peak Load 

 

The full model was run with both the synthesis level optimization and operational simulation to 

determine the optimal energy storage mix to maximize present value. A total of 300 iterations 

were performed.  

 

The optimization begins with initial values of 100,000 MWth of ice harvester energy capacity 

and 2,500 MWt of ice harvester charge rate, 25,000 MWth of internal-melt energy capacity and 0 

MW of lead-acid battery discharge rate which yields a present value of $33 million. The initial 

storage system is capable of recovering 54% of the 868 GWh of curtailed renewable energy and 

displacing 677 MW of peak generating capacity.  

 

After 300 iterations, all of the energy storage systems were reduced in size such that 11,328 

MWth of ice harvester energy capacity and 526 MWt of ice harvester charge rate were installed 

with an additional 6,193 MWth of internal-melt energy capacity yielding a present value of $540 

million. The lead-acid battery discharge rate remained at zero indicating that batteries were not 

an economical alternative to CTES. 

 

Technical and economic characteristics of the optimized energy storage system are shown in 

Table 4-4. 
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Table 4-4. Technical and economic characteristics of optimized storage for the CAISO region with 33% 

renewable capacity 

Characteristic Optimized Storage 

Technical Performance 

Lead acid battery discharge rate, MW 0 

Ice harvester energy capacity, MWth 11,328 

Ice harvester charge rate, MWt 526 

Internal melt energy capacity, MWth 6,193 

Annual generation displaced by storage, MWh 188,349 

Percent of curtailment recovered by storage, % 21.7 

Peak power displaced by storage, MW 677 

Intermediate energy charged to storage to displace 

peak power, MWh 
3,367 

Maximum hourly intermediate and peak energy 

generation, MWh 
24,153 

Peak cooling power displaced, % 100 

Economic Performance (all numbers in 

millions of 2014 dollars) 

Initial cost of storage 723 

Displaced generating cost 684 

Displaced building cooling equipment cost 487 

Net initial value of storage 448 

Annual value of energy displaced by storage 8.00 

Present value of storage system 

- Assumes 20-year life, 6% rate of return 
540 

 

The optimized storage system is capable of recovering roughly 22% the 868 GWh of curtailed 

renewable energy while also being capable of displacing 677 MW of peak power generating 

resources. The curtailed renewable energy recovery percentage is comparable to that which is 

achieved in by the optimized storage system in the 25% renewables case, but the amount of 

renewable energy recovered, 187 GWh, is nearly twice as large. 

 

The peak power displaced in the 33% renewables case is roughly 70 MW less than in the 25% 

renewables case. Due to the change in solar/wind capacity between the 25% and 33% case, the 

hour with the maximum peak energy generation changes between the two scenarios. In the 25% 

case, the hour of peak power demand coincides with a larger displaceable building cooling 

energy requirement. Therefore, even though the discharge rates of the storage systems are similar 

in both the 25% and 33% cases, the peak power displaced is larger in the 25%.  
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To displace the 677 MW of peak power and reduce the maximum intermediate and peak energy 

generation to 24,153 MWh, 3,367 MWh of intermediate energy is required to be generated over 

night to charge the storage system. The storage system also requires a maximum of 100% of the 

building cooling power available during discharge, so like the other cases, this storage system 

would require integration with the entire regional building population. 

 

The system itself has an equivalent electrical charge rate of 416 MW at an ice making COP of 

2.75 (191 MW of ice harvester charge rate and 225 MW of internal-melt charge rate) and an 

equivalent electrical energy capacity of 6,371 MWh and costs $723 million. This system uses a 

larger ice harvester system than the 25% renewables case (526 MWt compared to 412 MWt) and 

a slightly smaller internal-melt system (6,193 MWth compared to 6,416 MWth).  

 

From a financial perspective, roughly 67% of the initial cost of storage is recovered by the cost 

of displaced building cooling equipment, which is comparable to the storage system used in the 

other cases. Nearly 95% of the initial cost of storage is recovered from displaced peak generating 

costs leaving a net value of storage of $540 million. The annual generation displaced by storage 

has a value of $8 million and a present value of $92 million over the 20 year lifetime. Thus, as 

the renewable fraction grows, the contribution of recovered curtailment to the present value 

increases from 2.8% in the present (17%) case to roughly 17% of the present value in the 33% 

case. 

 

Compared to the present and 25% renewables cases, this optimized storage system recovers the 

largest amount of curtailed renewable energy and displaces the largest portion of the building 

cooling energy required for the region. Due to the change in solar and wind proportionality 

between the 33% renewables case and the remaining cases, the peak displaced power achievable 

by the storage system is slightly less than in the 25% case, but comparable to the present case. 

Overall, all three cases demonstrate that the greatest value in these energy storage systems is in 

the displaced peak power generating savings rather than in curtailed renewable energy recovery. 

The net value of storage in all cases is positive, demonstrating that the ice storage systems are 

attractive economically when used for peak shaving and curtailed renewable energy recovery. 

The results further demonstrate that the ice storage systems provide a better energy storage 

solution than lead-acid batteries, on a financial basis, since no lead-acid battery capacity was 

chosen in any of the three cases. However, in all cases the storage system requires the entire 

regional building cooling power available to discharge during certain points of the year and 

would require integration with the entire building population estimated in this research to 

achieve maximum economic value. 

 

 

 

 

 

 

 

 



 77 

4.3. Present Cost Comparison for ERCOT Utility Region (15% of Peak Load) 

 

This section will discuss the present value of the storage systems selected during optimization for 

the three renewable capacity portfolios in the ERCOT utility region: present day renewable 

capacity, renewable capacity equal to 25% of peak load and renewable capacity equal to 33% of 

peak load with forecasted solar and wind energy profiles. Relevant results from the optimization 

will be presented including technical and economical characteristics of the optimized storage 

systems. 

 

For all of the cases presented, the optimization begins with initial values of 100,000 MWth of ice 

harvester energy capacity and 2,500 MWt of ice harvester charge rate, 25,000 MWth of internal-

melt energy capacity and 0 MW of lead-acid battery discharge rate. These values were selected 

through a combination of past experience running the optimization model and manual 

calculations which provided a reasonable storage system capable of recovering a large 

percentage of curtailed renewable energy. For the three cases evaluated in the ERCOT utility 

region, this starting configuration for the storage system is technically capable of recovering 

between 10% and 50% of the curtailed renewable energy. The optimization was run from this 

starting set of decision variables to determine improved sets of values until further iterations 

yielded minimal improvements (less than 0.1% of present value). The optimization was then 

restarted from a new starting point to confirm that it converged to the same final set of values. 

 

Optimization results for the present renewable capacity portfolio will be presented first, followed 

by the results from the 25% renewable capacity portfolio and the 33% renewable capacity 

portfolio. 

4.3.1. Renewable Energy Balancing with Present Renewable Capacity Portfolio 

 

The full model was run with both the synthesis level optimization and operational simulation to 

determine the optimal energy storage mix to maximize present value. A total of 200 iterations 

were performed.  

 

The optimization begins with initial values of 100,000 MWth of ice harvester energy capacity 

and 2,500 MWt of ice harvester charge rate, 25,000 MWth of internal-melt energy capacity and 0 

MW of lead-acid battery discharge rate which yields a present value of $1.32 billion. The initial 

storage system is capable of recovering 47% of the 1,489 GWh of curtailed renewable energy 

and displacing 1,963 MW of peak generating capacity.  

 

After 300 iterations, all of the energy storage systems were reduced in size such that 21,430 

MWth of ice harvester energy capacity and 803 MWt of ice harvester charge rate were installed 

with an additional 24,068 MWth of internal-melt energy capacity yielding a present value of 

$1.41 billion. The lead-acid battery discharge rate remained at zero indicating that batteries were 

not an economical alternative to CTES. 

 

Technical and economic characteristics of the optimized energy storage system are shown in 

Table 4-5 
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Table 4-5. Technical and economic characteristics of optimized storage for the ERCOT region with present 

renewable capacity 

Characteristic Optimized Storage 

Technical Performance 

Lead acid battery discharge rate, MW 0 

Ice harvester energy capacity, MWth 21,430 

Ice harvester charge rate, MWt 803 

Internal melt energy capacity, MWth 24,068 

Annual generation displaced by storage, MWh 492,599 

Percent of curtailment recovered by storage, % 33.1 

Peak power displaced by storage, MW 1,944 

Intermediate energy charged to storage to displace 

peak power, MWh 
19,290 

Maximum hourly intermediate and peak energy 

generation, MWh 
31,782 

Peak cooling power displaced, % 100 

Economic Performance (all numbers in 

millions of 2014 dollars) 

Initial cost of storage 2,159 

Displaced generating cost 1,963 

Displaced building cooling equipment cost 1,365 

Net initial value of storage 1,170 

Annual value of energy displaced by storage 22.0 

Present value of storage system 

- Assumes 20-year life, 6% rate of return 
1,411 

 

The ERCOT utility region with present renewables is estimated to have 1,489 GWh of curtailed 

renewable energy annually. The optimized storage system is capable of recovering roughly 33% 

of that energy while also being capable of displacing 1,944 MW of peak power generating 

resources. The peak energy that is reduced by charging the storage system overnight with 

intermediate energy is illustrated in Figure 4-8, where the blue line represents the hourly 

intermediate and peak energy generated in the base case with no storage and the red line 

represents the maximum intermediate and peak energy generated with the optimized storage 

system installed. The energy above the red line is generated during off-peak hours using 

intermediate energy, charged to storage and dispatched once energy use rises to displace peak 

energy. 
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Figure 4-8. Reduced peak energy with energy storage, ERCOT present renewables 

 

With this storage system and a round-trip efficiency of roughly 70%, 19 GWh of intermediate 

energy is required over the course of the year to displace 1,944 MW of peak power. This storage 

system would require 100% of the regional building cooling power available during the course of 

a year. 

 

The system itself has an equivalent electrical charge rate of 1,167 MW with an ice making COP 

of 2.75 (292 MW of ice harvester charge rate and 875 MW of internal-melt charge rate) and an 

equivalent electrical energy capacity of 16.5 GWh and costs $2.16 billion. Compared to the 

present case in the CAISO region, the optimized storage system for the ERCOT region has 

significantly larger internal-melt capacity and more than double the ice harvester charge rate and 

energy capacity. With the large amount of renewable curtailment available, the increased size of 

the internal-melt system is justified since it allows more displacement of the building cooling 

energy than a system that mainly relies on ice harvester storage. As a result, peak displaced 

power is significantly greater with the optimized storage system for the present renewables 

ERCOT case than the optimized storage system used in the present renewables CAISO case.  

 

Financially, roughly 63% of the initial cost of storage is recovered by the cost of displaced 

building cooling equipment, which is consistent from the results presented for the CAISO region, 

and nearly the entire cost of storage is recovered from displaced generating costs, leaving a net 

value of storage of $1.17 billion. The annual generation displaced by storage has a value of $22 

million and a present value of $241 million over the 20 year lifetime, which is sixteen times the 

value of the displaced energy generation with the present renewable case in the CAISO utility 

region. Similar to the storage systems in the CAISO cases, this storage system is primarily a peak 

shaving system, but displaced energy generation accounts for approximately 20% of the present 

value of the system. 
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4.3.2. Renewable Energy Balancing with Renewable Capacity 25% of Peak Load 

 

The full model was run with both the synthesis level optimization and operational simulation to 

determine the optimal energy storage mix to maximize present value. A total of 200 iterations 

were performed.  

 

The optimization begins with initial values of 100,000 MWth of ice harvester energy capacity 

and 2,500 MWt of ice harvester charge rate, 25,000 MWth of internal-melt energy capacity and 0 

MW of lead-acid battery discharge rate which yields a present value of $1.58 billion. The initial 

storage system is capable of recovering 25% of the 4,681 GWh of curtailed renewable energy 

and displacing 1,963 MW of peak generating capacity.  

 

After 200 iterations, the energy storage system selected includes 101,048 MWth of ice harvester 

energy capacity and 2,513 MWt of ice harvester charge rate with an additional 25,000 MWth of 

internal-melt energy capacity yielding a present value of $1.58 billion. The lead-acid battery 

discharge rate remained at zero indicating that batteries were not an economical alternative to 

CTES. 

 

The convergence test indicated that the ice harvester charge rate was oversized by about 1,300 

MWt so 50 more iterations were performed starting with initial values equal to the convergence 

results. The final optimization selected 100,000 MWth of ice harvester energy capacity and 1,214 

MWt of ice harvester charge rate with an additional 25,000 MWth of internal-melt energy 

capacity yielding a present value of $1.61 billion. No lead-acid battery discharge rate was 

installed. 

 

Technical and economic characteristics of the optimized energy storage system are shown in 

Table 4-6. 

 

The optimized storage system is capable of recovering roughly 23% the 4,681 GWh of curtailed 

renewable energy while also being capable of displacing 1,963 MW of peak power generating 

resources. Compared to the optimized storage system in the present renewable portfolio case, an 

additional $302 million investment in energy storage systems yields an additional $201 million 

in value and enables twice the amount of recovered renewable. To displace the 1,963 MW of 

peak power and reduce the maximum intermediate and peak energy generation to 41,601 MWh, 

13,329 MWh of intermediate energy is required to be generated during off-peak hours during the 

course of a year to charge the storage system.  

 

The system itself has an equivalent electrical charge rate of 1,351 MW at an ice making COP of 

2.75 (441 MW of ice harvester charge rate and 909 MW of internal-melt charge rate) and an 

equivalent energy capacity of 45 GWh and costs $2.46 billion. This system has nearly 200 MW 

more charge rate and about three times the energy capacity of the optimized storage system used 

in the present renewable ERCOT case 

 

This storage system at times requires 100% of the available building cooling power and would 

require integration with the entire regional building population. 
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Table 4-6. Technical and economic characteristics of optimized storage for the ERCOT region with 25% 

renewable capacity 

Characteristic Optimized Storage 

Technical Performance 

Lead acid battery discharge rate, MW 0 

Ice harvester energy capacity, MWth 100,000 

Ice harvester charge rate, MWt 1,214 

Internal melt energy capacity, MWth 25,000 

Annual generation displaced by storage, MWh 1,038,599 

Percent of curtailment recovered by storage, % 23.1 

Peak power displaced by storage, MW 1,963 

Intermediate energy charged to storage to displace 

peak power, MWh 
13,329 

Maximum hourly intermediate and peak energy 

generation, MWh 
41,601 

Peak cooling power displaced, % 100 

Economic Performance (all numbers in 

millions of 2014 dollars) 

Initial cost of storage 2,461 

Displaced generating cost 1,983 

Displaced building cooling equipment cost 1,580 

Net initial value of storage 1,102 

Annual value of energy displaced by storage 44 

Present value of storage system 

- Assumes 20-year life, 6% rate of return 
1,612 

 

From a financial perspective, roughly 64% of the initial cost of storage is recovered by the cost 

of displaced building cooling equipment. About 80% of the initial cost of storage is recovered 

from displaced peak generating costs, leaving a net value of storage of $1.1 billion, but 

significant value is gained from recovered renewable energy over the lifetime of the storage 

system. Annually, the value of energy displaced by storage is about $44 million dollars which 

yields a present value of $510 million (approximately 32% of the present value of the system) 

over 20 years with a 6% interest rate. This is the first scenario evaluated with this model where 

the value of energy displaced by renewable energy contributes significantly to the overall value 

of the storage system. Although the value of displaced peak power generating resources is still 

larger, the value gained by recovering curtailed renewable energy allows investment in a larger 

energy storage system that recovers more than 1,000 GWh of curtailed renewable energy 

annually. 
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4.3.3. Renewable Energy Balancing with Renewable Capacity 33% of Peak Load 

 

The full model was run with both the synthesis level optimization and operational simulation to 

determine the optimal energy storage mix to maximize present value. A total of 150 iterations 

were performed.  

 

The optimization begins with initial values of 100,000 MWth of ice harvester energy capacity 

and 2,500 MWt of ice harvester charge rate, 25,000 MWth of internal-melt energy capacity and 0 

MW of lead-acid battery discharge rate which yields a present value of $1.72 billion. The initial 

storage system is capable of recovering 12% of the 10,926 GWh of curtailed renewable energy 

and displacing 1963 MW of peak generating capacity.  

 

After 150 iterations, 121,478 MWth of ice harvester energy capacity and 1,202 MWt of ice 

harvester charge rate were installed with an additional 25,000 MWth of internal-melt energy 

capacity yielding a present value of $1.73 billion. The lead-acid battery discharge rate remained 

at zero indicating that batteries were not an economical alternative to CTES. 

 

Technical and economic characteristics of the optimized energy storage system are shown in 

Table 4-7. 

 

The optimized storage system is capable of recovering roughly 12% the 10,926 GWh of curtailed 

renewable energy while also being capable of displacing 1,963 MW of peak power generating 

resources. Percentage-wise, this is only about half of the recovery demonstrated by the storage 

system in the 25% ERCOT case, though an additional 234 GWh of renewable energy are 

recovered annually with the optimized storage system in the 33% case. 

 

The peak power displaced by storage in the 33% renewables case is the same roughly the same 

as the present renewables case and 25% renewables case in the ERCOT region. To displace the 

1,983 MW of peak power and reduce the maximum intermediate and peak energy generation to 

41,362 MWh, 10,662 MWh of intermediate energy is required to be generated over night during 

the course of a year to charge the storage system.  

 

The system itself has an equivalent electrical charge rate of 1,346 MW at an ice making COP of 

2.75 (437 MW of ice harvester charge rate and 909 MW of internal-melt charge rate) and an 

equivalent electrical energy capacity of 53,264 MWh and costs $2,459 million, which is 

comparable to the storage system selected during optimization in the 25% renewables case for 

the ERCOT region. 
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Table 4-7. Technical and economic characteristics of optimized storage for the ERCOT region with 33% 

renewable capacity 

Characteristic Optimized Storage 

Technical Performance 

Lead acid battery discharge rate, MW 0 

Ice harvester energy capacity, MWth 121,478 

Ice harvester charge rate, MWt 1,202 

Internal melt energy capacity, MWth 25,000 

Annual generation displaced by storage, MWh 1,272,450 

Percent of curtailment recovered by storage, % 12 

Peak power displaced by storage, MW 1,963 

Intermediate energy charged to storage to displace 

peak power, MWh 
10,662 

Maximum hourly intermediate and peak energy 

generation, MWh 
41,362 

Peak cooling power displaced, % 100 

Economic Performance (all numbers in 

millions of 2014 dollars) 

Initial cost of storage 2,459 

Displaced generating cost 1,983 

Displaced building cooling equipment cost 1,575 

Net initial value of storage 1,098 

Annual value of energy displaced by storage 55 

Present value of storage system 

- Assumes 20-year life, 6% rate of return 
1,725 

 

From a financial perspective, roughly 64% of the initial cost of storage is recovered by the cost 

of displaced building cooling equipment, which is comparable to the storage system used in the 

other cases. Roughly 80% of the initial cost of storage is recovered from displaced peak 

generating costs leaving a net value of storage of $1.1 billion. The annual generation displaced 

by storage has a value of $55 million and a present value of $626 million over the 20 year 

lifetime, compared to a value of recovered energy of $510 million by the optimized storage 

system in the 25% ERCOT case. 

 

Similar to the results from the three CAISO cases evaluated, the bulk of the value of the storage 

system comes from displaced peak power generating resources and the displaced building 

cooling equipment. In all cases, the optimization is primarily driven by the value of peak 

shaving. However, unlike the storage systems in the CAISO cases, the 25% and 33% renewables 
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cases in the ERCOT region demonstrate the substantial value in utilizing these energy storage 

systems for renewable energy balancing to recover curtailed renewable energy. With recovery 

rates approaching 35% in the present renewables case, 25% in the 25% renewables case and 11% 

in the 33% renewables case, these storage systems are recovering significant portions of curtailed 

renewable energy while providing a strong financial value. Finally, these results demonstrate that 

ice cool thermal energy storage systems provide a better financial value than stationary lead-acid 

batteries used for the same application.  

 

4.4. Environmental Considerations 

 

One of the potential benefits of implementing energy storage is to make greater use of available 

renewable energy sources in addition to the potential financial value of energy storage systems. 

When energy storage systems are used to store and recover curtailed renewable energy, 

environmental impacts may be lessened through the displacement of intermediate and peak 

energy generated by coal and natural gas power plants and the displacement of additional natural 

gas power plant capacity. This section will account for the environmental impacts of energy 

storage systems, displaced intermediate and peak energy and displaced power plant capacity by 

evaluating the net CO2 equivalent, SO2 equivalent and NOx equivalent emissions for optimized 

storage and lead-acid battery storage in both the CAISO and ERCOT region for the 33% 

renewable portfolio cases. 

 

An NREL life cycle assessment of natural gas combined-cycle power generation system 

evaluates the environmental impacts of a 505 MW (337 MW from gas turbines and 168 MW 

from steam cycle) base load natural gas combined-cycle power plant with 48.8% efficiency 

(higher heating value (HHV) basis) and average operating capacity factor of 80% (Spath & 

Mann, 2000). A 30 year plant life and 2 year construction life was used, where the plant operates 

at 40% and 60% capacity in years 1 and 30 and 80% capacity for the remaining years, for a total 

capacity factor of 78%. The total electricity generated by the plant is 50,516 GWh over its 

lifetime. CO2 emissions from plant construction and decommission account for 0.5% of the total 

CO2 emissions of 440 g/kWh, SO2 equivalent emissions from plant construction and 

decommissions account for 15.4% of the total SO2 equivalent emissions of 0.324 g/kWh and 

NOx emissions from plant construction and decommission account for 1.6% of the total NOx 

emissions of 0.57 g/kWh (Spath & Mann, 2000). The emissions have been converted to a 

kg/MW plant capacity basis based on the plant construction and decommission contribution to 

the total lifecycle plant emissions with 50,156 GWh of lifecycle electricity production for CO2, 

SO2 and NOx emissions of 220,070 kg/MW, 4,991 kg/MW and 912 kg/MW, respectively.  

Although displaced peak power plant costs are estimated based on a combustion turbine natural 

gas power plant, this study is the best available data for natural gas power plant construction 

related emissions and will be used to estimate emissions avoided with displaced peak power 

plant capacity. 

 

Emissions from power plant operating conditions for natural gas power plants are 516 kg/MWh 

of CO2, 0.45 kg/MWh SO2 and 0.77 kg/MWh of NOx (EPA, 2014) and emissions from coal 

power plant operation are even greater at 1022 kg/MWh of CO2, 5.91 kg/MWh of SO2 and 2.72 
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kg of NOx/MWh (EPA, 2014). These values will be used to estimate the energy generation 

emissions avoided with energy storage. 

 

The related energy storage environmental considerations have been discussed in sections 2.2.1.3, 

2.2.3.2 and 2.2.4.2 and will be used to assess the environmental impacts related to energy storage 

systems. Table 4-8 shows the displaced peak energy, displaced peak power and displaced 

building cooling equipment used to calculate avoided emissions for all cases. 

 
Table 4-8.  Displaced energy, peak power and building cooling equipment 

Case Displaced 

Intermediate 

Energy, MWh 

Displaced Peak 

Energy, MWh 

Displaced Peak 

Power, MW 

Displaced 

Building 

Cooling 

Equipment, 

MWt 

Optimized 

storage 

CAISO, present 

31,653 1,570 677 1,400 

Optimized 

storage 

CAISO, 25% 

103,341 2,257 734 1,506 

Optimized 

storage, 

CAISO, 33% 

188,349 2,321 677 1,637 

Optimized 

storage 

ERCOT, present 

492,599 13,295 1,944 4,585 

Optimized 

storage 

ERCOT, 25% 

1,038,599 9,125 1,963 5,306 

Optimized 

storage, 

ERCOT, 33% 

1,272,450 7,349 1,963 5,288 

 
 

Table 4-9 and Table 4-10 show the environmental performance of optimized energy storage and 

an equivalent battery storage system for the CAISO region and the ERCOT region in the 33% 

renewable portfolio cases. The environmental results for the remaining scenarios can be found in 

the Appendix, but largely show the same findings as the 33% cases. Note that all of the 

optimized storage systems use only cool thermal energy storage and no lead-acid battery, so 

environmental results will show the environmental impacts of cool thermal energy storage used 

for renewable energy balancing and peak shaving compared to a battery storage system with 

equivalent peak power shaving capabilities. 
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Table 4-9. Environmental performance of energy storage in CAISO with 33% renewables 

Characteristic Optimized Storage Equivalent Battery 

Storage 

Environmental Performance, 1000 kg CO2 equivalent 

Energy storage system 79,797 888,657 

Displaced building cooling equipment -28,194  

Generation displaced by storage 

(annual) 
-146,038 -156,491 

Displaced generating facilities -148,988 -148,988 

Net CO2 equivalent -3,018,141 -2,390,152 

Environmental Performance, 1000 kg SO2 equivalent 

Energy storage system 520 2,911 

Displaced building cooling equipment -481  

Generation displaced by storage 

(annual) 
-600 -643 

Displaced generating facilities -3,379 -3,379 

Net SO2 equivalent  -15,340 -13,332 

Environmental Performance, 1000 kg NOx equivalent 

Energy storage system 110 3,277 

Displaced building cooling equipment   

Generation displaced by storage 

(annual) 
-330 

-354 

 

Displaced generating facilities -618 -618 

Net NOx equivalent -7,116 -4,424 

 

The CO2 emissions from the optimized energy storage system are roughly half of the of the CO2 

emissions of displaced peak power generating facilities and roughly half of the CO2 emissions 

displaced annually by the use of recovered renewable energy. Also, about 35% of the emissions 

generated to produce the energy storage system are displaced by the building cooling equipment 

displaced with CTES. In total, the use of CTES displaces roughly 3 billion kg of CO2 emissions 

through a combination of displaced building cooling equipment, displaced intermediate and peak 

energy generation and displaced peak power generation facilities. The optimized energy storage 

system produces roughly 10% of the CO2 emissions for production of an equivalent battery 

storage system and has displaces more CO2 emissions overall. 

 

When considering the SO2 emissions, about 15 million kg of SO2 equivalent emissions are 

displaced with the use of CTES. With roughly 500 GWh of renewable energy recovered through 

energy storage, 600,000 kg of SO2 equivalent emissions are avoided annually and 3.38 million 
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kg of SO2 equivalent emissions are avoided by the 677 MW of peak power facilities that are 

displaced through storage. Additionally, about 93% of the emissions generated due to 

manufacture, transport and disposal of the storage system are displaced by displaced building 

cooling equipment. However, the literature used to determine the environmental impacts of 

energy storage did not include SO2 emissions for the polyethylene piping and glycol solution for 

the internal-melt system or for the polyisocyanurate insulation for the ice harvester tank, so total 

SO2 emissions from the energy storage system would likely be larger than the value provided 

here. Compared to the environmental performance of an equivalent battery storage system, the 

optimized storage system emits less SO2 for production of the storage system and has better 

overall environmental performance. 

 
Table 4-10. Environmental performance of energy storage in ERCOT with 33% renewables 

Characteristic Optimized Storage Equivalent Battery 

Storage 

Environmental Performance, 1000 kg CO2 equivalent 

Energy storage system 366,548 2,576,712 

Displaced building cooling 

equipment 
-91,075  

Generation displaced by storage 

(annual) 
-982,306 -1,007,648 

Displaced generating facilities -431,999 -431,999 

Net CO2 equivalent -19,802,647 -18,008,253 

Environmental Performance, 1000 kg SO2 equivalent 

Energy storage system 1,853 8,441 

Displaced building cooling 

equipment 
-1,555  

Generation displaced by storage 

(annual) 
-4,050 -4,154 

Displaced generating facilities -9,798 -9,798 

Net SO2 equivalent -90,494 -84,447 

Environmental Performance, 1000 kg NOx equivalent 

Energy storage system 637 9,501 

Displaced building cooling 

equipment 
 

 

Generation displaced by storage 

(annual) 
-2,226 -2,284 

Displaced generating facilities -1,791 -1,791 

Net NOx equivalent -45,676 -37,962 
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The CTES system is also capable of avoiding roughly 7 million kg of NOx equivalent emissions 

from displaced energy generation emissions and displaced peak power facility emissions. Note 

that the literature used to determine the environmental impact of air-cooled chillers did not 

provide NOx equivalent emissions, so all of the NOx emissions generated with the energy storage 

system are from the ice storage tanks. Once again, the optimized storage system outperforms the 

equivalent battery storage system based on NOx emissions. 

 

The results environmental results for the optimized energy storage system used in the 33% 

renewable portfolio in the ERCOT utility region demonstrate the same findings as those of the 

optimized energy storage system used in the 33% renewable portfolio in the CAISO utility 

region. However, with the larger energy storage system that is installed in the ERCOT utility 

region, a greater amount of CO2, SO2 and NOx equivalent emissions are avoided since more 

renewable energy is recovered and a greater amount of peak power is displaced. 

 

Finally, the footprint of ice storage systems and lead-acid batteries should be considered. A 

CALMAC Ice Bank Model 1190C has a footprint of roughly 44 ft
2
 for 570 kWth of energy 

storage capacity (CALMAC, 2010). Assuming an 8 hour discharge and COP of 2.7 and scaling 

to 1 MW, the ice storage tanks would require about 1,675 ft
2
 of land per MW and the chillers 

would require an additional 565ft
2
 of land per MW, based on the dimensions of a 155 ton Trane 

air-cooled series R chiller (Trane, 2012). In comparison, each MW of lead-acid battery power 

would require 5,760 ft
2
 of land, based on the Chino 10 MW lead-acid battery facility (EPRI, 

1992). 

 

These results show that environmentally, the CTES systems used avoid significant CO2, SO2 and 

NOx equivalent emissions in both utility regions by displacing intermediate and peak energy 

generation with stored renewable energy and by displacing emissions generated through the 

construction of peak power plants and alternative building cooling equipment. Furthermore, the 

CTES systems outperform an equivalent lead-acid battery storage system across the board. 
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Chapter 5 

Conclusions 
 

This study has examined the financial value and environmental impact of implementing thermal 

energy storage for renewable energy balancing in two United States electric utility regions. 

Specifically, ice harvester thermal energy storage and internal-melt ice-on-coil thermal energy 

storage systems were evaluated against a traditional utility scale energy storage system using 

stationary lead-acid batteries.  

 

Due to the intermittent nature of renewable energy sources, balancing the supply of renewable 

energy with instantaneous energy demand poses problems with renewable energy curtailment. 

Particularly with wind energy, the sporadic nature of wind makes it difficult to harness all 

available wind energy throughout the day and night. Solar energy also has an intermittent nature, 

but solar energy is inherently available during the day and naturally matches up with energy use 

profiles better than wind energy. With forecasted growth in renewable penetration across the 

United States associated with renewable portfolio standards, problems with the intermittent 

nature of renewable energy sources will likely worsen. 

 

Energy storage technology has the capability of balancing intermittent renewable energy supply 

with energy demand and avoiding the need for curtailing renewable generation when demand is 

low. Traditionally, when utilities have attempted to store renewably energy, they have 

implemented large stationary batteries to store surplus renewable energy and discharge it later 

when energy use increases. Compressed air storage, flywheels, pumped hydro and hydrogen fuel 

cells are often considered as viable candidates for renewable energy storage applications, but 

cool thermal energy storage is generally overlooked.  

 

Cool thermal energy storage has unique properties that make it an attractive candidate for 

renewable energy balancing, such as relatively low capital costs, meeting building cooling power 

requirements with more efficient and cleaner use of energy and financial value for building 

owners who take advantage of time-of-use rate and demand charge pricing structures. However, 

its characteristic limitations of using stored energy specifically for building cooling needs have 

kept it out of consideration in major energy storage studies performed by organizations such as 

Pacific Northwest National Laboratory and Sandia National Laboratory. For this reason, the 

specific ice based CTES technologies listed above have been evaluated in this research on a 

financial and environmental basis to determine the feasibility of implementing utility scale 

renewable energy CTES systems.  

 

The two utility regions evaluated in this work include the CAISO utility region located in 

California and the ERCOT utility region located in Texas. These utility regions represent utility 

regions with contrasting renewable portfolios with CAISO having the largest installed solar 

capacity in the United States and ERCOT having the largest installed wind capacity in the United 

States. Both are located in climates that have the potential to take advantage of ice based thermal 

energy storage systems with long cooling seasons and warm temperatures throughout the year.  
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To evaluate the financial value of CTES compared to stationary lead-acid batteries, a model was 

designed to select an optimal allocation of storage technologies that maximizes present value 

over a 20 year period. The model uses a tiered approach. The lower level simulates the operation 

of the electric utility to generate energy to meet regional electricity use each hour through a 

combination of base load energy, intermediate energy, peak energy, renewable energy and 

energy storage. Since CTES systems are reliant on building cooling systems, a commercial 

building population suitable for CTES was estimated in each region and regional cooling power 

profiles were simulated with computer software. The high level optimization then allocates 

energy storage systems to attain the greatest financial value compared to a base case where no 

energy storage is implemented for the purpose of renewable energy balancing. 

 

Additionally, the environmental impacts of implementing energy storage for renewable energy 

balancing were considered. These include emissions avoided by displacing intermediate and 

peak energy, emissions avoided by displaced peak power capacity and building cooling 

equipment and emissions that occur due to the production of energy storage systems. Emissions 

data was obtained from literature and life cycle inventories for specific energy storage systems 

and system components.  

 

For each utility region, three renewable portfolio scenarios were evaluated to simulate present 

and future renewable energy production. These scenarios include present renewable energy 

capacity in each region, renewable energy capacities that represent 25% of annual peak loads 

with a solar/wind ratio consistent with the present case and renewable energy capacity that 

represent 33% of annual peak loads, but with solar/wind ratios forecasted by the EIA.  

 

Results indicate that energy storage systems provide value to the utility in both utility regions. In 

all six cases evaluated, cool thermal energy storage was selected over stationary lead-acid 

batteries as the most economical solution. The largest value is gained through peak shaving, 

where the energy storage system is capable of charging over night with intermediate energy that 

can displace peak energy and peak power capacity during peak demand hours. The optimization 

was driven by the large value in peak shaving, but also gained value through renewable energy 

balancing during non-peak seasons when renewable energy curtailment is large.  

 

This research demonstrates that the best use of cool thermal energy storage systems is primarily 

in peak shaving, but the system also demonstrated the capability to recover more than 20% of 

curtailed renewables in all but the ERCOT 33%  renewable capacity scenario, where roughly 

11% of curtailed renewable energy was recovered. With utility wide cool thermal energy storage 

systems installed, the CAISO and ERCOT utility region can better utilize its wind and solar 

assets while reducing the peak power capacity.  

 

When environmental impacts are considered, the cool thermal energy storage systems 

successfully reduce CO2, SO2 and NOx emissions with better utilization of renewable energy 

generation that displaces intermediate and peak energy generation. Additionally, significant 

emissions are generated through the construction of peak power plants that can be displaced with 

cool thermal energy storage.  
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The results from this study provide evidence that CTES systems for renewable energy balancing 

are a viable solution, financially and environmentally, for utility regions with high renewable 

penetration and large annual building cooling power. The ice harvester system provides the 

greatest value since it is particularly well suited for applications that require a large energy 

storage capacity, but internal-melt systems have the advantage of being economical for a greater 

variety of building types and therefore allow energy storage to displace a larger portion of the 

regional building cooling energy. 

 

Due to increased present value of storage in ERCOT compared to CAISO, utility regions with a 

large wind portfolio would likely benefit more from CTES compared to those with a large solar 

capacity. As renewable penetration continues to increase in the future, renewable energy 

curtailment will likely grow. CTES can provide greater financial benefits with increased 

renewable penetration and also can also have beneficial environmental impacts through the 

displacement of intermediate and peak energy generation and peak power capacity. Utility 

regions that experience long cooling seasons with substantial building cooling power 

requirements and anticipate increased renewable penetration nearing 25% or more of peak power 

demand should seriously consider CTES as a viable solution for renewable energy balancing and 

peak shaving applications. 

 

Future areas of research could include comparing the benefits of ice based CTES against 

emerging large scale battery technologies including but not limited to: lithium-ion batteries, 

redox flow batteries and advanced lead-acid batteries. It may also be worthwhile to consider the 

financial value of ice harvester systems for renewable energy balancing when they are used in 

applications beyond building cooling, such as inlet air cooling for gas turbines and refrigeration 

used in manufacturing facilities. Economically, it may be worthwhile to consider the effects of 

alternatives to the construction of new power plants for meeting peak demand. In this case, the 

CTES economic analysis would not reflect the displacement of peak power plant capital cost, but 

rather the displacement of expensive power purchases during periods of greatest demand. 

Finally, a wider selection of utility regions for evaluation will provide better clarity for the 

applications of ice based CTES for renewable energy balancing.  
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Appendix A. Building Population 

 
Data is presented in CBECS by census division which includes a few states in each division. The 

pacific census division includes California, Washington and Oregon while the west south central 

division includes Texas, Arkansas, Louisiana and Oklahoma. To estimate the number of 

buildings in each census division from California and Texas, state population figures from the 

2010 U.S. Census were assumed to be proportional to state building populations. Table A1 

shows the state by state population breakdown and the percentage of buildings in each census 

division that are assumed to belong to California and Texas. 

 
Table A1. 2010 U.S. census populations for pacific and west south central census divisions 
Region Population Census Division Percent of Census 

Division Population 

Pacific Census Division 47,809,570   

Washington 6,724,540 Pacific  

Oregon 3,831,074 Pacific  

California 37,253,956 Pacific 77.92 

West South Central 

Division 

36,346,202   

Arkansas 2,915,918 W. S. Central  

Louisiana 4,533,372 W. S. Central  

Oklahoma 3,751,351 W. S. Central  

Texas 25,145,561 W. S. Central 69.18 

 

 

Table A2 below provides regional floor area of each building type built before and after 1980 

which was used to determine the equivalent number of reference buildings in each region. The 

total floor area for each building type was obtained directly from CBECS data. To calculate the 

equivalent number of reference buildings, the total floor area of each building type was divided 

by the reference building floor area.  
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Table A2. Total regional building population of reference buildings based on total floor space 
CBECS 

Building 

Type 

Associated 

DOE Ref. 

Buildings 

Ref. 

Building 

Floor Area 

(ft
2
) 

Total Floor Area of Buildings Built 

after 1980 per Region (ft
t
) 

(Built before 1980) 

ERCOT CAISO 

Health 

Care 

Outpatient 

Health Care 
40, 946 

47,724,807 

(3,435,810) 

66,300,521 

(48,462,247) 

Hospital 241,351 
78,041,220 

(84,582,658) 

67,568,328 

(69,466,655) 

Office 
Small Office 5,500 

95,723,928 

(71,360,112) 

122,619,042 

(143,459,957) 

Medium 

Office 
53, 628 

166,156,429 

(51,449,031) 

260,666,279 

(299,277,193) 

Large Office 498, 508 
172,603,567 

(85,191,600) 

202,156,240 

(106,126,916) 

Lodging  
Large Hotel 122,120 

66,503,260 

(69,360,186) 

243,771,399 

(94,359,951) 
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Appendix B. Equipment Cost  

 
Lead-Acid Battery Cost 

 
The stationary lead-acid battery cost estimate is derived from an EPRI presentation on Materials 

for Next-Generation Energy Storage given by Dan Rastler at Case Western University in 2008. 

The total capital cost estimate for a 7.5 to 12.5 MW stationary lead-acid battery is $1740 to 

$2580 per kW. On average, this translates to a cost of $2160/kW. These costs include power 

condition systems and all equipment required to connect the battery to the electrical grid. 

Adjusted for inflation at a 10.7% rate, the 2014 installed cost estimate for a lead-acid battery 

based on usable capacity is $2,391,120/MW. 

 

Internal – Melt Equipment 

 
Chiller Cost. Data from R.S. Means Mechanical Cost Data 2011 was used to determine the cost 

for an air-cooled chiller. Installed equipment costs are shown in Table A3 below and ass used to 

estimate the installed cost of a chiller per kWt of ice making capacity. Ice making capacity is 

assumed to be reduced by 33% of the cooling capacity. 

 
Table A3. R.S. Means mechanical cost data for air-cooled chiller 
Cooling 

Capacity, 

tons 

Cooling Capacity, 

kW 

Ice Making Capacity, 

kWt 

Total Cost, 2011 $ 

20 70.34 46.89 41,400 

30 105.51 70.34 44,100 

40 140.68 93.79 51,400 

60 211.02 140.7 68,100 

70 246.19 164.1 76,000 

80 281.36 187.6 81,300 

90 316.53 211.0 86,000 

100 351.7 234.5 95,200 

110 386.87 257.9 102,900 

 

The internal-melt rate cost, CIMR, was determined using Eq. A1: 

 

 CIMR =  cIMR  ×  RIM  (A1) 

 

where cIMR is the unit cost based on the cost of a typical ice making chiller sized at 209 kWt of 

ice making rate and RIM is the charge rate of the internal-melt system. The cost was then adjusted 

to 2014 dollars with an inflation rate of 5.9% yielding a unit cost, cIMR, of $449,397/MWt.  

 

A similar procedure was performed to determine the cost of alternative building cooling 

equipment using a chiller with full rated capacity yielding a unit cost of $297,757/MWt with a 

typical chiller size of 313 kWt. 
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Tank Cost. Ice storage tank costs for an internal-melt system were derived from cost estimates 

shown in a Federal Energy Management Program report prepared by PNNL. They used a price 

of $70/ton-hour of ice storage in 2000, which adjusted for inflation at a rate of 38.2% yields a 

2014 cost of $96.71/ton-hour. Adjusting this cost to reflect cost in MWth yields a unit cost, cIMS, 

of $27,498/MWth. 

 

 

Ice Harvester Equipment 

 
Ice Generator Cost. The installed cost of the dynamic ice generator was estimated to be $990/ton 

with an additional fixed cost of $195,000/generator in DOE's Federal Energy Management report 

on Thermal Energy Storage for Space Cooling (Pacific Northwest National Laboratory, 2000) 

issued in 2000. The unit cost was adjusted to 2014 US dollar and converted to $/MWt basis to 

yield a unit cost for the dynamic ice generator of $388,342/MWt with a fixed cost of 

$269,490/generator. A typical dynamic ice generator size of 2.23 MWt was assumed yielding a 

unit cost, cIHR, of $516,770/MWt Thus the cost of the dynamic ice generators, CIHR, expressed in 

2014 dollars is given by Eq. (A2): 

 

 CIHR =  cIHR × RIH  (A2) 

 

where RIH is charge rate of the ice harvester system installed.  

 

Ice Harvester Tank Cost. The installed cost of ice harvester ice storage tanks was estimated to be 

$211/ton-hour multiplied by the ice storage tank capacity, in ton-hours, raised to the 0.686 

power, in DOE's Federal Energy Management report on Thermal Energy Storage for Space 

Cooling (Pacific Northwest National Laboratory, 2000) issued in 2000. This cost was adjusted to 

2014 US dollar and converted to $/MWth basis to yield a unit cost for storage of, cIHS, of 

$14,064/MWth. Thus, the cost of ice harvester storage tank, CIHS, expressed in 2014 dollar is 

given by Eq. (A3): 

 

 CIHS = cIHS  × SIH
0.686

  (A3) 

 

where SIH is the capacity of the storage tank in MWth. 
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Appendix C. Environmental Considerations 
 
Table A4 through Table A6 show the environmental performance of optimized storage and 

equivalent battery storage, based on peak shaving capability, for the CAISO region. 

 
Table A4. Environmental performance of energy storage in CAISO with present renewables 

Characteristic Optimized Storage Equivalent Battery 

Storage 

Environmental Performance, 1000 kg CO2 equivalent  

Energy storage system 73,271 888,657 

Displaced building cooling equipment -24,112  

Generation displaced by storage 

(annual) 
-25,151 -33,803 

Displaced generating facilities -148,988 -148,988 

Net CO2 equivalent emissions -602,847 63,618 

Environmental Performance, 1000 kg SO2 equivalent  

Energy storage system 446 2,911 

Displaced building cooling equipment -412  

Generation displaced by storage 

(annual) 
-101 -137 

Displaced generating facilities -3,379 -3,379 

Net SO2 equivalent emissions -5,372 -3,211 

Environmental Performance, 1000 kg NOx equivalent  

Energy storage system 103 3,277 

Displaced building cooling equipment   

Generation displaced by storage 

(annual) 
-56 

-76 

 

Displaced generating facilities -618 -618 

Net NOx equivalent emissions -1,643 1,138 

 

 

 

 

 

 

 

 



      101 

Table A5. Environmental performance of energy storage in CAISO with 25% renewables 

Characteristic Optimized Storage Equivalent Battery 

Storage 

Environmental Performance, 1000 kg CO2 equivalent  

Energy storage system 77,630 963,478 

Displaced building cooling equipment -25,938  

Generation displaced by storage 

(annual) 
-80,634 -106,607 

Displaced generating facilities -161,532 -161,532 

Net CO2 equivalent emissions -1,722,512 -1,330,195 

Environmental Performance, 1000 kg SO2 equivalent  

Energy storage system 479 3,156 

Displaced building cooling equipment -443  

Generation displaced by storage 

(annual) 
-330 -437 

Displaced generating facilities -3,664 -3,664 

Net SO2 equivalent emissions -10,220 -9,248 

Environmental Performance, 1000 kg NOx equivalent  

Energy storage system 109 3,553 

Displaced building cooling equipment   

Generation displaced by storage 

(annual) 
-182 -241 

Displaced generating facilities -670 -670 

Net NOx equivalent emissions -4,202 -1,937 
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Table A6. Environmental performance of energy storage in CAISO with 33% renewables 

Characteristic Optimized Storage Equivalent Battery 

Storage 

Environmental Performance, 1000 kg CO2 equivalent 

Energy storage system 79,797 888,657 

Displaced building cooling 

equipment 
-28,194  

Generation displaced by storage 

(annual) 
-146,038 -156,491 

Displaced generating facilities -148,988 -148,988 

Net CO2 equivalent -3,018,141 -2,390,152 

Environmental Performance, 1000 kg SO2 equivalent 

Energy storage system 520 2,911 

Displaced building cooling 

equipment 
-481  

Generation displaced by storage 

(annual) 
-600 -643 

Displaced generating facilities -3,379 -3,379 

Net SO2 equivalent  -15,340 -13,332 

Environmental Performance, 1000 kg NOx equivalent 

Energy storage system 110 3,277 

Displaced building cooling 

equipment 
  

Generation displaced by storage 

(annual) 
-330 

-354 

 

Displaced generating facilities -618 -618 

Net NOx equivalent -7,116 -4,424 
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Table A7 through Table A9 show the environmental performance of optimized storage and 

equivalent battery storage in the ERCOT region for all cases. 

 
Table A7. Environmental performance of energy storage in ERCOT with present renewables 

Characteristic Optimized Storage Equivalent Battery 

Storage 

Environmental Performance, 1000 kg CO2 equivalent  

Energy storage system 259,504 2,551,772 

Displaced building cooling equipment -78,967  

Generation displaced by storage 

(annual) 
-385,669 -429,720 

Displaced generating facilities -427,818 -427,818 

Net CO2 equivalent emissions -7,960,665 -6,470,453 

Environmental Performance, 1000 kg SO2 equivalent  

Energy storage system 1,457 8,359 

Displaced building cooling equipment -1,348  

Generation displaced by storage 

(annual) 
-1,572 -1,755 

Displaced generating facilities -9,703 -9,703 

Net SO2 equivalent emissions -41,043 -36,436 

Environmental Performance, 1000 kg NOx equivalent  

Energy storage system 371 9,409 

Displaced building cooling equipment   

Generation displaced by storage 

(annual) 
-870 -970 

Displaced generating facilities -1,773 -1,773 

Net NOx equivalent emissions -18,799 -11,760 
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Table A8. Environmental performance of energy storage in ERCOT with 25% renewables 

Characteristic Optimized Storage Equivalent Battery 

Storage 

Environmental Performance, 1000 kg CO2 equivalent  

Energy storage system 347,817 2,576,712 

Displaced building cooling equipment -91,385  

Generation displaced by storage 

(annual) -803,391 
-775,373 

Displaced generating facilities -431,999 -431,999 

Net CO2 equivalent emissions -16,243,387 -13,362,751 

Environmental Performance, 1000 kg SO2 equivalent  

Energy storage system 1,818 8,441 

Displaced building cooling equipment -1,560  

Generation displaced by storage 

(annual) 
-3,307 3,191 

Displaced generating facilities -9,798 -9,798 

Net SO2 equivalent emissions -75,677 -65,177 

Environmental Performance, 1000 kg NOx equivalent  

Energy storage system 583 9,501 

Displaced building cooling equipment   

Generation displaced by storage 

(annual) 
-1,819 -1,756 

Displaced generating facilities -1,791 -1,791 

Net NOx equivalent emissions -37,596 -27,406 
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Table A9. Environmental performance of energy storage in ERCOT with 33% renewables 

Characteristic Optimized Storage Equivalent Battery 

Storage 

Environmental Performance, 1000 kg CO2 equivalent 

Energy storage system 366,548 2,576,712 

Displaced building cooling 

equipment 
-91,075  

Generation displaced by storage 

(annual) 
-982,306 -1,007,648 

Displaced generating facilities -431,999 -431,999 

Net CO2 equivalent -19,802,647 -18,008,253 

Environmental Performance, 1000 kg SO2 equivalent 

Energy storage system 1,853 8,441 

Displaced building cooling 

equipment 
-1,555  

Generation displaced by storage 

(annual) 
-4,050 -4,154 

Displaced generating facilities -9,798 -9,798 

Net SO2 equivalent -90,494 -84,447 

Environmental Performance, 1000 kg NOx equivalent 

Energy storage system 637 9,501 

Displaced building cooling 

equipment 
 

 

Generation displaced by storage 

(annual) 
-2,226 -2,284 

Displaced generating facilities -1,791 -1,791 

Net NOx equivalent -45,676 -37,962 

 

 

 

 

 

 

 

 


