
ABSTRACT 

LI, BINGHUI. The Economic Performance of Ocean Compressed Air Energy Storage. 
(Under the direction of Dr. Joseph DeCarolis). 

Energy storage provides a mechanism to reduce the temporal variability associated 

with renewables such as wind, wave, and solar power. Ocean Compressed Air Energy 

Storage (OCAES) represents an advanced compressed air energy storage technology that can 

be coupled with offshore renewables. This thesis provides a thorough analysis of the 

economic feasibility of OCAES coupled with offshore wind farms located off the North 

Carolina coast. OCAES can utilize offshore wind-generated electricity during windy periods 

to isothermally compress air via a liquid piston system for storage in an underwater reservoir, 

where the hydrostatic pressure balances the pressurized air inside the storage reservoir. When 

electricity is needed during periods of low winds, the liquid piston isothermally expands the 

compressed air, and the resultant mechanical energy is converted to electricity, which 

supplements the offshore wind output.  OCAES has several potential advantages over 

conventional CAES, including a reduced strength requirement for the pressure vessel, 

accessibility to multiple offshore renewable energy sources, no fossil fuel requirement, and 

can be installed close to major US coastal demand centers. A preliminary economic analysis 

in Chapter 2 finds that OCAES may offer an opportunity to cost-effectively capture and 

dispatch wind-generated electricity that exceeds the grid-tied, undersea cable capacity. A 

mixed integer programming (MIP) optimization model is presented in Chapter 3 to optimize 

the OCAES component sizing and the operational schedule in order to minimize the 

delivered cost of electricity. The simulation-based optimization model found that the OCAES 

system can increase the system capacity factor (CF), but does so at a high levelized cost 



exceeding 500 $/MWh. A parametric analysis revealed that to achieve equivalent costs to a 

single-cycle gas turbine, the OCAES investment cost has to be lowered to approximately 0.4-

4% of its original value. Based on the study design and its associated component costs, 

OCAES is not an economically competitive option under current cost assumptions. Given the 

lack of commercial experience; however, there are large uncertainties related to the optimal 

design and associated investment costs. In the near term, OCAES may be an economically 

competitive alternative in niche applications such as on small islands or offshore platforms 

where the cost of delivered energy is significantly higher. 
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CHAPTER 1 INTRODUCTION 

With atmospheric CO2 concentration now above 400 parts per million (ppm) [1], it is 

becoming increasingly critical for the world to curb greenhouse gas emissions. In 2011, U.S. 

renewable energy comprised 9% of total US primary energy consumption, in which wind 

power accounted for 13% of the installed renewable capacity and 1.1% of the total annual 

electricity generation [2]. The European Commission’s target for the renewable share of final 

energy consumption is 20% by the year 2020 [3], and in several European countries this 

figure has already been exceeded. But compared to the 70% fossil fuel energy share in the 

global primary energy supply in 2011 [4], there is still a long way to go to achieve a low 

carbon world. In addition, given the rapid industrialization of China and India, it is become 

vital for the developing world to shift their primary energy supply to low carbon sources. 

A key challenge with several renewables, including wind, solar, and wave power is 

the intermittent and variable nature of the resource. Output from such renewable resources is 

largely dictated by the prevailing meteorological conditions, and generating units can only be 

dispatched with limited control. This variable output presents a challenge for system 

operators who manage the electricity grid because they must balance supply and demand in 

real time. As more energy comes from renewable sources, the variable nature of many 

renewables might provide an economic disincentive that can discourage large scale 

deployment. For example, the annual capacity factor is approximately 40% in the highest 

wind classes within the U.S. Great Plains and is approximately 23% for a commercial 

concentrating solar power (CSP) plant in Nevada [5], where the solar insolation is among the 

highest. In addition, in order to meet the reliability and stability requirements associated with 

1 



 

regional electricity grids, fast-ramping generation is needed for backup and load-following 

services [6]. Such fast-ramping capacity is typically provided by gas turbines, which run at 

capacity factors on the order of 10% [7], sometimes even as low as 2% [8],  producing high 

average costs (i.e., $/kWh) compared to baseload technologies, such as nuclear and large coal 

fired or co-generation power plants [9]. 

The problem of intermittency raises another economic challenge. If carrying only 

intermittent renewables such as wind, the associated transmission lines will be lightly loaded 

because the wind farm will be producing less than its full capacity most of the time [10]. 

Since renewable resources are generally diffuse and remote from major demand centers, the 

transmission must be utilized cost-effectively, especially in European countries where 

renewable penetration exceeds 10% or even 15% [11]. 

Energy storage systems (ESSs) are a promising way to increase the reliability and 

stability of renewable energy systems and may play a critical role in the large scale 

utilization of renewables [9,12]. Originally used in a daily cycle to level out diurnal load 

patterns, ESS can also be used for frequency control, spinning reserve, and other ancillary 

services [10,13–15]. Current energy storage methods include potential energy storage 

(compressed air energy storage and pumped hydro storage), kinetic (fly wheels), thermal 

(molten salt), chemical energy storage (hydrogen, batteries) and other innovative concepts 

(super capacitors, and superconducting magnetic energy storage) [15–17]. For large scale 

energy storage applications at the level of several hundred megawatts, pumped hydro and 

compressed air energy storage are the most commercially viable technologies [17–19]. At 

present, only the most inexpensive storage mediums such as air and water can be applied 
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cost-effectively at such a large scale [20]. Compressed air energy storage (CAES) has 

received significant attention as a result of its relatively low capital and maintenance cost 

[8,11,14–18,20], less geographical restrictions [11,20–23], and lower potential environmental 

impacts [11,21]. It is estimated that around 75% ~ 80% of continental US is suitable for 

CAES development [15,16]. While renewables coupled to CAES have received significant 

attention in the academic literature, little work has focused on the possibility of ocean CAES 

(OCAES) that can operate in conjunction with offshore renewables such as wind and wave 

power. 

The goal of this thesis is to characterize the economic feasibility of an OCAES 

system coupled to an offshore wind farm by considering the system’s configuration, 

economic and technical characteristics, and simulated performance over time. This thesis 

consists of four chapters. The first chapter provides an overview of energy storage systems, 

with emphasis on land-based compressed air energy storage and several innovative 

extensions to the core CAES concept. The second chapter explores the configuration of each 

OCAES component, including key parameters and costs, and also provides a preliminary 

economic analysis. The third chapter includes a mathematical description for a mixed integer 

programming (MIP) model that optimizes the OCAES component sizes and hourly dispatch 

in order to achieve minimum cost. In addition, Chapter 3 includes a presentation of the 

results from the optimization model. Chapter 4 discusses insights from the model-based 

analysis as well as future work. 
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1.1.  A brief introduction to Compressed Air Energy Storage (CAES) 

Conventional land-based compressed air energy storage (CAES) consists of three 

major parts: a compressor, a turbo expander, and a storage reservoir (Figure 1.1). 

Theoretically, it can be viewed as a conventional gas-fired Brayton Cycle where the 

compression and expansion phases occur independently. During the storage cycle, the 

compressor is powered by electricity to pump pressurized air into a storage reservoir, which 

is generally located underground in a natural geologic formation, such as salt domes, 

depleted oil or gas reservoirs, mined spaces in hard rock, or aquifers. When required, the 

compressed air is pumped out and mixed with natural gas before entering the combustion 

chamber of the turbo expander, which is connected to an electric generator. Because of the 

incorporation of natural gas, conventional CAES systems have an energy ratio greater than 1, 

generally 1.2 - 1.8 [15,16], which means by storing 1 unit of energy in the form of 

compressed air, it can dispatch more than 1 unit of energy out, where the balance of energy 

comes from the natural gas. The capacity of the compressor and turbo expander for the 

overall plant can be different, depending on the desired operating characteristics [20,24,25]. 

The first storage station using an underground compressed air reservoir has been in 

operation since November 1978 in Huntorf, Germany. The facility consists of two caverns 

with a total volume of 310,000 m3. The storage reservoir needs 12 hours of charging time 

with a 60 MW compressor and can produce maximum output for 3 hours with a 290 MW 

turbine [26]. Another 110 MW plant is located in MacIntosh, Alabama. With a storage 

volume of 19 million cubic feet, it can produce 26 hours of power generation at full capacity 

[15]. This plant utilizes dual-fuel combustors capable of burning natural gas or fuel oil, and 
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the thermal efficiency is higher than in the older Huntorf plant because of the use of a 

recuperator. A heat rate of 4330 kJ/kWh can be reached, which is 25% lower than the 5870 

kJ/kWh for the Huntorf plant [15,16]. 

In such designs, natural gas is used to preheat the air to prevent the turboexpander 

blades from freezing during the adiabatic expansion process. The incorporation of natural 

gas; however, also makes conventional CAES a carbon-emitting technology. In order to 

eliminate natural gas use and to improve system performance, several innovative designs 

have been proposed. 

 

 

Figure 1.1: Typical configuration for a compressed air energy storage (CAES) plant. It consists of a 
compressor, expander, a compressed air storage reservoir, sometimes with a recuperator to improve 

system efficiency 
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1.2. Innovative CAES designs 

1.2.1. Integration of CAES with other renewables 

Advanced CAES designs fall into two broad categories: the direct integration of 

CAES with other renewables and the elimination of natural gas usage during the generation 

process. Denholm [12] suggests using biomass fuels instead of fossil fuels. Unlike fossil 

fuels, biomass is a renewable energy resource, and can be largely carbon neutral over the 

entire cycle of harvest, combustion, and regeneration. In addition, wind, biomass crops, and 

CAES can be combined in the Great Plains to create renewable, dispatchable power. Such 

coordinated deployment would also reduce fuel transportation and operational costs. 

Combining concentrating solar thermal technology with CAES represents another 

innovative concept [22,27]. This design mimics the CAES plants previously described, but 

replaces the natural gas combustor with concentrating solar power and thermal storage. In 

this system, electricity from wind power drives the compression of air, which is then stored 

in underground caverns. The air is released from the cavern, heated by the solar thermal 

system, and expanded through the turbine-generator as needed. Thermal storage is also 

incorporated in order to ensure the system’s dispatchability. A simple economic analysis 

reveals that this integrated system can be competitive with stand-alone solar system or even 

natural gas facilities at high fuel price [27]. 

 

1.2.2. Advanced Adiabatic CAES (AA-CAES) 

Other CAES design focus on eliminating the use of fuel. Traditional CAES is 

“diabatic” because it rejects heat in the intercooler during its compression cycle. By contrast, 
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advanced adiabatic CAES (AA-CAES) is an “adiabatic” process that collects the rejected 

heat during the compression cycle and then uses it to reheat the gas during the expansion 

cycle [28,29]. Between these two cycles, the heat is stored in a thermal energy storage (TES) 

system, which has already been used in concentrating solar plants. A thermodynamic analysis 

by Grazzini and Milazzo [30] shows that an energy recovery efficiency of 0.72 can be 

achieved. The idea of AA-CAES has been discussed since the early 1980's [31], which is 

earlier than the operation of the Alabama CAES plant. At the time; however, the technical 

specifications associated with the adiabatic design were seen as too ambitious and the 

technical barriers too high. More recently, the EU-funded AA-CAES Project [32] has 

developed economic models able to predict market potentials of storage technologies and has 

developed a viable conceptual design. 

Since neither an AA-CAES plant nor a CAES plant coupled with solar or wind 

energy has ever been built, no firm foundation exists for reliable quantitative cost estimation 

and comparison. It is uncertain whether AA-CAES is more economically competitive than 

underground pumped hydro (UPH). Pickard et al. [33] finds that UPH may outweigh CAES 

in initial construction cost. Without concrete examples to the contrary, they question the 

thermal efficiency estimated by Grazzini and Milazzo [30], and further question whether it 

will be cost competitive with UPH. These studies indicate that without operational 

experience and data, the cost estimates associated with such novel CAES concepts are highly 

uncertain. 
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1.2.3. Isothermal CAES introduction 

In thermodynamics, isothermal compression takes place without temperature change, 

and because of the First Law of Thermodynamics, this is the compression process which 

requires the least work. In theory, it is realized by a quasi-static process and in practice it can 

be finitely approached by maximizing the heat transfer between a compressed fluid and an 

ambient heat sink. Similar principles apply to the isothermal expansion process. By 

combining the isothermal compression and isothermal expansion, an isothermal CAES 

system can be constructed. There is no need for a TES system because there are no 

temperature changes and therefore no heat loss. Several isothermal CAES concepts have 

been proposed, such as the water spray [34], hydraulic piston [35] and liquid-flooded Ericson 

cycle [36]. 

Liquid pistons represent another implementation of isothermal CAES. As described 

by Van de Ven et al. [9,37], this design dates back as early as 1909. A liquid piston uses a 

column of liquid to directly compress a gas in a fixed volume chamber. This design largely 

eliminates the friction between a conventional mechanical piston and the cylinder wall.  

Also, the replacement of a solid piston by a liquid piston can potentially eliminate gas 

leakage. The liquid piston can also be used for gas expansion. The liquid piston can be driven 

as part of a hydraulic system. One of the main reasons to use the liquid piston is that the heat 

transfer is enhanced to a near-isothermal condition since the water in the piston can act as a 

heat sink. By simulating the heat transfer and frictional forces, Van de Ven et al. [37] found 

that the liquid piston exhibited a total efficiency of 83%. 
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1.3. Introduction to the Offshore CAES (OCAES) system 

The concept of OCAES was originally discussed by Seymour [38–40], which is different 

from conventional CAES system because it utilizes an offshore compressor and expander and 

puts the pressurized air into an undersea reservoir. Aside from the undersea reservoir, the 

turbo machinery is basically the same as the land-based version, except that it resides on an 

offshore platform, as shown in Figure 1.2. 

 

 

Figure 1.2: Schematic of OCAES. The OCAES system consists of offshore renewables, an 
isothermal compressor/ expander, and an undersea compressed air reservoir. The energy output from 

offshore wind/wave/tidal plants is sent to local grid after being processed through OCAES. (With 
permission from Lim [41]) 
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Literature shows that the options for the land-based underground reservoir are also 

available offshore, including steel vessels, depleted mines, rock caverns and aquifers [13,38]. 

The undersea air storage reservoir is initially filled with water, and is dewatered as 

compressed air is pumped in. Because the depth of the reservoir is fixed, hydrostatic pressure 

will remain constant in the reservoir, allowing the compressor and turbine units to be 

optimally designed and operated without fluctuating storage pressure. 

Compared to a land-based CAES system, deploying the air storage reservoir undersea 

has several advantages. First, the hydrostatic pressure can be used to balance the air pressure 

inside, thereby relaxing the strength requirement for the pressure vessel because there is 

essentially no pressure difference across the wall of the storage reservoir [38,39]. In addition, 

the heat exchange between the vessel and sea water outside is efficient. The low undersea 

temperature also enables the pressurized air to be stored at relatively low volume, which 

makes efficient use of the storage reservoir space [13]. In addition, locating an energy storage 

device offshore can place it in proximity to multiple types of ocean-based renewables, such 

as offshore wind, wave, or tidal energy. The US Great Plains – from North Dakota to North 

Texas – have excellent wind resources, but are far from major coastal US cities. By contrast, 

the offshore resources off the US east coast are close to large, populated cities and industrial 

areas. Given that offshore wind resources are only beginning to be utilized, the potential for 

advancing the technology and reducing cost is still large [20]. In addition, locating wind 

turbines offshore can allow for larger wind turbines and can reduce human objections to 

noise and view [9]. Last but not least, along the US east coast most of the suitable geologic 
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formations for CAES storage do not exist [39]. As such, OCAES may serve as a key 

ancillary technology for offshore wind or wave development. 

However, OCAES faces economic challenges. The most obvious drawback is the 

investment cost. The additional cost associated with an offshore platform, technology 

mobilization, and the construction of an undersea reservoir will add to the already high 

levelized cost of electricity dispatched from storage. In addition, anchoring or ballasting is 

another key consideration to overcome the buoyancy force of the reservoir when filled with 

air. Cavallo [20] notes that the installed capital cost for offshore wind turbines is about 50% 

greater than for onshore machines, and stronger offshore winds do not offset this increased 

cost. With regard to operations and maintenance costs, it is likely to be higher with OCAES 

than with land-based CAES given the hostile offshore environment and more unpredictable 

risk. 
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CHAPTER 2 A PRELIMINARY ECONOMICS ANALYSIS TO OCAES 

2.1.  Overview: An introduction to the economic analysis of OCAES 

Economics is the prime driver of technology deployment. Several previous studies 

focus on the optimization or co-optimization of renewable energy and ESS, with the purpose 

to minimize levelized cost [25,42–44], control greenhouse gas emissions, and enhance the 

system capacity factor [25,44].  

Greenblatt et al. [25] examined two hypothetical wind energy systems supplemented 

by natural gas combined-cycle turbines and CAES respectively, and both delivered a 

maximum 2.0 GW of baseload power to high-voltage transmission lines. By using a cost 

optimization model to minimize the levelized cost of electricity, they concluded that wind 

coupled to CAES is not economically competitive until an effective fuel price of 9 $/GJ is 

reached [25]. By using a co-optimization model both for the wind turbine specific rating and 

the storage parameters, Succar et al. [44] found that the levelized cost of energy could be 

reduced substantially by derating the wind turbines, with a higher system capacity factor and 

reduced storage requirements. By portioning wind energy between hourly and sub-hourly 

markets and using the corresponding market prices to determine the cost of variability from 

individual wind plants, Katzenstein and Apt [45] estimated a variability cost range for 20 

wind plants located in ERCOT between $6.79 to 11.5 per MWh in 2008 and $3.16 to 5.12 

per MWh in 2009. 

 This previous work was based on the analysis wind power time series data to 

accurately capture the temporal effects of storage and dispatch from CAES, which was 

embedded within optimization frameworks that sought the lowest cost for delivered 
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electricity. Due to the immaturity of OCAES technology and high cost uncertainty; however, 

similar optimization work has not been performed previously. This chapter will first 

introduce the basic structure and operational parameters associated with a hypothetical 

OCAES system coupled to an offshore wind farm. A simplified economic analysis will be 

presented to demonstrate the potential for OCAES to decrease the volatility of offshore wind 

energy production. A more detailed and formal optimization model will be introduced in 

Chapter 3. 

 

2.2. OCAES component introduction 

North Carolina has a coastline of approximately 300 miles, which provides a 

significant opportunity for offshore renewable energy development. To provide a consistent 

power supply to the local grid, this thesis investigates the coupling of offshore wind with 

OCAES. Figure 2.1 lays out the 3 main model modules considered in this analysis: an 

offshore wind farm module, an OCAES module, and a transmission module connected to the 

onshore regional electricity grid. 

It is assumed that power output from the wind module is transmitted to a collection 

point, which also connects to the OCAES module. From the collection point, electricity can 

either be sent directly to the electricity grid or stored in the OCAES module. Each hour, 

wind-generated electricity is directly transmitted from the collection point to the grid if it is 

less than or equal to the capacity of the undersea grid-tied cable. If the wind-generated 

electricity exceeds the cable capacity, the portion exceeding the cable capacity is routed to 

OCAES, assuming there is available space in the reservoir. The portion of energy exceeding 
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both the cable capacity and the OCAES available storage space is discarded. In hours where 

the wind-generated electricity falls below the cable capacity, energy can be dispatched from 

OCAES to make up the difference, assuming there is compressed air available in the 

reservoir. The locations of the wind module (consisting of multiple 20 MW wind farms) and 

the OCAES module are selected beforehand; thus all transmission line distances are fixed. 

 

 

 

Figure 2.1: Model abstraction, which includes three modules: an offshore wind farm, OCAES, and a 
transmission module connected to local grid. The index numbers in parenthesis represent the module 

numbers, which are used to index the parameters. For example, ‘𝑛𝑛3𝑆𝑆’ represents the number of 
storage reservoirs in the OCAES module, which is labeled Module 3. 
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As illustrated on Figure 2.1, each module is composed of individual, modular units. 

In this study, the configuration of the wind module remains fixed. As a result, the wind farm 

costs are treated in aggregate while the OCAES module and the transmission module are 

calculated on a per unit basis. The fundamental unit of transmission is a 20 MW grid-tied 

undersea cable, and integer numbers of the cable are considered. Likewise, the fundamental 

OCAES unit is a 0.5 MW liquid piston and a 2.83 MWh reservoir unit. Integer numbers of 

liquid pistons and reservoirs are considered independently of one another. The following 

subsections introduce the locations, configurations, main parameters and costs of each 

individual module in detail. 

 

2.2.1. Locations 

Wind farms are manually selected from all possible offshore wind farms listed in 

NREL’s Eastern Wind Integration and Transmission Study (EWITS) [46] within the feasible 

leasing area regulated by the federal government and off the North Carolina coast [47]. 

Because the rated capacity for offshore wind farms in the EWITS study is 20 MW, 10 

separate wind farms are selected to form an offshore wind installation with a total installed 

capacity of 200 MW. There are two considerations related to the OCAES facility location. 

First, the OCAES modules should be installed along the 100m depth contour line in order to 

meet the hydrostatic pressure requirement. Second, the OCAES facility should be located 

somewhere near the collection point to minimize the cost of undersea cabling. Unfortunately, 

the hydrostatic pressure constraint must be observed, and as a result the OCAES unit must be 

located further from shore than the wind farms. 
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Because the collection point serves as a hub for all the transmission lines, it in turn 

should be located such that the total transmission cost is a minimum. This is a classical 

minimum weighted distance problem, which is also known as the Weber Problem [48]. For 

simplicity; however, in this analysis the collection point is manually selected such that the 

total distance is minimized by visual inspection. The locations of all module components are 

shown in Figure 2.2 and the associated location and distance information is given in Table 

2.1. In addition, the grid tie-in point should most likely be located somewhere near Kitty 

Hawk along the Outer Banks of NC. 

 

Table 2.1: Proposed locations for the collection point, wind farms, and OCAES 

 Latitude Longitude Distances to CP 
(Miles) 

Collection Point (CP) 36.03276 -75.4119 0 
Grid Tie-In  36.06444 -75.7056 16.59 
OCAES 35.92359 -74.9053 29.37 
EWITS 13565 36.07889 -75.4422 3.6 
EWITS 13597 36.06089 -75.4679 3.69 
EWITS 13632 36.04289 -75.4937 4.63 
EWITS 13633 36.04289 -75.4679 3.21 
EWITS 13667 36.02489 -75.4937 4.61 
EWITS 13674 36.02489 -75.3136 5.53 
EWITS 13737 35.98889 -75.2879 7.58 
EWITS 13760 35.97089 -75.2879 8.15 
EWITS 13761 35.97089 -75.2622 9.41 
EWITS 13781 35.95289 -75.2879 8.87 
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Figure 2.2: Assumed locations for the collection point (red marker), wind farms (yellow markers), and the OCAES module (green marker). 
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2.2.2. The transmission infrastructure 

The transmission system has been designed by the team from the Department of 

Electrical and Computer Engineering (ECE) at NC State. Figure 2.3 illustrates the 

configuration of the required transmission infrastructure. 

 

 

 

Figure 2.3: A 20MW wind farm unit consists of 4 x 5MW wind turbines, as well as other supporting 
components including 8 x 5MW converters, a 20MW converter and a 20MW transformer. This figure 

is adapted from ECE’s wind farm design plot [49]. 

 
 
 

It is assumed that each 20 MW wind farm unit consists of 4 wind turbines, each rated 

at 5 MW. The components for a 200 MW wind farm are listed below in Table 2.2, together 
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with the estimated unit cost based on Lundberg [50], an initial cost estimation can be given 

for the transmission infrastructure within the wind module1. 

 

 

Table 2.2: Transmission component costs for the 200MW wind module. There are 10 x 20MW wind 
farms in the wind module. 

Component Amount Unit Unit Cost Unit Initial Cost 
11kV AC Cable 59 miles  $590,000  $/mile  $34,975,200 
5MW Converter 80 Units  $715,000  $/Unit  $57,200,000 
20MW Converter 10 Units  $2,860,000  $/Unit  $28,600,000 
20MW Transformer 10 Units  $430,000 $/Unit  $4,300,000 
Total Cost     $125,075,200 

 

 

As can be seen from Figure 2.4, an OCAES unit with a 0.5 MW liquid piston capacity 

requires 30 miles of 11kV AC transmission cable to connect to the collection point. 

Lundberg [50] is also used to calculate the transmission costs for the OCAES module. The 

transmission cost breakdown is listed in Table 2.3 for a single CAES module. 

 

 

 

Figure 2.4: A 0.5 MW OCAES unit is connected to the collection point with a 11 kV, 0.5 MW AC 
transmission line, as well as a 0.5 MW transformer. This figure is adapted from ECE’s wind park 

design plot [49]. 

1 Note that the undersea cables connecting each 20 MW wind farm to the collection point are considered part of 
the wind module. 
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Table 2.3: A 0.5 MW OCAES unit transmission cost breakdown. Unit cost calculation from the 
formula by Lundberg [50]. 

Component Amount Unit Unit Cost Unit Initial Cost 
11 kV AC Cable 29 mile  $200,000 $/mile  $5,874,000 
0.5 MW 
Converter 

1 Unit  $280,000 $/Unit  $280,000 

Total Cost     $6,154,000 
 

Figure 2.5 shows details of the transmission module, which consists of an integer 

number of grid-tied, undersea cables. The cable capacity for each unit (𝑋𝑋𝑇𝑇0) is assumed to be 

20 MW and the number of units (𝑛𝑛0) is determined either through manual selection or by the 

optimization model, depending on how the model run was set up. The cost for a 20 MW 

transmission line is shown in Table 2.4 assuming no transformer or no converter is built. 

Because of the short distance and high transformer and converter efficiency, the transmission 

efficiency (𝜂𝜂𝑇𝑇0) is assumed to be 1. 

 

 

Figure 2.5: The transmission module consists of multiple 20 MW grid-tied, undersea cables that 
connect the collection point to the onshore electricity grid. The parameter 𝑛𝑛0 is either determined by 

the optimization model or by manual selection. 
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Table 2.4: The cost breakdown for the 20 MW transmission module unit. 

Component Amount Units Unit Cost Units Initial Cost ($) 
11 kV AC Cable 17 miles  $ 590,000 $/mile  $        9,788,100 
Total Cost          $        9,788,100 

 

 

2.2.3. The OCAES Module 

The OCAES module consists of multiple liquid pistons and storage reservoirs. A 

single liquid piston unit is rated at 0.5 MW (𝑋𝑋𝐶𝐶 = 𝑋𝑋𝐸𝐸) and consists of 20 liquid pistons. As 

introduced in Chapter 1, the liquid piston is an innovative application of isothermal 

compression and expansion, which can improve the efficiency of compression and expansion 

compared to adiabatic CAES by avoiding the incorporation of a thermal energy storage 

system. Figure 2.6 shows a desktop demonstration designed by the Department of 

Mechanical and Aerospace Engineering (MAE) at NC State University. 

 

 

 

Figure 2.6: The desktop demonstration of the proposed liquid piston system. The round ended tank 
on the right most side is the hydrostatic tank used to mimic deep sea conditions and maintain a 

constant hydrostatic pressure. (Source: Andre Mazzoleni & Paul Ro, Department of Mechanical and 
Aerospace Engineering, NCSU [51]) 

21 



 

Because there is no practical industrial experience with this liquid piston prototype, 

there is great uncertainty associated with its cost. Based on a rough scaling calculation 

assuming costs for components used in the bench scale prototype, a single 0.5 MW liquid 

piston unit would have an investment cost of approximately $1,200,000 per unit or 

$2,400,000 per MW. Although some manufacturers claim that their isothermal CAES can 

achieve a roundtrip efficiency of 0.9, there is no peer-reviewed, publicly available data to 

support the claim. As such, a roundtrip efficiency of 0.7 is used based on laboratory 

experiments from the MAE team; therefore, the one-way efficiency of the compressor and 

expander is 𝜂𝜂𝐸𝐸 = 𝜂𝜂𝐶𝐶 = √0.7 = 0.84. 

Another important part of the OCAES module is the underwater compressed air 

storage reservoir, which is placed on the sea floor at sufficient depth to achieve the required 

hydrostatic pressure. In this analysis, the chosen depth is 100m. A single module consists of 

3 storage tanks, with each tank having dimensions of 20m (width) x 20m (depth) x 3m 

(height), as shown in Figure 2.7. Other supporting components include pipes and ballast 

material. In order to overcome the buoyancy force, an adequate amount of ballasting material 

is required. In accordance with the design from the NCSU OCAES Civil Engineering team, 3 

tanks (or 1 reservoir module) provides 2.83 MWh of storage capacity (𝑋𝑋𝑆𝑆) at a reservoir 

depth of 100m. 
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Figure 2.7: A cross-sectional diagram illustrating a conceptual design of an underwater compressed 
air storage tank. It is worth noting that there is another design which is similar but with the usage of 
side ballast material. This design could save 82% of ballast material but would require trenching for 

lateral stability. (Source: Mo Gabr, Department of Civil Engineering, NCSU [52]) 

 

 

The investment cost for one reservoir unit can be broken into two parts: (1) the 

scalable portion, which includes the cost for tanks, ballast material, and piping, and (2) the 

fixed portion, which includes the cost for the platform, equipment deployment, trenching, 

and mobilization. A detailed cost breakdown is listed in Table 2.5. 

Each OCAES module should have an equal number of transmission lines to the 

number of liquid pistons, since each transmission line and OCAES module is rated at 0.5 

MW. In addition, all transmission line efficiencies (𝜂𝜂𝑇𝑇3) are set to be 100% given the short 

transmission distance and high transformer and converter efficiency. 

 

 

 

 

storage tank

skirt

5m

3.6m

20.6m

1.5m

23 



 

Table 2.5: The investment cost for an underwater storage reservoir unit. It should be noted that a 2.83 
MWh unit consists of 3 storage tanks, and therefore needs 3 piping systems and 3 ballast units. 

Costs that scale with the number of reservoirs 
 Amount Units Unit cost Unit Total 
Storage Tank 3 Unit  $440,000  $/Unit $1,320,000 
Ballast 3 Unit  $400,000  $/Unit $1,200,000 
Piping 3 Unit  $24,608  $/Unit $73,824 
Total     $2,593,824 

Fixed Costs 
Trenching  $250,000  
Mobilization  $65,000  
Deployment  $350,000  
Platform  $1,500,000  
Total  $2,165,000  
 

 

2.2.4. The Wind Module 

In order to estimate the economic performance of the wind-OCAES system, it is 

necessary to simulate wind farm operation over time. Since wind power can experience rapid 

fluctuations over relatively short timescales, wind power data with an hourly time resolution 

is needed. It must be noted that in practice, supply must meet demand instantaneously, which 

is realized through a complex set of operating mechanisms, including demand forecasting, 

load-following, and regulation [6,53]. In this analysis, hourly data is used for computational 

tractability.  

As mentioned above, 10 wind farms are manually selected from all possible offshore 

wind farms listed by the NREL’s EWITS database, which is an NREL-led project to develop 

a set of wind resource and plant output data for the eastern United States [46]. It is worth 

noting that the data represents simulated output based on a high-resolution simulation of 

historical climate performance rather than real wind farm output. The original output from 
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EWITS’ dataset has a 10 minute time resolution, and the time average of the six values 

within 60 minutes is used as hourly output. The superposition of time-series output from 10 

selected wind farms from 01:00 on Jan. 1, 2004 to 24:00 on Dec. 30, 2004 are used as the 

output from the wind module. 

Each of the 10 wind farms selected from the NREL EWITS dataset must be 

connected to the central collection point, as shown in Figure 2.8. 

 

 

 

Figure 2.8: The wind module (Module 1), includes a 200 MW wind farm, consisting of ten 20 MW 
installations each connected via a dedicated transmission line to the collection point. Refer to Table 
2.1 for distances of each wind farm to the collection point. The hourly output from the wind module 

is from EWITS. 

 

 

For offshore wind turbines, the cost information is provided by the EIA’s Annual 

Energy Outlook [2]. Cost estimates for offshore wind are provided in Table 2.6. It is assumed 

that there is no transmission loss for the undersea cables. 
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Table 2.6: Offshore wind farm capital cost and fixed O&M cost, excerpted from EIA’s 2012 Annual 
Energy Outlook [2]. 

 Amount Unit 200 MW Wind Module 
Cost 

Unit 

Capital Cost 5,794  $/kW  1,283,875,200  $ 
Fixed O&M Cost 53.33  $/kW-yr  10,666,000  $/yr 
Variable O&M Cost 0 $/kWh 0 $/kWh 

 

 

2.2.5. Cost Summary 

By adding up the component-specific costs, Table 2.7 provides a cost summary for 

each module. 

 

 

Table 2.7: A summary of each module’s cost and efficiency on a per unit basis. For the wind and 
liquid piston units, the initial cost includes the associated transmission cost. 

Symbol Component Name Value Units 
𝐶𝐶1 Total capital cost for the wind module 1,283,875,200  $ 
𝐹𝐹1 Fixed O&M Cost for wind module  10,666,000  $/yr 
𝑉𝑉1 Variable O&M Cost for the wind module 0    $/MWh 
𝜂𝜂𝑇𝑇1 Wind module’s transmission efficiency 1  
𝐶𝐶3𝐿𝐿 0.5 MW liquid piston with transmission  7,354,000  $ 
𝐶𝐶3𝑆𝑆 2.83 MW storage reservoir (scalable part)  2,593,824  $ 
𝐶𝐶3𝑅𝑅 2.83 MW storage reservoir (fixed part)  2,165,000  $ 

𝜂𝜂𝐸𝐸 , 𝜂𝜂𝐶𝐶  Equivalent compressor/expander efficiency 0.837  
𝜂𝜂𝑇𝑇3 OCAES module’s transmission efficiency 1  
𝐶𝐶0 20 MW transmission line  9,788,100  $ 
𝜂𝜂𝑇𝑇0 Transmission module’s efficiency 1  
𝑟𝑟 Discount rate 0.1  

𝐶𝐶𝐶𝐶𝐶𝐶 Capital charge rate 0.117 yr-1 

𝐶𝐶𝐶𝐶𝐶𝐶3𝑆𝑆 Capital charge rate for storage reservoir 0.101 yr-1 
𝑇𝑇 Number of hours in an optimization 8760 h 
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For the storage reservoir, the assumed lifetime is 50 years and all remaining OCAES 

components are assumed to last 20 years. Lastly, the discount rate is assumed to be 10%, 

which represents an average expected rate of return on a commercial investment. Based on 

the above assumptions, the capital charge rate (CCR) for each component is given in Table 

2.7 and represents a factor that converts a lump sum investment cost into an annual cash flow 

[54]. 

 

2.3. The Preliminary analysis for OCAES 

2.3.1. The potential effect of ESS 

Wind energy is variable and intermittent, largely affected by and sensitive to the 

prevailing meteorological conditions, which are hard to forecast over the long term. Under 

such conditions, variable power output from wind farms may degrade the reliability of the 

associated regional electricity grid, which can result in economic damages resulting from 

power loss [6]. Representative time-series power output from a 200 MW wind farm is 

displayed in Figure 2.9. 
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Figure 2.9: The first 1000 hours of simulated output from the wind module. Output represents the 
sum across the ten 20 MW EWITS wind farms used in this study. Refer to Table 2.1 for site 

locations. 

 

 

To accurately capture the effects of intermittent and variable renewable electricity 

generation on the grid, a unit commitment model is required to model the hourly to sub-

hourly dispatch of all generators serving the grid [55]. Such models are complex and often 

require proprietary data to run, and as such are outside the scope of the current analysis. 

Instead, the capacity factor of the grid-tied undersea cable is used as a proxy for the 

consistency of delivered power. The capacity factor is defined as the ratio of the electrical 

energy delivered to the grid over the course of a year divided by the maximum potential 

delivered electrical energy over the same period if the technology was operated continuously 

at maximum capacity. The capacity factor can serve as a quantitative way to measure the 
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degree of stability and reliability of an energy source, and also provides a way to measure 

how consistently a power plant produces output. Baseload plants, which have high utilization 

rates due primarily to low variable operating costs, typically operate at capacity factors of 

70% or higher [7]. By contrast, the most expensive peaking plants may operate rarely and 

only to meet the highest peaks, usually in the summer, which results in a low capacity factor. 

Similarly, if the wind farm and grid-tied undersea cable have the same rated capacity, the 

capacity factor will be low since there are many hours in which the wind farm output is far 

below its full capacity. Figure 2.10 shows the offshore wind capacity factor map for the US 

east coast. 
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Figure 2.10: Offshore wind capacity factor map along the east coast of U. S. Map excerpted from 
NREL [46]. 

 

 

One way to increase the capacity factor of a transmission line is to scale up the wind 

farm capacity relative to the transmission line capacity, or conversely, to scale down the 

transmission line relative to the wind farm capacity. But by doing so, some portion of the 

wind-generated electricity is wasted, since there is no way to transmit electrical energy 

exceeding the capacity of the transmission line. Scaling down the transmission line capacity 

can decrease investment cost but results in wasted electricity; the final effect on the cost of 
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energy is hard to predict in the absence of formal calculations (Figure 2.11). An alternative 

solution is to incorporate an energy storage system, which can store the excess energy and 

dispatch it when wind output is low, as shown in Figure 2.12. By doing so, the electricity 

wasted by scaling down the grid-tied transmission capacity relative to the total wind capacity 

can be avoided and a large portion of it can be recovered while also increasing the capacity 

factor of the transmission line. 

 

 

 

Figure 2.11: The effect of scaling down the transmission line relative to the wind output, which 
represents the first 1000 hours summed output from 10 EWITS wind farms. (a) Transmission line 
capacity is 140 MW, CF = 0.50; (b) Transmission line capacity is scaled down to 120 MW, CF = 

0.54. The shaded part in both plots represents energy sent to the grid. Although scaling down 
transmission line capacity improves the system capacity factor, wasted energy can lead to a higher 

levelized cost. 

 

0 500 1000
0

50

100

150

200

Time (h)

P
ow

er
 (M

W
)

(a)

0 500 1000
0

50

100

150

200

Time (h)

P
ow

er
 (M

W
)

(b)

31 



 

Figure 2.12 represents one of the results from the optimization model described in 

Chapter 3, and illustrates the effect of OCAES. Although OCAES can increase the capacity 

factor of the grid-tied cable, there is a tradeoff between the increased capacity factor and the 

incremental cost associated with adding OCAES. It is unclear whether the additional revenue 

generated by recovering energy that would have been wasted without the OCAES system 

outweighs the investment cost in OCAES, which is the focus of this study. 
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Figure 2.12: The effect of energy storage. (a) The raw wind farm output; (b) The output after being processed through the energy storage 
system. Straight dashed line represents the grid-tied transmission line capacity. The light grey area represents the dispatched energy from 

OCAES; the dark grey area represents the stored energy into the OCAES. The “peak-shaving” effect of the scaled-down transmission and the 
“trough-filling” effect from OCAES are shown in (b), where OCAES increases the system capacity factor.
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2.3.2. A Preliminary Cost Analysis 

To quantitatively measure the economic performance, the concept of levelized cost is 

utilized in this analysis. Levelized cost is calculated as the ratio of total annual cost 

(including the annual payment on amortized capital, fixed O&M cost, variable O&M cost 

and fuel cost) divided by the total annual electricity generation. It accounts for the 

technology lifetime, discount rate, and the different cost components. The U. S. EIA [56] 

gives an estimate for the levelized cost of electricity from natural gas powered plants 

between 67 to 130 $/MWh for the year 2017. 

In this study, the levelized cost is calculated by using the formula below: 

 
𝐿𝐿𝐶𝐶 =

𝐶𝐶𝐶𝐶𝐶𝐶 ∙ (𝒏𝒏𝟎𝟎𝐶𝐶0 + 𝒏𝒏𝟑𝟑𝟑𝟑𝐶𝐶𝐿𝐿) + 𝐶𝐶𝐶𝐶𝐶𝐶3𝑆𝑆 ∙ (𝒃𝒃𝟑𝟑𝟑𝟑𝐶𝐶3𝑅𝑅 + 𝒏𝒏𝟑𝟑𝟑𝟑𝐶𝐶3𝑆𝑆) + 𝐹𝐹1
𝒏𝒏𝟎𝟎 ∙ 𝑋𝑋𝑇𝑇0 ∙ 𝑇𝑇𝑦𝑦 ∙ 𝐶𝐶𝐹𝐹

. Eqn. 2.1 

Note that parameter names are drawn from Table 2.7. The numerator indicates the 

annual cost and denominator indicates the amount of electricity delivered to the regional grid 

over the course of 1 year. 

By using the above formula, the levelized cost for offshore wind without OCAES is 

shown in Figure 2.13 as a function of the number of grid-tied undersea cables. The wind farm 

capacity remains fixed at 200 MW, but the cable capacity is varied from 1 cable (20 MW) to 

10 cables installed in parallel (200 MW). Although a lower number of cables can increase the 

system capacity factor, there is a proportionally larger amount of wasted energy (Figure 

2.14). As a result, the levelized cost of electricity increases almost exponentially when the 

number of cables is reduced, as shown in Figure 2.13. 
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Figure 2.13: Without the incorporation of OCAES, the reduced grid-tied cable capacity results in a 
higher levelized cost because the cost of the wasted energy exceeds the avoided investment cost in 

higher undersea cable capacity. 

 

 

 

Figure 2.14: Although decreasing the undersea cable capacity can increase the system capacity 
factor, the total sent energy per year decreases as a result of wasted energy. 
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Figure 2.13 and Figure 2.14 demonstrate that scaling down the cable capacity relative 

to the wind farm capacity increases the system capacity factor but wastes a large amount of 

electricity, which increases the levelized cost of electricity. 

The OCAES system offers a potential solution by allowing the electricity exceeding 

the cable capacity to be stored and dispatched later during periods of low wind generation. 

However, the OCAES system also requires a significant capital investment in liquid pistons, 

storage reservoirs, a dedicated undersea cable, and other equipment. As a preliminary 

exercise, an extreme bounding case is considered in which OCAES is assumed to be free and 

infinite. The result also provides a lower bound levelized cost for any practical OCAES 

system with non-zero cost, and can be a guide to the optimization study performed in the 

Chapter 3.  

With the free OCAES assumption, the levelized system cost with and without 

OCAES are listed in Table 2.8. The minimum levelized cost is obtained with 180MW of 

undersea cable capacity (i.e., 9 parallel lines), and is only 1 $/MWh (0.31 $/MWh to be more 

accurate) cheaper than if no OCAES is installed. Although the cost difference is very small, 

this result indicates that it is still possible to bring down the system cost by installing 

OCAES. In addition, as the number of undersea cables is reduced, the economic benefit of 

OCAES grows, as evidenced by the lower levelized costs with OCAES compared to without. 

The incremental improvement in capacity factor becomes smaller when transmission 

capacity increases due to the reduced opportunity to recover electricity that exceeds the grid-

tied cable capacity. 
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While this simple bounding exercise yielded useful insight, a formal optimization 

model is described in Chapter 3 to determine the optimal configuration and dispatch schedule 

for an OCAES unit with the costs given in Table 2.7. 
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Table 2.8: The levelized cost and capacity factor for the wind farm with and without free OCAES installed. 

# of undersea cables 1 2 3 4 5 6 7 8 9 10 
𝐿𝐿𝐶𝐶 (No OCAES) ($/MWh) 1120 626 461 379 330 298 277 262 256 257 
𝐿𝐿𝐶𝐶 (Free OCAES) ($/MWh) 929 469 315 276 268 262 259 256 255 257 
𝐶𝐶𝐹𝐹 (No OCAES) 0.830 0.747 0.680 0.625 0.578 0.537 0.500 0.464 0.426 0.384 
𝐶𝐶𝐹𝐹 (Free OCAES) 0.999 0.997 0.996 0.859 0.711 0.609 0.534 0.476 0.427 0.384 

 

 

Figure 2.15: The levelized cost and capacity factor for the wind/wave system with and without free OCAES installed. (a) levelized cost; (b) 
capacity factor. 
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CHAPTER 3 OPTIMIZATION OF OCAES 

In Chapter 2, a preliminary study was presented to explore the economic opportunity 

provided by OCAES. Assuming a free and infinite capacity OCAES module, installing an 

OCAES system saves approximately 0.30 $/MWh in the lowest levelized cost case with 180 

MW of undersea cable capacity. However, OCAES is not free, and the storage and dispatch 

capability is limited by both physical and economic constraints. Therefore a simulation-based 

optimization is necessary to more carefully investigate the economic characteristics of 

OCAES in practice. 

The model is used to determine the minimum levelized cost of energy based on 

OCAES cost input parameters and the system configuration (i.e., number of grid-tied 

transmission cables (𝒏𝒏𝟎𝟎), number of liquid pistons (𝒏𝒏𝟑𝟑𝟑𝟑), and number of storage units (𝒏𝒏𝟑𝟑𝟑𝟑)) 

associated with the lowest levelized cost. In addition, hourly storage (𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔)) and dispatch 

(𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔)) must adhere to the operational limits of the liquid pistons, and the storage 

level in the storage reservoir must not exceed its physical limit. Accounting for these 

physical and operational constraints as well as the estimated equipment cost, a mixed integer 

programming (MIP) model formulation was developed to investigate the economic feasibility 

of OCAES. 

While we are interested in minimizing the levelized cost of electricity, doing so 

directly would make the model non-linear. As shown in Equation 2-1, the levelized cost is 

defined as the ratio of total annualized cost to total energy sent to the grid, in which total 

energy sent to the grid is affected by the number of transmission units (𝒏𝒏𝟎𝟎), which is a 

decision variable within the MIP model, and the system capacity factor (𝐶𝐶𝐹𝐹), which is 
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determined by the MIP model based on the optimal OCAES capacities and dispatch 

schedule. As a result, directly setting the levelized cost to be the objective function would 

make the model non-linear, and dramatically increase the model solve time. To avoid non-

linearities in the model formulation, a linear optimization model was constructed with an 

objective function that minimizes the present cost of the wind-OCAES system subject to a 

constraint on total sent energy (TSE). 

To better illustrate this idea, Figure 3.1 shows a sample plot illustrating how the total 

cost may vary with the total sent energy requirement in a gas turbine.  

 

 

 

Figure 3.1: An illustrative plot showing the relationship between total annual cost and the total sent 
energy to the grid for a gas turbine. The ratio of annualized total cost to annualized total sent energy 

at each point on the profile corresponds to its levelized cost. 
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As the electricity requirement increases, more fuel is required, which leads to a 

monotonically increasing total annualized cost curve. In this test case, each point on the cost 

curve represents the minimum 𝑇𝑇𝐶𝐶 required (the y coordinate) to guarantee a certain amount 

of 𝑇𝑇𝑇𝑇𝑇𝑇 delivered to local grid (the x coordinate), which makes the ratio of 𝑇𝑇𝐶𝐶 to 𝑇𝑇𝑇𝑇𝑇𝑇 at each 

point represent the levelized cost (𝐿𝐿𝐶𝐶) required to guarantee certain amount of 𝑇𝑇𝑇𝑇𝑇𝑇 delivered 

to local grid, as shown in the equation below: 

𝐿𝐿𝐶𝐶 =
𝑇𝑇𝐶𝐶
𝑇𝑇𝑇𝑇𝑇𝑇

. 

Therefore, in order to search for the minimum 𝐿𝐿𝐶𝐶, the model is set to solve for the 

minimum 𝑇𝑇𝐶𝐶 under a progressively increasing 𝑇𝑇𝑇𝑇𝑇𝑇 constraint. The model is executed in a 

loop of pre-determined 𝑇𝑇𝑇𝑇𝑇𝑇 values. A simple formulation of the model is: 

min: 𝑇𝑇𝐶𝐶, subject to: 𝑇𝑇𝑇𝑇𝑇𝑇 ≥  𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡[𝑖𝑖]. 

After the loop over 𝑇𝑇𝑇𝑇𝑇𝑇 target values is completed, a list of minimum 𝐿𝐿𝐶𝐶 can be 

generated. Then, the global minimum 𝐿𝐿𝐶𝐶 can be selected from the 𝐿𝐿𝐶𝐶 values in this list. 

The MIP model was solved using in Python Optimization Modeling Objects (Pyomo) 

[57]. The Pyomo package is an open source tool for modeling optimization applications in 

Python. Pyomo can be used to define symbolic problems, create concrete problem instances, 

and solve these instances with standard solvers [58]. It allows the user to formulate 

optimization models with algebraic syntax that is more intuitive than using standard 

programming language constructs. The open source GLPK solver is selected to solve this 

problem. 
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3.1. The algebraic formulation of the optimization model  

Figure 2.1 provides the high level structure of the modeled system but omits several 

detailed components, such as the platform and substructures associated with each module. 

Three main modules are included: a wind module, an OCAES module, and a transmission 

module. The subsections below describe the model structure and formulation in greater 

detail. 

 

3.1.1. Assumptions 

As shown in a more detailed layout illustrated by Figure 3.2, the OCAES module 

consists of liquid piston modules that reside on a platform (not shown), with each one 

connected to the collection point via an undersea cable and connected to the undersea storage 

reservoir units via pipelines that transmit the compressed air. 

The basic principle of operation is similar to conventional CAES. To provide more 

consistent power output, the portion of the wind module power output that exceeds the grid-

tied undersea cable capacity is stored, assuming there is room in the available storage 

reservoir units. In this case, the liquid piston modules are powered by the excess electricity 

and compress air, which is stored in the reservoirs at approximately 100 bar. This process 

represents the storage cycle (𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔)). If the wind power exceeds the grid-tied transmission 

capacity but there is not additional room in reservoir units, the excess energy will be spilled 

(𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅(𝒔𝒔)). When the raw power output from the wind module falls below the grid-tied 

undersea cable capacity and the storage level in reservoir units is greater than 0, the liquid 
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piston units are powered by the compressed air to generate electricity. This represents the 

dispatch cycle (𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔)).  

 

 

 

Figure 3.2: The diagram of the OCAES module illustrating the energy exchange between the liquid 
pistons and the collection point, and liquid pistons and the storage reservoirs. Each hour, depending 

on the operational schedule determined by the model, there may be energy flow into OCAES 
(𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔)), or energy flow out of OCAES (𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔)). The number of liquid piston units (𝒏𝒏𝟑𝟑𝟑𝟑) 

and storage reservoir units (𝒏𝒏𝟑𝟑𝟑𝟑) are decided by the model as well. The diagram also displays the 
equivalent efficiencies for compressing (𝜂𝜂𝐶𝐶) and expanding (𝜂𝜂𝐸𝐸) of liquid pistons are equal. It is 
worth noting that the equivalent compressing (𝑋𝑋𝐶𝐶) and expanding (𝑋𝑋𝐸𝐸) capacities for each liquid 

piston unit are equal (𝑋𝑋𝐶𝐶 = 𝑋𝑋𝐸𝐸 = 0.5 MW) since one is the reverse process of the other. The capacity 
of each storage reservoir unit (𝑋𝑋𝑆𝑆) is 2.83 MWh. 

 

 

It is assumed that for each hour the stored power (𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔)) flows evenly into 𝒏𝒏𝟑𝟑𝟑𝟑 

transmission lines (i.e. each transmission line receives 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔)/𝒏𝒏𝟑𝟑𝟑𝟑) and dispatched power 
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(𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔)) also comes evenly from each transmission line (the collection point receives 

𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔)/𝒏𝒏𝟑𝟑𝟑𝟑 from each line), because only in this way can it be guaranteed that all 

liquid piston units work to their full capacity. Similarly, it is also assumed that in each hour, 

the storage level (𝑠𝑠(𝑡𝑡)) is distributed evenly across the  𝒏𝒏𝟑𝟑𝟑𝟑 undersea storage tanks, with each 

one containing 𝑠𝑠(𝑡𝑡)/𝒏𝒏𝟑𝟑𝟑𝟑 (assuming no pressure drop when the compressed air flows through 

pipelines). 

In terms of the cost breakdown, the OCAES module consists of two major parts: 

liquid pistons and storage reservoirs. For the liquid pistons, each one is rated at 𝑋𝑋𝐶𝐶 (or 𝑋𝑋𝐸𝐸) so 

the undersea cable capacity connecting the liquid pistons to the collection point is also fixed 

at 𝑋𝑋𝐶𝐶/𝜂𝜂𝑇𝑇3. For storage reservoirs, the cost is further divided into a component that scales 

linearly with storage volume (i.e., tank, ballast, and piping costs) and a fixed component (i.e., 

trenching, mobilization, shipment, and platform costs). As a result, the final cost for the 

storage reservoir can be expressed in the following form: 𝐴𝐴 + 𝐵𝐵 ⋅ 𝒏𝒏𝟑𝟑𝟑𝟑. 

 

3.1.2. Decision Variables 

The model decision variables are defined in Table 3.1. As introduced before, the 

number of grid-tied transmission cables (𝒏𝒏𝟎𝟎), liquid piston units (𝒏𝒏𝟑𝟑𝟑𝟑), and reservoir units 

(𝒏𝒏𝟑𝟑𝟑𝟑) are determined by the MIP model. If OCAES is installed, then the operational 

schedule, which includes three classes of operation variables, is determined by the MIP 

model as well. 

It is worth noting that when no storage reservoir is installed (𝒏𝒏𝟑𝟑𝟑𝟑 = 0), the cost for 

the storage unit should be 0, which requires a binary variable 𝒃𝒃𝟑𝟑𝟑𝟑 indicating if any reservoir 
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capacity is installed (see Table 3.1). By using this binary variable, the investment cost for 

storage reservoirs is: 

(𝒃𝒃𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝑅𝑅 + 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝑆𝑆). 

 

 

Table 3.1: Decision variables in the optimization model. 

Parameter Unit Description 
𝒏𝒏𝟎𝟎 Dimensionless Positive integer, the number of grid-tied undersea 

cables in the transmission module. 
𝒏𝒏𝟑𝟑𝟑𝟑 Dimensionless Non-negative integer, the number of liquid pistons in 

the OCAES module. 
𝒏𝒏𝟑𝟑𝟑𝟑 Dimensionless Non-negative integer, the number of reservoirs in the 

OCAES module. 
𝒃𝒃𝟑𝟑𝟑𝟑 Dimensionless Binary, 𝑏𝑏3𝑅𝑅 = 0 if 𝑛𝑛3𝑆𝑆 = 0; 𝑏𝑏3𝑅𝑅 = 1 if 𝑛𝑛3𝑆𝑆 ≠ 0. 

𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔) MWh In vector form, energy entering the OCAES module 
during hour 𝑡𝑡. 

𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔) MWh In vector form, energy leaving the OCAES module 
during hour 𝑡𝑡. 

𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅(𝒔𝒔) MWh In vector form, the energy spilled during hour 𝑡𝑡, it is 
neither sent to the grid nor processed by OCAES. 

 

 

3.1.3. Derived variables 

Two derived decision variables are defined within the model: the storage level at the 

end of hour 𝑡𝑡, and the energy received by the grid during hour 𝑡𝑡. 

Energy sent to the grid: 

𝑤𝑤𝑆𝑆 (𝑡𝑡) = 𝜂𝜂𝑇𝑇0 ⋅ [𝑤𝑤(𝑡𝑡) − 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔) − 𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅(𝒔𝒔) + 𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔)],∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}. 

Storage reservoir level at the end of hour t: 

𝑠𝑠(0) = 0, 
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𝑠𝑠(𝑡𝑡) = 𝑠𝑠(𝑡𝑡 − 1) + 𝜂𝜂𝑇𝑇3 ⋅ 𝜂𝜂𝐶𝐶 ⋅ 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔) −
1

𝜂𝜂𝑇𝑇3 ⋅ 𝜂𝜂𝐸𝐸
⋅ 𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔),∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}. 

The energy level before the simulation begins is selected arbitrarily; in the model runs 

presented in this analysis, the storage level (𝑠𝑠(0)) is initialized to 0. To track the energy 

stored in the underwater reservoirs, the energy level at the end of each hour should be the 

energy level at the end of the last hour plus the net change in the current hour. 

Figure 3.3 shows an overview to the energy flow associated with the OCAES system 

at the collection point. The wind module output will be either processed by the OCAES 

system or sent directly to the grid, depending on the transmission capacity and the status of 

storage level in each given hour. 

 

 

 

Figure 3.3: Energy flow at the collection point. 𝑤𝑤(𝑡𝑡) represents the energy that arrives at the 
collection point from the wind module, and it is either processed by the OCAES module or sent 

directly to local grid. The portion of the electrical energy that exceeds the capacity of the grid-tied 
cables (𝒏𝒏𝟎𝟎) will be spilled (𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅(𝒔𝒔)) if there is no available room in the OCAES reservoirs. 
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3.1.4. Objective function 

As mentioned earlier, the minimum value of levelized cost (𝐿𝐿𝐶𝐶) is to be determined 

by minimizing the annualized total cost (𝑇𝑇𝐶𝐶) subject to a constraint on the total sent energy. 

The annualized total cost (𝑇𝑇𝐶𝐶) is given by the following. 

Min: 

(𝐶𝐶1 + 𝒏𝒏𝟎𝟎 ⋅ 𝐶𝐶0 + 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝐿𝐿) ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶 + (𝒃𝒃𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝑅𝑅 + 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝑆𝑆) ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶3𝑆𝑆 

+(𝐹𝐹1) +
8760
𝑇𝑇

⋅ �𝑉𝑉1 ⋅�𝑤𝑤1(𝑡𝑡)
𝑇𝑇

𝑡𝑡=1

�. 

Notice that while the cost of wind is included in the total cost calculation, it can be 

omitted from the objective function since its cost remains constant. In order to simplify the 

expression and accelerate the solve time, constant terms can be taken away: 

Min: 

[(𝒏𝒏𝟎𝟎 ⋅ 𝐶𝐶0 + 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝐿𝐿) ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶 + (𝒃𝒃𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝑅𝑅 + 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝑆𝑆) ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶3𝑆𝑆]. 

 

3.1.5. Model constraints 

The following constraint equations are applied within the optimization model to 

reflect the limitations associated with each module’s capacity and operational schedule. Note 

that decision variables are presented in bold font for clarity. 

a. Hourly energy leaving the collection point before being sent to the grid should be 

less than or equal to the transmission module’s total capacity: 

𝑤𝑤𝑆𝑆(𝑡𝑡) ≥ 0 ,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}; 

𝑤𝑤𝑆𝑆(𝑡𝑡) ≥ 0 ,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇} 
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𝑤𝑤(𝑡𝑡) − 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔)− 𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅(𝒔𝒔) + 𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔) ≤  𝒏𝒏𝟎𝟎 ⋅ 𝑋𝑋𝑇𝑇0 ,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}. 

b. Energy stored in all reservoir units in any hour should not be greater than the sum 

of the total installed reservoir unit capacity: 

0 ≤ 𝑠𝑠(𝑡𝑡) ≤ 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝑋𝑋𝑆𝑆,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}. 

c.  Storage constraints. First, the amount of energy stored must be positive; Second, 

the amount stored should not exceed the OCAES module’s compressing capacity: 

𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔) ≥ 0 ,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇} 

𝜂𝜂𝑇𝑇3 ⋅ 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔(𝒔𝒔) ≤ 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝑋𝑋𝐶𝐶  ,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}. 

d. Dispatch constraints are similar to storage constraints above. First, a nonnegative 

amount of energy must be dispatched. Second, the hourly energy dispatched 

should not exceed the OCAES module’s expanding capacity. Third, the hourly 

energy dispatch cannot exceed the OCAES module’s storage level at the 

beginning of the same hour: 

𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔) ≥ 0 ,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇} 

1
𝜂𝜂𝑇𝑇3

⋅ 𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔) ≤ 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝑋𝑋𝐸𝐸  ,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇} 

1
𝜂𝜂𝑇𝑇3

⋅ 𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅𝒔𝒔𝒅𝒅𝒅𝒅(𝒔𝒔) ≤ 𝜂𝜂𝐸𝐸 ⋅ 𝑠𝑠(𝑡𝑡 − 1),∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}. 

e. Dropping constraints ensure that the amount of spilled energy must be 

nonnegative: 

𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅(𝒔𝒔) ≥ 0 ,∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}. 

f. Integer constraints. First, the number of liquid piston, storage, and transmission 

units must be non-negative integers, and the number of transmission units should 
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be non-zero. The second and third equations together ensure 𝒃𝒃𝟑𝟑𝟑𝟑 to be the right 

value as defined: 

𝒏𝒏𝟑𝟑𝟑𝟑,𝒏𝒏𝟑𝟑𝟑𝟑 ∈ ℕ,𝑛𝑛0 ∈ ℕ+;𝒃𝒃𝟑𝟑𝟑𝟑 ∈ {0,1} 

𝒃𝒃𝟑𝟑𝟑𝟑 ≤ 𝒏𝒏𝟑𝟑𝟑𝟑 

𝒃𝒃𝟑𝟑𝟑𝟑 ≥
𝒏𝒏𝟑𝟑𝟑𝟑
𝑀𝑀

,𝑀𝑀 = 105. 

Note that 𝑀𝑀 should be large enough to make 𝑛𝑛3𝑆𝑆/𝑀𝑀 fall in the range of (0,1), and 

in all model runs 𝑛𝑛3𝑆𝑆 is less than 104 under all possible conditions, thus 𝑀𝑀 = 105 

can be considered safe. 

g. Total sent energy constraint. The target of total sent energy is specified 

exogenously: 

𝑇𝑇𝑇𝑇𝑇𝑇: � 𝑤𝑤𝑠𝑠(𝑡𝑡) ≥ 𝑇𝑇𝑇𝑇𝑇𝑇𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡[𝑖𝑖]
𝑇𝑇

𝑡𝑡=1
. 

It is worth noting that although the constraint is “greater than or equal to” rather 

than the desired “equal to”, in order to minimize the total cost (𝑇𝑇𝐶𝐶) the model will 

automatically choose to bind this constraint, such that the optimization result will 

always lead to the 𝑇𝑇𝑇𝑇𝑇𝑇 equal to the target value. 
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3.2. Results: Minimizing total annual cost as a function of TSE 

Figure 3.4 shows the result in the case where total annual cost is minimized as a 

function of the lower bound constraint on total sent energy (𝑇𝑇𝑇𝑇𝑇𝑇). In the upper plot (a), there 

are 10 stairs with the height of each stair representing the minimum annualized 𝑇𝑇𝐶𝐶 for a 𝑇𝑇𝑇𝑇𝑇𝑇 

target. The height increment of each stair represents the annualized investment cost 

associated with an additional grid-tied undersea cable. The leftmost step – also the bottom 

left point – is where only 1 grid-tied cable is built, and likewise the rightmost step – also the 

top right point – is where 10 grid-tied cables are built. Note that with 10 parallel cables is the 

maximum required since at that point the grid-tied cable capacity is equal to the wind 

module’s capacity of 200 MW. 

Figure 3.4 (b) demonstrates how the minimum levelized cost varies with the 𝑇𝑇𝑇𝑇𝑇𝑇 

target. It can be observed that the minimum 𝐿𝐿𝐶𝐶 is a monotonically decreasing function of 

𝑇𝑇𝑇𝑇𝑇𝑇. This occurs because the benefit of the additional 𝑇𝑇𝑇𝑇𝑇𝑇 associated with adding one more 

transmission cable outweighs the capital cost of the additional transmission cable. Therefore, 

the levelized cost declines with increasing 𝑇𝑇𝑇𝑇𝑇𝑇. The global minimum levelized cost is 

approximately 257 $/MWh with 10 transmission cables. 

While building additional OCAES units at a given number of undersea grid-tied 

cables could also increase the 𝑇𝑇𝑇𝑇𝑇𝑇, not even one single OCAES unit –1 liquid piston unit and 

1 storage reservoir unit – is built throughout the entire set of 𝑇𝑇𝑇𝑇𝑇𝑇 constraints. This result 

implies that the OCAES cost does not make it cost-competitive compared to simply scaling 

up the transmission capacity. These results demonstrate that OCAES is not economically 

competitive in the current cost scenario.  
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Figure 3.4: (a) The annualized TC as a function of the TSE constraint. Each stair represents a fixed 
amount of annualized TC and the vertical distance between two adjacent stairs indicates the cost 

increment due to the addition of additional grid-tied  undersea cable. (b)The variation in levelized 
cost (LC) as a function of the TSE constraint. As TSE increases, the LC decreases because more 

energy is delivered to the grid. 
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The optimization-based analysis has thus far determined that scaling up the undersea 

cable capacity is a more cost-effective means to achieve the minimum levelized cost 

compared to deploying OCAES. However, OCAES can also increase the capacity factor, as 

shown in Figure 2.15 (b). With the incorporation of the OCAES, the capacity factor can be 

improved dramatically, particularly when the number of grid-tied cables (𝑛𝑛0 ) is 3 to 5. The 

next step in the modeling exercise is to add a capacity factor constraint to see if OCAES can 

be used cost-effectively to achieve particular capacity factor targets. 
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3.3. Economic performance of OCAES under capacity factor (CF) constraints 

3.3.1. Modification to the model formulation 

Reconsider the formula for the levelized cost: 

𝐿𝐿𝐶𝐶 =
𝐶𝐶𝐶𝐶𝐶𝐶 ∙ (𝒏𝒏𝟎𝟎𝐶𝐶0 + 𝒏𝒏𝟑𝟑𝟑𝟑𝐶𝐶𝐿𝐿) + 𝐶𝐶𝐶𝐶𝐶𝐶3𝑆𝑆 ∙ (𝒃𝒃𝟑𝟑𝟑𝟑𝐶𝐶3𝑅𝑅 + 𝒏𝒏𝟑𝟑𝟑𝟑𝐶𝐶3𝑆𝑆) + 𝐹𝐹1

𝒏𝒏𝟎𝟎 ∙ 𝑋𝑋𝑇𝑇0 ∙ 𝑇𝑇𝑦𝑦 ∙ 𝐶𝐶𝐹𝐹
, 

Where 𝑇𝑇𝑦𝑦 is the number of hours in one year, namely 8760 hrs/yr. In the previous 

model version, there are two unknown variables in the denominator, the number of grid-tied 

cables (𝒏𝒏𝟎𝟎) and the system capacity factor (𝐶𝐶𝐹𝐹). However, this time the capacity factor is 

provided exogenously as a lower bound constraint. In this case, the levelized cost can be 

expressed linearly and can be optimized directly if the number of grid-tied transmission 

cables (𝒏𝒏𝟎𝟎) is also specified exogenously. With this revised model formulation, the loop over 

the 𝑇𝑇𝑇𝑇𝑇𝑇 range is eliminated and the minimum 𝐿𝐿𝐶𝐶 is calculated directly by the model. 

To reflect the new 𝐶𝐶𝐹𝐹 constraint, the following modifications are necessary. First, the 

number of grid-tied cables (𝑛𝑛0) is no longer a decision variable. Instead, the revised model 

includes a loop from 1 to 10 cables because there are only 10 possible values (i.e., 20, 40, 

80… 200 MW). For each iteration within the loop, the number of cables is fixed, and there is 

an inner loop over a pre-determined 𝐶𝐶𝐹𝐹 range. Second, the 𝐶𝐶𝐹𝐹 is specified exogenously. 

However, it is limited by the wind module’s output characteristics. Figure 2.15 (b) shows the 

𝐶𝐶𝐹𝐹 limit with and without OCAES installed. For a given number of cables, the 𝐶𝐶𝐹𝐹 limit 

without OCAES installed represents the lower bound in this model, and similarly the upper 

bound with OCAES installed can be drawn from the earlier exercise in which OCAES is 
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assumed free and infinite. The third modification is the objective function. Instead of 

minimizing the 𝑇𝑇𝐶𝐶, this model directly minimizes the 𝐿𝐿𝐶𝐶: 

min:
[(𝑛𝑛0 ⋅ 𝐶𝐶0 + 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝐿𝐿) ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶 + (𝒃𝒃𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝑅𝑅 + 𝒏𝒏𝟑𝟑𝟑𝟑 ⋅ 𝐶𝐶3𝑆𝑆) ⋅ 𝐶𝐶𝐶𝐶𝐶𝐶3𝑆𝑆]

𝑛𝑛0 ∙ 𝑋𝑋𝑇𝑇0 ∙ 𝑇𝑇𝑦𝑦 ∙ 𝐶𝐶𝐹𝐹
. 

The last modification is to change Constraint (g) from a 𝑇𝑇𝑇𝑇𝑇𝑇 constraint to a 𝐶𝐶𝐹𝐹 

constraint: 

𝐶𝐶𝐹𝐹 =
∑ 𝑤𝑤𝑠𝑠(𝑡𝑡)𝑇𝑇
𝑡𝑡=1

𝑛𝑛0 ∙ 𝑋𝑋𝑇𝑇0 ∙ 𝑇𝑇𝑦𝑦
≥ 𝐶𝐶𝐹𝐹𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡[𝑖𝑖]. 

 

3.3.2. The capacity factor (𝑪𝑪𝑪𝑪) input 

As described above in Section 3.3.1, the 𝐶𝐶𝐹𝐹 constraint is applied to the model instead 

of the previous 𝑇𝑇𝑇𝑇𝑇𝑇 constraint. However, the range associated with the 𝐶𝐶𝐹𝐹 constraint is 

selected based on the visualization shown in Figure 3.5. Careful consideration of the 𝐶𝐶𝐹𝐹 

range eliminates potential infeasibilities and also reduces the model run time dramatically. 

Table 2.8 shows the limit of 𝐶𝐶𝐹𝐹 when there is no OCAES and infinite OCAES. The 

lowest 𝐶𝐶𝐹𝐹, 0.384 is strictly determined by the wind module’s output profile and therefore can 

be regarded as the “wind” 𝐶𝐶𝐹𝐹. 𝐶𝐶𝐹𝐹 values below the wind 𝐶𝐶𝐹𝐹 (the grey portion to the left of 

the dotted line in Figure 3.5) can be achieved by simply spilling some portion of the wind-

generated energy. Similarly, 𝐶𝐶𝐹𝐹 values below the upper bound when no OCAES is installed 

(the grey portion to the right of the dotted line in Figure 3.5), can also be realized by simply 

spilling extra wind energy with the appropriate number of grid-tied cables. The 𝐶𝐶𝐹𝐹 range of 

greatest interest is beyond the 𝐶𝐶𝐹𝐹 that can be achieved only by spilling energy, which is 
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represented by the black bars in Figure 3.5. The 𝐶𝐶𝐹𝐹 is varied in increments of 1% over the 

range represented by the black portion of the bars in Figure 3.5. 

 

 

Figure 3.5: Visualization of feasible capacity factor values (the horizontal axis) for a given number of 
grid-tied cables. The black bar within each profile represents the achievable CF by installing OCAES; 

the grey bar represents the achievable CF by spilling energy only. For reference, the vertical dotted 
line represents the CF of the 200 MW wind installation itself, which is equal to 0.384. 

 

 

3.3.3. Results: Minimizing the LC under CF constraints 

Under the newly added 𝐶𝐶𝐹𝐹 constraints, the results show that at a high 𝐶𝐶𝐹𝐹 range, 

OCAES can be economically competitive compared to scaling down the cable capacity. 
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Figure 3.6 (a) shows the comparison between the minimum levelized cost with and without 

OCAES across the specified capacity factor range. Below 𝐶𝐶𝐹𝐹 = 0.75, OCAES is built only at 

a few points because for the most part this 𝐶𝐶𝐹𝐹 is achievable with changes to the cable 

capacity alone, which is more cost-effective. Above 𝐶𝐶𝐹𝐹 = 0.75, OCAES becomes cost-

effective. In order to obtain such high 𝐶𝐶𝐹𝐹s, the model has to scale down transmission 

capacity significantly without OCAES, which in turn increases the levelized cost as the result 

of spilling wind-generated electricity.  

The only way to achieve 𝐶𝐶𝐹𝐹s greater than 0.83 is to install OCAES. 𝐶𝐶𝐹𝐹 = 0.83 is the 

upper bound without OCAES, and the model cannot exceed this value by simply scaling 

down the cable capacity. It is worth noting that although OCAES enables a 𝐶𝐶𝐹𝐹 of nearly 

100%, the levelized cost is prohibitively expensive (over 1000 $/MWh). Such a result 

implies that with current cost estimates, OCAES cannot compete economically with other 

baseload generating technologies. The retail price for residential and commercial sector 

electricity is typically about 100 $/MWh, and in many parts of the United States the price is 

around 70 to 80 $/MWh [59]. By comparison, the minimum levelized cost with a capacity 

factor above 90% achieved by installing OCAES is around 1 $/kWh, which is prohibitively 

expensive. 
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Figure 3.6: (a) The comparison between the minimum LC with and without OCAES; (b) The corresponding number of OCAES units required 
to obtain the minimum LC as shown in (a). In (a) some part of two profiles overlap, which indicates that even with the option to build 
OCAES, the model would rather scale down transmission capacity due to its lower cost.
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3.4. Parametric sensitivity analysis and comparison with a gas turbine (GT) 

The previous economic analysis implies that OCAES can be used to achieve high 

𝐶𝐶𝐹𝐹s. However, costs approaching 1 $/kWh are more costly than other low carbon alternatives 

by a factor of 3-10. Therefore, a sensitivity analysis is conducted in this section to determine 

what the OCAES investment cost should be in order to be economically competitive with a 

land-based, single-cycle gas turbine (GT), which can also be coupled with a wind farm to 

increase the system capacity factor.  

If the goal is to create a wind-based generation system with high 𝐶𝐶𝐹𝐹, a relatively low 

cost option would be to place a land-based gas turbine on the onshore end of the grid-tied 

cable. Unlike the OCAES system which cannot generate electricity by itself, the GT plant 

converts the chemical energy within natural gas (NG) into electricity and dispatches it 

directly to the grid. GT plants can ramp output quickly, allowing it to compensate for 

variations in output from the wind farm. 

In order to explore the economic performance of the GT relative to OCAES, the 

minimum levelized cost as a function of 𝐶𝐶𝐹𝐹 must be calculated for the wind-GT system. 

Several assumptions are made based on the system layout in Figure 3.7. First, because the 

GT can be located adjacent to the electricity grid, it is assumed that the dedicated 

transmission cost for the GT is negligible. Second, the operational schedule for the wind-GT 

system is calculated on an hourly basis to meet the same 𝐶𝐶𝐹𝐹 constraints specified for the 

wind-OCAES system. In addition, the capacity of the GT is determined by the optimization 

model. 
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3.4.1. Model formulation for the GT system 

Figure 3.7 below provides the system layout for the comparative scenario in which a 

single-cycle gas turbine is used in conjunction with offshore wind to meet a set of 𝐶𝐶𝐹𝐹 

constraints. 

 

 

 

Figure 3.7: The system layout of the wind-GT system. All other components are the same as in the 
previous OCAES system except that there is no OCAES module. Instead, there is a GT plant next to 
the grid. The location of the GT plant is assumed to be adjacent to the grid-tied point, and therefore 

the dedicated transmission cost for GT is assumed to be negligible. 

 

 

The cost and operation parameters are drawn from EIA’s Annual Energy Outlook 

2012 [2], and the NG cost is a 3-year average by using data provided online by EIA’s Natural 
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Gas Electric Power Price [60]. The cost data for the wind farm and transmission 

infrastructure remain the same as in the previous analyses, as shown in Table 3.2. While the 

lifetime is 20 years for the GT plant, which is the same as the other components, the discount 

rate is assumed to be 0.05 for GT plant in order to reflect the low risk of this investment 

associated with this mature technology. 

 

 

Table 3.2: The input parameters for the Wind-GT model. GT plant information excerpted from EIA’s 
AEO 2012 [2]. NG prices are excerpted from EIA’s Electric Power Price Aug. 2009 to Aug. 2012 and 

therefore represent a 3-year average [60]. 

Symbol Component Name Value Units 
𝐶𝐶1 Total capital cost for the wind module 1,283,875,200  $ 
𝐹𝐹1 Fixed O&M cost for the wind module  10,666,000  $/yr 
𝑉𝑉1 Variable O&M cost for the wind module 0    $/MWh 
𝜂𝜂𝑇𝑇1 Wind module’s transmission efficiency 1  
𝐶𝐶𝐺𝐺𝑇𝑇 Capital cost for the GT plant 974,000 $/MW 
𝐹𝐹𝐺𝐺𝑇𝑇 Fixed O&M cost for the GT plant  6,980  $/MW-

yr 
𝑉𝑉𝐺𝐺𝑇𝑇 Variable O&M cost for the GT plant 4.32 $/MWh 
𝜂𝜂𝐺𝐺𝑇𝑇 The conversion efficiency for the GT plant 0.314  
𝐶𝐶𝑁𝑁𝐺𝐺 The cost of natural gas 4.32 $/GJ 
𝐶𝐶0 20 MW transmission unit  9,788,100  $ 
𝜂𝜂𝑇𝑇0 Transmission module’s transmission efficiency 1  
𝑟𝑟 Discount rate 0.1  
𝑟𝑟𝐺𝐺𝑇𝑇 Discount rate for the GT plant 0.05  
𝐶𝐶𝐶𝐶𝐶𝐶 Capital charge rate 0.117 yr-1 

𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝑇𝑇 Capital charge rate for the GT plant 0.080 yr-1 
𝑇𝑇 Number of hours in an optimization 8760 h 
 

 

The associated decision variables in this model are listed in Table 3.3. 
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Table 3.3: The decision variables list in the GT system model. 

Parameter Unit Description 
𝑿𝑿𝑮𝑮𝑮𝑮 MW Nonnegative real, the capacity of the GT plant. 
𝒅𝒅(𝒔𝒔) MWh/h In vector form, energy leaving GT plant during hour 𝑡𝑡. 

𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅(𝒔𝒔) MWh/h In vector form, the energy spilled during hour 𝑡𝑡 at the 
collection point. 

 

 

One derived decision variable is defined in order to accelerate the optimization run: 

the hourly energy sent to the grid from the wind module. 

𝒘𝒘𝟑𝟑(𝒔𝒔) = 𝜂𝜂𝑇𝑇0 ∙ [𝑤𝑤(𝑡𝑡) − 𝒅𝒅𝒔𝒔𝒔𝒔𝒅𝒅(𝒔𝒔)],∀𝑡𝑡 ∈ {1,2,3. . .𝑇𝑇}. 

Similar to the previous model with 𝐶𝐶𝐹𝐹 constraints, the objective function represents 

the levelized cost because the number of grid-tied cables is fixed. 

The annualized cost for module 0 and 1: 

(𝐶𝐶1 + 𝑛𝑛0 ∙ 𝐶𝐶0) ∙ 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐹𝐹1 +
8760
𝑇𝑇

𝑉𝑉1� 𝑤𝑤1(𝑡𝑡)
𝑇𝑇

𝑡𝑡=1
. 

The GT plant’s annualized cost (1 MWh = 3.6 GJ): 

𝐶𝐶𝐺𝐺𝑇𝑇 ∙ 𝑿𝑿𝑮𝑮𝑮𝑮 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝑇𝑇 + 𝐹𝐹𝐺𝐺𝑇𝑇 ∙ 𝑿𝑿𝑮𝑮𝑮𝑮 + 𝑉𝑉𝐺𝐺𝑇𝑇 ∙
8760
𝑇𝑇

� 𝒅𝒅(𝒔𝒔)
𝑇𝑇

𝑡𝑡=1
 

+3.6 ∙ 𝐶𝐶𝑁𝑁𝐺𝐺 ∙
8760
𝑇𝑇

� �
𝒅𝒅(𝒔𝒔)
𝜂𝜂𝐺𝐺𝑇𝑇

�
𝑇𝑇

𝑡𝑡=1
 

After taking away the constant terms (the wind module’s cost) as before, the objective 

function can be written as follows: 

Min: 

(𝐶𝐶𝐺𝐺𝑇𝑇 ∙ 𝐶𝐶𝐶𝐶𝐶𝐶𝐺𝐺𝑇𝑇 + 𝐹𝐹𝐺𝐺𝑇𝑇) ∙ 𝑿𝑿𝑮𝑮𝑮𝑮 + 𝑉𝑉𝐺𝐺𝑇𝑇 ∙
8760
𝑇𝑇 ∑ 𝒅𝒅(𝒔𝒔)𝑇𝑇

𝑡𝑡=1 + 3.6 ∙ 𝐶𝐶𝑁𝑁𝐺𝐺 ∙
8760
𝑇𝑇 ∑ �𝒅𝒅(𝒔𝒔)

𝜂𝜂𝐺𝐺𝑇𝑇
�𝑇𝑇

𝑡𝑡=1

𝑛𝑛0 ∙ 𝑋𝑋𝑇𝑇0 ∙ 𝑇𝑇𝑦𝑦 ∙ 𝐶𝐶𝐹𝐹
. 
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The wind-GT model is subject to following constraints. 

a. Hourly energy leaving the collection point but before being sent to the grid should 

be below the grid-tied cable capacity: 

𝑤𝑤𝑆𝑆(𝑡𝑡) ≥ 0 

𝑤𝑤(𝑡𝑡) − 𝑑𝑑𝑟𝑟𝑑𝑑𝑑𝑑(𝑡𝑡) ≤ 𝑛𝑛𝑜𝑜 ∙ 𝑋𝑋𝑇𝑇0. 

b. After the “trough-filling” of the GT plant, the energy sent to the grid should still 

be below the cable capacity to ensure a consistent comparison with the OCAES 

model: 

𝑤𝑤𝑆𝑆(𝑡𝑡) + 𝒅𝒅(𝒔𝒔) ≤ 𝑛𝑛0 ∙ 𝑋𝑋𝑇𝑇0. 

c. The hourly generated electricity is limited by the capacity of the GT plant: 

𝒅𝒅(𝒔𝒔) ≤ 𝑿𝑿𝑮𝑮𝑮𝑮 

𝒅𝒅(𝒔𝒔) ≥ 0. 

d. The 𝐶𝐶𝐹𝐹 constraint: 

� [𝑤𝑤𝑆𝑆(𝑡𝑡) + 𝒅𝒅(𝒔𝒔)]
𝑇𝑇

𝑡𝑡=1
≥ 𝐶𝐶𝐹𝐹 ∙ 𝑛𝑛0 ∙ 𝑋𝑋𝑇𝑇0 ∙ 𝑇𝑇. 

 

3.4.2. Results: Sensitivity to OCAES cost and comparison to single-cycle GT 

Figure 3.8 shows a substantial levelized cost reduction at high 𝐶𝐶𝐹𝐹 range when the 

OCAES investment cost is scaled to 10% and 1% of its original value. The point beyond 

which OCAES is always cheaper occurs at approximately 𝐶𝐶𝐹𝐹 = 0.53 in both cost scenarios, 

compared to 𝐶𝐶𝐹𝐹 = 0.75 in the baseline scenario. As a result, the investment cost reduction 

can expand the 𝐶𝐶𝐹𝐹 interval over which OCAES is cost-effective. In addition, the OCAES 
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cost reduction also enables the model to keep more grid-tied cables while maintaining a low 

𝐿𝐿𝐶𝐶 at high 𝐶𝐶𝐹𝐹s where fewer grid-tied cables would be preferred in the baseline scenario. The 

postponed scale down of cable capacity results in more electrical energy being sent to grid. 

For example, at the rightmost point where 𝐶𝐶𝐹𝐹 = 0.99, there is only 1 cable utilized in the 

baseline scenario while 2 cables are left in the 10% cost scenario and 3 cables are left in the 

1% cost scenario. The number of liquid piston and storage reservoir units corresponding to 

the minimum levelized cost is shown in Figure 3.9. It can be observed that the model begins 

building thousands of OCAES units at high 𝐶𝐶𝐹𝐹s in the 1% scenario.
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Figure 3.8: The minimum levelized cost compared to the baseline scenario and the “No OCAES” scenario with OCAES investment cost 
scaled to (a) 10% and (b) 1% or its original value. The effect of cost scaling-down is demonstrated by the decreased profile height and blunted 

jump in levelized cost. The postponed jump implies that with cheaper OCAES, the model tends to build additional OCAES units instead of 
scaling down transmission capacity, in response to higher CF constraints. 
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Figure 3.9: The number of components in the OCAES system for (a) 10% OCAES investment cost scenario and (b) 1% OCAES investment 
cost scenario. As OCAES becomes cheaper, the model is more inclined to build OCAES instead of decreasing the transmission capacity, 

because the latter choice can reach high CFs while reducing the amount of wasted energy. As the CF constraint increases, the model chooses 
to ramp up the number of OCAES units at a given number of grid-tied cables, hence the steep rise in unit numbers. As the CF constraint 

increases further; however, the model subtracts a grid-tied cable and the required number of OCAES units drops.
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While reducing the OCAES investment cost by 90% and 99% clearly has an impact 

on the cost-effectiveness of OCAES, it is useful to compare the resultant levelized cost from 

the wind-OCAES system with that from the wind-GT system. For reference, using the 

general 0.3 to 0.4 𝐶𝐶𝐹𝐹 from EIA [7], the 𝐿𝐿𝐶𝐶 for a GT plant is estimated to be 162 to 221 

$/MWh. By comparison, the offshore wind’s levelized cost is 256 $/MWh, slightly higher 

than the GT plant. Therefore, adding the GT plant to the offshore wind can only reduce the 

levelized cost whereas adding OCAES can only increase the levelized cost. Figure 3.10 

shows the result of the minimum 𝐿𝐿𝐶𝐶 for the GT backup system under the exogenously 

specified 𝐶𝐶𝐹𝐹 constraints. In addition, throughout the whole 𝐶𝐶𝐹𝐹 range, the optimal number of 

grid-tied cables is held constant at 9. This result implies that the GT system can dispatch 

more energy at a lower price, and the number of grid-tied cables does not need to be scaled 

down in order to raise the 𝐶𝐶𝐹𝐹. 

The input 𝐶𝐶𝐹𝐹 is set the same as the baseline scenario, i.e. the black part in Figure 3.5. 

It is worth noting that the GT plant can be operated at a 𝐶𝐶𝐹𝐹 far beyond its working 𝐶𝐶𝐹𝐹 in this 

model. 
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Figure 3.10: The levelized cost comparison between the “No OCAES” scenario and the offshore 
wind backed up by the GT plant. The GT system keeps a monotonically decreasing trend, implies an 

advantage over OCAES. 

 

 

Figure 3.11 shows the comparative results for the wind-OCAES and wind-GT system 

with the same 𝐶𝐶𝐹𝐹 constraints applied. It can be observed from the two plots that in order to 

compete with a GT plant at a given 𝐶𝐶𝐹𝐹, the OCAES investment cost has to be decreased by 

approximately 99%. 

To be fair, the wind-GT system emits CO2, whereas the wind-OCAES system does 

not. The current social cost of carbon used by the US EPA in policy analysis is currently set 
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to 38 $/tonne carbon, and by using this price, the additional incremental cost per MWh of 

energy production is $1.9/MWh. This increase has a minor effect on current wind-GT 

levelized cost, and does not change the conclusion that substantial investment cost reductions 

are needed for OCAES to be economically competitive. 
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Figure 3.11: The comparison between LC of a GT back-up system with (a) 10% OCAES scenario and (b) 1% OCAES cost scenario.
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3.5. The verification by a case study 

The previous conclusion implies that OCAES with roughly 1% of its current cost 

could compete with the gas turbine. In order to better illustrate how the model obtains such a 

conclusion, this section provides a simple cost breakdown when the target 𝐶𝐶𝐹𝐹 is set to be 

0.85, which is characteristic of baseload generators. Table 3.4 below lists the optimal 

OCAES configuration required to achieve 𝐶𝐶𝐹𝐹 = 0.85, assuming different numbers of grid-

tied transmission lines. 

 

 

Table 3.4: Optimal number of LPs, SRs, and delivered energy from OCAES as a function of the 
number of grid-tied 20 MW transmission lines at CF=0.85 

# of TL (Transmission line) 1 2 3 4 
# of LP (Liquid piston) 5 48 122 207 
# of SR (Storage reservoir) 14  184  675  12,900  
Electricity dispatched from 
OCAES (MWh) 

3,430  36,200 89,300 158,000 

 

 

It can be observed from Table 3.4 that for the same 𝐶𝐶𝐹𝐹, the number of required 

OCAES units increases as the number of transmission lines is increased, which also increases 

the delivered energy to the grid. However, enabling more electricity dispatch from OCAES 

will increase the investment cost. In addition to calculating the levelized cost (𝐿𝐿𝐶𝐶), a cost 

multiplier (𝐶𝐶𝑀𝑀) is introduced, which reduces the OCAES investment cost associated with the 

liquid pistons, storage reservoirs, and the cable capacity connecting the OCAES unit to the 

collection point. See Figure 3.12. 

70 



 

 

Figure 3.12: Levelized cost as a function of the cost multiplier applied to the OCAES investment cost 
at CF=0.85. Each line corresponds to a different integer number of grid-tied cables. 

 

The four lines in Figure 3.12 have different slopes, which are determined by the 

number of LPs and SRs given in Table 3.4. If there are more OCAES units, the slope of the 

levelized cost line is steeper. As a result, the model tends to choose a lower number of TLs at 

high 𝐶𝐶𝑀𝑀 and a higher number of TLs at low 𝐶𝐶𝑀𝑀. This observation matches what we have in 

the current model results: with 𝐶𝐶𝑀𝑀 = 1, the optimal solution for 𝐶𝐶𝐹𝐹 =  0.85 is 𝑇𝑇𝐿𝐿 =  2, 

whereas if 𝐶𝐶𝑀𝑀 = 0.01, then 𝑇𝑇𝐿𝐿 =  4. 

In order for OCAES to work, the grid-tied cable capacity must be undersized relative 

to the wind farm capacity. The hours in which the wind power exceeds the cable capacity 

provide opportunities for storage, while hours in which the wind power is less than the cable 

capacity provide opportunities for dispatch. With the land-based gas turbine; however, it is 

beneficial to utilize as much wind power as possible, which results in a larger optimal 
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number of cables at a given capacity factor constraint compared to OCAES. The gas turbine 

can then be dispatched as needed in any hour to increase the total output and meet the 

capacity factor constraint. 

So, if the model is allowed to optimize the number of grid-tied cables in both the 

OCAES and gas turbine models, it will choose a larger number of grid-tied lines when 

utilizing the gas turbine. This is significant, because the lower number of grid-tied lines in 

the OCAES scenario (at a given capacity factor constraint) will result in less electricity 

delivered to the grid. Less delivered electricity to the grid will have a significant impact on 

the 𝐿𝐿𝐶𝐶 of the wind + OCAES system. 

To illustrate this, the OCAES model is executed by assuming 𝐶𝐶𝐹𝐹s ranging from 38% 

to 99%. Then an equivalent optimization model with a gas turbine substituted for OCAES is 

performed. Two sets of gas turbine runs are applied at the same 𝐶𝐶𝐹𝐹 constraints as the 

OCAES model where: (1) the number of grid-tied cables is fixed to be the same as in the 

equivalent OCAES scenario, and (2) the number of grid-tied cables is allowed to vary within 

the theoretical range associated with infinite OCAES, as shown by the black bands in Figure 

3.5. Note that this last scenario constrains the gas turbine system to be similar to the OCAES 

system, but gives it some ability to optimize the number of grid-tied lines. 

With the results from these three scenarios, the difference between the minimum 

levelized cost of the OCAES system and the gas turbine system can be divided into 2 parts: 

(1) the difference in levelized cost caused strictly by the difference in investment + 

operations cost between OCAES and the gas turbine, and (2) the difference in levelized cost 

caused by the difference in total delivered energy. Assuming 𝐶𝐶𝐹𝐹 = 0.85 and 𝐶𝐶𝑀𝑀 = 1, the 
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optimal component numbers and associated system levelized cost are shown in Tables 3.5 (a) 

and 3.5 (b). 

 

Table 3.5 (a): Cost components associated with OCAES 

# of TL (Transmission 
line) 

1 2 3 4 

# of LP (Liquid piston) 5 48 12.1 207 
# of SR (Storage reservoir) 14  184  675  12,883  
Energy from OCAES 
(MWh) 

3,430  36,200 89,300 158,000 

 Annualized Wind Module 
($) 

166,000,000  166,000,000   166,000,000  166,000,000  

Annualized LP ($) 4,390,000  42,200,000   107,000,000  182,000,000  
Annualized SR ($) 3,810,000  47,400,000   173,000,000  3,310,000,000  
Annualized TL ($) 1,150,000  2,300,000   3,550,000  4,600,000  

 
Total Annualized ($) 175,000,000  258,000,000  450,000,000 3,660,000,000 
Total Energy (MWh) 149,000  298,000  447,000  596,000  

 
Levelized Cost ($/MWh) 1,180  865  1,010 6,140  

 

 

Table 3.5 (b): Cost components associated with the gas turbine system 

# of TL (Transmission line) 1 2 3 4 
GT capacity (MW) 1.53 11.2 22.9 35.5 
Energy from GT (MWh) 3,430  36,200  89,300  158,000  

 
Annualized Wind Module ($) 166,000,000  166,000,000  166,000,000  166,000,000  
Annualized GT ($) 177,000  1,410,000  3,110,000  5,100,000  
Annualized Natural Gas ($) 170,000  1,790,000  4,420,000  7,790,000  
Annualized TL ($) 1,150,000  2,300,000  3,450,000  4,600,000  

 
Total Annualized ($) 167,000,000  171,000,000  177,000,000  183,000,000  
Total Energy (MWh) 149,000  298,000  447,000  596,000  

 
Levelized Cost ($/MWh) 1,123  575  396 308 
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For the OCAES system at 𝐶𝐶𝐹𝐹 = 0.85, the model found the minimum levelized cost to 

be 865 $/MWh with 𝑇𝑇𝐿𝐿 =  2. For the gas turbine, the minimum levelized cost is 308 $/MWh 

and occurs with 𝑇𝑇𝐿𝐿 =  4. Note that for 𝑇𝑇𝐿𝐿 =  4, the energy delivered to the grid is ~600 

GWh whereas for 𝑇𝑇𝐿𝐿 =  2 it is ~300 GWh. Therefore, the 𝐿𝐿𝐶𝐶 difference of 557 $/MWh 

between the OCAES and GT system can be further separated into two parts: the portion due 

to the higher OCAES investment cost and the portion due to the decreased grid-delivered 

energy. To determine the levelized cost difference due strictly to the difference in OCAES 

and gas turbine equipment cost, we calculate the following: 

865(OCAES,𝑇𝑇𝐿𝐿 = 2) − 575(GT,𝑇𝑇𝐿𝐿 = 2) = 290 

To determine the difference in 𝐿𝐿𝐶𝐶 due strictly to the difference in delivered energy, 

the levelized cost between the 2 gas turbine scenarios is differenced: 

575(GT,𝑇𝑇𝐿𝐿 = 2) − 308(GT,𝑇𝑇𝐿𝐿 = 4) = 267 

As a result, approximately half of the difference in levelized cost is due to the higher 

equipment cost associated with OCAES, and the other half is due to OCAES delivering a 

smaller amount of electricity to the grid. 

Given the total difference of 557 $/MWh at 𝐶𝐶𝐹𝐹 = 0.85, how much must the OCAES 

investment cost be reduced in order to compensate for both the higher OCAES equipment 

cost compared to the gas turbine AND the lower level of reduced electricity delivered to the 

grid with OCAES? A cost multiplier is derived to be applied to the OCAES investment cost 

to make the levelized system cost ($/MWh) between the OCAES and gas turbine systems 

equal. In order to provide a mathematical derivation for the 𝐶𝐶𝑀𝑀, the following symbols are 

used. 
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𝐴𝐴: Annualized wind module + annualized TL. 

𝐵𝐵 : Annualized LP + annualized SR for the OCAES system, or annualized GT + 

annualized NG for the gas turbine system. 

 𝑇𝑇: Total energy. 

Therefore the system levelized cost can be expressed by the following: 

𝐿𝐿𝐶𝐶 =
𝐴𝐴 + 𝐵𝐵
𝑇𝑇

. 

The subscript “O” is used to indicate the OCAES system, and “G” for the GT system. 

If the number of transmission lines are different, then  𝑇𝑇𝑂𝑂 ≠ 𝑇𝑇G,𝐴𝐴𝑂𝑂 ≠ 𝐴𝐴𝐺𝐺, and 𝐺𝐺𝑂𝑂 ≠ 𝐺𝐺𝐺𝐺. The 

𝐶𝐶𝑀𝑀 is denoted by 𝑥𝑥. 

Then the breakeven CM should lead to the following equation: 

𝐴𝐴𝑂𝑂 + 𝐵𝐵𝑂𝑂𝑥𝑥
𝑇𝑇𝑂𝑂

=
𝐴𝐴𝐺𝐺 + 𝐵𝐵𝐺𝐺
𝑇𝑇𝐺𝐺

. 

Solving for 𝑥𝑥, we get: 

𝑥𝑥 =
𝑇𝑇𝑂𝑂/𝑇𝑇𝐺𝐺(𝐴𝐴𝐺𝐺 + 𝐵𝐵𝐺𝐺) − 𝐴𝐴𝑂𝑂

𝐵𝐵𝑂𝑂
. 

To get the 𝐶𝐶𝑀𝑀 required to break even with the gas turbine system at 𝑇𝑇𝐿𝐿 = 4, we plug 

in the necessary data drawn from Table 3.2: 

𝐴𝐴𝐺𝐺 = 166,000,000 + 4,600,000 

𝐵𝐵𝐺𝐺 = 5,100,000 + 7,790,000 

𝑇𝑇𝐺𝐺 = 596,000 

𝐴𝐴𝑂𝑂 = 166,000,000 + 4,600,000 

𝐵𝐵𝑂𝑂 = 182,000,000 + 331,000,000 
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𝑇𝑇𝑂𝑂 = 298,000 

The above equation then becomes: 

𝑥𝑥 =

596,000
596,000 ∙ (170,000,000 + 12,900,000) − 170,000,000

3,490,000,000
= 0.0369. 

With a difference of 557 $/MWh at 𝐶𝐶𝐹𝐹 = 0.85, the OCAES investment cost must be 

dropped by a factor of 0.996. Note that this value is slightly higher than the 0.99 reported 

previously. This investment cost reduction is required to compensate for both the higher 

OCAES investment cost compared to the gas turbine AND the lower level of reduced 

electricity delivered to the grid in the OCAES case. When this calculation is repeated in cases 

where 𝑇𝑇𝐿𝐿=1, 2, or 3, the equation above returns a negative number, which indicates that it is 

not possible to reduce the OCAES investment cost enough to compete with the gas turbine 

𝐿𝐿𝐶𝐶. 

The difference in system levelized cost (and therefore the required 𝐶𝐶𝑀𝑀) is less; 

however, if the number of grid-tied cables is constrained to the same value in both the 

OCAES and gas turbine scenarios. In order to exclude the effect of less delivered energy, the 

number of transmission units are set equal. As such, the formula to calculate the 𝐶𝐶𝑀𝑀 value 

can be simplified: 

𝑥𝑥 =
𝐵𝐵𝐺𝐺
𝐵𝐵𝑂𝑂

. 

By using this formula and plugging in corresponding data, the new 𝐶𝐶𝑀𝑀s on the same 

number of TLs basis are listed in Table 3.6. 
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Table 3.6: The CM when the number of TLs is equal for both the OCAES system and the GT system. 

TL 1 2 3 4 
CM (same TL) 0.0422 0.0358 0.0268 0.00369 
 

 

It can be observed from Table 3.6 that the 𝐶𝐶𝑀𝑀s are slightly higher than 0.01 (except 

when 𝑇𝑇𝐿𝐿 = 4) when the delivered energy in both the OCAES and gas turbine scenarios are 

the same. 

In conclusion, 𝐶𝐶𝑀𝑀 = 0.004 represents the reduction in OCAES investment cost 

required to cover both the higher OCAES investment cost and reduced amount of delivered 

electricity with OCAS compared to the gas turbine. If the gas turbine system is forced to 

deliver the same amount of electricity as the OCAES system, then the required cost 

multiplier is slightly higher, ranging from 0.003-0.04 (When 𝐶𝐶𝐹𝐹 =  0.85).  
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CHAPTER 4 DISCUSSION AND FUTURE WORK 

Chapter 2 and 3 provide a detailed study on the economic performance of OCAES by 

quantifying the system cost as a function of both the total sent energy and the system 

capacity factor. A simple simulation presented in Chapter 2 indicated that a free and infinite 

storage system can increase the system capacity factor and lower the levelized cost of 

electricity, which demonstrates that in theory OCAES can provide an economic benefit. 

Chapter 3 presents the first optimization model designed specifically to examine the 

economic feasibility of wind-OCAES systems. One formulation of the optimization model 

minimizes the total annual cost of delivered electricity from the system while meeting a 

lower bound constraint on the total amount of energy sent to the grid. In this case, given the 

current cost assumptions, OCAES was not found to be economically competitive, because it 

is always cheaper to scale up the grid-tied cable capacity rather than install OCAES. 

A key limitation of the first formulation; however, was that it did not consider the 

system capacity factor. Higher capacity factors imply a more stable supply of power, which 

is more valuable to the system operators who manage the grid. In the limit where the capacity 

factor exceeds 85%, the wind system can function as a baseload unit, similar to coal or 

nuclear. As a result, the model was reformulated to minimize the levelized cost of electricity 

as a function of the capacity factor, which was included in the model as a lower bound 

constraint. In this case, OCAES was consistently utilized by the model to achieve capacity 

factors greater than 75%; however, the levelized cost associated with the wind-OCAES 

system at these high factor factors exceeded 500 $/MWh. 
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Given these high levelized costs for the wind-OCAES system, the model was rerun 

with OCAES investment costs set to 10% and 1% of their original value. With OCAES costs 

at 1% of their original value, baseload wind with a capacity factor of nearly 100% can be 

achieved for roughly 400 $/MWh. Finally, a prescriptive analysis was conducted to 

determine what the investment cost of OCAES should be in order to compete with a single-

cycle gas turbine located adjacent to the grid tie-in point. Again, the model implies that 

OCAES with roughly 0.4 - 4% of its current cost could compete with the gas turbine. This 

cost reduction can serve as a target for designers working on OCAES technology. 

All of these results suggest that OCAES – given the assumptions regarding cost, 

performance, and system configuration used in this thesis – is not economically competitive 

in the short run with alternative low carbon electric generation technologies at the utility 

scale. In the short term, OCAES may be best suited for niche applications such as oil 

platforms or islands where the cost of electricity is extremely high. In such cases, the 

economics of wind-OCAES may look favorable compared to current generation options. 

 It should also be emphasized that given the immaturity of the technology, the 

estimates used in this study are very preliminary. Given the deep uncertainty in cost and 

performance estimates, further in-depth research is needed to provide a more complete 

picture of the OCAES system. Laboratory studies and demonstrations will provide additional 

performance information and more accurate refined cost estimates. In addition, the location 

of each module needs more thorough consideration. Greater water depths increase the 

hydrostatic pressure and therefore energy density within the storage reservoir; however, they 

require longer runs of expensive undersea cabling. Finding ways to reduce the distance 
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between the OCAES facility and collection point could reduce the levelized system cost 

dramatically. Also, instead of manually selecting the collection point, a more accurate 

optimization model can be used to solve the weighted facility location problem (i.e., the 

Weber problem).  
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Appendix A: The Pyomo script for the model in Section 3.1 

################################################################################# 
################################################################################# 
 
from coopr.pyomo import * 
from coopr.opt import SolverFactory 
from IPython import embed as II 
import time 
import csv 
import matplotlib.pyplot as plt 
 
WindMode = True 
WaveMode = False 
 
model = ConcreteModel() 
opt = SolverFactory("glpk") 
 
#-------------------------------------------------------------------------------- 
# Data input from csv files, 'data.csv', 'wind.csv' and 'wave.csv' 
#-------------------------------------------------------------------------------- 
 
data = dict() 
wind = list() 
wave = list() 
 
f = open('data.csv', 'rb') # 1st column: name, 2nd column: value 
csv_reader = csv.reader(f, dialect = 'excel') 
for row in csv_reader: 
    data[row[0]] = float(row[1]) 
f.close() 
 
Xw1  = data['Xw1'] 
etaT1  = data['etaT1'] 
C1  = data['C1'] 
F1  = data['F1'] 
V1  = data['V1'] 
Xw2  = data['Xw2'] 
etaT2  = data['etaT2'] 
C2  = data['C2'] 
F2  = data['F2'] 
V2  = data['V2'] 
Xc  = data['Xc'] 
Xe  = data['Xe'] 
Xs  = data['Xs'] 
etaC  = data['etaC'] 
etaE  = data['etaE'] 
etaT3  = data['etaT3'] 
C3l = data['C3l'] 
C3s  = data['C3s'] 
C3r  = data['C3r'] 
F3  = data['F3'] 
V3  = data['V3'] 
etaT4  = data['etaT4'] 
C4  = data['C4'] 
Xt0  = data['Xt0'] 
etaT0  = data['etaT0'] 
C0  = data['C0'] 
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Pu  = data['Pu'] 
PTC1  = data['PTC1'] 
PTC2  = data['PTC2'] 
T  = data['T'] 
CCR  = data['CCR'] 
CCR3s  = data['CCR3s'] 
so  = data['so'] 
 
f = open('wind.csv', 'rb') 
csv_reader = csv.reader(f, dialect = 'excel') 
if WindMode == True: 
 for row in csv_reader: 
  wind.append(float(row[0])) 
else: 
 for row in csv_reader: 
  wind.append(0) 
f.close() 
 
f = open('wave.csv', 'rb') 
csv_reader = csv.reader(f, dialect = 'excel') 
if WaveMode == True: 
 for row in csv_reader: 
  wave.append(float(row[0])) 
else: 
 for row in csv_reader: 
  wave.append(0) 
f.close() 
 
################################################################################ 
# Pre-processing, model construction. 
################################################################################ 
 
#------------------------------------------------------------------------------- 
# Parameters definition and initialization 
#------------------------------------------------------------------------------- 
 
T = int(T) 
model.T = Set(initialize = range(1, T + 1)) 
 
# Power dispatched to the collecting point from wind & wave farms 
w_ini = {i: etaT4*(etaT1*wind[i - 1] + etaT2*wave[i - 1]) for i in range(1, T + 1)} 
model.w = Param(model.T, initialize = w_ini) 
 
#------------------------------------------------------------------------------- 
# Decision variables definition and initialization, with part of constraints 
#------------------------------------------------------------------------------- 
model.n0  = Var(within = NonNegativeIntegers) 
model.n3l  = Var(within = NonNegativeIntegers) 
model.n3s  = Var(within = NonNegativeIntegers) 
model.b3r  = Var(within = Binary)  
model.store  = Var(model.T, within = NonNegativeReals)  
model.dispatch = Var(model.T, within = NonNegativeReals)  
model.drop  = Var(model.T, within = NonNegativeReals)  
#------------------------------------------------------------------------------- 
# Derivative variable definition and initialization, with part of constraint 
#------------------------------------------------------------------------------- 
# Storage level at the *END* of hour t, with part of constraint b 
model.s  = Var(model.T, within = NonNegativeReals) 
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def reservoir_rule(model, t): 
 if t == 1: 
  return model.s[t] == so + etaT3*etaC*model.store[t]\ 
                       - 1/(etaT3*etaE)*model.dispatch[t] 
 else: 
  return model.s[t] == model.s[t - 1] + etaT3*etaC*model.store[t]\ 
                       - 1/(etaT3*etaE)*model.dispatch[t] 
 
#------------------------------------------------------------------------------- 
# Constraints 
#------------------------------------------------------------------------------- 
 
# Constraint a, w_s constraint 
def CSTNa1_rule(model, t): 
 return model.w[t] - model.store[t] - model.drop[t] + \ 
               model.dispatch[t] >= 0/etaT0 
 
def CSTNa2_rule(model, t): 
 return model.w[t] - model.store[t] - model.drop[t] + \ 
               model.dispatch[t] - Xt0*model.n0 <= 0 
  
def CSTNb_rule(model, t): 
 return model.s[t] - model.n3s*Xs <= 0 
 
def CSTNstore2_rule(model, t): 
 return etaT3*model.store[t] - model.n3l*Xc <= 0 
 
def CSTNdispatch2_rule(model, t): 
 return model.dispatch[t]/etaT3 - model.n3l*Xe <= 0 
 
# Constraint f, integer constraints 
def CSTNf2_rule(model): 
 return model.b3r - model.n3s <= 0 
 
M = 10.0**5 
def CSTNf3_rule(model): 
 return model.b3r - model.n3s/M >= 0 
 
# Constraint g, total sent energy constraint 
def CSTNg_rule(model): 
 lhs = sum((model.dispatch[t] - model.store[t] - model.drop[t]) \ 
                  for t in model.T) 
 rhs = TSE - sum(model.w[t] for t in model.T) 
 return lhs >= rhs  
 
#------------------------------------------------------------------------------- 
# Objective funtion, not the real levelized revenue, but the simplified version 
#------------------------------------------------------------------------------- 
 
def OBJ_rule(model): 
 return CCR*(C3l*model.n3l + C0*model.n0) + \ 
               CCR3s*(C3s*model.n3s + C3r*model.b3r) 
 
################################################################################ 
# Solve the model. 
################################################################################ 
 
if __name__ == '__main__': 
 List_n0 = list() 
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 List_n3l = list() 
 List_n3s = list() 
 List_LC = list() 
 List_CF = list() 
 List_LT = list() 
 List_AE = list() # Actual Energy Production 
 
 List_TSE = range(5000, 145000, 5000) 
 
 for TSE in List_TSE: 
  t1 = time.time() 
 
  model.s.reset() 
  model.n0.reset() 
  model.n3l.reset() 
  model.n3s.reset() 
  model.b3r.reset() 
  model.store.reset() 
  model.dispatch.reset() 
  model.drop.reset() 
 
  model.reservoir = Constraint(model.T, rule = reservoir_rule) 
  model.CSTNa1  = Constraint(model.T, rule = CSTNa1_rule) 
  model.CSTNa2  = Constraint(model.T, rule = CSTNa2_rule) 
  model.CSTNb  = Constraint(model.T, rule = CSTNb_rule) 
  model.CSTNstore2 = Constraint(model.T, rule = CSTNstore2_rule) 
  model.CSTNdispatch2 = Constraint(model.T, rule = CSTNdispatch2_rule) 
  model.CSTNf2  = Constraint(rule = CSTNf2_rule) 
  model.CSTNf3  = Constraint(rule = CSTNf3_rule) 
  model.CSTNg  = Constraint(rule = CSTNg_rule) 
 
  model.OBJ  = Objective(sense = minimize, rule = OBJ_rule) 
 
  instance = model.create() 
  results = opt.solve(instance) 
  if instance.load(results) == False: 
   II() 
  x = range(1, T + 1) 
  output_n0  = value(instance.n0) 
  output_n3l  = value(instance.n3l) 
  output_n3s  = value(instance.n3s) 
  output_b3r  = value(instance.b3r) 
  output_w  = list() 
  output_store  = list() 
  output_dispatch = list() 
  output_drop  = list() 
  output_w_s  = list() 
  threshold  = list() # The grid transmission line capacity 
 
  for i in range(1, T + 1): 
   output_w.append(value(instance.w[i])) 
   output_store.append(value(instance.store[i])) 
   output_dispatch.append(value(instance.dispatch[i])) 
   output_drop.append(value(instance.drop[i])) 
   output_w_s.append(output_w[-1] + output_dispatch[-1]\ 
                                          - output_store[-1] - output_drop[-1]) 
 
   threshold.append(output_n0*Xt0) 
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  AnnualCapital  = CCR*(C1 + C2 + C4 + output_n3l*C3l \ 
                                               + output_n0*C0) + \ 
                                               CCR3s*(output_n3s*C3s + \ 
                                                      output_b3r*C3r) 
  AnnualFixed   = F1 + F2 
  AnnualVariable  = 8760.0/T*(V1*sum(wind[0: T]) + \ 
                                                    V2*sum(wave[0: T])) 
  AnnualProduced  = 8760.0/T*sum(output_w_s) 
 
  List_n0.append(output_n0) 
  List_n3l.append(output_n3l) 
  List_n3s.append(output_n3s) 
  List_LC.append((AnnualCapital + AnnualFixed + AnnualVariable)\ 
                               /AnnualProduced) 
  List_CF.append((AnnualProduced)/(output_n0*Xt0*8760)) 
  List_LT.append(time.time() - t1) 
  List_AE.append(sum(output_w_s)) 
 
  print '\n%s\t%i' % ('Simulation Hours:', int(T)) 
  print '%s\t%f' % ('Total Energy (MWh) >=', TSE) 
  print '%s\t%f' % ('Actual Energy (MWh)', List_AE[-1]) 
  print '%s\t%i' % ('Numbers of 20 MW lines:', List_n0[-1]) 
  print '%s\t%i' % ('Numbers of pistons:', List_n3l[-1]) 
  print '%s\t%i' % ('Numbers of reservoirs:', List_n3s[-1]) 
  print '%s\t%f' % ('Levelized Cost ($/MWh):', List_LC[-1]) 
  print '%s\t%f' % ('Capacity Factor:', List_CF[-1]) 
  print '%s\t%f' % ('Time elapsed (s):', List_LT[-1]) 
 
 csvname = 'TSE' + '_' + str(T) + '.csv' 
 f = open(csvname, 'wb') 
 writer = csv.writer(f) 
 rows = list() 
 for i in range(0, len(List_TSE)): 
   rows.append((List_TSE[i], List_AE[i], \ 
                                     List_n0[i], List_n3l[i], List_n3s[i], \ 
                                     List_LC[i], List_CF[i], List_LT[i])) 
 
 rows[:0] = [('TSE (MWh)', 'AE (MWh)', \ 
                     'n0', 'n3l', 'n3s', \ 
                     'Lev. Cost ($/MWh)', 'CF', 'Time (s)') 
 writer.writerows(rows) 
 f.close() 
 
################################################################################# 
################################################################################# 
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Appendix B: The Pyomo script for the model in Section 3.3 

################################################################################# 
################################################################################# 
 
from coopr.pyomo import * 
from coopr.opt import SolverFactory 
from IPython import embed as II 
import time 
import csv 
import matplotlib.pyplot as plt 
 
WindMode = True 
WaveMode = False 
SCF_interval = {'1': [0.01*i for i in range(84, 100, 1)], 
    '2': [0.01*i for i in range(75, 100, 1)], 
    '3': [0.01*i for i in range(69, 100, 1)], 
    '4': [0.01*i for i in range(63, 86, 1)], 
    '5': [0.01*i for i in range(58, 72, 1)], 
    '6': [0.01*i for i in range(54, 61, 1)], 
    '7': [0.01*i for i in range(50, 53, 1)], 
    '8': [0.01*i for i in range(47, 48, 1)], 
    '9': [0.01*i for i in range(42, 43, 1)]} 
 
model = ConcreteModel() 
opt  = SolverFactory("glpk") 
 
#------------------------------------------------------------------------------- 
# Data input from csv files, 'data.csv', 'wind.csv' and 'wave.csv' 
#-------------------------------------------------------------------------------- 
 
data = dict() 
wind = list() 
wave = list() 
 
f = open('data.csv', 'rb') # 1st column: name, 2nd column: value 
csv_reader = csv.reader(f, dialect = 'excel') 
for row in csv_reader: 
    data[row[0]] = float(row[1]) 
f.close() 
 
Xw1  = data['Xw1'] 
etaT1  = data['etaT1'] 
C1  = data['C1'] 
F1  = data['F1'] 
V1  = data['V1'] 
Xw2  = data['Xw2'] 
etaT2  = data['etaT2'] 
C2  = data['C2'] 
F2  = data['F2'] 
V2  = data['V2'] 
Xc  = data['Xc'] 
Xe  = data['Xe'] 
Xs  = data['Xs'] 
etaC  = data['etaC'] 
etaE  = data['etaE'] 
etaT3  = data['etaT3'] 
C3l = data['C3l']/10.0 

92 



 

C3s  = data['C3s']/10.0 
C3r  = data['C3r']/10.0 
F3  = data['F3'] 
V3  = data['V3'] 
etaT4  = data['etaT4'] 
C4  = data['C4'] 
Xt0  = data['Xt0'] 
etaT0  = data['etaT0'] 
C0  = data['C0'] 
Pu  = data['Pu'] 
PTC1  = data['PTC1'] 
PTC2  = data['PTC2'] 
T  = data['T'] 
CCR  = data['CCR'] 
CCR3s  = data['CCR3s'] 
so  = data['so'] 
 
f = open('wind.csv', 'rb') 
csv_reader = csv.reader(f, dialect = 'excel') 
if WindMode == True: 
 for row in csv_reader: 
  wind.append(float(row[0])) 
else: 
 for row in csv_reader: 
  wind.append(0) 
f.close() 
 
f = open('wave.csv', 'rb') 
csv_reader = csv.reader(f, dialect = 'excel') 
if WaveMode == True: 
 for row in csv_reader: 
  wave.append(float(row[0])) 
else: 
 for row in csv_reader: 
  wave.append(0) 
f.close() 
 
################################################################################ 
# Pre-processing, model construction. 
################################################################################ 
 
#------------------------------------------------------------------------------- 
# Parameters definition and initialization 
#------------------------------------------------------------------------------- 
 
T = int(T) 
model.T = Set(initialize = range(1, T + 1)) 
 
# Power dispatched to the collecting point from wind & wave farms 
w_ini = {i: etaT4*(etaT1*wind[i - 1] + etaT2*wave[i - 1]) for i in range(1, T + 1)} 
model.w = Param(model.T, initialize = w_ini) 
 
#------------------------------------------------------------------------------- 
# Decision variables definition and initialization, with part of constraints 
#------------------------------------------------------------------------------- 
 
model.n3l  = Var(within = NonNegativeIntegers)  
model.n3s  = Var(within = NonNegativeIntegers)  
model.b3r  = Var(within = Binary) 
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model.store  = Var(model.T, within = NonNegativeReals) 
model.dispatch = Var(model.T, within = NonNegativeReals) 
model.drop  = Var(model.T, within = NonNegativeReals) 
 
#------------------------------------------------------------------------------- 
# Non-decision variable definition and initialization, with part of constraint 
#------------------------------------------------------------------------------- 
 
# Storage level at the *END* of hour t, with part of constraint b 
model.s  = Var(model.T, within = NonNegativeReals) 
 
def reservoir_rule(model, t): 
 if t == 1: 
  return model.s[t] == so + etaT3*etaC*model.store[t] - \ 
                       1/(etaT3*etaE)*model.dispatch[t] 
 else: 
  return model.s[t] == model.s[t - 1] + etaT3*etaC*model.store[t]\ 
                       - 1/(etaT3*etaE)*model.dispatch[t] 
 
#------------------------------------------------------------------------------- 
# Constraints 
#------------------------------------------------------------------------------- 
 
# Constraint a, w_s constraint 
def CSTNa1_rule(model, t): 
 return model.w[t] - model.store[t] - model.drop[t] + model.dispatch[t] \ 
               >= 0/etaT0 
 
def CSTNa2_rule(model, t):  
 return model.w[t] - model.store[t] - model.drop[t] + model.dispatch[t] \ 
               - Xt0*n0 <= 0 
 
def CSTNb_rule(model, t): 
 return model.s[t] - model.n3s*Xs <= 0 
 
def CSTNstore2_rule(model, t): 
 return etaT3*model.store[t] - model.n3l*Xc <= 0 
 
def CSTNdispatch2_rule(model, t): 
 return model.dispatch[t]/etaT3 - model.n3l*Xe <= 0 
 
# Constraint f, integer constraints 
def CSTNf2_rule(model): 
 return model.b3r - model.n3s <= 0 
 
M = 10.0**5 
def CSTNf3_rule(model): 
 return model.b3r - model.n3s/M >= 0 
 
# Constraint g, SCF constraint 
def CSTNg_rule(model): 
 lhs = sum((model.dispatch[t] - model.store[t] - model.drop[t]) \ 
                  for t in model.T) 
 rhs = n0*Xt0*T*SCF - sum(model.w[t] for t in model.T) 
 return lhs >= rhs 
 
#------------------------------------------------------------------------------- 
# Objective funtion, not the real levelized revenue, but the simplified version 
#------------------------------------------------------------------------------- 
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def OBJ_rule(model): 
 return CCR*(C3l*model.n3l + C0*n0) + CCR3s*(C3s*model.n3s + C3r*model.b3r) 
 
################################################################################ 
# Solve the model. 
################################################################################ 
 
if __name__ == '__main__': 
 counter = 0  # Counter indicates the progress.| 
 total_run = sum(len(SCF_interval[i]) for i in SCF_interval) 
 for n0 in range(1, 10): 
  List_n0 = list() 
  List_n3l = list() 
  List_n3s = list() 
  List_LC = list() 
  List_CF = list() 
  List_LT = list() 
 
  List_SCF = SCF_interval[str(n0)] 
 
  for SCF in List_SCF: 
   counter = counter + 1 
   t1 = time.time() 
 
   model.s.reset() 
   model.n3l.reset() 
   model.n3s.reset() 
   model.b3r.reset() 
   model.store.reset() 
   model.dispatch.reset() 
   model.drop.reset() 
 
   model.reservoir  = Constraint(\ 
                            model.T, rule = reservoir_rule) 
   model.CSTNa1  = Constraint(\ 
                            model.T, rule = CSTNa1_rule) 
   model.CSTNa2  = Constraint(\ 
                            model.T, rule = CSTNa2_rule) 
   model.CSTNb  = Constraint(\ 
                            model.T, rule = CSTNb_rule) 
   model.CSTNstore2 = Constraint(\ 
                            model.T, rule = CSTNstore2_rule) 
   model.CSTNdispatch2 = Constraint(\ 
                            model.T, rule = CSTNdispatch2_rule) 
   model.CSTNf2  = Constraint(\ 
                            rule = CSTNf2_rule) 
   model.CSTNf3  = Constraint(\ 
                            rule = CSTNf3_rule) 
   model.CSTNg  = Constraint(\ 
                            rule = CSTNg_rule) 
 
   model.OBJ  = Objective(\ 
                            sense = minimize, rule = OBJ_rule) 
 
   instance = model.create() 
   results = opt.solve(instance) 
   if instance.load(results) == False: 
    II() 
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   x = range(1, T + 1) 
   output_n0  = n0 
   output_n3l  = value(instance.n3l) 
   output_n3s  = value(instance.n3s) 
   output_b3r  = value(instance.b3r) 
   output_w  = list() 
   output_store = list() 
   output_dispatch = list() 
   output_drop  = list() 
   output_w_s  = list() 
   threshold  = list() # The grid transmission line 
capacity 
   for i in range(1, T + 1): 
    output_w.append(value(instance.w[i])) 
    output_store.append(value(instance.store[i])) 
    output_dispatch.append(value(instance.dispatch[i])) 
    output_drop.append(value(instance.drop[i])) 
    output_w_s.append(\ 
                                    etaT0*(output_w[-1] + output_dispatch[-1]\ 
                                           - output_store[-1] - output_drop[-1]) 
    threshold.append(output_n0*Xt0) 
    
   # Cost/Revenue calculation 
   AnnualCapital  = \ 
                                      CCR*(C1 + C2 + C4 + output_n3l*C3l + \ 
                                           output_n0*C0) + \ 
                                           CCR3s*(output_n3s*C3s + \ 
                                                  output_b3r*C3r) 
   AnnualFixed   = F1 + F2 
   AnnualVariable  = \ 
                                       8760.0/T*(V1*sum(wind[0: T]) + \ 
                                                 V2*sum(wave[0: T])) 
   AnnualProduced  = 8760.0/T*sum(output_w_s) 
 
   List_n0.append(output_n0) 
   List_n3l.append(output_n3l) 
   List_n3s.append(output_n3s) 
   List_LC.append((AnnualCapital + AnnualFixed + \ 
                                        AnnualVariable)/AnnualProduced) 
   List_CF.append((AnnualProduced)/(output_n0*Xt0*8760)) 
   List_LT.append(time.time() - t1) 
 
   print '\n%s\t%i' % ('Simulation Hours:', int(T)) 
   print '%s\t%i' % ('Numbers of 20 MW lines:', List_n0[-1]) 
   print '%s\t%f' % ('Capacity Factor >=', SCF) 
   print '%s\t%f' % ('Capacity Factor:', List_CF[-1]) 
   print '%s\t%i' % ('Numbers of pistons:', List_n3l[-1]) 
   print '%s\t%i' % ('Numbers of reservoirs:', List_n3s[-1]) 
   print '%s\t%f' % ('Levelized Cost ($/MWh):', List_LC[-1]) 
   print '%s\t%f' % ('Time elapsed (s):', List_LT[-1]) 
 
   print '%s\t%i%s%i' % ('Completed/Total:', counter, '/', 
total_run) 
 
  csvname = 'n0' + '_' + str(n0) + '_' + str(T) + 'h' + '.csv' 
  f = open(csvname, 'wb') 
  writer = csv.writer(f) 
  rows = list() 
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  for i in range(0, len(List_SCF)): 
    rows.append(\ 
                                    (List_n0[i], List_SCF[i], List_CF[i], \ 
                                     List_n3l[i], List_n3s[i], List_LC[i], \ 
                                     List_LT[i])) 
  rows[:0] = [\ 
                    ('n0', 'Target CF', 'CF', \ 
                     'n3l', 'n3s', 'Lev. Cost ($/MWh)', \ 
                     'Time (s)')] 
  writer.writerows(rows) 
  f.close() 
 
################################################################################# 
#################################################################################  
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Appendix C: The Pyomo script for the model in Section 3.4 

################################################################################# 
################################################################################# 
 
from coopr.pyomo import * 
from coopr.opt import SolverFactory 
from IPython import embed as II 
import time 
import csv 
import matplotlib.pyplot as plt 
 
WindMode = True 
WaveMode = False 
 
model = ConcreteModel() 
opt  = SolverFactory("glpk") 
 
SCF_interval = {'1': [0.01*i for i in range(84, 100, 1)], 
    '2': [0.01*i for i in range(75, 100, 1)], 
    '3': [0.01*i for i in range(69, 100, 1)], 
    '4': [0.01*i for i in range(63, 86, 1)], 
    '5': [0.01*i for i in range(58, 72, 1)], 
    '6': [0.01*i for i in range(54, 61, 1)], 
    '7': [0.01*i for i in range(50, 53, 1)], 
    '8': [0.01*i for i in range(47, 48, 1)], 
    '9': [0.01*i for i in range(42, 43, 1)]} 
 
#------------------------------------------------------------------------------- 
# Data input from csv files, 'data.csv', 'wind.csv' and 'wave.csv' 
#-------------------------------------------------------------------------------- 
 
data = dict() 
wind = list() 
wave = list() 
 
f = open('data.csv', 'rb') # 1st column: name, 2nd column: value 
csv_reader = csv.reader(f, dialect = 'excel') 
for row in csv_reader: 
    data[row[0]] = float(row[1]) 
f.close() 
 
Xw1  = data['Xw1'] 
etaT1  = data['etaT1'] 
C1  = data['C1'] 
F1  = data['F1'] 
V1  = data['V1'] 
Xw2  = data['Xw2'] 
etaT2  = data['etaT2'] 
C2  = data['C2'] 
F2  = data['F2'] 
V2  = data['V2'] 
etagt  = data['etagt'] 
Cgt = data['Cgt'] 
Fgt = data['Fgt'] 
Vgt = data['Vgt'] 
Cng = data['Cng'] 
etaT4  = data['etaT4'] 
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C4  = data['C4'] 
Xt0  = data['Xt0'] 
etaT0  = data['etaT0'] 
C0  = data['C0'] 
T  = data['T'] 
CCR  = data['CCR'] 
CCRgt  = data['CCRgt'] 
 
f = open('wind.csv', 'rb') 
csv_reader = csv.reader(f, dialect = 'excel') 
if WindMode == True: 
 for row in csv_reader: 
  wind.append(float(row[0])) 
else: 
 for row in csv_reader: 
  wind.append(0) 
f.close() 
 
f = open('wave.csv', 'rb') 
csv_reader = csv.reader(f, dialect = 'excel') 
if WaveMode == True: 
 for row in csv_reader: 
  wave.append(float(row[0])) 
else: 
 for row in csv_reader: 
  wave.append(0) 
f.close() 
 
T = int(T) 
model.T = Set(initialize = range(1, T + 1)) 
 
# Power dispatched to the collecting point from wind & wave farms 
w_ini = {i: etaT4*(etaT1*wind[i - 1] + etaT2*wave[i - 1]) for i in range(1, T + 1)} 
model.w = Param(model.T, initialize = w_ini) 
 
#------------------------------------------------------------------------------- 
# Decision variables definition and initialization, with part of constraints 
#------------------------------------------------------------------------------- 
 
model.Xgt = Var(within = NonNegativeReals) # GT capacity. 
model.drop = Var(model.T, within = NonNegativeReals)  
model.p = Var(model.T, within = NonNegativeReals)  
 
#------------------------------------------------------------------------------- 
# Non-decision variable definition and initialization, with part of constraint 
#------------------------------------------------------------------------------- 
 
# w_s, energy sent to the point slightly ahead of the merging point 
model.w_s = Var(model.T, within = NonNegativeReals) 
 
def wind_sent_rule(model,t): 
 return model.w_s[t] == etaT0*(model.w[t] - model.drop[t]) 
 
#------------------------------------------------------------------------------- 
# Constraints 
#------------------------------------------------------------------------------- 
# Constraint a, hourly wind energy sent to the merging point constraint 
 
def CSTNa1_rule(model, t): 
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 return model.w_s[t] >= 0 
 
def CSTNa2_rule(model, t): 
 return model.w_s[t]/etaT0 <= Xt0*n0 
 
# Constraint b, hourly enregy sent to the grid constraint 
def CSTNb_rule(model, t): 
 return model.w_s[t] + model.p[t] <= Xt0*n0*etaT0 
 
# Constraint c, GT plant output energy constraint 
def CSTNc2_rule(model, t): 
 return model.p[t] <= model.Xgt 
 
# Constraint d, TSE and CF constriant (optional) 
def CSTNd1_rule(model): 
 lhs = sum((model.p[t] + model.w_s[t]) for t in model.T) 
 rhs = TSE 
 return lhs >= rhs 
 
def CSTNd2_rule(model): 
 lhs = sum((model.p[t] + model.w_s[t]) for t in model.T) - SCF*etaT0*Xt0*T*n0 
 rhs = 0 
 return lhs >= rhs 
 
#------------------------------------------------------------------------------- 
# Objective funtion, not the real levelized revenue, but the simplified version 
#------------------------------------------------------------------------------- 
 
def OBJ_rule(model): 
 return CCR*C0*n0 + \ 
               (Cgt*CCRgt + Fgt)*model.Xgt + Vgt*8760.0/T*sum(model.p[t] \ 
                                                              for t in model.T) 
 
################################################################################ 
# Solve the model. 
################################################################################ 
 
if __name__ == '__main__': 
 for n0 in range(1, 10): 
  # Results containers 
  List_n0 = list() 
  List_Xgt = list() 
  List_LC = list() 
  List_CF = list() 
  List_LT = list() 
  List_AE = list() # Actual Energy Production 
 
  List_SCF = SCF_interval[str(n0)] 
  for SCF in List_SCF: 
   t1 = time.time() 
 
   model.Xgt.reset() 
   model.drop.reset() 
   model.p.reset() 
   model.w_s.reset() 
 
   model.wind_sent = Constraint(model.T, rule = 
wind_sent_rule) 
   model.CSTNa1  = Constraint(model.T, rule = CSTNa1_rule) 
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   model.CSTNa2  = Constraint(model.T, rule = CSTNa2_rule) 
   model.CSTNb  = Constraint(model.T, rule = CSTNb_rule) 
   model.CSTNc2  = Constraint(model.T, rule = CSTNc2_rule) 
   model.CSTNd2  = Constraint(rule = CSTNd2_rule) 
 
   model.OBJ  = Objective(sense = minimize, rule = 
OBJ_rule) 
 
   instance  = model.create() 
   results  = opt.solve(instance) 
   if instance.load(results) == False: 
    II() 
 
   x = range(1, T + 1) 
   output_n0  = n0 
   output_Xgt  = value(instance.Xgt) 
   output_w  = list() 
   output_drop  = list() 
   output_p  = list() 
   output_w_s  = list()  
   threshold  = list()  
   for i in range(1, T + 1): 
    output_w.append(value(instance.w[i])) 
    output_drop.append(value(instance.drop[i])) 
    output_p.append(value(instance.p[i])) 
    output_w_s.append(value(instance.w_s[i])) 
    threshold.append(output_n0*Xt0) 
 
   AnnualCapital  = \ 
                                      CCR*(C1 + C2 + output_n0*C0) + \ 
                                      CCRgt*Cgt*output_Xgt 
   AnnualFixed   = F1 + F2 + Fgt*output_Xgt 
   AnnualVariable  = \ 
                                       8760.0/T*(V1*sum(wind[0: T]) + \ 
                                                 V2*sum(wave[0: T]) + \ 
                                                 Vgt*sum(output_p) + \ 
                                                 3.6*Cng*sum(output_p)/etagt) 
   AnnualProduced  = 8760.0/T*(sum(output_w_s) \ 
                                                            + sum(output_p)) 
 
   List_n0.append(output_n0) 
   List_Xgt.append(output_Xgt) 
   List_LC.append(\ 
                            (AnnualCapital + AnnualFixed + AnnualVariable)\ 
                            /AnnualProduced) 
   List_CF.append((AnnualProduced)/(output_n0*Xt0*8760*etaT0)) 
   List_LT.append(time.time() - t1) 
   List_AE.append(sum(output_w_s) + sum(output_p)) 
 
   print '\n%s\t%i' % ('Simulation Hours:', int(T)) 
   print '%s\t%i' % ('Numbers of 20 MW lines:', List_n0[-1]) 
   print '%s\t%f' % ('Capacity Factor >=', SCF) 
   print '%s\t%f' % ('Capacity Factor:', List_CF[-1]) 
   print '%s\t%i' % ('Capacity of GT (MW):', List_Xgt[-1]) 
   print '%s\t%f' % ('Levelized Cost ($/MWh):', List_LC[-1]) 
   print '%s\t%f' % ('Time elapsed (s):', List_LT[-1]) 
  csvname = 'n0' + '_' + str(n0) + '_' + str(T) + 'h' + '.csv' 
  f = open(csvname, 'wb') 
  writer = csv.writer(f) 
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  rows = list() 
  for i in range(0, len(List_SCF)): 
    rows.append(\ 
                                    (List_n0[i], List_SCF[i], List_CF[i], \ 
                                     List_Xgt[i], List_LC[i], List_LT[i])) 
  rows[:0] = [('n0', 'Target CF', 'CF', \ 
                             'Xgt (MW)', 'Lev. Cost ($/MWh)', 'Time (s)')] 
  writer.writerows(rows) 
  f.close() 
 
################################################################################# 
################################################################################# 
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