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ABSTRACT 
Large scale penetration of the renewable energy sources 

such as wind and solar into the electric grid is complicated by 

their substantial hourly, daily, and seasonal fluctuations.  

Energy storage systems can mitigate these fluctuations by 

storing excess off-peak energy for use at peak-demand times.  

Compressed Air Energy Storage (CAES) is one of the most 

promising storage technologies due to the large amount of 

energy that can be stored at an economical cost.  Although 

conventional CAES systems are operational, they do suffer 

from low overall efficiency due to the significant amount of 

energy lost during the air-compression process in the form of 

waste heat.  The Adiabatic CAES design has been introduced to 

improve the economics of the conventional CAES systems by 

storing the heat of compression to heat the compressed air prior 

to the expansion process and electricity generation.  However, 

this design is challenged by the technical complexity of the heat 

storage system due to the higher pressures and temperatures of 

the compressed air.  We have analyzed the feasibility of 

improving the economics of a conventional CAES plant by 

strategically siting the plant to sell the heat of compression as a 

by-product.  We have modeled a system composed of a variable 

electric and heat load, wind farm, CAES plant, and heat 

recovery system in Alberta, Canada at an hourly resolution and 

evaluated the economic gains of selling waste heat.  The size of 

each component was optimized to minimize the cost of 

electricity generation and maximize revenues from heat sale.  

Furthermore, a sensitivity analysis on the price of natural gas, 

carbon tax, and geological constrains for underground storage 

of compressed air was performed. 

 

INTRODUCTION 
 Among various energy storage technologies developed 

in the past few decades, Compressed Air Energy Storage 

(CAES) has been of special interest for large scale storage of 

wind energy.  CAES systems are usually considered for storage 

requirements of 10s of MW of electric power and hours of 

discharge time [1].  Currently, two commercial CAES facilities 

are in operation and demonstrate the viability of this 

technology.  The first facility located in Huntorf, Germany 

stores up to 310,000 m
3
 of compressed air at a pressure range of 

48-66 bar in two salt caverns and can produce 290 MW of 

electricity at full capacity for four hours.  McIntosh plant, the 

second commercial CAES facility located in Alabama, 

generates 110 MW of electricity at full capacity for 26 hours.  It 

stores up to 560,000 m
3
 of compressed air at a pressure range of 

45-74 bar in a salt cavern [2-3].  

CAES uses inexpensive off-peak electricity to 

compress air into either underground or aboveground storage 

facilities.  During peak hours of electricity demand, compressed 

air is heated (to prevent it from freezing during expansion) and 

expanded in modified gas turbines to generate electricity.  As an 

example, the McIntosh plant uses 0.67 KWh of off-peak 

electricity and 4,220 KJ (LHV) of natural gas per KWh of peak 

electricity that it generates [4].  The necessity of burning fuels 

prior and/or during the expansion process limits the round trip 

efficiency of energy storage via CAES.  Newer generations of 
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CAES systems have been proposed in the past few years to 

improve its efficiency.  The “Adiabatic CAES” concept was 

originally introduced in 1980s which focuses on storing the 

otherwise wasted heat of compression in a heat storage facility.  

This heat source is then utilized to heat the compressed air prior 

to expansion and reduce, even eliminate the need for burning 

fuel during the expansion process.  However, storing enough 

heat at high pressures and temperatures introduces technical 

difficulties with the design of the turbo machineries and the 

heat storage [5].  Isothermal CAES is another design in the 

R&D phase which focuses on improving the efficiency of 

CAES by close-to-isothermal compression and expansion 

processes [6-7].  Coupling conventional CAES facilities with 

simple cycle gas turbine plants in various configurations for 

enhanced heat recovery has also been proposed to improve the 

storage efficiency of CAES facilities [8-9].  Nevertheless, all 

these designs are still in the R&D phase and no commercial 

plant based on these designs exists. 

This paper introduces and evaluates a novel idea to 

improve the efficiency of conventional CAES systems by using 

distributed air-compression stations within municipal regions, 

which is called Distributed CAES (D-CAES).  A municipal-

scale integrated compressed air pipeline network, supplied by 

distributed compressors located near high heat-load facilities 

(e.g. universities), uses off-peak electricity to compress air.  

This system would utilize or store the heat produced by air-

compression for heating needs, and would lower the overall 

cost of the D-CAES system by negating the demand for heating 

fuel usage within these municipal regions.  The compressed air 

from this system would be pipelined to favorable geological 

locations for underground storage.  The expander of the D-

CAES system located at the storage site would generate 

electricity via combustion and expansion of stored compressed 

air, similar to conventional CAES designs.  

This novel idea focuses on improving the economics 

of CAES by the use of otherwise wasted heat of compression 

for space and water heating demands.  Waste heat recovery 

from industrial compressors is a well mature technology and 

therefore introduces less technical complexity compared to the 

adiabatic and isothermal CAES designs.  However, this design 

requires a pipeline between the compression site (municipal 

regions) and the storage site (e.g. cavern).  The tradeoff 

between the increased capital cost (CapEx) of the system (due 

to the pipeline) and savings on fuel (used for heating purposes) 

can make the D-CAES system cheaper compared to the 

conventional CAES in certain situations.  The intensity and the 

profile of the heat load, profile of the electric load, wind 

conditions, distance between the heat load and storage facility, 

and the construction costs are the major players in this tradeoff. 

 

 

 

 

 

NOMENCLATURE 
 

Symbol Description 
Unit 

 

            
Annual capital cost of 

cavern 
$/MWh/Year 

          
Annual capital cost of 

compressor 
$/MW/Year 

         
Annual capital cost of 

expander 
$/MW/Year 

          
Annual capital cost of 

furnace 

$/MW 

thermal/Year 

         
Annual capital cost of 

HRU 

$/MW 

thermal/Year 

          
Annual capital cost of 

air pipeline 

$/mm 

Diameter/Year 

          
Annual capital cost of 

wind farm 
$/MW/Year 

   Carbon content of fuel T Ceq/GJ 

    Capital Charge ratio % 

     Carbon tax $/t Ceq 

D Inside pipe diameter mm 

       
  

Electricity generated by 

expander at hour h 
MWh 

f Friction factor Dimensionless 

G Specific gravity of gas Dimensionless 

H 
Number of hours 

simulated 
hour 

        
  

Heat generated by the 

furnace of DH 
MWh 

      Heat rate of expander 
MJ(LHV)/MW

h out 

L Length of pipeline Km 

P1 Upstream pressure KPa 

P2 Downstream pressure KPa 

Pb Base pressure KPa 

     
Effective natural gas 

price 
$/GJ 

        
Market price of natural 

gas 
$/GJ 

           Optimal size of cavern MWh 

         
Optimal size of 

compressor 
MW 

        
Optimal size of 

expander 
MW 
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         Optimal size of furnace MW thermal 

        Optimal size of HRU MW thermal 

         
Optimal diameter of air 

pipeline 
mm 

         
Optimal size of wind 

farm 
MW 

Tb Base temperature K 

Tf 
Average temperature of 

gas 
K 

Z 
Compressibility factor 

of gas 
Dimensionless 


    

 Thermal efficiency of 

the furnace of DH 
% 

 

 

METHODOLOGY 
 A hypothetical scenario was developed in which a 

variable but concentrated heat load and a variable electric load 

were to be satisfied over a period of one full year.  The heat 

load would be supplied via a District Heating (DH) facility 

while the electric load would be supplied by a combination of a 

wind farm and a compressed air energy storage facility in two 

different configurations; conventional CAES and D-CAES. The 

excess wind would be the only energy source used to charge the 

energy storage facility in both scenarios.  The associated costs 

with the transmission line and the DH network were excluded 

since they both would exist in the two scenarios.  These 

scenarios assumed that a compressed air storage facility was 

already justified by the market and either a conventional CAES 

or a D-CAES facility would be built.  

 

CAES system: The electric load would be satisfied by 

a combination of wind energy and conventional CAES.  Both 

the compressor and the expander of the CAES facility would be 

located at the storage site.  A natural gas-based boiler would 

provide the heating energy of the DH facility located close to 

the heat load (within the city). 

 

D-CAES system: The compression facility of the D-

CAES system would be located within the municipal region 

while the expander would be located at the storage site.  The 

compressed air would be pipelined from the compression site to 

the storage site.  A waste Heat Recovery Unit (HRU) would 

recover the otherwise wasted heat of compression.  The heat 

load would be satisfied by a combination of a natural gas-based 

boiler and the HRU via a DH network.  No heat storage facility 

was considered in this phase meaning that the heat of 

compression would be dumped to the surrounding if not 

immediately utilized for heating purposes. 

 

A linear optimization code was developed in 

MATLAB to minimize the levelized cost (both capital and 

operating) associated with meeting the hourly electric and heat 

loads over one full year.  Both the size of various components 

and the dispatch strategy of the wind farm, CAES, D-CAES, 

and DH facilities were optimized in order to minimize the 

levelized cost of meeting the hourly electricity and heat loads.  

 

The objective function of the optimization is shown in 

Eq.1 which is to be minimized. This equation shows the total 

levelized cost (both capital and operating) to satisfy the annual 

electric and heat loads.  The terms in the first set of curly 

brackets show the summation of the hourly cost of fuel which 

would be consumed by the combustor of the expander (to meet 

electric load) and by the furnace of DH system (to meet heat 

load).  All other operating and maintenance costs were 

considered negligible.  The second set of curly brackets include 

the levelized capital cost of all components of the system 

required to meet the hourly electric and heat loads in the CAES 

and D-CAES systems over the one full year of investigation.  

The capital cost of the DH network was ignored since it would 

exist in both CAES and D-CAES configurations. 

 

 

Eq. 1 

 

Heat Load: EE4
1
 software was used the simulate 

hourly heating loads of a 20 floor tower (40x40 m plan) in 

Alberta over one full year [10].  Once the heat load profile was 

determined; it was scaled up to result in the same annual heat 

load as the main campus of the University of Calgary, Alberta 

in 2008.  This profile was used to represent a concentrated 

municipal heat load that the DH system was to satisfy. 

 

Electric Load: The minimum hourly electric load of 

the province of Alberta in 2008 was used to determine the 

hourly peak load profile of electricity over the year of study 

[11]. Then this profile was scaled down 10
5
 times to form the 

“peak electric load” profile.  This electric load profile was later 

used to develop various electric load scenarios.  

 

Wind Power Capacity Factor: Hourly wind power 

generation data from Alberta in 2008 was used to calculate the 

                                                           
1 EE4 is a computer software developed by Natural Resources Canada to 

simulate energy use of buildings characterized by the user. 
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hourly capacity factor of the wind farm over the entire year of 

the study [11]. 

Pipeline: Pressure drop in gas pipelines can be 

calculated from Eq. 2 [12]. 

               
  

  
        

   
    

  

          
  Eq. 2 

 

The maximum allowable pressure drop along the 

compressed air pipeline was assumed 25 KPa/Km [13].  Then 

Eq. 2 was used to determine the smallest diameter of the air 

pipeline which satisfied the allowable pressure drop at each 

operating condition.  

 

CAES and D-CAES: Table 1 shows the performance 

characteristics used for the conventional CAES configuration 

based on the McIntosh CAES plant.  The D-CAES plant had 

the same minimum and maximum storage pressures; however, 

the discharge pressure of the compressor and the work ratio 

were modified for each operating condition based on the 

anticipated pressure drop along the compressed air pipeline.  

The thermal efficiency of HRU is defined as the ratio of the net 

heat provided to the heat consumers of the DH network per unit 

of electric energy consumed by the compressor to charge the 

cavern.    

Economic analysis: Table 2 shows the capital cost 

values used for various component of the system.  All costs 

were converted to 2008 USD according to the Chemical 

Engineering Plant Cost Index [14] and all operating and 

maintenance costs except the fuel charges were considered 

negligible. 

 
Table 1: Performance characteristics of various components of the 

CAES and D-CAES systems 

Parameter Value Unit Reference 

CAES, heat 

rate 
4,200 

MJ (LHV)/ 

MWh out 
[4] 

CAES, work 

ratio 
0.67 

MWh in/ 

MWh out 
[4] 

Min storage 

pressure 
45 atm [4] 

Max storage 

pressure 
74 atm [4] 

CAES and D-

CAES, air 

consumption 

5 
Kg air/ KWh 

out 
[4] 

Boiler, 

thermal 

efficiency 

80% 
MJ thermal/ 

MJ LHV 
 

HRU, thermal 

efficiency 
70% 

MWh 

thermal/ 

MWh work 

 

 

 
Table 2: Economic parameters of the optimization 

Parameter Base value Unit Reference 

Wind farm, 

capital cost 
1,837 $/KW [15] 

Expander, 

capital cost 
569 $/KW [4, 16] 

Compressor, 

capital cost 
522 $/KW [4, 16] 

CAES storage, 

capital cost 
1.5 $/KWh [16] 

Boiler, capital 

cost 
418 

$/KW 

thermal 
[17] 

HRU, capital 

cost
2
 

0 
$/KW 

thermal 
 

Capital charge 

rate 
10 % 

 

Pipeline capital 

cost (L=30 km) 
        
        

$/Km [18]
 

Pipeline capital 

cost (L= 50 

km) 

        
        

$/Km [18]
 

 

The same heat load profile was used in all scenarios to 

simulate a large scale, concentrated municipal heat load.  

However, various electric load profiles were considered by 

linearly scaling up the “peak electric load” profile.  Since an 

hourly heat and electric load is to be supplied over one full 

year, the ratio and relative shape of these two profiles play an 

important role in the optimum size of the system.  By keeping 

the heat load fixed at a reasonable size, the effect of the size of 

the electric load was studied in various scenarios.  Moreover, a 

distance of 50 Km between the compression and storage sites 

for the D-CAES system was considered in the base case.  The 

simulation repeated for a reduced distance of 30 Km to 

investigate the effect of distance on the optimal size of the 

system.  The minimum effective natural gas price above which 

D-CAES became economic over conventional CAES was 

determined by running the simulation for various electric load 

profiles and pipeline lengths.  Table 3 shows a list of various 

scenarios considered. 

The effective fuel price was considered as the 

summation of the market price of the fuel and the associated 

carbon taxes and was calculated based on Eq. 3.  The effective 

fuel price concept incorporates both the fluctuations in the 

market price of fuel and the associated carbon taxes due to the 

Greenhouse Gases (GHG) emissions from the combustion of 

the fuel.  In other words, this price combines both the market 

price of the fuel and the associated carbon taxes.  

                      Eq. 3 

                                                           
2 No additional cost for HRU is considered since intercoolers and after-

coolers already exist in compressors. 
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Table 3: Scenarios considered in the optimization of D-CAES and 

CAES configurations 

Case 

Electric 

load 

ratio 

Peak 

electric 

load 

Peak 

heat 

load 

Pipeline 

length 

D-CAES 

work 

ratio 

NA 
MW 

electric 

MW 

thermal 
Km 

KWh,in/ 

KWh,out 

1 1 34 61 50 0.70 

2 1.5 51 61 50 0.70 

3 2 68 61 50 0.70 

4 2.5 85 61 50 0.70 

5 3 102 61 50 0.70 

6 4 136 61 50 0.70 

7 5 170 61 50 0.70 

8 6 204 61 50 0.70 

9 2 68 61 30 0.69 

10 2.5 85 61 30 0.69 

11 3 102 61 30 0.69 

12 4 136 61 30 0.69 
 

RESULTS 
 Effective natural gas price was increased at 0.1 $/GJ 

intervals to find the minimum price at which the D-CAES 

system resulted in a lower levelized cost compared to the 

CAES system in satisfying both the hourly electric and heat 

loads over the entire year.  The electric load profile was scaled 

up at each scenario while the heat load kept fixed (see Table 3).  

Figure 1 shows the minimum effective natural gas price and the 

equivalent carbon tax at which D-CAES with a 50 Km pipeline 

was more economic compared to the conventional CAES 

system.  The equivalent carbon tax was calculated based on a 

fixed market price of 5$/GJ for natural gas and a carbon 

intensity of 18.0 KgC eq/GJ, including the upstream GHG 

emissions [4].  

According to Figure 1, the optimum size of the D-

CAES system occurred at 2.5 times of the “peak electric load” 

profile (case 4) and the minimum required fuel price increased 

as the profile deviated from this optimum point.  Table 4 and 

Table 5 show the capacity and performance of various 

components of the two systems in case 4, respectively.  One 

should note that the D-CAES system had a slightly larger wind 

farm (96.0 MW) and cavern (242.3 hours of storage) compared 

to the conventional CAES configuration (95.0 MW and 198.5 

hours of storage, respectively).  On the other hand, the D-CAES 

system had a smaller compressor (32.9 MW) compared to the 

conventional system (37.5 MW).  These observations lead to 

interpretation that although the compressor of the D-CAES 

system was smaller, it had a higher capacity factor.  According 

to Table 5, 46.7% and 53.3% of the total electric load was 

satisfied by the wind farm and the expander of the storage 

facility, respectively in the conventional CAES configuration.  

These figures were 41.1% and 58.9% in the D-CAES 

configuration, respectively.  A higher capacity factor for the 

compressor of the D-CAES system required a larger cavern 

(higher capital cost).  However, it negated the fuel burning for 

heating purposes through recovery of the heat of compression; 

52.9% of the total heat load was supplied by the HRU in the D-

CAES configuration.  Since the energy level of the cavern at 

the end of the year was forced to reach its value at the 

beginning of the year, a higher percentage of the electricity load 

(58.9%) was provided by the expander in the D-CAES system 

compared to the conventional CAES system (53.3%). 

 

 
Figure 1: Minimum effective price of fuel for lower total levelized 

cost of D-CAES, pipeline length=50 Km and market price of 

natural gas=5 $/GJ 

One should note that no upper limit for the size of the 

cavern was considered in this paper for the sake of simplicity.  

An upper and lower limit would be considered in the real world 

design based on the exact location of the project and the nature 

of the local electricity and heat markets.  

 
Table 4: Capacity of various components of the conventional 

CAES and D-CAES systems in case 4 

Component Capacity CAES D-CAES 

Wind farm MW 95.0 96.0 

Expander MW 83.7 83.7 

Compressor MW 37.5 32.9 

Cavern
3
 Hours 198.5 242.3 

HRU MW 0.0 23.0 

Boiler MW 61.1 52.3 
 

 

 

 

                                                           
3 At full generation capacity of expander 
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Table 5: Performance of various components of the conventional 

CAES and D-CAES systems in case 4 

  CAES D-CAES 

Wind 

Energy 

Portion 

stored 
41.5% 47.3% 

Portion 

sold 
54.2% 47.3% 

Electric 

load 

Portion by 

wind 
46.7% 41.1% 

Portion by 

expander 
53.3% 58.9% 

Heat load 

Portion by 

boiler 
100.0% 47.1% 

Portion by 

HRU 
0.0% 52.9% 

 

Figure 2 illustrates the dispatch profile of the wind 

farm in case 4 for conventional CAES and D-CAES systems.  

As shown, not only the D-CAES system had a larger wind 

farm, it tended to store more wind energy compared to the 

conventional CAES configuration.   Since more wind energy 

was stored in the D-CAES configuration, the expander of this 

system regenerated more energy to satisfy the electric load as 

well (see Figure 3). 

 

 

 
Figure 2: Utilization of wind energy in CAES (up) and D-CAES 

(down) configurations in case 4 

 

 

 

Figure 3: Share of electric load supply in CAES (up) and D-CAES 

(down) configurations in case 4 

 

Table 6 shows the distribution of the levelized (both 

capital and fuel) cost of meeting hourly electric and heat loads 

over the studied one year period in case 4 for both CAES and 

D-CAES systems.  The ratio of capital cost of the storage 

facility (expander, compressor, cavern, and compressed air 

pipeline) to the total levelized cost is 4.9% higher in the D-

CAES configuration (28.0%) compared to the CAES 

configuration (23.1%). 4.1% of this difference is due to the 

existence of the compressed air pipeline in the D-CAES 

systems compared to the conventional CAES system.  

However, due to the opportunity of waste heat recovery in the 

D-CAES configuration, a smaller furnace would be required to 

meet the heat load in this system.  The smaller size of furnace 

led to a 0.9% reduction in ratio of levelized capital cost of 

furnace to the total levelized cost in the D-CAES system (5.5%) 

compared to the CAES system (6.4%).  The major financial 

saving of the D-CAES system is illustrated by a 4.4% (22.3% 

for D-CAES and 26.7% for CAES) reduction in the ratio of 

annual fuel cost to the total levelized cost of the system to meet 

the hourly electric and heat loads over the 1 year period of 

investigation.   
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Table 6: Distribution of annual levelized cost of D-CAES and 

CAES, % of total annual levelized cost of each system 

Cost Component CAES D-CAES 

Difference 

(DCAES 

minus 

CAES) 

CapEx, wind farm 43.8% 44.3% 0.5% 

CapEx, expander 12.0% 12.0% 0.0% 

CapEx, compressor 4.9% 4.3% -0.6% 

CapEx, cavern 6.3% 7.6% 1.4% 

CapEx, pipeline 0.0% 4.1% 4.1% 

CapEx, storage
4
 23.1% 28.0% 4.9% 

CapEx, DH furnace 6.4% 5.5% -0.9% 

Total CapEx 73.3% 77.8% 4.4% 

Total fuel cost 26.7% 22.3% -4.4% 

Total annual cost 100% 100%  
 

In order to evaluate the effect of pipeline length on the 

results, similar scenarios were developed but with a shortened 

pipeline length of 30 Km (case 9-12) instead of 50 Km (case 1-

8) (see Table 3).  The optimum size of the system occurred at 

2.5 times of the “peak electric load” profile (case 10), similar to 

the 50 Km scenario (case 4).  However, the pipeline length had 

a significant effect on the minimum required natural gas price 

to make the D-CAES system more economically desirable.  The 

minimum effective fuel price was 5.1 $/GJ at a 30 Km pipeline 

length, corresponding to a carbon tax of 6 $/tCeq at a base 

natural gas price of 5 $/GJ (Figure 4).  The minimum fuel price 

was 8.0 $/GJ (167 $/tCeq) at a 50 Km pipeline length (Figure 

1).  Similar to case 4, the D-CAES system had a larger cavern 

(244.6 hours) as compared to the conventional CAES 

configuration (198.9 hours).  In addition, the D-CAES system 

stored more wind energy as compared to the conventional 

CAES system to get benefit from the heat of compression for 

heating purposes (see Table 7 and Table 8). 

 
Table 7: Capacity of various components of the conventional 

CAES and D-CAES systems in case 10 

Component Capacity CAES D-

CAES 

Wind farm MW 93.9 93.2 

Expander MW 83.7 83.7 

Compressor MW 39.9 35.0 

Cavern
5
 Hours 198.9 244.6 

HRU MW 0.0 24.5 

Boiler MW 61.1 52.5 
 

 

                                                           
4 Summation of capital cost of expander, compressor, cavern, and pipeline 
5 At full generation capacity of expander 

 
Figure 4: Minimum effective price of fuel for lower total levelized 

cost of D-CAES, pipeline length=30 Km and market price of 

natural gas=5 $/GJ 

Table 8: Performance of various components of the conventional 

CAES and D-CAES systems in case 10 

  CAES D-CAES 

Wind 

Energy 

Portion 

stored 
42.5% 49.5% 

Portion 

sold 
54.0% 46.7% 

Electric 

load 

Portion by 

wind 
46.0% 39.4% 

Portion by 

expander 
54.0% 60.6% 

Heat load 

Portion by 

boiler 
100.0% 46.6% 

Portion by 

HRU 
0.0% 53.4% 

 

CONCLUSION 
A novel design for compressed air energy storage 

based on recovery of the compression heat was introduce and 

analyzed.   This system would utilize the waste heat from the 

air compression for heating needs, and would lower the overall 

cost of the D-CAES system by negating the demand for heating 

fuel usage within the municipal regions.  The compressed air 

then would be pipelined to suitable storage sites where it would 

be expanded during peak periods of electric load to regenerate 

electricity, similar to conventional CAES designs.  

The optimum size of the system depends of both on 

the shape and magnitude of the annual heat load, electric load, 

and availability of off-peak electricity.  A minimum effective 

natural gas price of 8.0 $/GJ (corresponding to a carbon tax of 

167 $/tCeq) would make the D-CAES system more 

economically favorable as compared to conventional CAES 

system (at a storage distance of 50 Km).  This minimum fuel 
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price significantly reduced to 5.1 $/GJ (a carbon tax of 6 

$/tCeq) at a shortened storage distance of 30 Km.  The major 

factors in determining the minimum fuel price are the capital 

cost of the pipeline and the heating fuel savings through the 

recovery of the waste heat of the compressor. 

It is of note that this study did not address the 

transmission requirements of the CAES and D-CAES systems.  

No constrains on the transmission lines between the wind farm, 

storage facility, and electric load were considered.  In addition, 

the optimum configuration of storage systems highly depends 

on the nature of the electric market investigated and the 

available wind resources.  This paper provided insight into the 

potential economic savings of the D-CAES configuration over 

conventional CAES using a high-level approach.  
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