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1. Introduction

There is a well known trade-off in the design of packed rock beds:

Small

Rocks

The packed bed has 

very good heat 

transfer 

characteristics due 

to a large heat 

transfer area

Large

Rocks

The packed bed has 

poorer heat transfer 

characteristics due 

to a reduced surface 

area

Lower exergy 

losses due to 

pressure 

drops

Increased 

exergy losses 

due to 

pressure 

drops

A reduction in the total exergy losses

in a CAES system can be achieved if

instead of servicing a certain storage

duty with a single packed bed, as it is

generally done, the duty of the system

is divided into n smaller parts and

each one of those duties is serviced

with a smaller packed bed

The reduction in exergy losses can be

achieved because it is possible to

customize each one of those

individual packed beds for the

specific duty they will see.



• The graph below shows real generation (hourly) data 

from the ISO grid in California for May 2016*. 

• It is possible to observe very interesting hourly

variations within a day as well as considerable

variations from one day to another

2. Duty for the Storage System (Power Profile)
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Average

• The graph above shows the load in the Californian 

grid on an “average day” in May 2016

• With this information a “Duck Curve” could be

generated, by subtracting the production of

“Sun+Wind” from the total production. The belly of the

duck indicates the risk of over generation.

*http://www.caiso.com/green/renewableswatch.html



2. Duty for the Storage System (Power Profile)
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• Trying to generate a more realistic power duty, with 

motivation on the day-to-day variations found a whole 

week was analysed. 

• The graph above shows the behavior of the Californian 

grid during 8 weeks between the months of April and 

May 2016

Average

• The graph below illustrates the load in the Californian

grid on an “average week” in April-May 2016. The red

line shows the mean load.

• Very interesting information can be drawn from here,

such as the decrease of power-intensive activities

during the weekends.



The figure to the left shows the power profile 

(duty) which will be used for the modelling. This 

power profile is normally referred to as the 

“original signal”. 

2. Duty for the Storage System (Power Profile)
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Additionally, it has been scaled down by a 

factor of 1/500 because otherwise we would 

end up with an unrealistically big store, trying to 

store energy for a big portion of the state of 

California

The profile has been shifted down to a zero 

mean for convenience, as from the storage point 

of view we only care about the deviations from 

the mean value, which dictate the charging and 

discharging periods of the energy store. 
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3. Reference Case: Full Duty in a Single Thermal Store

m=F*Size / (Cp_rock*(T_high-T_amb))

Some assumptions are made such as:

• Spherical rocks

• Packing fraction of 0.6046 (dense packing)

• Aspect ratio of height/ diameter= 10

• Density of rocks= 2650 kg/m3

Dimensions of the Packed Bed:

• Mass of Rock = 5,756 Tons

• Height= 77.05 m

• Diameter = 7.705 m

The packed bed is sized in accordance to the cycle 

with the largest energy content, regardless if it is a 

charge (blue) or discharge (red) cycle : 

The plot above shows the energy content in each of 

the cycles of the “original signal”. It is calculated by 

integrating the profile between crossings at zero.

110.8 MWh
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3. Reference Case: Full Duty in a Single Thermal Store

• The graph below illustrates the composition of the

exergy losses for every case analysed

• It can be easily observed how pressure drops are

inversely proportional to the size of particles in the

packed bed

• Different sizes of rock were evaluated to find the

optimum design.

• The plot above shows the exergy losses exhibited

by every case analysed.

Best case = 52.5 mm



8

3. Reference Case: Full Duty in a Single Thermal Store

The figure below shows the exergy efficiency of the

different cases. The best design achieved an

efficiency of 88.25 % , calculated as exergy output /

exergy input.

Best case = 88.25%

The graph above shows the temperature profiles of

some elements in the packed bed. There are points

were the temperature in the hot and cold ends

departs from the ideal value of 823.15 and 290 K,

respectively.

Exergy

Losses



4. 1st Approach : Grouping by Frequencies
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The first approach 

studied of how to 

split the signal was 

to do a Fourier 

analysis of the 

original power 

profile to obtain its 

frequency 

components or 

harmonics.

Each one of those 

groups of 

frequencies, which 

are in fact duties, is 

handled by a 

packed bed whose 

dimensions, 

especially the size 

of the rocks, are 

customised for it

The number of 

groups was defined 

rather arbitrarily.

4 is a guess that 

makes sense, but it 

could have been 3, 

for example.

If more packed 

beds are used the 

cost of containers 

could start to 

overshadow any 

improvement. 

These harmonics 

are then combined 

in 4 groups:

• low-frequency

• medium-low

• medium-high

• high frequency

The question is 

what’s the best way 

to group them ? 



Figure above shows an example of what the 4

duties look like. A very simple grouping of

harmonics is illustrated:

Low: 1 and 2 , Med- Low : 3,4 and 5

Med-High : 6-10 , High : 11-336
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However the grouping will not be carried out in such an arbitrary way

as what’s shown in the figure. Each duty will be made up by a portion

of each one of the 336 harmonics. This can be better expressed in the

following way:

4.2 Method for Creating the Duties

Signal 1 = (A1*H1) + (A2*H2) + (A3*H3) + … + (A336*H336)

Signal 2 = (B1*H1) + (B2*H2) + (B3*H3) + … + (B336*H336)

Signal 3 = (C1*H1) + (C2*H2) + (C3*H3) + ... + (C336*H336)

Signal 4 = (D1*H1) + (D2*H2) + (D3*H3) + ... + (D336*H336)

DX=1-AX-BX-CX 

Where AX, BX,CX,DX are coefficients that can go from 0 to 1.  

AX,BX and CX are independent from each other while DX is “the 

remainder” portion of the harmonic.

In this way we have 336*3=1008 variables (+ 4 radii) to determine 

during the optimization process. 



Figure above shows graphically the output of the splitting

function for certain values of the 6 parameters. For

example, 100% of harmonic 1 goes to the 1st store, while

harmonic 12 is split in 43 to the 2nd store and 57 % to the

third store.
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The first attempts at optimizing were carried out with Matlab’s

optimization toolbox allowing the optimizer to “play” with the 1012

coefficients but to no avail. Perhaps the number of variables was

the cause for it to not work.

A function that generates the 336 coefficients for each one of the

4 signals was developed. The highlight of this function is that it

uses only 6 variables : 3 “splits” and 3 overlap widths .

4.3 Function to Reduce Number of Variables

Harmonics 1st Store 2nd Store 3rd Store 4th Store

1 1 0 0 0

2 1 0 0 0

3 1 0 0 0

4 1 0 0 0

5 0.99 0.01 0 0

6 0.56 0.44 0 0

7 0.05 0.95 0 0

8 0 1.00 0 0

9 0 1.00 0 0

10 0 0.99 0.01 0

11 0 0.78 0.22 0

12 0 0.43 0.57 0

13 0 0.11 0.89 0

… … … … …

336 0 0 0 1

Split 1 Split 2 Split 3

WidthWidth
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4.4 One Factor at a Time : A Simple Optimization Method

Splits Overlap Widths

F1 1 W1 0.5

F2 2 W2 0.5

F3 7 W3 8.5

Even with the splitting function in place, which requires only 6

variables, “Fmincon” was unsuccessful at finding an optimum

solution (minimum total exergy losses) for this problem.

Consequently, the one-factor at a time optimization method

was used, which is a really basic method in every sense, but

is quite practical and easy to implement.

While using this method, the size of rocks of the four stores

are optimized in a nested loop. This means that time the

parameters change several different sizes of rocks are

evaluated and the one that yields the best results for that

particular case is selected.

This way when comparing different cases generated by the 6

different parameters, we are comparing cases that are

optimums themselves

The figure below shows the power profiles generated with the 

parameters of the best case found via the one factor at a time 

method,
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4.5 Results Obtained

Packed

Bed

Storage 

Size

Geometric Parameters Exergy Input Total 

Exergy 

Output 

Exergy Losses
Exergy 

Efficiency
Mass of 

Rock
Diameter Height Radius Total

Heat 

Transfer

Pressure

Drops

Heat 

Transfer

Pressure 

Drops

Cold 

End
Total

1 110.88 5,756E+3 7.705 77.05 0.0525 423.03 401.87 21.17 373.29 21.72 21.17 6.83 49.70 88.25

Packed

Bed

Storage 

Size

Geometric Parameters Exergy Input Total 

Exergy 

Output 

Exergy Losses
Exergy 

Efficiency
Mass of 

Rock
Diameter Height Radius Total

Heat 

Transfer

Pressure

Drops

Heat 

Transfer

Pressure 

Drops

Cold 

End
Total

1 83.03 4310 7.00 69.97 0.026 83.36 83.04 0.33 80.70 1.31 0.33 0.01 1.64 98.03

2 89.53 4647 7.17 71.75 0.029 89.92 89.54 0.38 86.89 1.48 0.38 0.01 1.87 97.92

3 40.81 2119 5.52 55.22 0.039 168.31 164.04 4.28 159.16 4.08 4.28 0.25 8.61 94.88

4 34.45 1788 5.22 52.18 0.055 217.67 207.35 10.33 198.13 8.56 10.33 0.80 19.69 90.96

Total 247.82 12863.68 559.27 543.96 15.32 524.89 15.43 15.32 1.07 31.81

Exergy Losses are reduced by 36% ; however the required mass of storage 

material increased by a factor of 2.23

Reference Case : 1 Packed Bed & Original Load

Best case after optimization with frequencies approach :
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5. 2nd Splitting Approach : Cut-Off Power

• A percentage of the energy contained in the original

power profile is defined for each of the signals.

• A cut-off power is found so that the packed bed meets

the established energy value. As it can be seen that

power value changes from one cycle to another.

The graph below shows the actual look of the 4 duties, in

this case the percentages are 40,30 and 20 % for

Signals 1,2 and 3 respectively, while signal 4 get the

remainder.

As it can be seen, there are periods in which a certain

store is inactive, neither charging or discharging , while

some others have already started operating.
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Exergy

Losses

5.2 2nd Approach : Results of Optimization

Packed Bed 1 Packed Bed 2

Packed Bed 3 Packed Bed 4

Inactive 

Periods
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5. 2nd Approach : Results of Optimization

Packed

Bed

Storage 

Size

Geometric Parameters Exergy Input Total 

Exergy 

Output 

Exergy Losses
Exergy 

Efficiency
Mass of 

Rock
Diameter Height Radius Total

Heat 

Transfer

Pressure

Drops

Heat 

Transfer

Pressure 

Drops

Cold 

End
Total

1 33.27 1727E+3 5.16 51.58 0.026 122.59 120.56 2.03 117.02 3.09 2.03 0.45 5.57 95.45

2 33.27 1727E+3 5.16 51.58 0.028 122.97 120.56 2.41 116.78 3.29 2.41 0.49 6.19 94.97

3 36.04 1871E+3 5.30 52.97 0.034 134.99 130.62 4.37 125.71 4.21 4.37 0.66 9.25 93.15

4 8.32 432E+3 3.25 32.49 0.036 31.79 30.12 1.67 28.40 1.45 1.67 0.26 3.38 89.35

Total 110.88 5,756E+3 412.34 401.86 10.48 387.91 12.04 10.48 1.87 24.39

Packed

Bed

Storage 

Size

Geometric Parameters Exergy Input Total 

Exergy 

Output 

Exergy Losses
Exergy 

Efficiency
Mass of 

Rock
Diameter Height Radius Total

Heat 

Transfer

Pressure

Drops

Heat 

Transfer

Pressure 

Drops

Cold 

End
Total

1 110.88 5,756E+3 7.705 77.05 0.0525 423.03 401.87 21.17 373.29 21.72 21.17 6.83 49.70 88.25

Exergy Losses are reduced by 50% while the mass of the storage material 

remains the same. 
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6. Concluding Remarks and Future Work

This work has explored the idea of utilising multiple thermal stores in an energy storage system

to achieve a reduction in the total exergy losses of the system.

An analytical model for modelling the charging and discharge of a packed bed when subjected to

a given operational cycle was developed and has been used as the main calculation tool.

Two approaches for splitting the total load into 4 smaller profiles, which would be handled by 4 individual

thermal stores, have been studied and presented:

A third approach for splitting the load based on filters will be developed and assessed. 

The frequency based approach achieved a considerable reduction in losses (36%) ;

however the total mass of rock is more than doubled, which overshadows the

performance gains.

This approach achieved a 50% reduction in the total exergy losses while retaining

the same mass of storage material. The optimization process has not been

concluded yet, which means that this number could improve even further.

Frequency 

Based 

Approach

Energy 

Percentage

Approach
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Thank You !

Contact:

Bruno.Cardenas@nottingham.ac.uk


