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1. Background 

The Danish electricity grid will in the future receive more and more power from intermittent 
sources such as wind turbines and photovoltaics. In periods with low wind and/or low solar 
radiation, backup power is required. This backup power can come from ordinary power 
plants fired by fuels or power plants in other countries, and it can come from power stored in 
local energy storages, which are charged in periods of excess wind or solar power. 
 
For bulk storage of large quantities of mechanical energy, one of the most economical 
solutions is a Compressed Air Energy Storage (CAES). In this type of system, energy is 
stored in the form of compressed air in large underground caverns and is converted to 
electricity by running the compressed air through a turbine expanding it to atmospheric 
pressure.  
 
With the present variations in electricity prices in Denmark, conventional CAES systems are 
not economically feasible, partly because of the rather large investment required, and partly 
because the systems involve energy losses that affect the operation economy.[4] 
 
Future increases in wind and solar power are expected to bring larger variations in electricity 
prices, which may render CAES systems economically and/or politically attractive.   
 
This project investigates an alternative type of CAES system, which would be expected to 
have an improved operation economy (fewer losses) and might therefore be more 
competitive.  
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Compared to a traditional CAES system, the fuel consumption is 0 (zero), but the insulated 
tanks and oil require an additional investment. Depending on the type of oil used, a 100 MW 
system using the temperatures shown in figure 3 might require oil quantities of 800 
tons/operating hour. For example, assuming three operating hours per day, the system would 
need to be charged with 2400 tons of oil meaning an investment of at least Dkr 30-40 million 
for the oil.  
 
 

 
Figure 3: CAES system using hot oil as thermal storage.[6] 
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2.2. ALP-CAES: a Different Approach 

The ALP-CAES system uses a different approach to avoid heat loss. In this system, an 
underground cavern is filled with air and pre-compressed to for example 200 bar. By using a 
motor/pump, water (or another suitable fluid) is pumped into the cavern against the air 
pressure. The water is taken from a pond at ground level and at atmospheric pressure.  
 
The pressure ratio of the storage between charged and discharged conditions is low, close to 
unity. Even in fully charged condition, only a small fraction of the cavern volume is filled 
with water, and the air pressure is not much higher than the starting pressure. Consequently, 
the air temperature is not much higher than the start temperature. 
 
The temperature increase by pressurization of liquid water is insignificant, which is why 
cooling is not required.  
 
In addition, it is expected that the cost and efficiency of a pump/turbine using a liquid as a 
medium is favourable compared to compressors/turbines using air as a medium. 
 
ALP-CAES at the start of charging ALP-CAES at the start of discharge 

Motor/pump Patm

Pressure
ex. 200 bar

          

Patm

Turbine/
generator

Pressure
ex. 210 bar

 
 
Figure 5: Basic ALP-CAES system.  
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In principle, the system could be built in small scale using high pressure tanks at ground 
level. However, since the background of this project is a wish for large scale bulk storage, 
underground cavern designs are the primary scope of this report. 

3. Cavern Considerations 

Underground caverns are mostly produced by solution mining, which means that a hole is 
drilled into an underground salt dome. Water is pumped into the salt dome to dissolve some 
of the salt and the saturated salt brine is dumped into the ocean, sometimes after diluting the 
salt brine to contain an appropriate salt concentration. A long flushing/dissolution process 
follows, which creates a cavity in the salt dome, and after finally removing the remaining 
salt brine, the cavern is ready to be used as compressed air/gas storage. The process of 
dissolving the salt may take several years for a large cavern. Still, solution mining is one of 
the most economical ways to produce large underground reservoirs, partly because the 
construction material (the salt dome) is almost free of cost, and partly because all operations 
are done from ground level. Thus, there is no need for sinking shafts or having personnel or 
machinery operate at great depths. 
 
When using an underground cavern in a salt dome as pressure vessel, there are a number of 
considerations to be made concerning maximum and minimum pressure, cavern depth etc. 
 
For example, a cavern may not be able to withstand the pressure of the rock on top of it, if 
the gas pressure inside the cavern is too low. Rock salt is viscoplastic, and it will slowly 
creep leaving a large trough at ground level. Likewise, a cavern will not be able to withstand 
a pressure higher than the pressure corresponding to the weight of the rock on top of it, and 
if a higher gas pressure is used, the rock around the cavern may fracture, and it will not be 
able to hold the air pressure.  
 
The graph in figure 61 shows the normally used relationship between pressure and depth (of 
the cavern top).  

                                                 
1 Courtesy of KBB Underground Technologies[2]  
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3.1. Alternative Pressure Vessels 

For small scale CAES systems, ground level steel tanks or piping systems might be 
considered. The price depends heavily on type, as seen in figure 7. Standard 40-litre nitrogen 
flasks and other industrial gases are mass-produced in large quantities, which means a 
relatively low price of approximately Dkr 10,000/m3. Large high pressure tanks are typically 
made to order, which means a higher price per m3.[5] 
 
According to Nyserda2

[6], a large scale tank system at ground level, which is composed by 
stacks of long and large diameter pipes with domed ends, can be built at roughly five times 
the price of an underground cavern. For small volume systems (volume < 40.000 m3), 
ground level pipe systems seem to be competitive to caverns. 
 
 

 
Figure 7: Price of various high pressure tanks types. 

 
The price of a cavern similar to the caves in the natural gas storage (500.000 m3) at Lille 
Torup, Denmark, is approximately Dkr 200 million. According to DONG[3] and KBB 
Underground Technologies[2], this price is equivalent to Dkr 400/m3. The caverns at Lille 
Torup are quite large and in the same scale range as the cavern at the Macintosh CAES-unit, 
USA. Smaller caverns tend to have a higher price per m3.  

                                                 
2 New York State Energy Research and Development Authority. 
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It should be noted that values of Pmin/Pmax below 0,55 do not make sense in that pressures 
below 0,55 times the maximum pressure will not be able to support the column of liquid 
between cavern and ground level (Assuming the liquid is water with a density of 1000 
kg/m3. Saturated salt water would have a density of 1030 kg/m3, giving nearly the same 
result). Attempting to use a lower pressure would result in a vacuum in the piping at ground 
level. 
 
When using 200 bar as a maximum pressure, the energy density is slightly below 0,5 
kWh/m3. This value is reached at a pressure ratio of 0,65, which is closer to the basic idea of 
ALP-CAES. With an air temperature starting at 300 K, the end temperature after 
compression would be 340 K. Moreover, when using the operating data from Huntorf and 
Macintosh, the energy density is 0,23 kWh/m3. 
 
When compared with a hydrophore at ground level, this system has a slightly better 
economy as the price of a ground level tank system is approximately five times the price of a 
cavern. However, the energy density is only four times smaller. From the calculations, it can 
be concluded that a large scale ALP-CAES system has an energy density which is at least 20 
times lower than the energy density of an unfuelled near-isothermal CAES system. This 
means that for each kWh stored, an ALP-CAES system would need 20 times more storage 
volume. Economically, this means that ALP-CAES can only be competitive if the cheapest 
storage possible is chosen, for example large underground caverns or pressure vessels that 
are no longer in use.   

4.4 Avoiding the Liquid Column - Additional Tank 

To avoid problems related to the liquid column, it has been suggested that a smaller tank 
could be placed near ground level with the purpose of only filling this tank with the liquid. 
Then, the large underground cavern would only contain air. As the smaller tank is close to 
ground level, and it is exposed to the same internal pressure as the cavern, it has to be built 
of a material that can withstand the pressure in itself. According to Nyserda[6], this means 
that each m3 in the smaller tank is at least five times more expensive than one m3 of the 
cavern. On the other hand, removing the liquid column may increase the energy density up 
to a factor of 4 depending on pressure and pressure ratio.  
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Figure 14: Energy density of hydrophore with additional tank. 
 

As seen in the graph in figure 14, the hydrophore with an additional tank has an optimum 
configuration at a pressure ratio of 0,6, but the energy density expressed in value for money 
is not much higher than a cavern-hydrophore. Given the additional complexity of the system, 
the overall economy is most likely similar to that of a cavern-hydrophore. 

4.5 Underground Turbine/Generator and Pond 

Another way to avoid the problem of the liquid column between cavern and ground level 
could be to locate the turbine/generator and the pond at the same depth as the cavern.  
 
For the turbine/generator and pond to be at atmospheric pressure, they would have to be 
located in a reinforced cavity with service access through a large elevator shaft.  
 
According to KBB Underground Technologies[2], the additional price of these features would 
render the setup economically uninteresting.  

4.6 Double Cavern Storage 

As yet another alternative, it has been suggested that an energy storage system composed by 
two caverns at different depths is made with a liquid cycling between the two caverns.  
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Figure 16: Pressures in Double Cavern Storage. 
 

 
Moreover, by looking at energy density, the following relationship will occur: 
 
 

 
Figure 17: Energy Density of Double Cavern Storage. 
 

As indicated in figure 17, it appears that within the preferred cavern depths (<2000 m), the 
energy density will be less than 1 kWh/m3, which is a factor of 10 less than the outcome of a 
simple compressed air cavern, which is assumed to be close to isothermal expansion. 
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5 Economy of CAES Systems 

If we look at a CAES system as energy storage only, i.e. only systems without oil/gas 
burners, the CAES system does not have any net energy production. Thus, the business case 
would be as follows: 
 
Electricity is purchased at times of low demand/low prices, and it is stored in the form of 
compressed air. In theory, the same amount of electricity is sold again at times of high 
demand/higher prices. 
 
The income generated would then be: 
 

 
 
Furthermore, building and operating a CAES storage facility involves expenses that depend 
on different factors: 
 
A: Investment cost for air storage tank/vessel/cavern. This investment typically depends 
on storage type, pressure, size etc. For many types of tanks/vessels, the price of storage is 
roughly proportional to the amount of energy stored. For caverns, prices are slightly more 
complex as shown in figure 7, and they have an initial price, which is independent of 
volume. 
 
B:  Investment cost for turbines/pumps/compressors, and motor/generator, i.e. the cost of 
the energy consuming and producing units. These costs depend off course on type, pressure, 
size (in MW power), but are independent of the storage tank size.  
 
C:  Efficiency losses. Turbines/pumps/generators and so on are not perfect, which means 
that the amount of electricity sold is smaller than the amount of electricity purchased, 
thereby reducing the income. 
 
D:  Manpower and maintenance costs. Since this report is mainly concerned with 
comparing ALP-CAES with other possible CAES-technologies and not the absolute size of 
costs, it will be assumed that manpower and maintenance costs are roughly the same for all 
technologies, and will not be estimated here. 
 
E:  In the ALP-CAES case, a large pond must be built at ground level, which contains 
concentrated salt water or another operating fluid. The cost of this has not been evaluated, 
since it must be highly dependent on local conditions. Given the right geological formations, 
it may be relatively simple and economically sound to build such a pond. On the other hand, 


















































