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Figure 8.11: Change of specific heat loss coefficient of cold and hot tank

55.6 %. The round-trip efficiency falls steady with the increasing specific loss coefficient
until 2 kW/kgK, where the round-trip efficiency is 55.1 %. Any further increase in specific
heat loss coefficient resulted in component warnings and a new design simulation would be
necessary.

8.4.3 Power consumption and generation

One of the major advantages with energy storage technologies is their ability to store energy
and stabilize the electrical grid. The available electricity for storage and the need of stored
electricity might vary through operation.

Figure 8.12a shows the round-trip efficiency for different compressor power consump-
tions. The compressor power consumption was changed from 50 to 70 MW. The figure shows
that the round-trip efficiency increases for lower compressor power input. At 50 MW is the
round-trip efficiency 56.3 %, almost one percentage point higher than for design. At 70 MW
have the round-trip efficiency fallen down to 53.8 %. An increase above 70 MW and a de-
crease lower than 50 MW both resulted in warnings saying the compressor were operating
outside its characteristic lines.

Figure 8.12b shows the round-trip efficiency is increasing with higher electricity genera-
tion. At 120 MW power output is the round-trip efficiency 57.1 %. For lower power output is
the round-trip efficiency decreasing. For a 100 MW power output is the round-trip efficiency
down to 53.7 %. An increase above 110 MW and a decrease lower than 100 MW both resulted
in warnings saying the turbine were operating outside its characteristic lines.
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Figure 8.12: Change of compression and expansion power consumption/generation

8.4.4 Intercoolers outlet temperature

A fouled intercooler cooling surface may have the effect of reducing the effectiveness and re-
ducing the flows cross section area. The reduction in cross sectional area increases the pres-
sure loss through the component. Another possible outcome is an increase in intercooler
outlet temperature [49, 71]. As Equation (6.8) and (6.9) shows will a reduction in surface area
and an increased outlet temperature reduces the transferred heat in the intercooler. To try
model the effects of fouling, were the outlet temperature of the intercoolers changed.
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Figure 8.13: Change in intercooler air outlet temperature

The effects of different outlet temperatures of air in the intercoolers can be seen in Figure
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8.13. The figure shows that a small change in temperature creates a larger fall in round-trip
efficiency for the second intercooler than for the first. The round-trip efficiency is however
equal for both intercoolers when the temperature is higher than 135°C. A small increase in
round-trip efficiency can also be seen for the first intercooler at 115°C, and for the second
intercooler at 125°C. For outlet temperatures lower than 110°C did the mass flow of HTF
through the intercoolers become too high, and the simulation failed.

8.4.5 Summary of sensitivity analysis

Figure 8.14 shows all the different variables changed in the sensitivity analysis, plotted for
percentage change. The change was calculated from design values. Since some of the pa-
rameters have different units which not is on a definitive scale, these figures cannot be di-
rectly used for comparison on the effect of change. It does however work as an indication.
For the temperatures were Kelvin used as temperature scale as a change in Celsius would be
much larger in percent.

Figure 8.14a indicates that a 2 % change in temperature in the hot storage tank has a
higher influence on the round-trip efficiency than the cold storage tank and ambient air
temperature. A 2 % change in cold tank and ambient air temperature seems to affect the
round-trip efficiency the same way and opposite to the hot storage tank temperature. The
change caused by the ambient air temperature is however larger.

Figure 8.14b indicates that the round-trip efficiency is more vulnerable to a change in
power input than power output. The effects of storage tank specific heat loss, Figure 8.14c,
seems to be small.

Figure 8.14d indicates that 2 % change in outlet temperature of air have a larger negative
effect on the roundtrip efficiency in intercooler 2 than 1. More than 4 % increase in temper-
ature seems to result in a similar and negative effect on the efficiency for both intercoolers.
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Chapter 9

Discussion

9.1 Discussion of the reference models

9.1.1 Round-trip efficiency and other key parameters

The round-trip efficiency and the heat rate of the simulated reference models are close to
the known values of the respective power plants. In the case of the Huntorf reference model
was the simulated round-trip efficiency 5 % higher and the heat rate 5 % lower than that of
the real power plant. For the McIntosh reference model the round-trip efficiency was 5 %
lower and heat rate 1 % higher than the known values. Interestingly are these values better
than those of the Huntorf power plant, while in the case of the McIntosh is the opposite.
The Huntorf power plant was built in 1978 and the McIntosh power plant was built in 1991.
One possible explanation for the difference in round-trip efficiency and heat rate might be
that the compressor and gas turbine efficiencies used in the simulations were wrong. For the
Huntorf model the values might be to high, while to low for the McIntosh model. This seems
reasonable, as the power plants are 13 years apart.

As mentioned in Chapter 7 were the time interval for each simulation chosen to be 30 sec-
onds. The value was chosen as a result of a wish to minimize the compilation time, without
affecting the results. It could however be a source of uncertainty, even though the effect on
round-trip efficiency was negligible. Typical results from initial simulation showed a change
in round-trip efficiency of 0.7 % when reducing the time interval from 60 to 30 seconds. A
further reduction in time step lead to an even smaller difference in round-trip efficiency.

The energy rate was not found for the Huntorf power plant, but the calculated value was
0.75. For the McIntosh model the value was calculated to 0.77, which is 3.8 % lower than the
reference value. The small deviation in energy rate suggests that the relation between energy
generated by the expanders and energy consumed by the compressor train is equal. It does
however not tell anything about the relation of compression and expansion time.

The compression time per expansion time for the Huntorf power plant were not found in
the literature, but an estimate could be made by using the approximate values of operation
given in [60] of 8 hours compression and 2 hours expansion. This gives a compression time
per expansion ratio of 4. The value calculated for the simulated model was 3.57. For the
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McIntosh power plant is the compression time per expansion time 5.6 % higher.

The mass flow of air is in general smaller for the simulated models than those of the real
power plants. For the Huntorf model is the compression and expansion mass flow 108 and
417 kg/s respectfully [60]. And for the McIntosh power plant the values are 94 and 154.4 k/s
[65]. The maximum value of the simulated compression mass flow is then 2 % higher for
the Huntorf model and 6.9 % lower for the McIntosh model compared to power plant. For
expansion mass flow are the amount 8.1 % and 7.7 % lower respectfully.

The storage capacity varies a lot for the McIntosh model compared to the known values
of the power plant. The large capacity difference is a result of the long compression and
expansion time reached in the simulations. One possible reason for the large deviation could
be that the storage volume used in the simulation is not correct. The value have however
been found in several published papers [65, 25, 28], and it is assumed to be correct. The mass
flow through the compressor and expander train, as explained above, is lower. With a lower
mass flow through both will the changes in compression time per expansion time remain
small, while change in the capacity increases when the storage volume is held constant. It is
uncertain what causes the lower mass flow through the compressor and expander train, but
one explanation could be that to low values were being used for the efficiencies. In the case
of the compressor train, is the intercooler outlet temperature not known, and if the air were
to be cooled down more than to 20°C, would the mass flow increase as a result of less work
needed by the compressors and a constant power consumption.

Another parameter influencing the mass flows and the storage capacity is the air storage
temperature. The air storage temperature were not known for the McIntosh power plant, and
assumed to be 35°C. If however the temperature were to increase to 50°C, would the storage
capacity decrees, as higher temperature means a lower density. Calculating the available
mass difference in storage, Am, using Equation (7.1) and densities from the available gas
tables in EBSILON®Professional, yields a reduction of 4.6 % of storage mass capacity. The
assumption of a fixed rotary speed might also be a source of deviation. As the compressor
and expander train would be locked to one operating line in the compressor/turbine char-
acteristic. This gives a smaller area of operation and could be a reason for the big change in
mass flows through the compressor train.

9.1.2 Carbon emissions

The amount of heat, 1322 MWh, transferred from the exhaust gas in the recuperator equals
32 % of the generated electricity. This is energy that would need to be supplied through
combustion of natural gas if no recuperator were fitted. According to Luo et al. [24] does a
recuperator reduce the fuel consumption of a diabatic CAES power plant of 22-25 %. The
amount of fuel used in the McIntosh model was calculated to be 22.4 % of the Huntorf power
plant.

According to Mason and Archer [27] is the CO, emission for a diabatic CAES power plant
roughly 68 % of the emissions from a conventional gas power plant. For the Huntorf model
were the emissions 42 % less and for the McIntosh simulation was it 55 % less. The difference
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in CO, emission of the two models becomes the same as the difference in fuel consump-
tion, 22.4 %, by combusting methane. The price of CO, emissions together with the differ-
ent round-trip efficiencies result in different operating conditions for the two power plants.
The Huntorf model would require a higher difference between consumption and generation
electricity price, as it have a higher fuel cost per MWh and a larger cost of emissions.

9.1.3 Waste heat

The major energy loss for the diabatic CAES models, showed in Figure 8.1e and Figure 8.2e,
gives rise to the question; is the cooling water outlet temperature assumption, of 25°C, the
most efficiency utilization of energy? In the time between 11.00-12.00 in 2010 did Hafslund
district heating in Oslo, Norway, produced 586 MWh heat [72]. In comparison does the com-
pression heat for one simulated hour of the Huntorf model equivalent to 45.6 MWh. This
equals around 8 % of the district heating demand for that time period in Oslo.

As mentioned in Chapter 2 is the price of power fluctuating throughout the day. The fluc-
tuation of the electricity price creates the foundation for energy storage, making it possible
to earn money on price difference by storing energy. If the compression heat were to be used
for district heating could the fluctuating nature of CAES operating cause problems for the
overall operation of the district heating system. Situations where too much or too little heat
is produced could occur, resulting in less profitable operation.

9.1.4 The effect of local off-design

In the assumptions made for the Huntorf and McIntosh models, was the design point of
the compressors chosen to be at 56 and 60 bar compressor train back pressure respectfully.
There is uncertainty with the validity of this assumption, as it is based on initial simulation
results as discussed in Chapter 7. In the resulting plots, of compressor train mass flow, Figure
8.1c and outlet temperatures of air Figure 8.1d, for the Huntorf model a change in gradient
can be observed. The gradient change occurs at the same time as the storage pressure, and
hence the compressor back pressure is 56 bar. This change might be related to the crossing of
the compressors design point. At pressures lower than 56 bar, is the change of air mass flow
and temperature lower than for pressures above 56 bar. For the McIntosh model however
does the air mass flow and the temperature change increase more rapidly during the first 14
hours of compression. The temperature change and the mass flow also increase faster the
last 4 hours of compression.

93



9.2. DISCUSSION OF THE ACAES MODEL 94

9.2 Discussion of the ACAES model

9.2.1 Round-trip efficiency

The modelled ACAES system reached a round-trip efficiency of 55.4 %, which is slightly
higher than the known value of the McIntosh diabatic CAES power plant of 54%. The cal-
culated round-trip efficiency is a lot lower than those used in the literature of around 70 %
[23, 21] and the ALACAES project have an estimated value of 72 % [30]. The values used in
the literature are however calculated using ideal assumptions.

The round-trip efficiency reached in the ideal model simulation was 71.2 %. Similar work,
done by Hartmann et al. [58], reached a round-trip efficiency of about 70 % using ideal as-
sumptions. Here it was also discussed that a more realistic ACAES efficiency would be 60
% achieved through the use of polytropic efficiencies and account of component losses. It
should here be noted that the compressor and turbine efficiencies used by Hartmann et al.
[58] in their real model equals the efficiencies used in the 103 % AACAES simulation, which
achieved a round-trip efficiency of 58.4 %. The round-trip efficiency of the 97 % simulation
only reached a round-trip efficiency of 52.5 %. The large difference in round-trip efficiency
of the 97 %, 103 % and the ideal simulation illustrates the importance of choosing realistic
efficiencies for the compressor and gas turbines.

9.2.2 Power consumption and generation

The sensitivity indicated a strong dependency of the round-trip efficiency on the compres-
sor and gas turbine power consumption/generation. The increase in round-trip efficiency
for lower compressor power consumption seems reasonable. The compressors inlet tem-
peratures and rotational speeds are held constant. As the power consumption is lowered, is
the mass flow through the compressor train reduced. In the compressor characteristic, Fig-
ure 6.1, one can see that for a constant speed line, a reduction in mass flow will lead to an
increase in compressor efficiency as the point of operation is moved closer to the surge line.
Increased power consumption would have the opposite effect.

The increase in round-trip efficiency for an increased power generation from the gas tur-
bine also seems reasonable. The gas turbines inlet temperatures and rotational speed are
held constant. As the power generation increases, is the mass flow through the gas turbines
increasing. In the turbine characteristic, presented in Figure 6.2, one can see that for a con-
stant speed line, an increase in mass flow will lead to an increase in turbine efficiency as the
point of operation moves towards the choke. Moving in the opposite direction, lowering the
power generation, the efficiency falls.

The sensitivity also indicated that changing the outlet temperature of the intercoolers
affected the round-trip efficiency. The change in efficiency might be explained by the in-
creased inlet temperature to the following compressor. As the intercooler outlet temperature
increases, will the power consumption of the following compressors increase. The effect will
then follow the same pattern as described above. The effect of changing ambient air temper-
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atures can also be explained using the same theory.

9.2.3 Thermal efficiency

The thermal efficiency of the TES also influences the round-trip efficiency of the ACAES
model. For the ACAES model was the thermal efficiency of the storage tank calculated to
79.3 %. In comparison is the thermal efficiency of the ALACAES project 95 %. The large
difference in thermal efficiency presents the question; is the calculated thermal efficiency
realistic? According to IEA-ETSAP and IRENA [36] is the thermal efficiency of a sensible TES
in the area of 50-90 %. The thermal storage efficiency reached by the model is well inside this
range, but it is still a lot lower than the efficiency of the ALACAES project.

A possible explanation to the low thermal efficiency of the hot storage tank could be the
low storage temperature. In Chapter 5 was it mentioned that a gas turbine can be seen as
a power cycle operating between two thermal reservoirs. The maximum efficiency is then
given by the Carnot efficiency (5.7). The efficiency of the gas turbine can then be increased
by increasing the temperature difference between the two thermal reservoirs. This can be
done for an ACAES power plant by increasing the thermal storage temperature.

Both the ADELE and the ALACAES project are planned for storage temperatures above
600°C. Temperatures up to 600°C is possible in EBSILON®Professional by using a combina-
tion of molten salt and thermal oil, see Table 7.6. Storage temperatures higher than 600°C is
however not directly possible. A possible way around this limitation is to create an indepen-
dent component using the Kernel Scripting component available in EBSILON®Professional
[52]. The component could be based on a solid sensible storage design, thus removing the
constrained given by the thermal fluids.

Another potential reason for the lower thermal efficiency could be the large amount of
HTF left in the storage tank at the end of the simulation. A total of 520.9 tonne of HTF was
left in the hot tank with a temperature of 290°C. This amount of hot HTF represents a large
amount of the stored compression heat, and should ideally be used. For simulations of sev-
eral cycles in a row, the hot storage tank mass of HTF would accumulate. This is problematic
as the result would be less and less available HTF in the cold storage tank. Eventually would
there be no available HTF in the cold storage tank at beginning of compression. A possible
solution would be to cool down and transfer the HTF from the hot tank to the cold. This is
however not energy efficient, as the mass represents a large amount of compression heat.
Another alternative could be to utilize the compression heat in a district heating system or
other industry using heat at around 300°C.

There could be several reasons for the unused heat. One reason could be the uneven
number of heat exchangers in the compressor and expander train. The outlet temperatures
of the gas turbines are however higher than the air storage temperature at all times. Another
heat exchanger and gas turbine could be added to the expander train. This could possibly
result in more HTF being used from the hot storage, and thus give a higher thermal efficiency.
The increased air temperature would also lead to an increased round-trip efficiency of the
model.
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The gas turbines outlet temperatures, shown in Figure 8.7a, are larger than the cold HTF
storage temperature at all times. Adding another heat exchanger and a gas turbine could
increase the usage of hot HTE It would also increase the cold tank temperature. As shown
in Figure 8.5b is the temperature of the HTE entering the cold tank during the expansion
phase, increasing the tank temperature by almost 33°C. A potential effect of an extra heat
exchanger could be an increase in gas turbine outlet temperature, which again increases the
HTF temperature into the cold tank.

Interestingly was the resulting hot tank thermal efficiency of the ideal ACAES configu-
ration 78.8 %, thus yielding a small reduction from the design case. The small difference
between the simulation could indicate that the thermal efficiency of the tank have a small
effect on the round-trip efficiency. This could be explained by the small heat loss in the de-
sign model hot storage tank, resulting in small temperature differences between design and
ideal model gas turbine inlet temperature.

As the hot tank thermal efficiency varies little, for both ideal and design model, another
possible explanation to the low efficiency presents itself. The temperature difference above
the heat exchangers, results in an imperfect heat transfer between the hot air and cold HTE
and from hot HTF to cold air. The 10°C temperature differences, over each heat exchanger in
the compressor train, means more HTF is needed to cool down the air to its required temper-
ature. In the expander train the effect would be opposite, meaning less HTF is needed. The
end result could then be HTF left in the hot tank after a completed cycle. Another possible
improvement might be achieved by increasing the hot tank temperature. This would make
the temperature difference smaller relative to the storage temperature, thus make the energy
lost by the temperature difference relatively smaller.

9.2.4 Storage tanks assumptions

The effect of a higher cold tank initial temperature where investigated in the sensitivity anal-
ysis. It was there found a small effect on the round-trip efficiency. An upper HTF temper-
ature limit of 45°C was found on the aftercooler inlet. This was enforced by the fixed air
storage inlet temperature. It is also the minimum temperature difference allowed by EB-
SILON®Professional. The assumption of a constant air storage inlet temperature thus seems
to limit the model. An alternative model assumption, that could be considered, is a changing
air storage temperature. This would however induce a change in the models fundamental
assumptions. A polytropic exponent of 1 would no longer be valid, and the calculation of
storage pressure, which sets the compressor train back pressure, would have to be changed.

An important question when it comes to the storage tanks is; are the specific heat loss
coefficients, chosen for the thermal storage tanks, realistic? The specific heat loss coeffi-
cient for the cold and hot HTF storage tanks were not found in the literature. They were
instead selected based on initial simulations and the resulting temperature variations inside
the thermal tanks. As mentioned in Chapter 7 was the cold tank specific heat loss coefficient
chosen to 20 kW/kgK. The results from the sensitivity analysis suggest that changing the spe-
cific loss coefficient, and thereby the thermal loss of the tank, will lead to small changes in
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round-trip efficiency. The effect of multiple cycles of compression, storage and expansion
is not considered in this case. If the cold tank temperature were to rise further, is it possible
that the selected heat loss coefficient will not lead to a sufficient temperature loss. This could
again lead to a higher cold tank temperature and the effects discussed above.

From the sensitivity analysis, it was found that an increase in ambient air temperature
increases the need of HTF through the intercoolers. At temperatures higher than 20°C the
cold tank would empty before the air storage was filled. The script would still compile and
produce wrong results. A possible solution would have to choose the chosen mass limits
of the cold and hot storage tanks higher. Then they would not have emptied as fast, and
simulations could have been made at higher ambient temperatures.

The results from the sensitivity analysis suggest that the round-trip efficiency is more
dependent on the specific heat loss coefficient in the hot tank than for the cold. This result
fit well with the dependency on hot storage temperature, as previously discussed. A larger
specific heat loss would lead to a larger heat loss, which in turn would lower the hot storage
temperature.

The thermal losses occurring in the hot and cold storage tanks were 6.3 and 7.9 MWh
respectfully. These values are decided by the specific heat loss coefficient and the ambient
storage temperatures. The ambient storage temperatures were chosen equal to the ambient
air temperature. For the coldest temperature used in the sensitivity analysis, the cold tank
temperature was as low as 8.5°C. This is close to the lower temperature limit of the HTE A
specific heat loss coefficient higher than 20°C would reduce the storage temperature further
and increase the risk of cold storage temperatures lower than what is allowed.

9.2.5 Other key values

The hours of compression per hours of expansion was calculated to 3.28. The Energy ra-
tio for an ACAES power plant is as mentioned in Chapter 3 be the inverse of the round-trip
efficiency. This results in an energy ratio of 1.8. An energy ratio larger than 1 means as previ-
ously stated that more electric energy is used for compressing the air than what is generated
during the expansion phase. The ACAES model does however not get any extra energy added
by fuel.

The compressor power consumption for the ACAES model were chosen equal to the
known value of the Huntorf power plant, while the generated power were chosen equal to
that of the McIntosh power plant. The resulting behaviour of the ACAES model is similar to
that of the Huntorf model, with compression time of about 7.8 hours and expansion time of
about 2.3 hours. However, the resulting capacity is 258.6 MWh which represents 41 % of the
Huntorf model capacity (633.16 MWh). A potential explanation to the large difference may
be the lack of extra heat added by fuel in the ACAES model. This limits the gas turbines to
operate at the temperature offered by the thermal storage. As previously mentioned is the
maximum efficiency of a gas turbine limited by the Carnot efficiency. For the ACAES model is
the Carnot efficiency approximately 50 % for both gas turbines. In comparison is the Carnot
efficiency 74 % (HP turbine) and 65 % (LP turbine) for the Huntorf model.
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The round-trip efficiency achieved for the ACAES model was higher compared to the dia-
batic CAES reference models. The ACAES model does not use any fuel to increase the turbine
inlet temperature, this means the ACAES system have no CO, emissions during operation.
With no fuel consumption the operational cost becomes lower, as no money is spent on fuel
and CO, allowances/taxes. With a lower cost of operation and a higher round-trip efficiency,
the ACAES model would be able to operate over greater variations in electricity price than the
two diabatic CAES designs.

9.3 Summary of discussions

Both of the reference models achieved a round-trip efficiency close to known value of their
respective power plant. The major cause of deviation is believed to be the chosen compres-
sor and turbine efficiencies. The simulations with different efficiencies of the ACAES model
also showed the importance of choosing right values of the compressor and turbine effi-
ciency. The reference models also achieved heat rates and energy rates close to what was
known for the real power plants, and are therefore assumed to be good references for the
ACAES model.

The round-trip efficiency reached by the ACAES model, was higher than for the diabatic
CAES reference models. The ACAES model does however not use any fuel, thus have no
carbon emission and lower operating costs. When modeled ideally the round-trip efficiency
became as high as values known from literature.

The compressor train power consumption and the expander train power generation have
a strong impact on the models round-trip efficiency. Ambient temperature and intercooler
outlet temperature also indicated notable effects on the round-trip efficiency. An increased
thermal storage temperature would increase the turbine inlet temperature, thus increase the
round-trip efficiency of the ACAES model.

The ACAES model achieved a lower hot thermal storage thermal efficiency than what is
expected from planned ACAES power plants. The ideal ACAES configuration also showed
little change in thermal efficiency compared to design. The amount of heat left, after one
simulated cycle, is a major weakness of the ACAES model. The result is a lower thermal
efficiency and possibly a lower round-trip efficiency. The amount of HTF in the hot tank
will, for simulations over longer periods of time, accumulate until the tank is filled. The
model can then no longer operate. Possible solutions could be to remove the HTF or reuse it
for other applications. Possible usage could be district heating or industry that utilizes heat
at around 300°C.
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Chapter 10

Conclusions & further work

The main objective of this work was; to build and simulate a process model of adiabatic
compressed air energy (ACAES) design and to calculate and analyse its round-trip efficiency.
As no ACAES power plant exists of today, the models design was based upon the two existing
diabatic compressed air energy storage (DCAES) power plants, Huntorf and McIntosh. These
power plants were also modelled and used as reference for the ACAES model. The process
models were built and simulated using EBSILON®Professional.

The results show that adiabatic compressed air energy storage, with a thermal storage
temperature of 300°C and realistic component assumption, can achieve a round-trip effi-
ciency of 55.4 %. The round-trip efficiency, using ideal assumptions for all components, can
be as high as 71.2 %. The Huntorf reference model reached a round-trip efficiency of about
44 %, while the McIntosh reference model reached a round-trip efficiency of about 51 %.
Both values are close to the known values of their respective power plants.

The simulation results suggest that several component parameters have a strong impact
on the calculated round-trip efficiency. The choice of compressor and turbine nominal effi-
ciencies had the strongest impact. With an increase of 3 %, the round-trip efficiency of the
ACAES model changed from about 55.4 to 58.4 %. For an equivalent decrease the round-trip
efficiency fell to about 52.5 %. Results from the sensitivity suggested that changing power
consumption and generation away from design had a strong impact on the round-trip ef-
ficiency. The ambient temperature and intercooler outlet temperature, as well as thermal
storage temperature, made a considerable impact on the resulting efficiency.

Therminol VP1 was used as both heat transfer fluid and storage medium stored at 300°C.
The thermal efficiency of the thermal storage was found to be 79.3 %, within the range known
from the literature (50-90 %). A large amount of heat transfer fluid was found to be left in the
hot storage tank after one simulation, and a usage of the left over heat should be considered.
Ideal assumptions were found to have little effect on the thermal efficiency of the storage.
The author believes that a higher thermal storage temperature will increase the round-trip
and thermal storage efficiency.

The calculated round-trip efficiency of the ACAES model is 16 percentage points lower
than for the ideal configuration. It is however believed to be a good result, as it show that the
round-trip efficiency of an ACAES system can be as high as that of a conventional DCAES sys-
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tem. For a ACAES power plant there is no fuel consumption and accordingly no greenhouse
gas emissions. As no fuel is needed, is there no extra cost of fuel or emission during opera-
tion. With an equal round-trip efficiency, and lower operational cost, the ACAES system can
compete with conventional DCAES. It is therefore believed that the simulated ACAES model
shows that ACAES is a viable option for energy storage, in a future intermittent electrical sys-
tem.

There are several areas of interest for a further study of the model. The price of electricity
could be added into the model as a criterion of operation. This would allow for analysis of
power plant operation over longer periods of time, and possibly give insight to the long term
dynamic of the system. Ambient temperature data could also be implemented in the model,
as the ambient air temperature affects the round-trip efficiency of the model.

As previously mentioned is the amount of heat transfer fluid, left in the hot tank after a
simulated cycle, one of the models biggest weaknesses. This mass should either be mini-
mized or utilized in some way. A possible solution, as mentioned in the discussen, could be
integration of the ACAES power plant with a district heating system or industry that utilizes
heat at temperatures of 300°C.

Integration of the ACAES model with other renewable energy technologies could be inter-
esting. The timeSeries module in EBSILON®Professional was originally designed for simula-
tion of solar thermal power plants. All the available heat transfer fluids in EBSILON®Profess-
ional are intended for solar power plants. Several possibilities then can be imagined. Solar
heat could be used directly to increase the storage temperature of the ACAES plant. Another
possibility could be shared heat storage, and the interaction between the two power plants
could be studied. A shared thermal storage could perhaps solve the problem of left over mass
in the thermal storage.

Performing an exergy destruction analysis could possibly reveal which components that
are the weak links in the model. This information could be valuable both for selecting the
right assumptions, as well as considering new designs. Different ACAES design simulations
in EBSILON®Professional is limited by the heat transfer fluids available, see Table 7.6. A pos-
sible design, using two thermal storages, could store heat at temperatures of around 600°C
and 300 °C.

The ACAES model expands air for around 2 hours. As the expansion time is so small,
could effects of start-up and shut-down have an influence on the round-trip efficiency. This
should be implemented if further work on the model is decided. There was also some un-
certainty to the heat loss of the heat storage. A further study is therefore desired, in order to
model the losses accurately.

For both the reference models, the compressor design point were chosen to fit the avail-
able characteristics in EBSILON®Professional, and not chosen for the highest possible pres-
sure ratio. It is possible to create and implement own compressor and turbine characteristics
to the model. If possible, implementing a variable speed drive could also make the model
more sturdy, as it would increase the compressors operation area.
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Appendix A

ACAES model ebsScript code

/%

Explanation of Program

#1. Declaration of moduels used and variables

#2. Creating timeSeries document and calculation profile

#3. Setting initial operation states

#4. For—Loop simulating each timeStep

#5. Calculating TimeSeries document

#6. End of Program

*/

/ %

KA KKK KRR F KRR KL KRR KRR R E KRR KA KRR R Rk kR Rk Rk kR Rk kR Rk ok Rk k% kk ok % %k % % % % %
><><ﬁ<FXXXVXXX#XXX**XX**XX**XX#].*Xx*FXXXVXXX‘O*XX**XX**XX**XX*F

* [

5| uses @units, @TimeSeries, @Variant;

var

7| tID, pID, IDl:integer;

subprofilename: string;

dt,i, volume, arraylength:integer;

n:real;

tsMax, tsMin, tsStep, counter:real;

StorageLEVMAX, StorageLEVMIN:real;

StorageLevel , SpecificVolume , StoragePressure:array of real;
vStoragePressure: Variant;

5| compression, expansion, storage:boolean;

ePressure:ebsvar;

eAir_1, eAir_8 : ebsvar;
eHeatexchanger:array [0..4] of ebsVar;
vHeatexchanger:array[0..4] of Variant;
eController:array[0..6] of ebsVar;
vController:array [0..6] of Variant;
vCompressorPressures:array [0..3] of Variant;

/%

K ok K K oK R K K K K K K R K K R KR K Sk K Kk R K K R K Kk R K K R K K R K K K R K Sk R K K R K oK K R K K R K K R Kk
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39

41

43

45

53

61

63

69

~
N

79

81

83

85

87

109

* [

begin

clrscr;

/ %

dt:=30;/+delta time in seconds for each iteration=/
tsStep:=1xdt/(24%x3600); /+«Calculate timestep in ebsTime =/
tsMin:=41940.00000; /+StartTime, given in days from year 1900#/
tsMax:=41941.00000; /«EndTime, given in days from year 1900#/
counter:=1/2;/+used to calculate twelve hour storage timex/

volume:=62337.6; /+Volume of the tanks/

n:=1;/+Polytropic constant air storage tank=/

arraylength:=ceil (2/tsStep)+1;/+gives the length of the arrays
that stores values calculated=/

/+*Needes to be calculated for the given pressure range of
operation*/

StorageLEVMIN:=4704000; /+storage levmins=/
StorageLEVMAX:=6720000; /«storage levmaxsx/

/+Creating calculationprifile*/

inputBox ("Enter parent ID number", ID1);/+creates box for
specifying subprofile for calculation=/

setParentProfile (ID1);

setCalcProfile (ID1);

pID := newsubprofile; /+«creat subprofile from calcprofile
to do calculationsx*/

inputBox ("Please enter the subprofile name: ", subprofilename);

println (renameprofile (pID, subprofilename));
tID := 0;/«table ID of existing TimeSeries tablex/
/+Creating timeSeries documents/

println (tsSetName (tID, "ShowStoragelLevel"));
println (tsGenerateTimes (tID, tsMin, tsMax, tsStep, true));

*/

getEbsvar (ePressure, "Storage .PSTO") ;
SetLength (StorageLevel, arraylength);
StorageLevel [0]:=StorageLEVMIN;

SetLength (SpecificVolume, arraylength);
SpecificVolume [0]:=volume/StorageLevel [0];
SetLength (StoragePressure , arraylength) ;
StoragePressure [0]:=70;
ePressure:=StoragePressure [0];
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89

93

95

99

101

103

105

107

109

113

119

123

110

vStoragePressure:=varfromreal (StoragePressure [0]) ;

/+Setting Controller .FACT values if on — 0, if off —>-2«/
getebsvar (eController [0] ,"Controller_1.FACT");
getebsvar (eController[1],"Controller_2 .FACT");
getebsvar (eController[2],"Controller_3 .FACT");
3],"Controller_4 .FACT") ;
getebsvar (eController [4]," Controller_5.FACT");
getebsvar (eController [5],"Controller_6.FACT");
getebsvar (eController [6],"Controller_7 .FACT");
eController[0]:=0;

eController[1]:=0;

eController[2]:=0;

eController[3]:=0;

eController[4]:=-2;

eController[5]:=-2;

eController[6]:=-2;

getebsvar (eController

[
[
[
[
[
[

/+Setting Heatexchanger .FFU values if on — 1, if off —>0x/
getebsvar (eHeatexchanger[0], "Heat_Exchanger_1.FFU");
getebsvar (eHeatexchanger[1],"Heat_Exchanger_2.FFU");
getebsvar (eHeatexchanger[2], "Heat_Exchanger_3.FFU");
getebsvar (eHeatexchanger[3], "Heat_Exchanger_4.FFU") ;
getebsvar (eHeatexchanger[4], "Heat_Exchanger 5.FFU") ;
eHeatexchanger[0]:=1;

eHeatexchanger[1]:=1;

eHeatexchanger[2]:=1;

eHeatexchanger[3]:=0;

eHeatexchanger[4]:=0;

/«Turns off enthalpy flag on compressorsx/
Messwert_1.FFU:=0;
Messwert_2 .FFU:=0;
Messwert_3.FFU:=0;
Messwert_4 .FFU:=0;

/+Setting compressor outlet pressuressx/

Pressure_1 .MFASM:=pow(ePressure,1/4);

Pressure_2 .MFASM:=Pressure_1 .MEASMx Pressure_1 .MFASM;
Pressure_3 .MFASM:=Pressure_1 .MEASM+Pressure_2 .MFASM;
Pressure_4 .MEASM:=Pressure_1 .MEASM« Pressure_3 .MFASM;

/+Creating variant variables to wright inn values in
TimeSeries documents:/

vController [0]:=Varfromreal (eController [0]) ;
vController [1]:=Varfromreal (eController[1]);
vController [2]:=Varfromreal (eController [2]) ;
vController [3]:=Varfromreal (eController [3]) ;
vController [4]:=Varfromreal (eController [4]) ;
vController [5]:=Varfromreal (eController [5]) ;
(6 [

vController [6]:=Varfromreal (eController [6]) ;
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111

)

19| vHeatexchanger [0]:=varfromreal (eHeatexchanger [0

)

vHeatexchanger[1]:=varfromreal (eHeatexchanger[1

vHeatexchanger [3]:=varfromreal (eHeatexchanger [3

)

1

1
141 vHeatexchanger [2]:=varfromreal (eHeatexchanger[2]) ;

D)

]

43| vHeatexchanger [4]:=varfromreal (eHeatexchanger[4]) ;

vCompressorPressures [0]:=Varfromreal (Pressure_1.MFASM) ;
[1]:=Varfromreal (Pressure_2 .MFASM) ;

vCompressorPressures [2]:=Varfromreal (Pressure_3 .MEASM) ;
[3]:=Varfromreal (Pressure_4 .MEASM) ;

45| vCompressorPressures
47| vCompressorPressures

19| getebsvar (eAir_1,"Air_1.M");/«Needs to be in ebsvar format to gets/
getebsvar (eAir_8,"Air_8 .M"); /+calculated values for each simulation=/

/+*Writing values into TimeSeries documentx/

1535 tsSetCell (tID,i+6,4,vCompressorPressures [0]) ;
tsSetCell (tID,i+6,5,vCompressorPressures[1]) ;

155 tsSetCell (tID, i+6,6,vCompressorPressures[2]) ;
tsSetCell (tID,i+6,7,vCompressorPressures [3]) ;

1571 tsSetCell (tID,i+6,8,vController [0]) ;

tsSetCell (tID,i+4+6,9,vController[1]);

159 tsSetCell (tID,i+6,10,vController[2]) ;
tsSetCell (tID,i+6,11,vController [3]) ;

161 tsSetCell (tID,i+6,12,vController[4]) ;
tsSetCell (tID,i+6,13,vController[5]) ;

163 tsSetCell (tID,i+6,14,vController [6]) ;

tsSetCell (tID,1+6,15,vHeatexchanger[0]) ;

165 tsSetCell (tID,1+6,16,vHeatexchanger[1]) ;

tsSetCell (tID,1+6,17,vHeatexchanger[2]) ;

67| tsSetCell (tID,i+6,18,vHeatexchanger[3]);

tsSetCell (tID,1+6,19,vHeatexchanger[4]) ;

169 tsSetCell (tID,1+6,22,vStoragePressure) ;

171 /+*Logical values used to decide state of operation#/
compression:=true; expansion:=false; storage:=false;

simulate;

177 sk sk ok ok 3k %k %k sk sk sk sk sk sk ok ok 3k 3k 3k sk sk sk sk sk sk ok sk 3k 3k %k sk sk sk sk sk sk ok 3k 3k 3k %k sk sk sk sk sk ok ok ok %k %k %k ok sk sk sk ok ok ok ok ok

*/
11| for i:=0 to arraylength-2 do
begin

if compression = true then

185 begin
StorageLevel [i+1]:=StorageLevel [i]+(Air_1 .M«dt);
187 SpecificVolume [i+1]:=volume/StorageLevel [i+1];

StoragePressure[i+1]:=StoragePressure [i]*pow(SpecificVolume[i]/SpecificVolume [i

+1],n);
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191

193

195

197

199

205

215

219

225

229

233

239

112

ePressure:=StoragePressure[i+1];

eController

’

0;
eController 0;
eController 0;
0;

0]:
1]:
2]:
31:

[
[
[
eController [ ;
eController[4]:=-2;
eController[5]:=-2;
[

eController[6]:=

eHeatexchanger [0

’

eHeatexchanger[1

’

eHeatexchanger [3

’

1:=1;
1:=1;
eHeatexchanger([2]:=1;
1:=0;
1:=0;

eHeatexchanger [4 ;
Pressure_1 .MFASM:=pow(ePressure,1/4);

Pressure_2 .MFASM:=Pressure_1 .MEASM= Pressure_1 .MEASM;
Pressure_3 .MEASM:=Pressure_1 .MEASM« Pressure_2 .MFASM;
Pressure_4 .MEASM:=Pressure_1 .MEASMxPressure_3 .MFASM;

if StorageLevel[i+1]>=StorageLEVMAX then
begin
compression:=false;
storage:=true;
end;
end;

if storage=true then

begin
StorageLevel [i+1]:=StorageLevel [i];
SpecificVolume [i+1]:=SpecificVolume [i];
StoragePressure[i+1]:=StoragePressure[i];

counter:=counter—tsStep;

ePressure:=StoragePressure[i+1];
eController [0
eController[1

[0]:=
[1]:=
eController[2]:
eController[3]:=-2;

[4]:

[5]:

[6]:

[l
|
[\S]

eController [4

I
|
\S]

eController[5

I
|
[\S)

eController [6

’

eHeatexchanger [0]:=0;
0;

eHeatexchanger [2 0;

=0;

]:
eHeatexchanger[1]:=

I:

]:

eHeatexchanger[3

’
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241

245

247

249

261

287

289

113

eHeatexchanger [4]:=0;

Pressure_1 .MEASM:=1.013;
Pressure_2 .MEASM:=1.013;
Pressure_3 .MFASM:=1.013;
Pressure_4 .MEASM:=1.013;

if counter<=0 then
begin
storage:=false;
expansion:=true;
end;
end;

if expansion=true then
begin
StorageLevel [i+1]:=StorageLevel [i]—(Air_8 .M=dt);
SpecificVolume [i+1]:=volume/StorageLevel [i+1];
StoragePressure[i+1]:=StoragePressure [i]+*pow(SpecificVolume[i]/SpecificVolume /i
+1],n);

ePressure:=StoragePressure[i+1];

eController [0

[0]:=-2;
eController[1]:=-2;
eController[2]:=-2;
eController[3]:=-2

[

[

[

)

eController
eController

4]1:=0;
5]:=0;
6]:=0;

eController

eHeatexchanger [0
eHeatexchanger[1

eHeatexchanger[3

1:=0
1:=0
eHeatexchanger[2]:=0;
]:=1
]:=1

eHeatexchanger [4

Pressure_1 .MEASM:=1.013;
Pressure_2 .MFASM:=1.013;
Pressure_3 .MEASM:=1.013;
Pressure_4 MEASM:=1.013;

if StorageLevel[i+1]<=StorageLEVMIN then
begin
storage:=false;
expansion:=false;
end;
end;

if compression=false and storage=false and expansion=false then
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291

295

311

333

114

begin
StorageLevel [i+1]:=StorageLevel[i];
SpecificVolume [i+1]:=SpecificVolume[i];
StoragePressure[i+1]:=StoragePressure[i];

ePressure:=StoragePressure[i+1];

eController [0

[0]:=-2;
eController[1]:=-2;
eController[2]:=-2;
eController[3]:=-2;
eController[4]:=-2;
eController[5]:=-2;
eController[6]:=-2

)

eHeatexchanger [0

eHeatexchanger[1

eHeatexchanger[3

’

]:=0
1:=0
eHeatexchanger[2]:=0;
1:=0
eHeatexchanger[4]:=0

Pressure_1 .MFASM:=1.013;

Pressure_2 .MFASM:=1.013;

Pressure_3 .MEASM:=1.013;

Pressure_4 .MEASM:=1.013;
end;

vStoragePressure:=VarFromReal (StoragePressure[i+1]);

vController [0]:=Varfromreal (eController [0]) ;
115
21);
vController [3]:=Varfromreal (eController [3]) ;

[
vController [1]:=Varfromreal (eController [
vController [2]:=Varfromreal (eController [
[
vController [4]:=Varfromreal (eController [4]) ;
vController [5]:=Varfromreal (eController [5]) ;
vController [6]:=Varfromreal (eController [6]) ;

vHeatexchanger [0 arfromreal (eHeatexchanger [0]) ;

vHeatexchanger[1 arfromreal (eHeatexchanger[1]) ;

vHeatexchanger [3 arfromreal (eHeatexchanger[3]) ;

Ji=v
Ji=v

vHeatexchanger [2]:=varfromreal (eHeatexchanger[2]) ;
Ji=v
Ji=v

vHeatexchanger [4 arfromreal (eHeatexchanger [4]) ;

=Varfromreal (Pressure_1 .MFASM) ;
Varfromreal (Pressure_2 .MFASM) ;
=Varfromreal (Pressure_3 .MEASM) ;
=Varfromreal (Pressure_4 .MFASM) ;

vCompressorPressures

vCompressorPressures
vCompressorPressures

[0]:
[1]:
[2]:
[3]:

vCompressorPressures

tsSetCell (tID,i+7,4,vCompressorPressures [0]) ;
tsSetCell (tID,i+7,5,vCompressorPressures|[1]) ;
tsSetCell (tID,i+7,6,vCompressorPressures [2]) ;
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341

349

359

363

365

381

115

tsSetCell (tID,i+7,7,vCompressorPressures [3]) ;
tsSetCell (tID,i+7,8,vController[0]);
tsSetCell (tID,i+7,9,vController[1]);
tsSetCell (tID,i+7,10,vController[2]);
tsSetCell (tID,i+7,11,vController [3]) ;
tsSetCell (tID,i+7,12,vController[4]) ;
tsSetCell (tID,i+7,13,vController[5]) ;
tsSetCell (tID,i+7,14,vController [6]) ;
tsSetCell (tID,i+7,15,vHeatexchanger[0]) ;
tsSetCell (tID,i+7,16,vHeatexchanger[1]) ;
tsSetCell (tID,i+7,17,vHeatexchanger[2]) ;
tsSetCell (tID,1+7,18,vHeatexchanger[3]) ;
tsSetCell (tID,1+7,19,vHeatexchanger[4]) ;
tsSetCell (tID,i+7,22,vStoragePressure) ;

simulate;

EEE T

\:.v2>k\:vz*xv:(**%:/*k\::/**\::/**\::/#s'x\:vi(>K\,:vz*xv:(**%:/*k\::/**\::/i{*\:y?*

* |
tsCalculate (tID,0,—1); /=Calculate timeSeries document=/

/*Make ready for new simulation#/
ePressure:=StoragePressure [arraylength —1];
eController [0]:=-2;

eController[1]:=-2;

eController[2]:=-2;

eController[3]:=-2;

eController[4]:=-2;

eController[5]:=-2;

eController[6]:=-2;

eHeatexchanger[0]:=0
eHeatexchanger[1]:=0
eHeatexchanger [2]:=0;
eHeatexchanger[3]:=0
eHeatexchanger [4]:=0
Pressure_1 .MFASM:=1.013;
Pressure_2 MEASM:=1.013;
Pressure_3 .MFASM:=1.013;
Pressure_4 .MFASM:=1.013;

5| end;
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