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Abstract

The paper deals with the simulation of an innovative
adiabatic compressed air energy storage plant. These
plants are able to store electrical energy by com-
pressing and expanding ambient air. In contrast to
other approaches the plant layout examined in this
paper works with much lower storage temperatures
of just 100-200 °C. Aim of the modding effort is to
dynamically simulate the plant and to analyze the
thermodynamics of the system. Here, off-design be-
havior regarding turbomachinery output tempera
tures, pressure losses and heat flows are of particular
interest.

Keywords. compressed air; energy storage; thermal
storage; low-temperature; CAES, modeling; Mode-
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1 Introduction

The increasing share of renewable power generation,
particularly of fluctuating wind and solar generation,
leads to a time-based shift between supply and de-
mand. A result of this development is the increasing
demand for energy storage. Beside short time storage
technologies like batteries or flywheels, a significant
demand for bulk storage like pumped hydro energy
storages (PHES) arises. For Europe the future PHES
potential is rather limited due to siting restrictions
including proper topological conditions. One aterna-
tive is compressed air energy storage (CAES), which
provides energy capacities and power ranges compa-
rable to those of PHES. This renders CAES a prom-
ising option for bulk electricity storage in the near
term future.

2 Compressed Air Energy Storage

The idea of using compressed air to store energy is
rather old. Beside pressurized air driven vehicles for
special applications, there are two so called diabatic
CAES plants, which are aready in operation. The
first CAES in Huntorf (Germany) works since 1978.
The second one, located in Mcintosh (USA), is in
service since 1991. The concept of CAES is to ab-
sorb electricity by compressing ambient air by an
electrically driven compressor in times of surplus
electricity in the grid. The compressed air can be
stored in a pressurized containment of any kind. The
mentioned CAES plants use solution mined under-
ground salt caverns as compressed air storage (CAS).
Because of the surrounding salt these caverns are
technically tight without additional sealing. During
discharge the compressed air is released from the
CAS and heated up to drive an expansion turbine.
The expansion turbine is connected to a generator
supplying electric power to the grid.

LP comp

LP exp

( Compressed Air Storage (CAS) )

Figure 1. Block diagram of the first compressed air
energy storage plant located in Huntorf, Germany [1]

As shown on the left hand side of Figure 1 the whole
amount of heat generated during compression is
cooled to the ambient in today’s diabatic CAES.
Therefore, two main intercoolers are installed in the
Huntorf plant, the first one between the low and high
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pressure compressor units and the second one be-
tween high pressure compressor unit and CAS. The
second intercooler ensures that the air enters the
CAS a a maximum temperature of 35 °C, because
higher temperatures would destabilize it. In expan-
sion mode these plants use a gas fired combustion
chamber to pre-heat the compressed air before the
expansion in order to protect the turbine and to in-
crease the power output. In the Huntorf plant this
pre-heating again is located at two points of the
process. Firgt, the air is pre-heated before entering
the pressure expander and then again between the
two expander units. Therefore, both diabatic CAES
plants are, in the proper meaning of the word, no
pure energy storages. They are rather a type of hy-
brid gas plants.

2.1 Current adiabatic design approaches
Nowadays CAES approaches aim on cycle operation
without the need of fossil fuels to heat up the com-
pressed air during expansion. Therefore, a thermal
energy storage (TES) is applied. It captures the heat
of compression during the charging process and al-
lows for using it to heat up the air in the discharging
process. Figure 2 shows the block diagram of an
adiabatic compressed air energy storage (A-CAES).

TROFO [Ho
=

Figure 2: Concept of an adiabatic compressed air
energy storage

Thermal Energy Storage (TES;

Compressed Air Storage (CAS)

Advantages of the concept are the high cycle effi-
ciency of up to 70 % and the high energy density of
the TES [2]. The main challenges are the demand for
a compressor redesign to face temperatures of up to
650 °C and the development of a large packed bed
TES, which can withstand high temperatures and
pressures of around 70 bar simultaneoudly.

2.2 Low-temperature concept

To avoid the previously mentioned challenges
Fraunhofer UMSICHT investigates the possibility to
design A-CAES plants for lower TES temperatures.
Interesting results for atwo-stage A-CAES at 350 °C
[1] and the fact that the cycle efficiency of A-CAES
is not governed by the Carnot efficiency led to the
current 100-200 °C LTA-CAES concept [3].

Figure 3 shows the plant layout of a LTA-CAES.
Due to the use of an eight stage radial inflow com-
pressor it is possible to cool the compressed air after
each stage. This leads to a reduction of compression
work and a limitation of the TES temperature to
100-200 °C. The chosen temperature depends on the
economic optimum between increasing revenue
through better cycle efficiencies on the one hand and
increasing investment costs for the TES due to high-
er temperatures on the other hand. In the addressed
temperature range a pumpable TES medium like
pressurized water or thermal oil can be used. Inde-
pendent of the TES temperature there is aways a
part of compression heat, which cannot be reused
during the discharging process. In the shown
stand-alone plant version (Fig. 3) this heat is cooled
to ambient air temperature by additional intercoolers.
The stored heat is used to pre-heat the compressed
air before entering each expander stage. This results
in cycle efficiencies of up to 67 %.

hot water tank

)

cold water tank

Figure 3: Low-temperature adiabatic compressed air
energy storage concept
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3 Current plant model

In the ongoing development process the model de-
scribed below enables the examination of the ther-
modynamic behavior of the plant especially in off-
design operation. The current plant model is based
on Modelica 3.2 standard libraries, especialy on the
ModelicaFluid library by Casella et al. [4], and im-
plemented in Dymola 2012 FDO1 [5]. The com-
pressed air is currently assumed as an ideal gas mix-
ture of dry air, taken from the Modelica.Media pack-
age ‘DryAirNasa'.

Table 1. Symbol table

symbol meaning unit

p pressure Pa
enthalpy Jkg
T temperature K
X mass fraction -
o) heat flow W
it mass flow kg/s
y specific useful flow work Jkg
K isentropic exponent -
R gas constant Jkg K
I compression/expansion ratio -
n efficiency -
P power W
3.1 Standard library components

As intended by using Modelica to simulate the
LTA-CAES, many standard library components
could be used in the model. Among sensors, PID-
controllers, valves and Fluid.Sources, the whole tur-
bomachinery piping is implemented by Mode
licaFluid pipe models. The CAS is assumed as a
solution mined underground salt cavern and is based
on the ‘ClosedVolume' Modelica.Fluid model.

3.2 Heat exchanger modeling

In a first step the used heat exchanger models are
simplified to heat sinks and sources without any
mass or energy storage capacities. The current ap-
proach also assumes an ideally regulated water mass
flow through the heat exchanger components.

The pressure loss of the heat exchanger is a fixed
value given by the user. The output pressureis calcu-

lated according to Equation 1 if the current mass
flow exceeds a given minimum. Otherwise the pres-
sure loss is set to zero. The resulting step is
smoothed by afirst order transfer function.

Pout = Pin — Ap Eq.l

Another fixed input value is the outlet temperature
(Touw), Which is assigned to the air leaving the hesat
exchangers in times of required heat transfer. There-
fore, the enthalpy at the outlet is calculated using this
given temperature (Eq. 2).

hout — h(pout7 Tout; Xz,zn) Eq.2

The required heat flow to reach this temperature is
calculated by the energy balance equation (Eq. 3)
and given to the user as an output value.

0 = Qz + T}?:in ) hz’n + (n"iout ) homﬁ Eq'3

3.3  Turbomachinery modeling

The main components of the LTA-CAES plant are
the compressor and expander turbomachineries. Par-
ticular attention was paid to these components during
model development. The LTA-CAES concept in-
cludes an eight stage compressor and a four stage
expander, both integrally geared. In the model each
of the turbomachinery stages is characterized by two
characteristic diagrams, one with regard to the pres-
sure ratio and the other with regard to the polytropic
stage efficiency. In the LTA-CAES concept devel-
oped so far, both compressor and turbine are sup-
posed to run on fixed speeds.

predicted operating points
fitted surface
6 —

5

4 L
pressure
ratio 3 -

40 45‘
50 g

65
mass flow / kg/s

° guide vane
70 angle /| degrees
5 =
80 g

Figure 4: First stage compression ratio diagram

In the LTA-CAES concept the control of the opera-
tional point is carried out by variable guide vanes.
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Their impact on turbomachinery operation is deter-
mined by the current angle of the guide vanes. Figure
4 shows the pressure ratio for the first compressor
stage as a function of air mass flow and guide vane
angle.

predicted operating points
fitted surfce
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Figure 5: First stage polytropic efficiency diagram

The polytropic efficiency of the same compressor
stage is afunction of air mass flow and pressure ratio
as depicted in Figure 5.

All these diagrams are based on predicted values for
operating and off-design points. The parameters of
the second (efficiency) and third (compres-
sion/expansion ratio) order surface functions are fit-
ted by the open source software GnuPlot in order to
reproduce the available off-design point behavior.

compression_ratio

compressor_stage
Figure 6: Compressor stage model with inputs from
characteristic diagrams

sensor

Uia=0

e limter hysteresis
= =10
turbine_po.

As shown in Figure 6 the characteristic diagrams are
implemented as a‘ CombiTable2d’ in Modelica.

With the current mass flow delivered by a sensor and
the guide vane angle given by the control instance as
inputs, these tables deliver their values as inputs for
the Modelica.Fluid based compressor stage model.
The model uses these values to calculate the change
in enthalpy. Therefore, the isentropic exponent « is
calculated at suction conditions by the used Mode-
licaMedia model. Together with the stage inlet tem-
perature (T;,) and the compression ratio input value
(T'Tin), Equation 4 is used to calculate the specific is-
entropic useful flow work (ys) assuming idea gas
behavior.

w1

1
— IJ Eq.4

Equation 5 shows the conversion of the polytropic
efficiency input value (g, in) to isSentropic efficiency

Ms)-

r—1
A
Bin -1
K1 1

H' # Tpalin 1

n

s = Eq.5

The division by the isentropic efficiency (ns) results
in the effective change in enthalpy (Ah) (Eg. 6).

Ah =2 Eq6

The output pressure is calculated by Equation 7.

Powt = Pin * Hz’n Eq.7

triggeredTr... fiestordert

sssssssss

Figure 7: Entire turbine train with control system

cavern
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With the given pressure and enthalpy at the output
port of the compressor stage model, ModelicaMedia
is able to calculate values like the output tempera-
ture.

To match the energy balance (Eq. 8) there is an addi-
tional model output value called internal consumed
power (P).

0= R -+ min : h‘in +- T‘n(mt : hout Eq.8

Since there is no change in air mass flow within the
stage, the mass balance shown in Equation 9 isvalid.

0 = 1My, + Mow Eq.9

In the turbine model both characteristic diagrams are
generated as functions of mass flow and guide vane
angle from literature data (Fig. 7) [6, 7]. Apart from
that, the same kind of input values and a correspond-
ing set of equations are used. It is therefore not de-
scribed in detail in this paper.

Simulations of multi-stage turbomachineries are very
complex since a pressure or temperature change in
one stage has a direct influence on the following
ones. This especially applies for off-design condi-
tions and for interim cooling or heating processes.
The fundamental advantage of modeling each com-
pressor or turbine stage as an independent model is
the ability to calculate their interactions without
complex methods like the principle of superposition
for the compressor or the law of cone for the turbine.

34 Control system

Since the plant model is not intended to simulate
start-up and shut-down phase in detail, the modeling
of the surge control valve was omitted. The start-up
and shut-down of the plant is therefore simplified.
Once started, the consumed or produced power is
adjusted by a PID-controller system. The values the
control system should maintain are given to the
model by a Modelica ‘timeTable’ connected to an
external file. Programming both stage types in the
shown pressure driven way leads to a turbomachin-
ery system with a self-regulating mass flow rate. The
control system is able to change the guide vane angle
and therefore the operating point of the plant. As
proven by comparison, the model behavior and the
guide vane angle control simulate the real perform-
ance with sufficient accuracy.

4 First results

The presented simulation results refer to a model
parameterization of a plant with an eight stage
53 MW compressor unit and a four stage expander
unit with an output power of 30 MW. The TES tem-
perature is limited to 150 °C and the cavern pressure
varies in the range between 100 and 152 bar assum-
ing a cavern depth of 1500 m. The chosen high pres-
sure leads to a high energy density in the cavern. The
required geometrical volume of the cavern is
30,000 m2. With this cavern the LTA-CAES plant is
able to operate six full load hours of charging as well
as discharging.

4.1 Plant operation

Like normal power plants, usual diabatic CAES
plants preferably work only in their full load operat-
ing point, where optimal efficiency can be reached.
Therefore, the first simulation results show the plant
behavior at design point, which reflects a full cycle
of charging and discharging the cavern at maximum
power.

cavern.medium p [bar]

160

140~

120+

pressure [bar]

100

T T T T T T T T T
OEQ 1E4 2E4 3E4 4E4 SE4
time [=]

Figure 8: Cavern pressure during full cycle process

Figure 8 shows the cavern pressure increasing from
100 to 152 bar and then decreasing to 100 bar again
during a full charge and discharge period of 6 hours
(21,600 s) each.

— finetable v e COMPrESSOr_poveer.y B turbine_power.y

R

1]
m
i}
11]
=54

L1151] ' 1 Eld I 2Eld I 3EI4 I dEld I SE4
time [5]

Figure 9: Timetable signal and corresponding com-

pressor power consumption and turbine power output
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During the charging process (400-22,000 s) the re-
guested power consumption is set to 53 MW. While
discharging the LTA-CAES the requested power
output is set to the maximum output power of
30 MW. This call starts at 23,400 s and continues to
45,000 s. As shown in Figure 9 the timetable pro-
vides the corresponding values to the model and the
compressor and turbine power follows this demand.

—— COmpressor_guide_vane_angley —8— turbine_guide_wane_angle v

& & = & =)

40+

angle [*]
i
f

=40 T T T T T T T T
0ED 1E4 2E4 3E4 4E4 SE4
time [=]

Figure 10: Guide vane angle adjustment

Figure 10 shows the guide vane angle in the same
time period, regulated by the control system to match
the timetable power signal. It can be seen, that the
compressor guide vanes are continuously closing to
hold the power consumption of 53 MW during the
charging process. In contrast the turbine guide vanes
are opened up more and more during the discharge
process in order to provide a constant power output
of 30 MW. The corresponding change in air mass
flow due to the guide vane adjustment is shown in
Figure 11.

—— m_flow_compressorm_flow —&— m_flow_turbine m_flow
100

&0+

&—8—8—8

B0

40

mass flow [kafs]

204

20 - p : - . T T T r
€0 1E4 2E4 3E4 4E4 SE4
time [£)

Figure 11: Mass flow through compressor and tur-
binetrain

4.2 Compressor train

One aspect of the previousy mentioned complex
interactions between each of the compressor stages
can be abserved in Figure 12. It can be seen that the
increasing cavern pressure is not reached by a
dlightly increasing compression ratio in each stage.
Rather there is a strong increase of the compression

ratio in the higher stages and nearly no change in the
first three stages.

35

comp_1.D_in
—— comp_2D_in
—&— comp_3.0_in
—&— comp_4.D_in
—&— comp_5.0_in
—&— comp_E.D_in
=0T O—O0—C— 00| —w—comp_70_n
j ' —+— comp_8 D_in
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25+

compression ratio [-]

%
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1E4 2E4
time [£]

Figure 12: Compressor stages compression ratios

As a result of this compressor behavior the power
consumed by the stages does not behave similar
(Fig. 13). Especidly, the first and the last compres-
sor stage show an opposed development. While all
the other stages consume a constant power, due to
the reduction of mass flow (Fig. 11) by guide vane
adjustment, the last stage consumes more and more
power. In this compressor stage the strong increase
in compression ratio overcompensates the reduced
mass flow. In contrast the power of the first stage
decreases.

12

comp_1P_i
104 —— comp_2P_i
—&— comp_3P_j
5 —&— comp_4P_i
—— comp_SP_i
—— comp_GP_i
—¥— comp_7 P_i
—— comp_SP_i

pover [hvy]
o
1

+ (W0
+ [0
+ (W0
+ | W0
+ | W0
+ | W
+ | W
+ W0
+ HN
E

T T T T T T
1E4 2E4
time [=]

Figure 13: Compressor stages power consumptions

According to the different change of compression
ratio and power consumption in al of the stages, the
efficiency course also varies between each of them.
Depending on that the temperature of the air entering
the heat exchangers varies during the charging proc-
ess. Figure 14 shows the heat flow rates each of the
heat exchangers has to provide. The previously de-
scribed behavior of the stages can be seen here again
clearly. The wide range of heat flow rates arises from
the different tasks of the heat exchangers. The heat
exchangers two, four, six and eight are designed to
deliver a preferably constant heat flow to the TES.
The others just cool the process air down to a defined
temperature to ensure the maximum TES tempera-
ture of 150 °C in this plant layout. Therefore, their
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heat flows vary according to the compression ratio of
the previous compressor stage.

i}
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&
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-
o
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1F14 I I I I 2F14

time [=]
Figure 14: Heat flow rates of the heat exchangers
during the compression process

43 Turbinetrain

By opening the turbine guide vanes (Fig. 10) the
control system increases the air mass flow (Fig. 11)
to compensate the decrease in turbine output power
due to the decrease in cavern pressure. Despite the
considerable decrease of turbine inlet pressure of
52 bar during discharging, the turbine mass flow in-
creases only by 5.4 kg/s, enough to alow for a con-
stant power output. The corresponding dynamic be-
havior of each of the four expander stages is shown
in the Figures 15 and 16.

—&— Exp_1D0_n —»— Exp_2D_in —&— Exp_3D_in —8— Exp_4.D_n

e e
%

T T r—bo—o o |

o
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expanszion ratio [-]

[x)
1

1
24E4

T T T
3.2E4 3BE4 4.0E4

time [=]

Figure 15: Expander stages expansion ratios

T
25E4 4.4E4

Corresponding to the decreasing cavern pressure de-
picted in Figure 8, the expansion ratio of each stage
decreases as well. It can be seen, that each stage has
an individual course (Fig. 15). These pressure driven
expansion ratios, together with the adjustable guide
vane angle, define the mass flow through the ex-
pander stages as depicted in Figure 11.

Depending on the self-adjusting mass flow and the
guide vane angle given by the control system, each
stage has an individual efficiency course during dis-
charging.

—o— Exp_leta_s —»— Exp_2eta_s —i— Exp_Jeta_s —B— Exp_deta_s
0.0

— =3 =3 = = =} = =3 =)
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0504
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oyo
24E4

T T T
3.2E4 3BE4 4.0E4

time [=]

Figure 16: Turbine stages isentropic efficiencies

T
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Figure 16 shows the efficiencies of the four expander
stages during the discharging process. The values
seem to be constant. In fact there isaminimal rise at
the beginning of the discharging process followed by
a dlightly decrease towards the end. The maximum
value can be found at the point the guide vane angle
(Fig. 10) crosses the zero degree position, because at
this condition the expander stages reach their optimal
operating point. The nearly constant efficiency over
the whole discharging process demonstrates the gen-
eral advantage of turbomachinery control by guide
vane adjustment.

As aresult of the changing expansion ratios and effi-
ciencies the output temperatures of the expander
stages vary, too. Because of the small change in effi-
ciencies, the expansion ratios are the main influential
variables. Together with the air mass flow these tem-
peratures govern the heat exchanger requirements.
Figure 17 shows air temperatures at the inlet of each
heat exchanger. Since the assumed slow discharge of
the cavern has a negligible effect on the cavern tem-
perature, the ar temperature at the first heat ex-
changer inlet is constantly set to 50 °C. The inlet
temperatures for the other heat exchangers are equal
to the previous turbine stages output temperatures.
As to be expected, increasing temperatures depend-
ing on the decreasing expansion ratios of the turbine
stages can be observed.

—&— H¥_1tTn —s=— HX 2170 —&— H{_31T_n —=— H¥_4 1T in
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Figure 17: Temperature of the heat exchanger in-
flowing air
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Figure 18: Heat flow ratesinto the heat exchangers
needed to heat up the airflow to 150 °C

T
2.4E4 28E4 4 .4E4

The heat flow rates of the heat exchangers to heat up
the air to 150°C show an interesting behavior
(Fig. 18). The heat flow rate required by the first heat
exchanger is increasing due to the rising mass flow.
In contrast the accordingly expected heat flow in-
crease at the other stages is compensated by the
higher input temperatures and the consequently
smaller temperature difference between inlet and
outlet air stream.

44 Modd performance

The shown results were generated using Dymola
2012 FDO1 on a 3 GHz dual-core system with 4 GB
of RAM. The model was initialized with initial guess
values from stationary calculations. Apart from some
difficulties at points of sudden step responses, which
could be solved by smoothing these, the model
works very fine. The model performs robust and
quick, mainly due to neglecting mass and energy
storage in compressor and expander stages as well as
in the heat exchangers implemented so far. The
simulation of the whole 50,000 s charging and dis-
charging cycle (Dassl 0.0001; 500 output intervals)
requires 9 s. Leveling up the number of output inter-
valsto 5,000 increases the simulation timeto 13.7 s.

5 Conclusionsand work in progress

The basic results of the model show the potential of
using dynamic simulation to investigate the thermo-
dynamic behavior of an A-CAES. Especialy, the
complex interactions between turbomachinery
stages, heat exchangers and pressure losses can be
anayzed in detail. Furthermore, the model alows the
analysis of off-design behavior, which is getting
more and more important in today’s electricity mar-
kets. The influence of off-design operation on the
overall cycle efficiency can be evaluated as well.

Besides the presented results work further pro-
gresses. The presented model will be extended by:

- the implementation of detailed heat ex-
changer models

- the implementation of external media librar-
ies for humid air to investigate the influence
of condensing water in the process

- the implementation of alternative turbo-
machinery concepts

In the absence of experimental data the compressor
model so far had to be validated by data from steady-
state calculations in different working points. Here,
the model results match the steady-state ones very
well. A detailed off-design validation by experimen-
tal data for the turbomachinery is aimed at for the
future.

The final goal of the research work will be an itera-
tive process by using both, the presented dynamic
simulation model and the economic optimization
model GOMES® [8]. This way an optimization of
technical and economical aspects for a given busi-
ness case will be possible.
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