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The aim of this paper is the dynamic analysis of a small-size second-generation Compressed Air Energy Storage
(CAES) system. It consists of a recuperated T100 micro gas turbine, an intercooled two-stage reciprocating
compressor and an artificial tank for air storage. The possibility of including an innovative air expander before
the injection into the turbine is also investigated. Starting from background on design and management opti-
mization, this work proposes dynamic simulations and definition of operational constraints, not considered in
previous publications. These represent significant results to extend the system range (producing efficiency and
cost benefits), avoiding risks and failures in prototypes as well as in commercial applications. Following a section
with calculations motivating the activity from an economic point of view, the interaction of the T100 integrated
with the CAES system is analysed through a validated dynamic model. Close attention is paid to the discharging
of the air storage vessel because the increment of mass flow at the turbine expander can lead to surge margin
decrease and thermal stresses, especially during dynamic operations. Consequently, maximum limits for the air
injection are obtained and different operational strategies are considered to ensure safe operation during the

system dynamics, enlarging the application range or proposing modifications in the control system.

1. Introduction

In recent years the installation of renewable energy sources (RESs),
mainly solar and wind power, has significantly increased as a means of
producing clean energy and overcome the detrimental effects associated
with fossil fuel utilisation, such as climate change, air pollution, and
depletion of finite resources [1]. Despite these benefits, the imple-
mentation of RES brings various obstacles. For instance, their weather
dependence leads to daily and seasonal unpredictable and intermittent
power production. Therefore, traditional fossil fuel-based generators are
still needed to produce consistent and reliable energy. Moreover, they
must operate at part-load for a longer time, provide faster run-up and
undergo more frequent shutdowns, leading to less efficient energy
conversion and increased emissions [2,3]. Consequently, an evolution of
grid integration, forecasting, and storage technology is required to
support a deeper penetration of renewables and reduce the dependency
on fossil fuels [4-6].

Nevertheless the power system network structure is also changing for
the increasing installation of more distributed energy resources (DERs)
[7]. Some of the DERs benefits are the better exploitation of RES and
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other energy-efficient solutions such as combined heat and power (CHP)
units, reduced transmission losses, increased control and energy security
for local communities, provision of electricity in remote rural areas and
cost-effectiveness for small-scale projects [8]. Distributed prime movers,
with different characteristics, both programmable and non-
programmable, can be grouped in microgrids (MGs) to combine their
benefits and exploit all their potential [9]. However, the integration of
microgrids into the existing grid infrastructure comes with several
challenges on the management of generators with different re-
quirements, especially if the microgrid includes CHP units, which are
required to satisfy not only the electrical demand but also the thermal
needs of a nearby district heating network (DHN). These criticalities
make energy storage systems (ESSs) essential for microgrids efficient
operation. ESSs can help balance mismatches between electricity supply
and demand, optimising the use of distributed energy sources for effi-
cient energy use and decoupling electrical and thermal energy produc-
tion in case of CHP plants [10]. In addition, energy storage systems can
also improve the reliability and resiliency of the grid when employed as
backup power during possible outages [11].

Among different ESSs [12], the compressed air energy storage
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(CAES) systems are cost-effective, highly flexible and with a low envi-
ronmental impact compared to other storage devices, such as batteries,
as being free from toxic or flammable materials [13]. In CAES systems,
the air is compressed and stored in a storage device during off-peak
hours and later expanded into a turbine during peak demand. Large
CAES plants must be located near underground caverns since significant
storage volumes are needed on account of the low energy density of
compressed air. These geological constraints do not necessarily affect
small-size CAES systems that can alternatively employ artificial above-
ground tanks. Distributed CAES is also suitable for cogeneration or tri-
generation, as a consequence of the heating and cooling power obtained
during compression and expansion [14-16]. In addition, the lower
capital and installation costs of small-size CAES systems make these
systems more accessible to a broader range of customers [17].

Regardless of size, traditional compressed air energy storage (CAES)
systems can be classified based on the compression method into three
main categories: diabatic (D-CAES), adiabatic (A-CAES), and isothermal
(I-CAES) systems. D-CAES systems dissipate the heat generated during
compression into the environment. While relatively simple and afford-
able, this method results in lower efficiency and requires some fuel to
feed the combustion process to pre-heat the air before the expansion
[18]. On the other hand, A-CAES systems utilise thermal energy storage
(TES) systems to store the heat generated during compression and use it
in the expansion process. This results in improved efficiency and elim-
inates the need for combustion at the expense of increased complexity
[19]. Finally, I-CAES systems aim to eliminate the need for combustion
and TES by reaching nearly isothermal compression through different
techniques. The most common solutions investigate the possibility of
using liquid pistons, manipulating the compressor chamber geometry,
spraying liquid or foam droplets into the compression chamber, or
combining both. Despite the numerous studies available in literature
[20,21], these solutions are limited by slow compression and expansion
processes and are not yet ready for the marketplace.

This paper investigates an alternative option, named second-
generation CAES (S-CAES), where the compression and storage sys-
tems are integrated with a standard micro gas turbine (mGT), instead of
fully decoupling compression and expansion [17,22,23]. In this solu-
tion, the air is compressed externally and then, when required, dis-
charged downstream of the mGT compressor. During the injection
phase, for the same power output, the mGT compressor elaborates a
lower mass flow than regular operation, reducing the compressor work
and fuel utilisation. Along with the reduced fuel consumption, air in-
jection can also be used to increase the maximum mGT power output
[17]. Micro gas turbines are highly efficient energy systems for CHP
applications with several advantages such as fast response, low noise/
vibration levels, fuel flexibility and modularity [24]. Although still
relying on fossil fuels, this system can continuously operate and satisfy
the energy demand even when the storage vessel is empty. Moreover,
micro gas turbines are potentially fuel-flexible and alternative fuels,
such as hydrogen or e-fuels, could be used in the future [25,26] in
combination with CAES systems (to exploit the benefits of these tech-
nologies). Despite reliability and flexibility, the S-CAES mass flow
discharge rate is limited by the specific mGT capabilities to handle an
increased mass flow rate at the expander. These limitations are mainly
related to the structural limits of the machine, combustion performance,
possible thermal gradients and compressor instabilities. Specifically
during transients, thermal gradients and reduced surge margin [17,22]
can decrease the system flexibility and limit the mGT operating
conditions.

Most published works on small-size CAES focus on design optimi-
sation, techno-economic analysis and energy management within
microgrids [27-29]. In addition, few analyses have been performed on
second-generation small CAES systems. Salvini [17] studied an S-CAES
system based on a 4600 kW Mercury recuperated gas turbine, demon-
strating that a 30 % maximum power augmentation can be obtained
during the discharging phase with the safe operation of the machine.
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Arnulfi [22] considered a 100 kW mGT with a similar S-CAES configu-
ration, estimating the maximum mass flow that could be injected in the
mGT. Both these studies were based on steady-state off-design models,
neglecting the time-dependent performance and constraints. Some dy-
namic studies have been carried out, but mainly concerning A-CAES
systems. Jin et al. [30] considered an A-CAES used to reduce fluctuations
generated by wind power production. Mucci et al. [31] analysed
different control strategies to increase the system performance during
off-design conditions by regulating the compressor speed and the
throttling valve opening during the charge phase. However, analysis on
small-scale second-generation CAES transients has never been
conducted.

This paper aims to fill in the gap in the dynamic analysis of small-size
S-CAES systems by investigating the effects of air injection during the
CAES discharging phase on transient operating issues (mainly thermal
gradients and compressor stability issues) and analysing the risky
operating conditions. Presented here is an activity concerning a com-
mercial microturbine (the AE-T100) extending its application range
considering the integration with the CAES system. For this reason, the
results obtained in this work can have fast commercial application in
real CAES/mGT plants with an important positive impact for sustainable
energy generation coming from average efficiency increase of a system
suitable either for alternative fuels (e.g., biogas, hydrogen [32], etc.) or
applications in concentrated solar systems [33]. This is an important
innovation considering that the most recent papers on CAES systems in
dynamic conditions refer to large plants connected with caverns [34] (in
some cases with compressing and expanding systems operating on
different shafts [35,36]) and the attention is mainly related to the
charging/discharging dynamics [37]. When the surge margin limitation
is taken into account (e.g., in [38]), no specific dynamic results are re-
ported and since compressors and turbines are on different shaft, results
are not able to cover the air injection issues in a commercial micro-
turbine. Moreover, the paper in [36] proposed an interesting and com-
plex layout, but with different integration aspects and dynamics in
comparison with the system analysed here with an AE-T100 micro gas
turbine. Another significant innovation concerns the proposed integra-
tion with the Tesla turbine technology [39,40] as a topping expander to
recover additional work before the injection. This analysis was per-
formed in TRANSEO, a dynamic tool developed by the Thermochemical
Power Group (TPG) based on validated components for transient/dy-
namic calculations on energy systems, using the MATLAB/Simulink
interface [41].

2. Plant layout

The plant layout considered in this work (an AE-T100 mGT coupled
with the external CAES system as shown in Fig. 1) is not fully innovative
because it was already considered in Arnulfi et al. [22]. The innovative
part from the layout point of view regards the application of a Tesla
turbine to exploit the expansion for the air flow injected in the micro-
turbine. However, the main innovation of this work involves the dy-
namic analysis and the identification of constraints related to the system
dynamic behaviour (mainly related to the surge margin and the thermal
stress of the microturbine system). The AE-T100 is a recuperated micro
gas turbine for CHP applications, providing up to 100 kW of electrical
power and 165 kWy, of thermal power at design conditions. The nominal
electrical efficiency is 30 % and the total cogenerative efficiency is 80 %.
The control system maintains the Turbine Outlet Temperature (TOT)
constant and equal to 645 °C. This TOT value ensures a good electrical
efficiency — typical of similar-sized mGTs - while preserving the recu-
perator life, sensitive to high temperatures and thermal gradients. The
turbine operating power range is 20 kW¢-100 kWe;. The mGT main
specifications at full load are summarised in Table 1 and are referred to
an ambient temperature of 15 °C [42].

The CAES side consists of a two-stage reciprocating compressor (85
% isentropic efficiency) with intercooling (89 % effectiveness) and
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Fig. 1. Plant Layout.

Table 1

AE-T100 mGT design point specifications.
Specification Value Unit
Electrical power 100 kw
Thermal power 165 kw
Electrical efficiency 30 %
Overall cogeneration efficiency 80 %
Pressure ratio 4.5 -
Rotational speed 70,000 rpm
Turbine outlet temperature 645 °C

aftercooling (87 % effectiveness) using water as a cooling medium
(charging side), an artificial vessel (storage side), a small-size Tesla
turbine and an additional recuperator for the air pre-heating (dis-
charging side). Surplus electricity from renewable sources or low-price
electricity can be used to compress the air by means of the recipro-
cating compressor. Subsequently the air is stored until the discharge
phase, where the air heats up and expands before being injected up-
stream of the T100 recuperator. The main CAES system design point
specifications are reported in Table 2.

A two-stage compressor represents a trade-off between compressor
efficiency and cost. Therefore, a relatively low tank maximum pressure
of 50 bar has been chosen, in agreement with a previous off-design study
from Arnulfi et al. on a similar layout [22]. On the discharging side, two
options, both considered, are possible: 1) a direct injection into the mGT
or 2) an expansion prior to the injection. In the former case the obtained
fuel savings is only due to the reduced compressor work; in the latter
case additional fuel can be saved by recovering additional work from the
pressure difference between the tank outlet and mGT injection point. In
this application the minimum allowed outlet pressure of the turbine is
set to 4.5 bar, which is higher than the maximum pressure supplied by
the T100 compressor in the considered operating points (as presented in

Table 2

CAES system design point specifications.
Specification Value Unit
Tank maximum pressure 50 bar
Compressor isoentropic efficiency (equal for each stage) 85 %
Tesla isoentropic efficiency 30 %
Intercooler effectiveness 89 %
Aftercooler effectiveness 87 %

Paragraph 4). In both cases, air pre-heating is always required to avoid
temperatures close to or below 0 °C, which could cause freezing prob-
lems. Due to its size, a Tesla turbine is a more suitable device for being
employed as an expander into micro power generation applications
compared to traditional devices. In detail, it is a bladeless turbine that
uses discs to exploit the adhesion and friction created by the working
fluid. Good isentropic efficiencies can be reached, as demonstrated in
different experimental studies [39,40]. However, in this work an isen-
tropic efficiency equal to 30 % is considered to obtain results based on
the state-of-the-art of Tesla expanders, not on the latest results to be
confirmed by further analyses.

3. Model assumptions and validation

The T100 and CAES system were modelled with the TRANSEO
software, a library of modular components for modelling energy systems
dynamics, developed in the MATLAB/Simulink platform. Many previous
studies have validated all the available components and the inter-
connecting approach [43-45]. According to its interconnecting logic,
defined as “mass continuity” logic, each component receives the mass
flow rate information from either the upstream or downstream con-
nected component. Concurrently the pressure is calculated internally,
depending on the component physical characteristics and the calculated
value is sent in the opposite direction of the mass flow. The behaviour of
energy systems can be primarily determined by mass and energy bal-
ances. The impact of the momentum balance, such as the phenomena of
pressure wave propagation, can typically be neglected due to faster
timescales. Most TRANSEO components are modelled according to a
“lumped-volume” representation to ensure a good balance between ac-
curacy and calculation speed. A more detailed but still simplified
approach is the “quasi 2D approach”, which involves discretising the
components into the flow direction to model the heat transfer effects
between adjacent cells. This level of detail is required in components
such as the recuperator, where the heat transfer phenomena need to be
modelled more accurately. As a consequence, the model is developed
using a library of components that are interconnected as shown in
[41,45]. No convergence algorithm is implemented because the results
are obtained in time-dependent mode from the interactions between the
components. In the AE-T100 machine, for instance, mass flow rates are
calculated by the compressor and the expander (with the related maps),
while pressure is calculated by the plenum included between the
compressor and the recuperator (all in time-dependent mode),
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considering also the impact on pressure by the other components (e.g.,
the recuperator, etc.).

In addition to validating the single components, TRANSEO has
shown accurate predicting behaviour for modelling micro gas turbines
in various configurations [43,44,45-47]. In particular, the T100 micro
gas turbine has been investigated in different layouts such as solar-
hybrid configurations [44], humidified cycles [48] and injection of
compressed air [49]. The T100 model used in this analysis was validated
in a previous study [47], where the experimental activities performed to
validate the model were conducted on a Turbec T100 (now with the
name AE-T100) of the Vrije Universiteit Brussel (VUB) facility. This
specific T100 was modified to be also used in a humidified cycle, but in
this work only the standard dry operation is considered. The model was
validated up to 85.8 kW at 25 °C for steady-state and dynamic condi-
tions. The results matched well the experimental data, with errors below
1.5 %, lower than the sensors accuracy range. The same model has been
successfully validated, showing good matching by injecting compressed
air in the T100 in the steady-state and dynamic behaviours [47]. The
additional components (reciprocating compressor, heat exchangers,
artificial tank and Tesla turbine) of the CAES system have been included
in this model.

3.1. Lumped-volume approach

The components modelled according to the “lumped-volume”
approach are pipes, compressor, turbine, combustor and storage tank.
According to this modelling approach [41], the component calculations
are performed by superimposing two effects that determine first 1) the
steady-state off-design performance and then 2) the dynamic behaviour
by modelling the component as a duct of equivalent cross-sectional area
(Aeg) and length (Leg). The off-design behaviour of each component is
dependent on the internal characteristics. For example, the piping sys-
tem steady-state behaviour is modelled as a pressure drop, according to
Eq. (1):

L,

b €

v2
Appipe = ”Ef

where p and v are the density and fluid velocity, f is the friction coef-
ficient and D, is the duct equivalent diameter.

The transient behaviour of the “lumped-volume” components can be
determined using the momentum and energy equations, numbered from
(2) to (4):

di A,

2 (c-n 2

i L, (C—Ap) 2
WpVT

di(“/;tv ) i b= Gy ®3)

d(cp,:alid M.w[[d Tmlid)

dr = Gyotia — Gioss C)

where the momentum contribution from the actuator is represented by
C, the pressure and enthalpy difference of the fluid between the duct
inlet and outlet are represented by Ap and Ah respectively, G, q rep-
resents the heat flux through the solid duct part, including the thermal
power heating the metal and the heat lost to the environment. Each
component solves Egs. (2) to (4) and the additional characteristic
steady-state equations. The equivalent duct is not divided into dis-
cretised segments; therefore, its equations are only integrated over time
and not along its length.

3.1.1. Compressor and turbine

The compressors and turbines are represented by O0-D non-
dimensional characteristic maps, where the non-dimensional mass
flow and efficiency are determined from the corrected rotational speed
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and pressure ratio. This allows calculating the total outlet temperature
through isentropic relations (Egs. (5) and (7)) and, therefore, the power
produced or consumed (Egs. (6), (8)), respectively.

The main compressor equations to calculate the outlet total tem-
perature Teompr—our and absorbed power Peompr are reported below:

B ™ = 1
T —
_ compr
Teompr—out = Teompr—in | 1+ (5)
Neompr
P compr = MeomprCp—mean (Tmmpr—aur - Tcumpr—in) / /™ (6)

where Tompr—in is the compressor inlet total temperature, Beompr 18 the

compressor pressure ratio, the isentropic efficiency, y is the ratio of

ﬂcompr
the specific heats at constant pressure and volume, mMcomyr is the
compressor mass flow, cp_meqn the compressor average specific heat and
N is the mechanical transmission efficiency, which is 0.99 in this case.

Similarly, the turbine equations to calculate the outlet total tem-

perature Ty o, and the generated power P, are reported below:
=1
Turt-ou = Tt |1~ (1= ™7 ) | %)

Plurb = n;lmrbcp—mean(Tmrh—in - Tmrb—oul) (8)

where Ty, i is the turbine inlet total temperature, f,,, is the turbine
expansion ratio, 7,,,;, the isentropic efficiency, y is the ratio of the specific
heats at constant pressure and volume, m,,;, is the turbine mass flow and
Cp—mean the turbine average specific heat.

The heat transfer calculation considers of the compressor and turbine
heat exchange, along with the heat lost to the environment.

3.1.2. Combustor

For the combustor, the off-design behaviour is described by solving
the unsteady energy equation (Eq. (9)), considering the combustion ef-
ficiency #.omp = 0.996 and methane LHV = 43.44 MJ/kg:

d(c, VT, . . . .
% = (mairhair> + MpietPfuer + MfisetM oy, LYV — (mga:hgtw>
in out
©
mgas = ma[r + mﬂ(el (10)

where, ¢, is the specific heat at constant volume, p,,.., is the mean
density, V is the volume, T, the combustor outlet total temperature, m
is the fluid mass flow rate and h the enthalpy; the subscript “air” is
referred to the inlet air properties, “fuel” to the fuel properties and “gas”
to the exhaust gas, whose mass flow is calculated according to Eq. (10).

The pressure losses in the combustor are calculated considering the
contribution of viscous losses and pressure drops due to the fluid
acceleration.

3.2. Quasi-2D approach

The recuperators and heat exchangers are modelled using a quasi-2D
approach [41]. This approach involves a discretisation of the component
to model the unsteady form of the energy equation. By contrast the
continuity and momentum equations are calculated according to the
simplified “lumped-volume” approach in one single cell. This is a
reasonable assumption considering the low flow velocity involved in the
heat exchanger (around 10 m/s).

3.2.1. Recuperator

The recuperator is a counter-flow heat exchanger used to heat up
compressed air using the hot stream of exhaust gases leaving the turbine
at ambient pressure. The discretisation is shown in Fig. 2, where the
component is vertically divided into four main parts, identified by the
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Fig. 2. TRANSEO heat exchanger discretisation.

subscript “j”, representing the hot and cold flow passages, the internal
matrix, and the external vessel. Each main part is then longitudinally
discretised into N elements to improve the calculation accuracy of the
dynamic energy and heat transfer equations, where “i” refers to the i-th
element in the discretisation. The following energy Eq. (11) is solved
according to a partial difference numerical scheme:

dT;; . 0T

pj‘i C\’JAJ aty = 7cpjmj X

+4;; an

where the heat source ¢;; includes factors such as convection between
solid walls and fluids, heat losses to the environment and conduction
along the longitudinal axis of the heat exchanger. The components of g;;
are calculated using standard conductive and convective heat transfer
equations based on the parameters and physical properties specified by
the specific heat exchanger. The surfaces A; represent the total cross-
sectional areas of each cell, while the surfaces S; represent the portion
of the exchanging surface relative to each cell.

3.3. Other components

The other components that do not belong to the “lumped-volume”
and “quasi-2D” categories are the tank volume, the T100 shaft and
control system.

3.3.1. Storage tank

The tank volume integrates continuity and energy equations to
determine its internal pressure and temperature based on the mass flow
information from upstream and downstream and considering the heat
loss to the environment. The unsteady continuity and energy equations
(Egs. (12), (13)) are reported below:

d(pV . .
<fn )ty — 12)
dPVT) _ Cp-on (m,-,,rm - mT) a3)
dt cy

The outlet temperature T, for the following time step is calculated
from Eq. (13) while the continuity equation of Eq. (12) is used to update
the tank mass flow.

3.3.2. Shaft

The T100 shaft is the link between compressor, turbine, and gener-
ator; it transfers the mechanical power produced by the turbine to the
generator, where it is transformed into electrical power. The rotational
speed of the shaft is determined by Eq. (14), considering the effect of the
turbocharger rotational inertia J and the mechanical power losses in
bearings:
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d (wz/ﬁ)
Purs = Peompr — Ploss = J —a a4

where P is the power, w is the rotational speed.

3.3.3. Control system

The T100 model control system integrates two control loops [41] to
deliver the required power output and maintain the TOT value equal to
the setpoint of 645 °C. The first loop is for controlling the electrical
power output using a feedforward and a slow PI technique. In this loop
the set point value of the rotational speed is obtained by combining the
effects of the feedforward approach based on a predefined table and the
PI controller, which receives the TOT as input. The second loop employs
a fast PID controller to manage the fuel valve opening and keep the TOT
equal to 645 °C.

4. Steady-state results

This steady-state analysis intends to investigate the behaviour of the
micro gas turbine when stable part-load conditions are reached during
constant air injection. The results presented in this section were calcu-
lated with the dynamic model presented in the previous section waiting
for stable conditions for each operating point. The main steady-state
performance parameters were obtained with an ambient temperature
of 25 °C for electrical power outputs in the 40 kW-80 kW range (since
the model was validated up to 85.8 kW), imposing different values of
injected compressed air at 25 °C. These values are presented in Table 2.

The compressor stability is the main limiting factor for the maximum
amount of air that can be injected upstream of the compressor. The surge
margin “k,” is commonly used in literature to measure the safety of an
operating point from a surge event, although various definitions exist. In
this work, the surge margin is indicated with k, and it is calculated using
Eq. (15) [49]:

m
kp = /ﬂ (1 5)

. ms""/ﬂ:.l.

where the subscript “s.l.” means that the respective value is calculated
where the iso-speed line intersects the surge line of the considered
operating point. According to the definition, the theoretical minimum
limit for the surge margin should be 1, but it is advisable to maintain a
safety margin to mitigate potential risks from minor fluctuations in the
system. Following previous studies [49], a surge margin of 1.1 is
considered the lower limit for this analysis.

During steady-state conditions, when working at constant net power
output Ppe; and fixed TOT, the injection of air upstream of the
compressor reduces the required compression work. Therefore, the
turbine subtracts less power and requires less fuel flow, increasing the
electrical efficiency. At the same time, the rotational speed, compressor
mass flow and pressure ratio decrease, bringing the new operating point
closer to the surge line. Since the regular operating points of the T100 at
higher P, have a higher surge margin, more air can be injected in those
conditions compared to lower P conditions. Fig. 3 shows the surge
margin for different Ppe; and myy; while Fig. 4 displays the maximum
mass flow that can be injected as a function of Py for this specific
machine. Steady-state results help identify the limits during stable op-
erations. Consequently, these results are an important guide for
designing the CAES/mGT integration extending the operative range of
this commercial machine to the maximum operating limits and to avoid
risk of failures. However, during transient variations, there could be
operating conditions leading to potential compressor instability even
when the injected mass flow is within the acceptable ranges in steady-
state conditions. Therefore, a dynamic analysis is essential to evaluate
the effective constraints to be considered in a real implementation.
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The most significant benefits in terms of increased electrical effi-
ciency can be obtained by injecting air at higher Py since the starting
Nel is higher and more air can be injected due to the higher surge margin
in standard operation. For example, by injecting the same air mass flow
rate of my; = 10 g/s, at the low power output of Pper = 40 kW, the
electrical efficiency increases by +0.51 %, and at the higher power
output of Pt = 80 kW, the electrical efficiency increases by +0.74 % in
absolute terms. In addition, at P,e; = 40 kW the maximum increment of
Nel is +0.76 % when myy,; = 15 g/s, while at Py = 80 kW the maximum
increment is +3.23 % at m;; = 50 g/s.

The results shown on Table 3 were obtained by injecting air at
constant ambient temperature (T = 25 °C), although during transient
operation the compressed air temperature can vary depending on the
tank temperature, as well as on conditions of the heat exchanger used for
the pre-heating and possible presence of the Tesla turbine. Injecting air
at ambient temperature lowers the compressor outlet temperature by
approximately between 2 and 4 °C every 10 g/s of injected air due to the
mixing with colder air. However, the recuperator can provide almost the
same outlet temperature on the cold side (with a negligible variation of
0.1-0.3 °Cevery 10 g/s of injected air). Therefore, the impact of possible
temperature variations of the compressed air on the electrical efficiency
is negligible and compressed air temperature reductions do not affect
the electrical efficiency. However, this effect causes a reduction of
around 5 °C every 10 g/s of injected air on the recuperator outlet tem-
perature on the hot side, whose effect should be considered in deter-
mining the reduced thermal power. The results reported here are a good
mapping of this CAES/mGT coupling with important impact on real
system development and optimization. For instance, the efficiency and
fuel consumption change can be used to develop a simplified model (e.
g., based on lookup tables) for the interaction with an optimization
algorithm.

5. Motivation for the dynamic analysis

As previously presented the aim of this paper regards the dynamic
analysis related to the impact of the CAES system on the AE-T100
microturbine, focusing special attention on the constraints that in dy-
namic mode affect the operating range. Therefore, no optimization or
management tools were developed and no optimal operating results
were obtained. However, to motivate this dynamic analysis a simple
calculation is presented showing that the application of this CAES sys-
tem can produce cost savings also in simple configurations.

Since the AE-T100 operating range is 20-100 kW for the electrical
generation point of view and the extreme values are affected by further
limitations in the compressor surge margin, a simple scenario was
defined considering a low load of 40 kW for the first 12 h (representative
of off-peak hours) and 80 kW at a higher load for the remaining 12 h
(representative of core hours). The first 12 h could represent night-time

Table 3
Summary of the main steady-state performance points varying Pye; and miy;.
Pret Minj Nel Mfyel N Beompr Teompr_out Trec_cold_out Trec_hotout
[kw] [g/s] [%] [g/s] [rpm] [-1 [°C] [°C] [°Cl
40 0 19.28 4.774 60,911 3.295 172.7 601.6 209.8
40 10 19.79 4.652 60,345 3.242 170.3 601.6 205.0
40 15 20.04 4.594 60,077 3.216 169.2 601.7 202.6
60 0 23.43 5.894 64,885 3.763 192.3 601.6 227.1
60 10 23.93 5.770 64,265 3.702 189.8 601.7 222.3
60 20 24.45 5.648 63,664 3.641 187.4 601.8 217.5
60 30 24.98 5.528 63,071 3.581 184.9 601.9 212.8
80 0 24.84 7.412 69,515 4.363 215.7 597.0 245.6
80 10 25.58 7.198 68,702 4.265 211.8 597.4 240.1
80 20 26.26 7.013 67,934 4.181 208.6 597.7 235.1
80 30 26.90 6.844 67,264 4.105 205.7 597.9 230.3
80 40 27.48 6.700 66,703 4.042 203.3 598.1 225.8
80 50 28.07 6.559 66,153 3.979 200.9 598.3 221.3
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hours, for example, starting from 20:00 pm to 8:00 am, and the
remaining hours from 8:00 am to 20:00 pm of daytime hours. This is a
simple scenario different from reality, but useful to highlight a case with
an obvious positive impact of the CAES system. Consequently, the re-
sults proposed in this section are reported to motivate the following
dynamic analysis; for real optimization activities attention can be
focused either on the paper by Arnulfi et al. [22] or on future works.

The following possible configurations were considered for compari-
son (also summarised in Table 4):

1. The mGT alone satisfies the power demand; this case represents the
baseline used for comparison against different CAES operations.

2. The plant consists of the mGT and small-size CAES charged during
the night-time and discharged during the daytime — without Tesla (2)
and with Tesla turbine (2-T).

3. The plant consists of the mGT and small-size CAES charged during
the daytime and discharged during the night-time — without Tesla (3)
and with Tesla turbine (3-T).

The chosen configurations were selected to compare two cases where
the air is injected respectively at a higher load (80 kW) and lower load
(40 kW). The selected injected mass flow rates are the maximum limits
obtained from the steady-state analysis (to avoid not acceptable injected
flows due to the surge limitation): if the discharge occurs during the
daytime at Ppe = 80 kW, the maximum mass flow considered in this
evaluation is m;;; = 50 g/s, while if the discharge occurs during the
night-time at Ppec = 40 kW, the maximum mass flow used here is nmy =
15 g/s. These numbers are considered to propose simple motivation
results and a future work could be developed to optimize them consid-
ering real power demand trends. The other goal of this comparison is to
estimate the additional beneficial effect including a Tesla turbine.

For cases 2 and 2-T (see Fig. 5), the volume of the tank chosen is 40
m® to reach the maximum pressure of ppay = 50 bar during the charging
time within the first 12 h, when compressing the constant mass flow
Mcharge = 50 g/, equal to the discharged mass flow. At t = 12 h, when the
electrical demand increases from 40 kW to 80 kW, the mGT ramps up to
satisfy the higher load and the injection starts after 15 min. The
discharge stops when the tank reaches the minimum allowed pressure of
Pmin = 4.5 bar. The Tesla turbine recovers additional power when used,
reducing the mGT required power production.

For cases 3 and 3-T (see Fig. 6), the chosen volume is smaller (12 m?)
since the mass flow during the charge Mg = 15 g/s is lower and the
comparison between cases is made by considering the same maximum
tank pressure (pmax = 50 bar). In this scenario, at t = 0 h, the tank is fully
pressurised at 50 bar and the discharging phase starts 15 min after the
start of the scenario. Furthermore, in this case, the Tesla turbine grants
an additional energy recovery. The discharging phase stops some mi-
nutes before reaching 12 h when the tank reaches pyp. At t = 12 h, the
mGT ramps up to provide 80 kW and at the same time the reciprocating

Table 4
Configurations description.

Case First 12 h (off-peak hours) Second 12 h (core hours)

identifier

Case: 1 40 kW satisfied by the mGT only ~ 80 kW satisfied by the mGT only

(baseline)

Case: 2 40 kW satisfied by the mGT 80 kW satisfied by the mGT,
only, while CAES is charging while CAES is discharging

Case:2-T 40 kW satisfied by the mGT 80 kW satisfied by the mGT and
only, while CAES is charging Tesla turbine, while CAES is

discharging

Case: 3 40 kW satisfied by the mGT, 80 kW satisfied by the mGT
while CAES is discharging only, while CAES is charging

Case:3-T 40 kW satisfied by the mGT and 80 kW satisfied by the mGT

Tesla turbine, while CAES is
discharging

only, while CAES is charging
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compressor starts to charge the storage volume where the air will be
used the following day.

The analysis of the different energy consumptions of these configu-
rations, displayed in Fig. 7, shows that thermal energy provided by the
fuel Eg,.ysed can be saved when coupling the mGT with a CAES system at
the expense of a higher electrical energy Eej.yseq required to run the
compressor to charge the tank. Additionally, the Tesla turbine provides
further fuel savings as the mGT provides less power compared to the
case without the Tesla expander. The results reported in Fig. 7 regard the
simple scenario presented in this section with the aim to motivate the
importance of the dynamic analysis also from economic point of view.
An optimization of the system management (to be performed in future
works) could reduce both energy and fuel consumptions. However, this
is not related to the dynamic analysis objectives and could be an inter-
esting topic for a future work.

Defining the electrical source for running the compressor while
charging is required to estimate the potential economic benefits. In this
study, it is considered that the CAES system could be charged in two
different ways by using the following:

1. Purchased electrical energy from the grid.
2. Excess of electrical energy from renewable sources.

When purchasing electrical energy from the grid, there are no issues
related to the availability of the energy, and the charging can be done at
any time of the day. Nevertheless, the availability of renewable energy
sources depends on the weather conditions. Therefore, the charging
during the day (cases 3 and 3-T) could be done by both wind and solar
energy, while the charging during the night (cases 2 and 2-T) is possible
by wind sources only. Below, the two cases are considered.

5.1. Electrical energy for the storage charge taken from the grid

Table 5 includes the average costs of natural gas and electricity for
the year 2022 (first semester) for three European countries (Italy, Mol-
dova and Sweden) taken as examples [50,51]. These countries are
considered for these evaluations to compare a case with high electricity
price (Italy) with countries with lower cost for electricity but with
different prices for the natural gas (high in Sweden and low in Moldova).

Table 6 displays the daily fuel cost, daily electricity cost, daily
earnings, total daily cost, daily savings, and relative daily savings
compared to the baseline for each case in each country. These results
were obtained by combining the energy consumption results of Fig. 7
and the electricity and natural gas costs of Table 5. For the scenario
presented here, the CAES system leads to money savings when the daily
and relative savings are positive. The savings are also graphically re-
ported in Fig. 8. This configuration can provide economic savings in
countries such as Moldova and especially in Sweden, where the fuel cost
is high relatively to the electricity cost (Table 6). On the contrary,
adding a CAES system would always result in a loss of revenues for Italy.
Therefore, for Moldova and Sweden, it is better to buy more electricity to
compress the air (Cases 2 and 2-T). Case 2-T is the best and Case 3 the
worst in these countries. For Moldova, only Case 2-T can provide sig-
nificant relative energy savings (+3.3 %), while for Sweden, both Cases
2 and 2-T provide good results, with energy savings of +2.8 % and +4.4
%, where the increment of 1.6 % is due to the Tesla turbine. Sweden has
the highest total daily cost, but in Case 2-T, it also has the highest daily
savings and relative daily savings compared to all other cases, meaning
that this technology has more potential for implementation in this
country. For Italy, in this scenario there is always a loss when integrating
the CAES system, which increases by increasing the electricity bought
from the grid.

5.2. Electrical energy for the storage charge taken from an excess of RES

The CAES system always provides relative economic savings when
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Fig. 5. Power demand, power absorbed by the compressor and generated by the mGT and Tesla turbine for cases 2 (left) and 2-T (right).
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Fig. 6. Power demand, power absorbed by the compressor and generated by the mGT and Tesla turbine for cases 3 (left) and 3-T (right).
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using excess renewable energy sources, especially when fuel prices are
E“ble. 5. d | for the fi £ 2092 [50.51 high (Table 7). The results show that Case 2-T provides the highest daily
ectricity and natural gas cost for the first semester o (50,511 savings and Case 3 the lowest compared to the baseline in all three
Country EL cost [€/kWh] Fuel cost [€/kWh] countries. Therefore, in all the countries, significant benefits are ob-
Italy 0.3115 0.0986 tained when injecting the maximum mass flow rate of 50 g/s at 80 kW
Moldova 0.1172 0.0842 with the expansion in the Tesla turbine. The daily and relative daily
Sweden 0.2525 0.2216 savings (in this scenario) compared to the baseline are also graphically

reported in Fig. 9. For Italy, compared to the previous case, higher
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Table 6
Daily costs and earnings when purchasing electricity from the grid.
Case identifier Daily fuel cost Daily electricity cost Daily-earnings Total daily cost Daily savings Relative daily savings
[€/day] [€/day] [€/day] [€/day] [€/day] [%]
Italy Case: 1 (baseline) 626.2 0.0 448.5 177.8 - -
Case: 2 585.9 75.9 448.5 213.3 —35.6 —20.0
Case: 2-T 578.5 75.9 448.5 205.9 —28.2 —15.8
Case: 3 617.6 22.2 448.5 191.3 -13.5 -7.6
Case: 3-T 613.2 22.2 448.5 187.0 -9.2 -5.2
Moldova Case: 1 (baseline) 534.8 0.0 168.7 366.0 - -
Case: 2 500.3 28.6 168.7 360.1 +5.9 +1.6
Case: 2-T 494.0 28.6 168.7 353.8 +12.2 +3.3
Case: 3 527.4 8.3 168.7 367.0 -1.0 -0.3
Case: 3-T 523.7 8.3 168.7 363.3 +2.7 +0.7
Sweden Case: 1 (baseline) 1407.4 0.0 363.5 1043.9 - -
Case: 2 1316.7 61.5 363.5 1014.7 +29.2 +2.8
Case: 2-T 1300.1 61.5 363.5 998.1 +45.8 +4.4
Case: 3 1388.0 18.0 363.5 1042.4 +1.5 +0.1
Case: 3-T 1378.3 18.0 363.5 1032.7 +11.2 +1.1
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Fig. 8. Daily savings compared to the baseline case when energy is bought from the grid.

Table 7
Daily costs and earnings when using an excess of renewables.
Case identifier Daily fuel cost Daily electricity cost Daily-earnings Total daily cost Daily savings Relative daily savings
[€/day] [€/day] [€/day] [€/day] [€/day] [%]
Italy Case: 1 (baseline) 626.2 0.0 448.5 177.8 - -
Case: 2 585.9 0.0 448.5 137.4 +40.4 +22.7 %
Case: 2-T 578.5 0.0 448.5 130.0 +47.8 +26.9 %
Case: 3 617.6 0.0 448.5 169.1 +8.7 +4.9 %
Case: 3-T 613.2 0.0 448.5 164.8 +13.0 +7.3%
Moldova Case: 1 (baseline) 534.8 0.0 168.7 366.0 - -
Case: 2 500.3 0.0 168.7 331.6 +34.5 +9.4 %
Case: 2-T 494.0 0.0 168.7 325.3 +40.8 +11.1 %
Case: 3 527.4 0.0 168.7 358.6 +7.4 +2.0 %
Case: 3-T 523.7 0.0 168.7 355.0 +11.1 +3.0 %
Sweden Case: 1 (baseline) 1407.4 0.0 363.5 1043.9 - -
Case: 2 1316.7 0.0 363.5 953.2 +90.7 +8.7 %
Case: 2-T 1300.1 0.0 363.5 936.6 +107.3 +10.3 %
Case: 3 1388.0 0.0 363.5 1024.5 +19.4 +1.9 %
Case: 3-T 1378.3 0.0 363.5 1014.7 +29.2 +2.8 %
relative daily savings (+22.7 % for Case 2-T) can be obtained due to the 6. Dynamic analysis
lower daily total cost. In absolute values, the daily savings for Moldova
are the lowest and for Sweden the highest (Fig. 9, left). However, they This paragraph investigates the influence of the injection of air and
have comparable relative daily savings as Moldova's total daily costs are load change during CAES discharging on the dynamic performance of
lower than those of Sweden. the mGT. The second configuration, with a tank size of Viypx = 40 m°,

has been chosen for its higher economic potential. Different represen-
tative possible transient scenarios have been considered when operating
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Fig. 9. Daily savings compared to the baseline case when energy is taken from excess renewables.

with a CAES system:

1. Step injections of compressed air at constant power (for Ppe; = 40 kW
and Ppe; = 80 kW)

2. Step and gradual injections at constant power (for Ppe; = 80 kW)

3. Step and gradual stop of injections at constant power (for Ppc = 80
kw)

4. Step injection with gradual power output variation from 40 kW to 80
kw

Each case starts from a stable condition at t = 0 s, while the operating
conditions change begins at t = 100 s.

6.1. Step injections of compressed air at constant power (for Pper = 40 kW
and Ppe; = 80 kW)

The effect of compressed air injection at constant power output was
considered for a lower (Pt = 40 kW) and higher load (Pper = 80 kW).
More air can be injected at a higher load since the starting surge margin
(without injection) is higher than at a lower load. In both cases, the
surge margin is initially reduced during the injection before reaching
stable conditions (Fig. 10). This effect is more noticeable at Ppe = 80 kW
and leads to a reduction of k; below 1.1 when m;;; = 50 g/s is injected,
acceptable solution considering the steady-state results. This reduction
is due to the control system action: when the air is injected, the power

Surge Margin — Py = 40 kW

1.25
g ——myy; =10 g/s
3 —my,; =15 g/s
8 ——myy; =20 g/s
1.2 = = /
[}
I Ihinj = Og/s
|
— 1.15 X
_‘4& Minj
\
|
Llp=-=-===- e
1.05

0 50 100 150 200 250 300
Time [s]

output initially increases, the control system reduces the rotational
speed and, therefore, the compressor mass flow reduces with a fast
response, while the pressure ratio remains high for a longer time before
reducing as well. In detail, the pressure ratio initially increases before
settling since the initial reduction of the TOT, due to the air injection,
leads the control system to initially increase the fuel flow. This also
contributes to the initial peak of produced power (Fig. 11). The graphs of
Fig. 11 represent the generated power Pge, that considers the power used
by auxiliaries. The TOT transient behaviour of Fig. 12 shows a peak
before stabilising to 645 °C; however, the machine can handle a
maximum value of 655 °C for a few seconds and therefore no potential
problems due to thermal gradients have been detected.

These results mainly show that 50 g/s of air injection step is not
acceptable at high load and 15 g/s of air injection step could be critical
at low load, because an oscillation too close to the surge margin limit
could be a risk. Since this significantly reduces the operating margin in
comparison with the steady-state results, a real application needs a
different approach, to avoid the diminution of the positive impact in
terms of cost decrease and efficiency increase.

6.2. Step and gradual injections at constant power (for Py, = 80 kW)
Due to the critical dynamic behaviour when injecting the maximum

allowed injection rate obtained for the steady-state conditions, different
injection ramps were considered by progressively reducing the rate of
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Fig. 10. Surge margin variation when injecting compressed air at P, = 40 kW (left) and 80 kW (right).
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Fig. 12. TOT variation when injecting compressed air at P,e; = 40 kW (left) and 80 kW (right).

injection (Fig. 13). This could be an important solution (coming from
this dynamic analysis) to be implemented in a real CAES/mGT system.
The case with Pye; = 80 kW was chosen for this analysis as being the
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most critical. For example, with a rate of +0.5 (g/s)/s, it is always
possible to ensure k;, > 1.1. Reducing the injection rate allows the k;, to
keep within the acceptable limits and, therefore, to introduce a higher
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Fig. 13. Surge margin (left) and generated mGT power (right) for step and gradual injections at constant power (for P, = 80 kW).
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Fig. 14. Surge margin (left) and generated mGT power (right) for step and gradual stop of injections at constant power (for Pyec = 80 kW).

mass flow of injected air, benefiting the system overall performance.
This also reduces the power and TOT oscillations with a smoother
transition to the steady-state condition. Since the generated power peak
is also reduced, more stable power output is provided to the grid. So,
with the proposed ramp, a real commercial AE-T100 could be used in the
full operative range defined in the steady-state analysis without further
limitations.

6.3. Step and gradual stop of injections at constant power (for Pnee = 80
kw)

Even though less critical, the dynamic behaviour where the injection
is stopped is also worth studying. During the stop of the air injection, an
opposite transient behaviour can be noticed (Fig. 14). The surge margin
and TOT values are never critical, even when the air injection suddenly
stops. However, considering the produced power, in this case too, a
beneficial effect can be shown when gradually reducing the injected air
to ensure a more stable power production. Also in this case, the proposed
ramp for removing the air injection is a positive solution to decrease the
stress on the commercial machine extending the component duration.
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6.4. Step injection with gradual power output variation from 40 kW to 80
kw

A final case is investigated, where a power output variation coincides
with the start of the injection. In this case (see Fig. 15), the injection was
performed with a step of 50 g/s while the power output was gradually
changed from 40 kW to 80 kW with a ramp of 1 min. The surge margin
plot shows that there is a significant reduction. This demonstrates that
the injection schedule should not be performed during critical power
change variations and a waiting time should be considered. This is an
important result to be applied in a real system because a waiting time
(between the power and the air injection variations) of at least 2-3 mins
can prevent the superimposition of two transient operations and avoid
the machine failure.

7. Conclusions

This paper presents a dynamic analysis on an AE-T100 micro gas
turbine coupled with a small-size second-generation CAES system. It
consists of a two-stage reciprocating compressor with intercooling and
aftercooling, an artificial vessel for storing compressed air and an
additional recuperator for air pre-heating. The application of a Tesla
turbine placed after the storage vessel is also investigated for additional
power recovery. The main results obtained in this work allow to extend
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Fig. 15. Surge margin (left) and generated mGT power (right) for step injection with gradual power output variation from 40 kW to 80 kW.
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the AE-T100 applications in a CAES system with the following positive
impacts on energy sustainability: efficiency increase, fuel consumption
decrease, energy cost decrease, flexible energy storage for renewable
sources. Special attention is focused on the calculation of the system
integration constraints to prevent risks for the microturbine also in dy-
namic conditions and the related definition of operating procedures
(ramps instead of steps) to enlarge the system flexibility to the maximum
limits in terms of air flows injected in the AE-T100 ducts.

The analysis begins with a steady-state study examining the micro
gas turbine behaviour when injecting compressed air at different part-
load conditions. This analysis estimated the maximum mass flow rate
that could be injected into the micro gas turbine at different power
outputs, ensuring safe operation of the compressor. This showed that
higher mass flow rates can be injected at higher power outputs. For
example, at Ppec = 80 kW, the maximum mass flow rate is m;; = 50 g/s
resulting in an increment of the electrical efficiency of +3.23 %, while at
Ppet = 40 kW, the maximum mass flow for discharge is m;; = 15 g/s
allowing a +0.76 % of increment in efficiency.

The dynamic analysis of the micro gas turbine when operated with a
compressed air energy storage (CAES) system is conducted and results
show that the surge margin is reduced during the step injection before
reaching stable conditions, even in conditions acceptable for steady-
state operations. The reduction is more pronounced at a higher load
and injection rates. Hence this analysis calculated that, considering in-
jection steps, 50 g/s of air injection is not acceptable at high load and 15
g/s of air injection could be critical at low load, due to an oscillation too
close to the surge margin limit. However, operating injection ramps
instead of steps is a solution to keep the surge margin within acceptable
limits and reduce power and TOT oscillations. In details, a rate of +0.5
(g/s)/s was calculated as a good compromise to operate the micro-
turbine changes safely and fast in dynamic mode, without reducing the
operating range related to the steady-state calculations.

Finally, the results obtained in this work will be important to manage
this mGT/CAES system for commercial applications, avoiding
dangerous operating procedures and situations, and proposing a calcu-
lation approach that can be repeated in case of other types of micro-
turbines. In details, the definition of the air injection constraints and the
ramp rates for safe operations allows to extend the system operative
range to the calculated limits with a positive impact on the flexibility
and the energy sustainability issues (fuel consumption decrease and
flexibility increase for the variability compensation of renewable sour-
ces and the related positive impact on pollution and energy cost
decrease).

Nomenclature
Acronyms

A-CAES Adiabatic CAES

AE-T100 Ansaldo Energia T100

CAES Compressed Air Energy Storage
CHP Combined Heat and Power
D-CAES Diabatic CAES

DER Distributed Energy Resource
DHN District Heating Network

ESS Energy Storage Systems
I-CAES  Isothermal CAES

MG Microgrid

mGT micro Gas Turbine

NextMGT Next Generation of Micro Gas Turbines for High Efficiency,
Low Emissions, and Fuel Flexibility

OPEX Operating Expense

PI Proportional Integral

PID Proportional Integral Derivative
RES Renewable Energy Source
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S-CAES Second Generation CAES

TES Thermal Energy Storage

TOT Turbine Outlet Temperature
TPG Thermochemical Power Group
VUB Vrije Universiteit Brussel
Variables

q heat flux

A area

C momentum contribution

D diameter

p specific heat at constant pressure
cy specific heat at constant volume
f friction coefficient

h enthalpy

J rotational inertia

kp surge margin

L total length

LHV Low heating value

M mass

m mass flow rate

N rotational speed

p pressure

P power

T temperature

v velocity

\Y volume

X discretised axial length

Greek symbols

p density

n efficiency

B pressure ratio

Y ratio of the specific heats at constant pressure and volume
A delta

® angular rotational speed
Subscripts

air referred to air properties
charge referred to the charging phase
cold cold side

comb combustor

compr  compressor

el electrical

eq equivalent

fuel referred fuel

gas referred to gas properties

gen generated

hot hot side

i i-th element in the discretisation
in referred to inlet properties

inj referred to the injection phase
j j-th element in the discretisation
loss losses

m mechanical

max maximum

mean referred to average properties
net net

out referred to outlet properties
pipe pipe

rec recuperator

s.l. surge line

solid referred to the solid part
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tank
th
turb

referred to the storage tank
thermal
turbine
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