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Abstract:
Small-scale Compressed Air Energy Storage (CAES) systems represent a promising option for off-grid and
remote energy applications, owing to their long lifetime, mechanical robustness, and limited reliance on crit-
ical raw materials. However, their performance and economic viability are strongly influenced by component
technology and system scale. This study investigates the integration of radial turbomachinery in small-scale off-
grid CAES systems, focusing on scaling effects, off-design operation, and system-level performance. Detailed
thermodynamic models of a radial compressor and turbine are developed, incorporating performance maps,
scale-dependent efficiency estimation, and variable-geometry control via inlet guide vanes (IGV) and variable
stator vanes (VSV). The models are embedded in a fully integrated hybrid CAES–PV–diesel system, and a
numerical optimization framework is applied to schedule IGV and VSV angles under off-design conditions and
determine optimal system sizing. Results show that, at sufficiently large scales, radial turbomachinery-based
CAES achieves round-trip efficiencies of approximately 50–60%, compared to 30–40% for volumetric-machine
configurations. Below a critical scale, however, off-design performance degradation and higher specific costs
reduce the competitiveness of turbomachinery integration. The analysis identifies a scale-dependent transi-
tion in technology suitability and provides quantitative guidelines for the application of radial turbomachinery in
off-grid hybrid energy systems.
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1. Introduction
The increasing deployment of renewable energy sources highlights the urgent need for reliable and scalable
energy storage technologies to ensure a stable electricity supply [1]. The current reliance on lithium-ion bat-
teries raises concerns about long-term scalability, sustainability, and resilience, underscoring the need for
a diversified portfolio of storage technologies [2, 3]. Among the available electrical energy storage options,
Compressed Air Energy Storage (CAES) has demonstrated potential at small scales [4], especially in hybrid
systems combining renewable energy, storage, and diesel generation for remote and off-grid communities [5].
The performance and economic viability of small-scale CAES systems are strongly influenced by the choice of
compression and expansion technology. For the compression stage, scroll, radial, and piston compressors are
available for Micro-CAES (¡1 MW [6]); piston compressors are generally preferred due to their higher achiev-
able pressure ratios and manufacturing maturity [6, 7]. For the expansion stage, scroll expanders represent the
most practical solution at low power levels, while radial turbines constitute an interesting alternative, particularly
given the growing interest in micro-turbine technology [6–8]. Although the existing literature broadly addresses
the selection of machine types as a function of system size, providing general guidelines in terms of flow rate
and pressure ratio, direct one-to-one comparisons between competing technologies remain scarce [7, 9]. The
transition to radial turbomachinery, moreover, introduces significant challenges: as machine size decreases,
maintaining adequate blade tip speeds requires increasingly high rotational speeds, ultimately constrained by
structural limits, while tip clearance losses become progressively dominant [10]. Power regulation under vari-
able operating conditions introduces a further layer of complexity. Among the available control strategies for
CAES compressors, Inlet Guide Vanes (IGV) regulation offers the best combination of wide operating range
and efficiency retention [11]. An analogous approach based on Variable Stator Vanes (VSVs) can be applied
to the expansion stage [11]. Nevertheless, only a limited number of studies have investigated the performance
of IGV and VSV control in CAES operation [12]. This work addresses these gaps by developing a CAES model
incorporating detailed thermodynamic representations of a radial turbomachinery, including map-based perfor-
mance characterisation, scale-dependent efficiency estimation, and variable-geometry control through IGVs
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and VSVs. These models are embedded within a fully integrated hybrid CAES–PV–diesel system and coupled
with a numerical optimisation framework to determine optimal vane schedules under off-design conditions and
identify the optimal system sizing. The results are benchmarked against a volumetric-machine baseline previ-
ously established by the same authors, with the aim of identifying the operating conditions under which radial
turbomachinery provides advantages.

2. System description
The analyzed system is a stand-alone hybrid unit comprising an end-user load, a diesel generator, a photo-
voltaic (PV) plant, and an adiabatic micro-CAES unit. The latter consists of a four-stage centrifugal compressor,
six heat exchangers, two thermal energy storage (TES) systems, a series of high-pressure vessels, a throt-
tling valve, and a four-stage radial turbine. This configuration is derived from a layout previously analyzed
by the author [13], from which it differs in two key respects: (i) both the compression and expansion trains
employ four-stage radial turbomachinery, the additional stage being required by the lower per-stage pressure
ratio achievable with centrifugal machines [9]; (ii) the single stratified TES is replaced by two fully mixed tanks
operating at low and high temperature, respectively, to maintain an acceptable aspect ratio at larger scales.
The resulting plant layout is illustrated in Figure 1. Both the compression and expansion trains are realized as
four-stage integrally geared machines, in which pairs of stages are mounted on two high-speed pinion shafts
driven by a central low-speed shaft connected to the motor/generator. The compressor is required to track
the time-varying power output of the PV generator, while the turbine must follow the end-user load demand;
power regulation strategies are therefore necessary for both machines. Since a single variable-speed drive
acts on all pinion shafts simultaneously, precluding stage-wise control, inlet guide vane control is adopted for
the compressor, with independently actuated vanes installed at the inlet of each stage [11, 14]. An analogous
strategy is applied to the turbine via variable stator vanes, which modulate the nozzle throat area.

Figure 1: Plant configuration with the integration of a radial machine

3. Methodology
3.1. Energy analysis

To carry out the energy analysis, the system is implemented within the OpenModelica environment [15]. Each
component is described by a system of differential–algebraic equations that capture its functional behavior,
including time-dependent effects. Mass and energy conservation laws are enforced for all components. The
modelling of components unchanged from the previously cited work is not described in detail here for the sake
of brevity, whereas a comprehensive description of the turbomachinery models is provided in the subsequent
sections. Energy performance is evaluated through the Round-Trip Efficiency (RTE) defined as the ratio be-
tween the energy released by the expander and the energy absorbed by the compressor (Equation (1)). The
RTE is evaluated over an annual time horizon. To reduce computational effort, system operation is approxi-
mated using four representative weeks corresponding to different seasons, simulated sequentially with a global
cyclic constraint on the storage pressure to ensure consistency with annual operation.

RTE =
Eex

Ec
(1)

2



3.2. Turbomachinery Modeling

The modeling approach adopted for turbomachinery relies on the use of performance maps. In accordance
with classical turbomachinery literature, the characteristic parameters are expressed in terms of reduced (or
corrected) quantities. The quantities considered are the pressure ratio (β), reduced mass flow rate (Mr =
ṁ

√
T1

p1
), reduced rotational speed (Nr = N√

T1
), and isentropic efficiency(ηis). Performance maps are normalized

with respect to their design-point values. Henceforth, the ratio between a quantity and its corresponding design
value is denoted by an overbar. The turbomachines are modeled under the assumption of adiabatic operation.

3.2.1. Compressor

To describe the compressor operating characteristics, the generalized analytical formulation proposed by
Zhang and Cai [16] is employed, which is applicable to both centrifugal and axial-flow compressors. The
normalized pressure ratio is expressed as a quadratic function of the reduced mass flow rate:

β̄ = c1 M̄
2
r + c2 M̄r + c3, (2)

while the normalized isentropic efficiency is given by

η̄is =
[
1− c4(1− N̄r)

2
] N̄r

M̄r

(
2− N̄r

M̄r

)
. (3)

The coefficients c1, c2, and c3 are functions of the reduced rotational speed and are defined as

c1 =
N̄r

B
, c2 =

p− 2qN̄2
r

B
, c3 = −pqN̄r −m2N̄3

r

B
, c4 = 0.3 (4)

where B = p(1 − q/N̄r) + N̄r(N̄r − q)2. The parameters p and q depend on the compressor type. Values of
p = 1.8 and q = 1.8 are typically adopted for centrifugal compressors, whereas p = 0.36 and q = 1.06 are used
for axial-flow compressors. Since a centrifugal compressor is considered in this work, both p and q are set
equal to 1.8.

The effect of variable inlet guide vanes on compressor performance is modeled using the correlations pro-
posed by Haglind [17], which are widely employed in the evaluation of compressor characteristics under IGV
regulation [12]. The performance parameters at a generic IGV angle are obtained from the corresponding
design-angle values by applying a transformation to the reference performance maps. Let ∆α denote the IGV
rotation angle, while the subscript map refers to quantities evaluated at the design IGV angle. The transformed
parameters are computed as

Mr = Mr,map

(
1 +

b1∆α

100

)
, β − 1 = (βmap − 1)

(
1 +

b2∆α

100

)
, ηis = ηis,map

(
1− b3∆α2

100

)
(5)

The coefficients b1, b2, and b3 are set to 1, 1, and 0.01, respectively. The characteristic curves obtained by
applying these transformations for different values of the IGV rotation angle are shown in Figure 2 for the case
of N̄r = 1.

(a) (b)

Figure 2: Compressor characteristics maps under different IGV angle and N̄r = 1: (a) Pressure ratio, (b)
Efficiency
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3.2.2. Radial Turbine

Based on the same literature sources (Haglind [17]), an analytical representation of the characteristic curves
of a radial turbine is also adopted. The turbine mass flow characteristics are described using a modified form
of the Flügel equation:

M̄r =

√
1.4− 0.4

Nt

Nt,n

√
1/β2 − 1

1/β2
n − 1

(6)

while the normalized isentropic efficiency is given by

η̄is =
[
1− t4(1− N̄r)

2
]( N̄r

M̄r

)(
2− N̄r

M̄r

)
(7)

with t4 = 0.3. Using the notation previously introduced for the compressor, the effect of turbine regulation via
variable stator vanes is incorporated by applying appropriate transformations to the quantities obtained from
the characteristic maps corresponding to the reference case of zero VSV rotation angle. An illustrative example
of these transformations is provided in Figure 3, where they are applied for the case N̄r = 1.

Mr

Mr,map
= 1.1875− 3

10000
(∆α− 25)2,

ηis
ηis,map

=

(
1− 0.9

10000
∆α2

)
(8)

(a) (b)

Figure 3: Turbine characteristics maps under different VSV angle and N̄r = 1: (a) Pressure ratio, (b) Efficiency

3.3. Maximum efficiency estimation

The performance maps are scaled according to the design values of the characteristic parameters. While de-
sign mass flow rate and pressure ratio are treated as free variables, the isentropic efficiency is inherently linked
to machine size and technology level. Under conventional operating conditions, well-designed stages achieve
efficiencies of 85–88% for compressors and slightly higher for turbines [18]. At reduced scales, however, ef-
ficiency degrades significantly: as machine size decreases, maintaining adequate blade tip speeds requires
increasing rotational speeds, ultimately constrained by mechanical limits, while tip clearance losses become
progressively dominant [10, 19]. To account for these penalties while remaining grounded in standard tech-
nology, a maximum rotational speed of 50 krpm is imposed on the high-speed pinion shafts, consistent with
industrially proven integrally geared machines with oil-lubricated tilted-pad bearings [20, 21] and representa-
tive of the upper boundary of conventional technology without resorting to magnetic bearings [22, 23]. Stage
efficiency is estimated via the Baljé–Cordier similarity framework [19, 24], which expresses peak achievable
efficiency as a function of specific speed ωs and specific diameter Ds:

ωs = ω · V̇
1/2

w3/4
=

Ψ1/4

Φ1/2
(9) Ds = D · w

1/4

V̇ 1/2
=

Φ1/2

Ψ3/4
(10)

The estimation procedure is structured as follows:

1. The volumetric flow rate and isentropic specific work are derived from the design mass flow rate and
pressure ratio.

2. A target specific speed is selected per Baljé criteria: ωs,target = 0.8 for the compressor and 0.45 for the
turbine.

3. The corresponding target rotational speed Ntarget is compared against Nmax; if exceeded, the speed is
capped at Nmax.
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4. The actual ωs is computed from the effective speed, and Ds,opt is obtained from the Cordier correlation.
5. The peak stage efficiency ηmax = f(ωs) is evaluated at Ds = Ds,opt using data from [10, 25].

The resulting efficiency values, shown in Figure 4, are further corrected for Reynolds number effects following
Capata and Sciubba [26], specifically developed for small-scale radial turbomachines:

1− η

1− ηref
= 0.50 + 0.50

(
Reref
Re

)0.084
(

Reref
Re

)0.25

(11)

where Re = uD/ν, with u the peripheral velocity, D the impeller diameter, and ν the kinematic viscosity. Tip
clearance losses are not explicitly modeled, as their quantification would require detailed geometric information
unavailable at the preliminary design level.

Figure 4: Maximum efficiency as a function of specific speed along the Cordier line.

3.4. Operation strategy of the hybrid model and IGV-VSV Angle Optimization

Regulation is required during both charging and discharging phases to track the instantaneous power imbal-
ance between photovoltaic generation and load demand. The control strategy relies on inlet guide vanes
(IGVs) and variable stator vanes (VSVs): a proportional–integral (PI) controller [27] modulates the first-stage
vane angle α1 within the allowable range (−30◦ to 30◦ for the compressor, −25◦ to 25◦ for the turbine) to match
the required power via mass flow rate adjustment. The remaining vane angles αi (i = 2, . . . , 4) are sched-
uled as functions of α1 and outlet/inlet pressure via look-up tables derived from a prior efficiency-maximization
procedure described below.

Optimal IGV/VSV maps are generated through a genetic algortihm based optimization of the compression
train model (an analogous procedure is applied to the expansion phase). A PI controller regulates α1 to track
a prescribed reduced mass flow rate, while α2, α3, α4 are treated as independent decision variables. An
intercooler between each stage restores air to ambient conditions (p = 1bar, T = 25 ◦C); bypassing one or
two final stages is also permitted at very low pressure ratios. Quasi-steady-state simulations are performed
over the full operating envelope, with all quantities expressed in non-dimensional form to allow application
across different design scales. For each combination of outlet pressure and reduced mass flow rate, a genetic
algorithm minimizes the specific compression work by optimizing the three downstream IGV angles, yielding
maps subsequently embedded in the full CAES model via look-up tables.

3.5. Economic analysis

The economic analysis is based on the evaluation of the system Levelized Cost of Energy. Equation (12)
defines the LCOE as a function of the total capital expenditure (CAPEX), the annual costs (AC), and the
total annual electrical energy delivered to the end user by all energy sources (EL). The annual costs include
maintenance cost as well as diesel fuel purchase costs. The investment cost of each system component is
estimated using the cost functions summarized in Table 1 and updated to current values using the Chemical
Engineering Plant Cost Index (CEPCI). A system lifetime of 25 years is assumed. Annual maintenance costs
are taken as 2% of the total capital investment, and a discount rate of 5% is adopted, in line with values
commonly used in techno-economic assessments of similar energy systems [28, 29].

LCOE =
CAPEX +

∑Y
i=1

AC
(1+d)i∑Y

i=1
EL

(1+d)i

(12)
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Table 1: Cost function for main system components

Component Capital cost estimation [$] Year CEPCI

Compressor C = 8100 · P (kW ))0.6 2008 575 [30]

Expander C = 10(2.2476+1.4965 log10(P )−0.1618[log10 P )]2) 2002 395.6 [31]

Heat exchanger C = 1096 ·
(
10.76 ·A (m2)

)0.18 (A < 10m2) 2005 468.5 [32]

C = 8500 + 409 ·A0.85 (A > 10m2) 2005 468.5 [33]

Air reservoir C = 1000 · V (m3) · Fp 2022 816 [34]

Fp = 1
0.0063 · ( (pmax (bar)+1)·D

2(850−0.6(pmax+1)) + 0.00315)

Thermal oil tank C = 423 · V (m3) 2018 605.2 [35]

Thermal oil C = 2.7 ·m (kg) 2018 605.2 [28]

PV system C = 1050 · Pp (kWp) 2023 803.3 [36]

Diesel generator C = 630 · P (kW ) 2017 567 [37]

Motor/Generator C = 60 · P (kW )0.92 2022 816 [38]

3.6. User load demand and system location

The system supplies an end user characterized by a load profile representative of a typical domestic demand.
This load profile is shown in Figure 5 as a percentage of maximum power request. The load demand is
parameterized and scaled in order to perform a parametric analysis with respect to the size of the end user,
which is here defined in terms of the total energy demand. The analyzed range spans from a minimum case
corresponding to an energy demand of 1 MWh/day, with a peak power of approximately 50 kW, up to a system
size ten times larger. In the authors’ previous work, seven installation sites were analyzed, namely Romania,
Cambodia, India, Belize, Jordan, Botswana, and Zimbabwe, with Zimbabwe identified as the most promising
candidate [13]. Accordingly, the present study focuses exclusively on this location.

Figure 5: End user power request

3.7. Sizing optimization

A sizing procedure based on an optimization process is implemented in order to determine the optimal sizes
of the various system components by coupling the thermodynamic model with the Dakota toolkit [39]. The
procedure is analogous to that proposed in a previous article by the authors [40] and it is based on the use
of the Efficient Global Optimization (EGO) algorithm [41]. The parameters investigated during the optimization
process are summarized in Table 2, together with their corresponding exploration ranges. It should be noted
that the ranges reported refer to the minimum system size considered in the parametric analysis discussed
in the previous section; for the other cases, the corresponding bounds are subsequently linearly scaled in
accordance with the overall system size scaling.

Table 2: Decision variables and bounds for the turbomachinery-based system sizing optimization (minimum-
scale case)

Parameter Symbol Range

Compressor design mass flow rate ṁc,n 0.1 ÷ 1 kg/s
Turbine design mass flow rate ṁt,n 0.1 ÷ 1 kg/s
Pressure vessels volume V 10 ÷ 200 m3

Max air pressure inside vessels pmax 40 ÷ 200 bar
PV installed power PV 100 ÷ 1000 kW
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4. Results
4.1. Results of IGV optimization

This section presents the results of the optimization procedure described previously. All curves are reported
in non-dimensional form, with pressure levels and reduced mass flow rates normalized by their corresponding
design values. Figure 6 shows the first-stage IGV angle α1 as a function of the normalized reduced mass flow
rate for six back-pressure levels, together with the optimized downstream IGV angles as functions of α1. For
the lowest back-pressure condition only α2 is available; at the second lowest, both α2 and α3 are present; for
the remaining four cases all three downstream angles are defined. This is a direct consequence of the bypass
strategy, which excludes the final stages under low back-pressure conditions. As shown in Figure 6-(a), α1

varies nearly linearly with M̄r, consistent with the modulation of the effective flow area under fixed inlet density
conditions, as expressed in Equation (5). The downstream IGV angles (Figure 6-(b)–(d)) exhibit significantly
smaller variation ranges; the third stage shows the smallest. The angles of the first three stages increase with
M̄r at progressively decreasing rates, while the fourth-stage angle follows the opposite trend and displays a
markedly stronger dependence on the total compression ratio.

(a) (b)

(c) (d)

Figure 6: Optimized IGV angles for different back-pressure levels.

(a) (b)

Figure 7: Normalized pressure coefficient β̄ vs. normalized reduced mass flow rate for four compression
stages: (a) Pout/Pout,n = 0.47, (b) Pout/Pout,n = 0.67.
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At outlet pressures of Pout/Pout,n = 0.07 and Pout/Pout,n = 0.27Pout,n, the trends of α2 and α3 resemble that of
α4 in the other conditions, since in those cases the second and third stages act as the final active compression
stage. These trends reflect the underlying optimization strategy, which can be interpreted through the pressure
ratio distribution among the stages. The IGV angles of the first three stages are adjusted to maintain operation
close to their respective design points, thereby maximizing their isentropic efficiencies. The fourth stage, in
contrast, primarily serves to satisfy the required back-pressure constraint and is therefore allowed to operate
further from its design point. As a consequence, it exhibits the lowest isentropic efficiency among all stages
and, operating under off-design conditions, is also characterized by a reduced pressure coefficient β̄, implying
that it absorbs less work than the upstream stages. This behavior is confirmed by Figure 7, which reports β̄ for
each compression stage at two outlet pressure levels as a function of the first-stage reduced mass flow rate
M̄r,1. As M̄r,1 increases, the pressure coefficient of the first stage increases accordingly, while those of the
second and third stages remain nearly constant and close to unity, indicating sustained near-design operation.
The fourth stage exhibits the opposite trend, with β̄ departing progressively from unity as the mass flow rate
increases, confirming that it operates furthest from its optimal design point.

The optimization results for the turbine are reported in Figure 8, which refer to operating conditions in which all
four expansion stages are active. Results for configurations in which the first stage is bypassed are omitted for
sake of brevity.

(a) (b)

(c) (d)

Figure 8: Optimized VSV angles for different inlet pressure levels.

As shown in Figure 8-(a), the first-stage VSV angle increases with M̄r, since a wider nozzle opening is required
to sustain the prescribed expansion ratio at higher mass flow rates. Unlike the compressor, where mass
flow rate responds approximately linearly to IGV deflection, the turbine exhibits a quadratic dependence, as
expressed by Equation (8), which is clearly reflected in the shape of the curves. The downstream VSV angles
(Figure 8-(b)–(d)) increase with α1 before stabilizing near 0◦, with inlet pressure having a limited influence
except on the last stage. The underlying mechanism is clarified by the expansion ratio distributions in Figure 9.
At moderate inlet pressures (Figure 9-(a)), the first stage delivers the highest expansion ratio, which remains
approximately constant at 1.4 for low VSV angles and decreases as α1 increases. This is consistent with
the shift of the peak-efficiency point toward lower expansion ratios under VSV regulation; the downstream
angles are simultaneously adjusted to prevent choking and keep the first stage near its optimal operating point.
At higher inlet pressures Figure 9-(b)), a different regime emerges: the fourth-stage expansion ratio rises
substantially, eventually exceeding that of the first stage. This redistribution reflects the optimizer’s preference
for keeping the last-stage VSV angle near 0◦: since large VSV deflections impose a greater efficiency penalty
than a suboptimal expansion ratio distribution, and since the last stage contributes a significant share of the
total turbine work, it is preferable to accept the latter rather than incur the former.
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(a) (b)

Figure 9: Normalized expansion ratio vs. normalized reduced mass flow rate for four turbine stages: (a)
Pin/Pin,n = 0.50, (b) Pin/Pin,n = 1.28.

4.2. Result of case study

The results for the case study are presented in Figure 10, which reports the levelized cost of energy of the
hybrid system as a function of daily energy demand. The figure also includes the LCOE previously obtained
for the configuration employing volumetric machines, as well cases in which the demand is met solely by a
diesel generator, or by a diesel generator coupled with photovoltaics without storage. The LCOE trend for the
hybrid system based on radial turbomachinery exhibits an approximately hyperbolic behavior, with a maximum
value of 0.29$/kWh at 1 MWh/day. The LCOE decreases rapidly up to about 3 MWh/day and more gradually
thereafter, reaching 0.202 $/kWh at 10 MWh/day. A comparison with the volumetric-machine configuration re-
veals a crossover at approximately 3 MWh/day: below this threshold, volumetric machines yield lower LCOE,
whereas turbomachinery becomes economically preferable at larger scales. This behavior highlights a clear
technological trade-off. The crossover corresponds to a CAES system characterized by a compressor rated at
approximately 400 kW, a turbine at about 150 kW, and a storage capacity of roughly 1.4 MWh. Both config-
urations exhibit lower LCOE values compared to systems without storage, demonstrating that the integration
of energy storage is economically advantageous. The figure also reports the round-trip efficiency of the opti-
mized configurations. Unlike the volumetric-machine case, where RTE remained nearly constant at 35%, the
turbomachinery-based system exhibits a marked scale dependence, rising from 41% at 1 MWh/day to 54%
at 10 MWh/day. At small scales, however, this efficiency advantage is insufficient to offset the higher capital
costs associated with the more complex turbomachinery solution, so that the overall economic performance
remains less favorable than that of the volumetric configuration. The RTE trend is primarily driven by the
scale dependence of stage isentropic efficiency, as discussed in Section 3.3.. This degradation stems from
the 50 krpm rotational speed limit imposed on the high-speed pinion shafts, which prevents small machines
from operating at the optimal specific speed. The stage efficiencies for both the compression and expansion
trains are reported in Figure 11 as a function of machine power. For the compressor, stage efficiencies de-

Figure 10: LCOE of the hybrid system at different system scales.
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(a) (b)

Figure 11: Maximum isentropic efficiency of machine stages: (a) compressor, (b) turbine.

crease progressively from the first to the fourth stage, owing to the reduction in volumetric flow rate — and
thus specific speed ωs — along the compression path. All stages improve with increasing machine size, as
higher volumetric flow rates shift ωs toward its optimum value.Beyond a critical size, the first and second stages
saturate: they can already achieve the target ωs = 0.8 at rotational speeds below the imposed limit, so that
further scaling leaves their efficiency unchanged. The third and fourth stages do not exhibit this plateau, as the
lower volumetric flow rates associated with higher compression pressures would require even greater rotational
speeds to reach the same specific speed. Analogous considerations apply to the turbine (Figure 11-(b)): when
the speed constraint is active, downstream expansion stages benefit from larger volumetric flow rates and thus
operate closer to their optimal conditions. Once the optimal specific speed is attained on the first stage of a
given shaft, that stage exhibits the highest efficiency, while the subsequent stage operates slightly off its design
point, as clearly visible for the shaft carrying the third and fourth expansion stages.

The main design parameters and performance indicators of the optimized configurations are summarized in
Table 3. The optimal storage pressure increases with system size, converging to a plateau of approximately
175 bar. At small scales, the rotational speed constraint forces a reduction in stage pressure ratio to keep
ωs near its optimum, resulting in lower operating pressures. As machine size increases and this constraint
becomes less binding, the optimal pressure is governed primarily by storage economics: the vessel cost
function exhibits a minimum in the 160–180 bar range, within which costs are minimized and show limited
sensitivity to pressure. This behavior contrasts with the volumetric-machine case, where the optimal pressure
( 117 bar) was limited by the effect of back-pressure on compressor volumetric efficiency — specifically, higher
discharge pressures increase the clearance volume, reducing the effective air delivery during charging.

Table 3: Optimized configurations for Zimbabwe at different system sizes.

EL V ṁc,n ṁt,n pmax PV RTE LCOE
[MWh/day] [m3] [kg/s] [kg/s] [bar] [kW] [%] [$/kWh]

1 67.3 0.19 0.23 92 389 41.5 0.290
2 124.5 0.40 0.43 101 749 46.7 0.256
3 124.0 0.54 0.47 136 1077 47.2 0.236
4 126.5 0.70 0.72 170 1440 47.8 0.228
6 180.0 1.04 0.95 173 2061 50.5 0.214
8 235.1 1.39 1.20 176 2683 52.1 0.207

10 287.0 1.69 1.38 175 3251 53.2 0.202

5. Conclusions
This study investigated the scalability of hybrid PV-diesel-CAES systems employing radial turbomachinery in
the compression and expansion stages, with the aim of assessing the energetic and economic performance im-
provements over volumetric-machine-based configurations. A map-based turbomachinery performance model,
incorporating scale-dependent efficiency ceilings and off-design control schedules via inlet and variable stator
vanes, was developed and embedded in a full plant model for system-level optimization. The results show
that the LCOE decreases monotonically with system scale, from approximately 0.29 $/kWh at small sizes to
0.20 $/kWh at 10 MWh/day, following a near-hyperbolic trend. A crossover point between turbomachinery-
and volumetric-based configurations is identified at around 3 MWh/day: below this threshold, volumetric ma-
chines remain economically preferable, while radial turbomachinery becomes the cost-effective choice at larger
scales. This behavior is closely linked to the scale dependence of isentropic efficiency, which drives the round-
trip efficiency from 41% at small scales up to 54% at larger ones, a trend absent in volumetric systems. At
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small scales, performance is further penalized by rotational speed constraints that prevent operation at optimal
specific speed conditions. The optimal storage pressure increases with system size, converging toward 175
bar, consistent with the minimum of the pressure vessel cost curve. These findings highlight that neglecting
turbomachinery efficiency degradation at small scales leads to overly optimistic performance estimates, and
provide practical design guidelines for CAES system studies.
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