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Abstract: The ongoing transition towards inverter-based generation is significantly reducing
conventional rotational inertia in power systems, leading to increased rates of change of
frequency. To address this challenge, the Hydraulic Variable Inertia Flywheel (HVI-FW)
represents a novel alternative for distributed and inherent inertia provision. This paper presents
a design tool developed to optimize the geometric parameters of the novel flywheel, with
respect to specific energy. A parameter study is conducted by varying key geometric
dimensions, such as radius and height. The results demonstrate that the HVI-FW can achieve
significantly higher specific energy than conventional flywheels, particularly for small radii,
making it well suited for coupling with small, synchronously rotating electrical machines. The
findings highlight the potential of the HVI-FW as an effective solution for providing distributed
inertia in future low-inertia power systems.
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1 Introduction

The control of the European electricity grid currently relies on conventional inertia provided by
rotational masses connected to the grid via synchronous generators [1]. The kinetic energy
(Erin) stored within these rotating generator units responds inherently, opposing power
imbalances (AP) [2]. Power imbalances lead to a change in the frequency (f) of the electricity
grid. The instantaneous Rate of Change of Frequency (RoCoF) can be derived from
equation (1), where S, and H,, are the apparent power and the inertia constant of the power

grid [3, 4].
AP - f
2 Ssys * Hgys (1)
Ekin

RoCoF =

It becomes apparent that the kinetic energy stored in the power grid (Ey;;,) is crucial to keep
the RoCoF within manageable limits [3]. The transition towards 100 % renewable energy is
rapidly reducing conventional inertia, as synchronously rotating generation units are replaced
by inverter-based renewables [2]. This can be supported by frequency measurements from
Thiesen et al. 2021 [5] that show an increase in RoCoF in the continental European electricity
grid from 2016 to 2022, see Figure 1. Furthermore, the figure shows that the RoCoF tends to
be lower in the winter periods and higher in the summer periods. This is most likely due to
increased generation from inverter-based plants during the summer periods and the
associated substitution of conventional rotating generation plants.
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Figure 1: Hourly mean of the absolute RoCoF in the continental European electricity grid from 2016
to 2022. The data points (blue) are fitted with a linear function (red) over the entire data series.

To maintain a stable frequency control in a future European electricity grid, additional synthetic
inertia together with alternative spinning reserves is required [2]. The Hydraulic Variable Inertia
Flywheel (HVI-FW) [6] represents such an alternative spinning reserve [6, 7]. It is a
synchronously rotating flywheel that can store energy in the change of its rotational speed, in
the change of its moment of inertia and in the compression of gas [6]. Thus, the HVI-FW is
offering a greater specific energy (Wh/kg) compared to conventional flywheels (CFWSs), making
it a valuable addition for providing inertia to the electricity grid. This novel flywheel therefore
addresses a critical need in a future continental European electricity grid by offering distributed,
fast-responding, inherent inertia. In section 3 the specific energy of the HVI-FW is discussed
in more detail. In order to show which geometric configurations of the HVI-FW are best suited
for this task, this paper introduces a design tool developed for this purpose.

2 Design Tool

The design tool operates according to the flow diagram shown in Figure 2. The nominal
operational speed of the HVI-FW is set to 50 Hz, since this is the nominal rotational speed of
directly grid connected synchronous machines, which the HVI-FW shall be connected to. The
lowest and highest permissible power system frequencies are 47.5 Hz and 51.5 Hz [8].
Therefore these frequencies serve as limit values for the design tool. In the starting script
multiple sets of geometric and initial operating parameters for a rotational speed of 50 Hz are
fed into the design tool, see section 2.1. Subsequently, the fluid displacement inside the
HVI-FW is determined for each parameter set for an increase in speed to 51.5 Hz and also for
a reduction in speed to 47.5 Hz (see section 2.2). The fluid displacement and the resulting gas
and centrifugal pressures at 51.5 Hz form the basis for the strength calculation, as they are
highest at this speed, see section 2.3. The resulting fluid levels in the hollow and central
cylinders at 47.5 Hz are used to calculate the mass and the moment of inertia of the HVI-FW,
see section 2.4. Now that the required material thicknesses and process parameters at the
relevant operating points are known, the specific energy of the HVI-FW for a discharge cycle
from 50 to 47.5 Hz can finally be determined. The specific energy is of special interest, because
the HVI-FW can achieve advantages over conventional flywheels in this respect.
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Figure 2: Flow diagram for determining the specific energy for each geometric configuration of the HVI-FW

2.1 Geometry and Initial Operating Parameters

Before the geometrical optimisation can be started, the input parameters shown in Table 1
have to be defined in the starting script. More detailed explanations of these parameters are
given in Jauch et al. 2024 [6]. Of particular importance are the vectors that define the ranges
of cylinder radii and cylinder heights (R;,7;, Hiotq1)- These ranges define the possible
dimensions of the HVI-FW within which the optimum in specific energy is to be found. These
must be defined by the user.

Table 1: Geometry and initial operating parameters that serve as input for the design tool

variable value explanation

Ny 50 [HZ] Rated speed of the HVI-FW

Nup 51.5 [HZ] Upper speed limit

Niow 47.5 [HZ] Lower speed limit

Patm 1 [bar] Gas pressure in the central cylinder

SF 2 Safety factor

g 9.81 [m/s?] Gravitational acceleration

Npy 4 Number of radial bulkheads

SoCy, 62.50% State of Charge at n,, i.e. share of fluid
inside the hollow cylinder

PPETG» PcFRP: Pf1 1250, 1800, 1000 [kg/m?] | Density of PETG, CFRP & fluid

OpETG) OCFRP 50, 2500 [MPa] Yield strength of PETG & CFRP

Epere, Ecrrp 2.2, 160 [GPa] Modulus of elasticity of PETG & CFRP

VpETGs VCFRP 0.4, 0.28 Poisson’s ratio of PETG and CFRP

R; Variable vector Range of hollow cylinder inner radii [m]

13 Variable vector Range of central cylinder inner radii [m]

Hiotal Variable vector Range of central cylinder heights [m]

Page 3 of 11



19. Symposium Energieinnovation, 11.-13.02.2026, Graz/Osterreich

Another key element of the design tool are the assumptions about the geometry of the HVI-FW,
presented in Figure 3. This figure serves as the basis for all subsequent calculations. When
reading the following subsections, the reader can return to Figure 3 for graphical explanations
of used variables and parameters. As shown in Figure 3, the HVI-FW consists of a 3D-printed
liner (coloured in green) made from polyethylene terephthalate glycol (PETG). This liner
defines the internal structure and thus the geometry of the central cylinder, the hollow cylinder
and the fluid channels connecting the two cylinders. To ensure that the HVI-FW has the
necessary strength to withstand the centrifugal forces and internal pressures acting on it, when
rotating at up to 51.5 Hz the liner is wrapped with carbon fibre reinforced polymer (CFRP).
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Figure 3: 3D sectional view and abstracted geometry of the HVI-FW considered in the design tool

Aluminum boss structures are provided at the ends of the HVI-FW, through which the flywheel
can be pressurised with gas and supported with bearings (gas channels are not visible in the
drawing).

It is assumed that the fluid channels are always filled with fluid. Further, when completely
discharged, the central cylinder is filled completely and no fluid remains in the hollow cylinder.
Therefore, the volume of the displaceable fluid (dV,,,,) can be calculated from equation (2),
see Figure 3.

AVinax = T° riz “Hiotar (2)

Where r; is the inner radius and H,,.; is the inner height of the central cylinder, both defined
by the user of the design tool (see Table 1).
The inner contour of the dome-shaped lids is approximated using the circle equation z1(r),

see equation (3) and Figure 3.
’ 3
z1(r) = |R* —1r2 3)

By determining z1(r = 0), the height of the dome-shaped lids (H,,,.) can be calculated.
Knowing H;,m. the height of the hollow cylinder Hy,;;,, Can be obtained with equation (4).
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Hpottow = Htotar = 2 Haome (4)
The fluid volume contained in the hollow cylinder (V;, . 1, when rotating at nominal speed
(50 Hz), can be derived from the state of charge (SoC, ) defined in Table 1, applying
equation (5).

SoC 5

Vetnotio (10) = Vimax* 7500 ©
The fluid volume in the central cylinder (V7 ), when rotating at n, can now also be
determined, see equation (6).

Vflcentral (nO) = deax - Vflhollow (nO) (6)

Using equation (3) the gas volume contained in the hollow cylinder can be calculated using the
shell integration as described in equation (7) [9].

Vgasho”ow(no) = T Hpottow (Rlz -+ tPETG)Z) +

)
2-2m: (f(TH'tPETG)Zl(r) T dT) = Vrthouow (M0)

From the fluid volume in the central cylinder Vg, (n,), the fluid level h¢;,  _ (ny) can be
calculated, see equation (8). It has to be noted that hs; . (n) is an artificial value, as under
rotation, the fluid surface is not a horizontal plane, but a paraboloid [6].

Vflcentral (Tlo)

hflcentral (Tlo) = T 7,..2 (8)
L

The computation of the fluid level in the hollow cylinder (Rs; — see Figure 3) is required
frequently in the fluid displacement calculation. Therefore, it is derived only once for a set of
discrete values of V;, . see Figure 4 . Subsequently, a third-order polynomial is fitted to this

data in order to reduce the computational burden in later calculations. Thus, only the
polynomial approximation (Ry, ;) needs to be evaluated thereafter.
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Figure 4: Fluid level in the hollow cylinder (Ry,) versus hollow cylinder fluid volume (V¢,, |~ .
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2.2 Fluid Displacement

The fluid levels (Ry; and ks ) evolve at rated speed (n,), because a certain gas pressure
is acting on the fluid in the hollow cylinder. This gas pressure (prou0ow) IS crucial for the working
principle of the HVI-FW and can be determined using equation (9). The pressure py, 10w iS also
shown in Figure 3.

Protiow (o)
— @ 2, p2 -g-h
= | Patm t > w(Mo)® R + P51 9 hrippnira o) (9)
_(Prt, 2.(p2 _ 2 o
> w(ng)? - (R? — Rri(no)?) + ps1+ 9 * (Hnottow + Haome)

The known fluid levels (Rs; and hy; ) at the rated speed (n,) can be used to calculate the
fluid levels that arise at speeds that are different from n,. This is done by virtually displacing
tiny amounts of fluid (dV) and thereby changing fluid levels (Rs;, and hy, . ) according to
equations (10) and (11). This variation in fluid levels then leads to a pressure variation in the
compressed gas in the hollow cylinder according to equation (12).

Rey(new) = Revpit (Vg o, (o) + dV) (10)
% (ng) —dV)
— flcen ra 0
Pftcencrad (Mew) = =205 (11
V; AaSholl (nO) L
Photiow (Mnew) = P, (n)-( [t (12)
hollow \tnew hollow \"t0 Vgashouow (no) —dv

This procedure is repeated with increasing fluid displacement (dV,,,; = dV,, + dV) until the
pressure error at the new speed n,,,,, which is described in equation (13), is less than 1
Pascal, or until the maximum permissible fluid volume dV,,,, is reached.

error(new)
Pri
- w(nnew)z ’ Rl2 + pfl ‘g hflcentral(nnew) (13)

2
_ _ Pr, 2. (p2 _ 2y _ o,
Photiow (nnew) 2 w(nnew) (Ri Rfl(nnew) ) pfl g (Hhollow + Hdome)

= abs (patm +

2.3 Stress Calculation

Knowledge about the required wall thicknesses to withstand the internal pressure and
centrifugal forces is necessary to evaluate different designs of the HVI-FW in regard of energy
density, CO» emissions or the ratio of variable to stationary inertia. Therefore, the required wall
thickness of the central cylinder, the hollow cylinder and the dome-shaped lids are determined
subsequently.

2.3.1 Wall thickness PETG (tpgrc, TrETG)

The central cylinder is subject to the gas pressure in the hollow cylinder (pnoi0w)- INSide the
central cylinder is always the negligible atmospheric pressure, (pq:m)- Therefore, the wall
thickness of the central cylinder (tpgprg) is designed to withstand buckling according the
AD 2000 guidelines shown in equation (14) [10]. For pyouow the gas pressure in the hollow
cylinder, when accelerating the HVI-FW to 51.5 Hz is applied, see section 2.2.
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Eppre 20 (tPETG —C1 — 02)3
. . > 14
2. (ri + tPETG) Z Pholiow ( )

Epgre is the Modulus of elasticity and vpgr( is the Poisson’s ratio, see Table 1. The parameters
¢; and c,, specified by the AD 2000 guideline, are additional safety margins of 0.5 mm and
1 mm, respectively. They take into account fluctuations in material thickness and material
wear. Sy is the safety factor to prevent buckling and equals three [10]. In the design tool, the
wall thickness of the central cylinder (tpgrg) is increased in 1 mm increments until
equation (14) is satisfied.

The wall thickness of the hollow cylinder made from PETG (Tpgr¢) is set to be half of the wall
thickness of the central cylinder (Tpgrq = tprre / 2). This is because the hollow cylinder wall
made of PETG does not need to provide strength, and only provides gas tightness. Strength
is ensured by the CFRP wrapping.

Knowing Tpgrg, the outer contour of the dome-shaped lids made from PETG can be
determined by the circle equation z2(r), see equation (15). This contour forms the interface
between the PETG liner and the CFRP wrapping.

_ 2
Sk 1—vpgre

22(r) = (R; + Tpprg)? — 12 (15)

2.3.2 Wall thickness CFRP (Tcggrp o, Tcrrp,,,,.)

The required wall thickness of the CFRP wrapping of the cylindrical section (T¢rgp o) is
determined by calculating the tangential and the axial stresses caused by the sum of the
internal pressure components (P;) and the centrifugal forces acting on the CFRP wrapping.
The hollow cylinder wall made of PETG is assumed to be non-load-bearing.

The sum of the internal pressure components (P;) acting on the CFRP at a rotational speed of
51.5 Hz is determined by equation (16), together with section 2.2.

P = phollow(nup) + % ' w(nup)z ' (Rlz - Rfl(nup)z) + pp% ' w(nup)z ' (Raz - Riz) (16)

The normal stresses in tangential (g;) and axial (o) direction can be obtained from equations
(17) and (18) respectively, according Grote & Feldhusen 2014 (Chapter C 6.3.5 and R 1.8)
[11]. R, denotes the inner radius of the CFRP wrapping (R, = R; + Tpgr¢) and R, denotes the
outer radius of the CFRP wrapping (R, = R; + Tperg + Tcrrp o)- HeNce, Teprp o = Ry — Ry The
normal stresses are the greatest at the inside of the cylinder wall (at R,), and are therefore
calculated for this radius. The term w(nup) represents the angular velocity at the upper speed
limit.

2 2
2 5, (3—=2-vcprp) Ry (1 +2-veprp) " Rg (17)
R)= . VR, 2.2 & TCERPZ, —a_ _
Jt( a) pCFRP w(nup) b 8 . (1 _ vCFRP) sz (3 _ 2 . 'UCFRP) . sz

due to centrifugal forces

R,% 4+ R,?
- _.(p. —
sz _ Raz ( i patm)

due to internal pressure

—Patm
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2 (2 vcpgp) <1 Ra2> (18)

2
0a(Ra) = perre * @(Mup)” Ry 8- (L~ verrp) \ Ry?

due to centrifugal forces

Raz P — sz *Patm
Ry? — R,*

due to internal pressure

The tensile strength of CFRP is anisotropic, due to the fibre orientation, see equation (19) [12].
The parameter A accounts for different fibre lengths and is set to 0.5 in the design tool.
Accordingly, from equation ((19) a fibre angle ¢ is determined that enables the CFRP wrapping
to withstand both, the tangential and axial stresses (o; and g, from equations (17) and (18)).
With increasing fibre angle ¢, the tensile strength of the CFRP wrapping in the tangential
direction decreases, while the tensile strength in the axial direction increases.

o(p) =" (1= 4-tan(p)) (19)

The wall thickness of the CFRP of the cylindrical section (T¢zrp o) is increased in increments
of 1mm and the procedure described above is repeated until the CFRP is able to withstand the
tangential and axial stresses, respectively.

There are multiple approaches to determine the changing wall thickness for a dome wrapped
with CFRP. Determining the thickness for a geodesic wound isotensoid dome is a commonly
used approach and only requires knowledge about the wall thickness of the cylindrical section
(Tcrrp o) @nd the fibre angle (¢) [13]. Hence, this approach is used as a basis to determine the
wall thickness of the CFRP wrapped over the dome-shaped lids (T¢pgp,,,,,)- The resulting
curve for the wall thickness of the dome (T¢ggp,,,,,) is shown in Figure 5.

|

8r |

B —
[S)

Terrpdome ! Terre o [P-U]

0.2 0.4 0.6 0.8 1
radius along dome r / R, [p.u.]

[=]
=

Figure 5: Thickness of a geodesic wrapped isotensoid dome along the radius of the dome. Both the X and Y axes

are shown in per unit representation.

It is clear that the wall thickness (T¢ggp,,,,,) increases significantly near the axis of rotation (at
ome

r - 0) due to the overlapping of the fiber layers. Based on the curve for Tepgp, . the outer

contour of the dome-shaped lids wrapped in CFRP can be described using z3(r), see
equation (20).

z3(r) = J(Ri + Tppre + Terrp gom, (1))? — 12 (20)

The boss structures made from aluminum are not designed in detail. They are conservatively
considered as solid blocks with a radius of 0.2 - R; and a height of 0.1 - H;ytq:-
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2.4 Inertia and mass calculation

At this point, all necessary wall thicknesses and fluid levels at the various operating points are
known. The dome-shaped lids can also be clearly described mathematically applying the circle
equations (3), (15) and (20).

For all components of the HVI-FW that can be described using simple geometric shapes, such
as cylinders, cubes, spherical shells, etc., analytical solutions are used to calculate their
moment of inertia [14].

For the remaining components that are described by the circle equations (3), (15) and (20),
such as the dome-shaped lids made from CFRP, or the fluid in the hollow cylinder a numerical
approach is used. These components are divided into a discrete number of hollow cylinder
rings (indicated with the running variable i), with a wall thickness of dr, where dr = R;/1000.
The height h; of such a hollow cylinder ring is then calculated, for example, from
h; = z3(r;) - z2(r;). With these parameters, the mass (m;) and the inertia (J;) can be
calculated for each hollow cylinder ring according equations (21) and (22), respectively.

m;=p-m-h- (15,2 (21)
Ta,? +1p,° (22)
Ji=mg ———

Where 1, and 7, are the outer and inner radii of each hollow cylinder ring.

To determine the total mass and the total inertia for each of those components, the sum of the
segments indicated with i is calculated.

2.5 Energy calculation

In order to obtain the energy stored in the HVI-FW, its inertia is calculated for the nominal
speed J(n,) and the lower speed limit J(n,;,,,), respectively. Knowing the inertia at these
speeds, equation (23) can be applied to derive the energy AE that can be released, when
decelerating from n, to n;,,,. This calculation of energy represents a conservative approach,
since Aw and AJ are multiplied with the inertia at the lower speed limit (J,,,,) and angular
velocity at the lower speed limit (w;,,,)-. In reality, however, the change in angular velocity (Aw)
and the change in inertia (AJ) do not only occur at the lower speed limit, but continuously during
deceleration from n, to ny,,,.

AE = wiow * Uiow é(_ﬂ) T Wiew él ) (23)
Wo—Wiow J(ng)—J(Miow)

3 Results and Conclusion

To find favourable dimensions of the HVI-FW for providing inertia (i.e. kinetic energy) to the
electricity grid, the diameter of its inner and outer cylinders, as well as its height are varied,
see Table 1. During a generation loss, the frequency can drop from 50 Hz to 47.5 Hz before
an impermissible grid frequency is reached [8]. Hence, for each geometric configuration, the
energy provided by the HVI-FW during a frequency drop from 50 Hz to 47.5 Hz is calculated.
To find the optimal geometric configuration, and to reduce the material consumption compared
to CFWs, the specific energy is derived. The design tool indicates that both the hollow cylinder
radius (width) and the height of the HVI-FW should be as large as possible to maximize specific
energy (see Figure 6). Because the same trend applies to CFWs, Figure 7 compares the
specific energy of the optimal geometric configurations of the HVI-FW with that of CFWs. For
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the CFWSs, a CFRP rim with identical energy content, height, and outer diameter as the HVI-FW
is considered. Figure 7 shows that the HVI-FWSs achieve significantly higher specific energy,
particularly at small radii. However, this advantage decreases continuously as the radius of the
hollow cylinder increases and even reverses. Consequently, the design tool emphasises
HVI-FW configurations with small hollow cylinder radii and thus relatively low power. This
makes the HVI-FW a suitable choice for providing inertia to the electricity grid by coupling it to
small synchronously rotating electrical machines, which are spatially well distributed and
abundantly available. Therefore, the HVI-FW might be an effective solution for providing
distributed and inherent inertia in future low-inertia power systems [15].
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Figure 6: Specific energy of the HVI-FW in regard to its ~ Figure 7: Specific energy for the optimal geometric
central cylinder radius, hollow cylinder radius and height  configurations of the HVI-FW compared to the
(red for height = 1m, blue for height = 1.2m, green for specific energy of CFWs
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