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A Novel Wave-Induced Pneumatic Turbine Generator: Design, Performance Analysis, and 
Experimental Validation 

 
Ali Ekber ÖZDEMİR 

 
Abstract: This study proposes a wave-induced pneumatic energy converter that transforms vertical wave motion into airflow to produce electrical power. A laboratory-scale 
prototype was fabricated and tested by means of a Scotch-yoke mechanism that replicates wave-induced displacement. Owing to its compact architecture and reduced 
component count, the device can be manufactured at relatively low cost. Under regular-wave conditions (height = 0.5 m; period = 1 s), the mean outlet air velocity reached 
30.72 ms⁻¹ and the peak pneumatic power was 43.34 W. The measured energy-conversion efficiency was 25.71%, corresponding to a volumetric energy density of 
approximately 875 Wm⁻³. Although the experiments were restricted to laboratory scale, the results confirm proof-of-concept. The observed performance and characteristics 
indicate potential for deployment in near-shore and off-shore environments; nevertheless, validation for full-scale sea conditions remains outside the scope of the present 
work. 
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1 INTRODUCTION 
 

Electrical energy is considered to be one of the most 
essential forms of energy for modern society, with an 
increasing demand on an annual basis [1]. However, this 
growing demand has resulted in higher CO2 emissions due 
to the continued dependence on fossil fuels for electricity 
generation [2]. Despite the notable advances in renewable 
energy sources, such as wind and solar power, their 
intermittent nature and geographical limitations necessitate 
the exploration of alternative, complementary energy 
solutions [3]. 

Among the various renewable energy sources, wave 
energy offers a vast, yet largely untapped potential. The 
global theoretical wave energy potential along coastlines 
has been estimated at approximately 2-3 TW [4]. Despite 
this potential, the contribution of wave energy to the total 
renewable energy generation remains minimal when 
compared to hydropower, wind, and solar systems [5-10]. 
The primary obstacles hindering the commercialisation of 
wave energy technologies pertain to corrosion, mechanical 
fatigue, and maintenance challenges arising from 
inclement marine conditions [11]. 

The concept of utilising ocean waves for energy 
purposes is not a recent innovation. The earliest known 
developments in this field date back to the 18th and 19th 
centuries [12-14], with significant progress occurring 
during the oil crisis of the 1970s, when research interest 
was renewed [15]. In recent years, a considerable number 
of prototypes have been developed; nevertheless, the 
majority of systems remain at the experimental stage due 
to their structural complexity and high production costs. 
Research is ongoing to achieve durable, efficient, and cost-
effective designs capable of operating in real sea 
environments. 

This study describes a wave-induced pneumatic 
energy conversion mechanism designed to transform 
vertical wave motion into pressurized airflow, which 
subsequently drives a turbine to generate electrical power. 
Unlike conventional oscillating water column systems, the 
proposed design isolates the mechanical components from 
seawater, thereby enhancing durability and reducing 
maintenance requirements. The design is characterised by 

its structural simplicity, reduced maintenance requirements 
and adaptability for small-scale applications. A        
laboratory-scale prototype was constructed and subjected 
to experimental testing to evaluate its pneumatic and 
electrical performance under controlled conditions. 

The following section provides an overview of the 
primary forms of wave energy harvesting technologies, 
including the context for the proposed system. 
 
2 AN OVERVIEW OF THE WAVE ENERGY HARVESTING 

TECHNOLOGY 
 

Wave energy harvesting systems can be classified as 
shown in Fig. 1 [17]. 
 

 
Figure 1 Wave energy classification 

 
Energy can be extracted from waves through 

pneumatic, hydraulic, and mechanical methods. These 
energy extraction techniques, known as "Take-Off", 
systems, involve multiple stages of conversion to reach an 
output suitable for the electrical grid or supply to a load 
[17]. Mechanical energy can be extracted in a variety of 
ways and likewise can be converted into electrical energy 
using several methods including electromagnetic 
induction, piezoelectric, and triboelectric. [18]. The most 
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efficient system includes an induction-based electric 
generator driven by a mechanical mechanism. 
Electromagnetic induction-based generators (EMGs) fall 
under two groups, linear and rotary. A subset of these 
generators is given in Tab. 1 [17]. 
 

Table 1 List of generators used in a wave energy converter system 
Rotational Generator Linear Generator 

Doubly Fed Induction 
Longitudinal Flux Permanent 

Magnet 

Squirrel Cage Induction 
Variable Reluctance Permanent 

Magnet 
Permanent Magnet 

Synchronous 
Tubular Air-cored Permanent 

Magnet 
Field Wound Synchronous  

 
EMGs have been widely used in large applications due 

to their higher energy conversion efficiency when the 
operating frequency is not low [19]. Tab. 2 compares the 
energy production capacity of wave energy harvesters 
using the different energy conversion methods [20-34]. 
 

Table 2 Energy production capacity of wave energy harvesters using different 
energy conversion methods 

Method Reference Power output 

Triboelectric Energy Conversion 

[20] 15.2 Wm-3 

[21] 13.23 Wm-3 

[22] 2.04 Wm-3 
[23] 5.38 Wm-3 
[24] 23.2 Wm-3 

Piezoelectric Energy Conversion 

[25] 5.73 Wm-3 
[26] 206 Wm-3 
[27] ൎ 12.66 Wm-3 
[28] 18.8 Wm-3 
[29] 70 Wm-3 

EMG 

[30] 553 Wm-3 

[31] 150.174 Wm-3 

[32] 285.71 Wm-3 

[33] 210 Wm-3 

[34] 145.08 Wm-3 

 
For large-scale energy generation, not only should the 

output power of a wave energy device be considered, but 
also whether the material and construction methods are 
suitable for the proposed mechanism and appropriate for 
the environment. 

Piezoelectric and Triboelectric energy conversion 
methods have advantages and disadvantages. A 
triboelectric nano-generator (TENG) based system can 
efficiently harvest energy at low frequencies [35] and is 
generally characterized by low weight and mass, as well as 
low fabrication cost [36]. However, TENGs have relatively 
low efficiency compared to other energy harvesting 
technologies, which can make them unsuitable for large-
scale power generation. TENG devices generate electricity 
through friction, which will cause wear overtime, limiting 
the life of the devices and lead to the need for periodic 
maintenance or replacement. The performance of TENG 
devices can be affected by humidity, with high humidity 
reducing the efficiency of the devices and causing 
malfunction [37]. Piezoelectric energy conversion is an 
alternative energy conversion method. Although there has 
been research on wave energy harvesters based on 
piezoelectric energy conversion, it would not be suitable 
for large-scale applications due to its low power density. 

EMG based systems are more suitable for large-scale 
applications. Hodgins et al. designed and built a 50 kW 
wave energy generator based on a permanent magnet linear 

generator [38], which would be suitable for use in large-
scale power generation. Liu et al. designed and built a 
prototype of a permanent magnet linear generator with a 
maximum output power of 800 W [39]. Crowley et al [40] 
designed a floating body containing a pendulum system 
which has a maximum power generation capacity of 188 
kW with an average capture factor of 0.59. 

Small-scale laboratory systems are also common in 
literature. Miago et al. designed and tested a small wave 
energy harvester based on a rotating permanent magnet 
[41], which is particularly suitable for very low operating 
frequencies. Na et al [42] presented a wave energy 
harvester based on triboelectric energy conversion with 
246 µW and 112.5 µW at matched loads of 40 MΩ and 200 
MΩ, respectively. Such approaches can be used to supply 
power to low-power systems rather than large-scale 
applications. 

Many technological approaches have been used for the 
mechanical conversion system. This includes oscillating 
water column (OWC), floating platforms and oscillating 
body systems. However, most of these systems have 
complex mechanical components that require high 
maintenance and incur high operating costs due to the 
harsh conditions in the marine environment. Most of the 
existing technologies are not commercially widespread, 
and research continues toward developing cost-effective 
and reliable solutions. Innovative designs that are more 
efficient and cost-effective are needed. 

The novel wave energy harvesting system presented in 
this study is distinguished by its simple design and resilient 
construction. In comparison to other wave energy 
converters, the system has the primary benefit that its 
moving components are isolated from seawater, 
safeguarding against corrosion and mechanical wear. The 
system has been tested to determine efficiency under 
specific wave conditions, with promising results. Current 
development of wave energy technology has focused on 
highly efficient but complex mechanisms. However, 
simple and low-maintenance systems can offer significant 
advantages, particularly in areas with limited access to 
electricity, such as remote islands, coastal settlements, and 
offshore platforms. The results from this study confirm the 
feasibility of the proposed system at laboratory scale. 

Recently, significant progress has been achieved in 
oscillating water column (OWC) systems, which represent 
one of the most mature and widely studied wave energy 
conversion technologies. 

OWC devices operate by trapping air above an 
oscillating water surface, where the rise and fall of waves 
periodically compress and decompress the enclosed air, 
driving a bidirectional turbine to generate electricity. 

Numerous large-scale OWC installations, such as the 
Mutriku plant in Spain and the Vizhinjam plant in India, 
have demonstrated the long-term operational feasibility of 
this principle. 

Inspired by the same pneumatic energy conversion 
mechanism, the present study proposes a simplified and 
compact laboratory-scale prototype that replicates the 
indirect water contact of the OWC concept and offers a 
low-cost experimental framework for early-stage wave 
energy research.  

The remaining sections of this study provide a detailed 
analysis of the structural features of wave energy 
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harvesting systems with a description of the design and 
construction of the proposed system. 
 
3 DESIGN AND CONSTRUCTION OF THE HARVESTER 
 

The laboratory-scale system proposed in this study 
functions as a wave-induced pneumatic turbine generator. 
The design consists of four primary components: 
1- A vertical cylindrical chamber with a                funnel-
shaped bottom section and a flexible elastic diaphragm 
sealing the top, 
2- A spherical mass placed directly on top of the elastic 
membrane, 
3- A wind turbine positioned beneath the air outlet, 
4- A guiding upper cylinder that restricts lateral 
displacement of the sphere during oscillation. 

A schematic of the cross-sectional view and physical 
dimensions is shown in Fig. 2. The working principle relies 
on wave-induced vertical movement of the spherical mass. 
This motion deforms the elastic diaphragm, compressing 
the air inside the chamber. As the diaphragm is pushed 
downward, air is expelled through a narrow outlet, directed 
at the turbine blades. The resulting airflow induces 
rotational motion, allowing mechanical energy to be 
converted into electricity via an alternator. 

The system operates in an analogous way to a 
pneumatic actuator, where the vertical motion of the mass 
compresses and expands the internal air volume. The 
elastic diaphragm acts as the transmission interface 
between the external wave excitation and internal air 
compression. 
 

 
Figure 2 Cross-sectional view of presented wave energy harvester 

 
To simulate variable loading conditions, the spherical 

mass was fabricated as a hollow 3D-printed shell with a 
wall thickness of 3 mm. This configuration allows easy 
adjustment of internal weight during experiments. The 
laboratory prototype is shown in Fig. 3, where the 
transparent casing and modular components enable visual 
monitoring and reconfiguration during test phases. 

The overarching structure of the building is predicated 
on three key principles: compactness, simplicity, and 
adaptability. 
 

 
Figure 3 Laboratory-scale wave energy harvester 

 
3.1 Theoretical Analysis of the Output Power of Wave 

Energy Harvesters 
 

The proposed system operates by converting              
wave-induced vertical displacement into airflow, which in 
turn drives a turbine to generate electricity. In this section, 
a theoretical estimation of the maximum output power is 
presented based on fundamental thermodynamic and fluid 
dynamic principles. 

When the spherical mass placed on top of the 
diaphragm moves downward due to wave action, it 
compresses the air within the lower chamber. This action 
generates airflow through the turbine located at the bottom 
outlet of the chamber. The expelled air volume can be 
approximated by the volume of a spherical cap, as shown 
in Fig. 4, and is calculated using Eq. (1) [43]. 
 

 
Figure 4 Air forced downwards by the movement of the mass above the system 
 

 2

air

3
Δ

3

h R - h
V


                                                                (1) 

 
where: ΔV is the volume of the spherical cap / m³, h is the 
height of the cap / m, R is the radius of the spherical mass 
/ m (R ≤ 0.1m). 

The mechanical work done to compress the air under 
atmospheric pressure P0 can be expressed by Eq. (2) [44]: 
 

air 0ΔW P V                                                                                  (2) 

 



Ali Ekber ÖZDEMİR: A Novel Wave-Induced Pneumatic Turbine Generator: Design, Performance Analysis, and Experimental Validation 

1266                             Technical Gazette 33, 3(2026), 1263-1271 

where: P0 is atmospheric pressure (101325Pa), ΔV is the 
displaced air volume / m³. 

Assuming the downward motion occurs in time t, the 
power output (idealized) is given by Eq. (3): 
 

 2

air 0

π 3

3

h R h
P P

t


                                                         (3) 

 
For instance, a vertical displacement of 0.03 m 

occurring in 2 seconds yields an estimated output power of 
approximately 12.89 W under ideal conditions. 
Considering the total internal volume of the device is 
approximately 0.014725 m³, the volumetric energy density 
under ideal operation is: 
 

3
3

12 89  W
875 38  W m

0 014727 m

.  
.  

.



  

 
However, real-world conditions introduce energy 

losses due to air leakage, friction, diaphragm hysteresis, 
and non-ideal compression. Considering typical energy 
conversion efficiencies for similar oscillating-body wave 
energy systems (30-50%) [45], the realistic energy density 
is expected to fall within the range of 262 to 437 Wm-3. 

These values serve as a baseline for evaluating 
experimental outcomes and are essential for benchmarking 
against other wave energy conversion technologies. 
 
3.2 Numerical Simulation of Airflow Dynamics 
 

A time-dependent numerical model was developed in 
COMSOL Multiphysics (v6.2, trial version) to 
complement the experimental analysis and to characterize 
the transient airflow behaviour inside the cylindrical 
chamber, converging funnel, and nozzle. The diaphragm 
motion was prescribed through a radially varying velocity 
profile expressed as: 
 

 
2

dia , 1 sin
s p

r t
V r t A  

R T

                
                                  (4) 

 
where: A is maximum displacement amplitude of the 
diaphragm / m, Rs is effective radius of the diaphragm 
surface / m, Tp is oscillation period corresponding to one 
full diaphragm cycle / s, r is radial coordinate measured 
from the symmetry axis / m, t is time variable / s. 

A two-dimensional axisymmetric domain was 
constructed using the exact geometric dimensions of the 
prototype. Air properties were assigned from COMSOL's 
material library, and the unsteady laminar flow model was 
employed. A pressure-outlet boundary condition (0 Pa 
gauge) was imposed at the nozzle exit. Local mesh 
refinement was introduced around the funnel contraction 
and outlet to resolve steep velocity gradients. The 
simulation was executed over a full actuation period, and 
the surface-averaged outlet velocity magnitude was 
extracted as the primary performance indicator. The 
numerical model used the same operating parameters as the 
analytical formulation in Section 3.1, ensuring consistency 
between theoretical and computational evaluations. 

The resulting velocity waveform at the nozzle exit is 
presented in Fig. 5. For a wave-induced actuation period of 
T = 2 s, the maximum predicted outlet velocity was 
approximately 3.36 m/s, whereas the corresponding 
laboratory measurement reached 9.25 m/s. 

The discrepancy arises from physical effects not 
captured in the numerical model, namely: 

(i) experimental mass induces a slightly larger 
diaphragm deflection than the prescribed amplitude, and 

(ii) rotation of the turbine blades generates an 
additional suction effect at the nozzle exit, increasing the 
measured velocity. These mechanisms are absent in the 
simplified numerical representation, explaining the 
observed deviation. 
 

 
Figure 5 Surface-averaged outlet velocity magnitude at the nozzle exit obtained 

from the time-dependent numerical simulation 
 

As demonstrated by Fig. 6, the flow accelerates 
transiently as it approaches the outlet region. The 
maximum velocity recorded was 3.36 m/s, which was 
observed in the proximity of the nozzle exit. 
 

 
Figure 6 Velocity magnitude distribution along the nozzle centerline 

 
4 EXPERIMENTS AND FINDINGS 
 

To evaluate the performance of the proposed wave 
energy harvesting system, a laboratory-scale experimental 
setup was constructed as shown in Fig. 7. 

The vertical motion of ocean waves was emulated 
using a Scotch yoke mechanism driven by a stepper motor. 
This configuration converts rotary motion into smooth, 
continuous reciprocating motion, which simulates the 
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vertical displacement induced by wave action. The motor 
speed was controlled by a MakerbaseMKSOSC driver 
board equipped with a manual potentiometer. 

The outlet air velocity was measured using a UNI-T 
UT363S digital vane anemometer, which operates by 
correlating the rotational speed of a lightweight impeller 
with the local airflow velocity. 
 

 
Figure 7 Experimental setup 

 
The measurement range of the device is 0-30 ms-1, 

with a resolution of 0.01 ms-1 and a manufacturer-specified 
accuracy of ±(5% + 0.5 ms-1). 

During testing, the anemometer was mounted inside 
the orange enclosure located directly above the alternator, 
as shown in Fig. 7. This location corresponds to the 
centerline of the outlet flow, approximately 2 cm 
downstream from the nozzle exit, ensuring that the sensor 
recorded the axial component of the high-speed airflow 
with minimal interference from boundary-layer and 
turbulence effects. 

Each velocity measurement was repeated three times 
to ensure repeatability, and the average value was used for 
power and efficiency calculations. Considering both the 
instrument precision and calibration deviation, the 
combined measurement uncertainty was determined as 
±3%, in agreement with the values reported in Tab. 3. This 
accuracy level is sufficient for characterizing the                    
high-speed airflow (≈ 30 ms-1) generated by the pneumatic 
compression mechanism. 

Wave characteristics for the experimental conditions 
were based on real wave data from the Black Sea region. 
According to Akpınar and Kömürcü [46], significant wave 
periods along the southeastern coast of the Black Sea, 
including Ordu province, fall within the 0-3 s range, with 
wave heights between 0 m and 1.5 m being the most 
frequent. Based on these findings, the experimental wave 
parameters were chosen as 0.5 m height and 1 s and 2 s 
periods. The spherical mass was varied to determine its 
effect on system efficiency, with 2.5 kg found to be 
optimal. 

4.1 Measurement Methodology 
 

The electrical output of the single-phase permanent 
magnet alternator was rectified and measured through the 
setup shown in Fig. 8. 

The alternator output was connected to a full-wave 
bridge rectifier consisting of four SS34 Schottky diodes (IF 
= 3 A, VRRM = 40 V). The rectifier output supplied a parallel 
combination of a filter capacitor (Cout) and a load resistor 
(Rload). 

The output capacitor (Cout = 6800 µF / 25 V, low ESR) 
was used to smooth the voltage fluctuations at the rectifier 
output and to provide a stable DC voltage across the load. 
The optimum load resistance for maximum power transfer 
was determined by measuring the open-circuit voltage 
(Voc) and short-circuit current (Isc) of the alternator for a 1 
s oscillation period using Eq. (5). 
 

OC
load

SC

V
R

I
                                                                         (5) 

 
which yielded a value of approximately 16 Ω. 
 

 
Figure 8 Electrical measurement system used in the experiment 

 
The average airflow velocity directed at the turbine 

blades was measured for different wave periods. For the 
case of a 1-second wave period and 0.5 m wave height, the 
mean outlet velocity was measured as 30.72 m/s, as 
illustrated in Fig. 9. 
 

 
Figure 9 Air outlet velocity for wave period 1 s and wave height 0.5 m 

 
Variations in airflow were primarily caused by the dual 

function of the outlet as both inlet and exhaust, combined 
with lateral movement of the spherical mass on the elastic 
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surface. The air velocity curve, along with the 
corresponding output voltage of the alternator, is shown in 
Fig. 10. 

The voltage profile reflects the capacitor charging 
behaviour in the rectifier circuit. Output power was 
calculated using the kinetic energy by Eq. (6) [47]: 
 

31

2
P AV                                                                         (6) 

 
where: P is the pneumatic power /W, ρ = 1.225 kgm−3,                 
A = 0.00196 m2 is the outlet cross-sectional area, V is the 
air velocity / ms-1. 
 

 
Figure 10 Air outlet velocity and open circuit voltage for wave period of 1 s 

 
The maximum observed velocity was 33.03 ms-1, 

corresponding to a peak power of 43.34 W, as shown in 
Fig.11. 
 

 
Figure 11 Air outlet velocity and air flow power for wave period of 1 s 

 
The Mach and Reynolds numbers were estimated for 

the measured maximum air velocity to evaluate the flow 
regime. The Mach number was determined using Eq. (7) 
 

aM V a                                                                                (7) 

 
where V = 30 m/s and a = 343 ms-1 is the speed of sound in 
air at 25 °C. This yields Ma = 0.087, indicating that the 

airflow is incompressible (Ma < 0.3). The Reynolds number 
was calculated from Eq. (8) 
 

e
VD

R



                                                                           (8) 

 
where: ρ is the air density, V is the mean outlet velocity (30 
ms-1), D is the nozzle diameter (0.05 m), and µ is the 
dynamic viscosity of air (1.8 × 10⁻⁵ Pas). 

Substituting these values yields Re ≈ 1.0 × 105, which 
corresponds to a fully turbulent flow regime at the nozzle 
exit. 
 

 
Figure 12 Effect of wave period on air outlet velocity 

 

 
Figure 13 Average power and velocity of airflows corresponding to wave period 
 

Airflow velocity and power were also evaluated as a 
function of wave period (Fig. 12 and Fig. 13). As expected, 
longer wave periods led to a reduction in outlet velocity 
and hence in power generation. For a wave period of 2.5 s, 
the airflow velocity was insufficient to generate 
meaningful electrical output. 

This outcome is primarily due to the reduced 
acceleration of the spherical mass during longer periods, 
which limits air compression. Additionally, compressible 
flow dynamics impose a constraint known as the choking 
effect, where increasing pressure differential does not 
necessarily lead to higher flow velocity beyond a certain 
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threshold. The power of a wave can be calculated by the 
equation given in Eq. (9) from [48]. 
 

2
2

64
w

W s
g

P H T



                                                                  (9) 

 
where: Pw is the power of the wave / Wm-1, ρw is the density 
of water (approximately 1025 kgm-3 for seawater), g is 
gravitational acceleration (9.81 ms-2), Hs is the significant 
wave height (typically twice the wave height), T is the 
wave period (s). 
 

 
Figure 14 Variation of Wave Power, Airflow Velocity, and Electrical Power with 

Wave Period 
 

Fig. 14 shows the output power of the proposed WEH 
is found to vary inversely proportional to the wave period. 
This phenomenon can be attributed primarily to the 
resonant frequency of the WEH. The underlying behaviour 
may be influenced by geometric scaling effects, which 
require further investigation before any conclusion on scale 
dependence can be drawn. However, this hypothesis will 
be investigated in future studies. 
 

 
Figure 15 Illumination of 3 LEDs with a total power of 9 W with the electrical 

energy generated for 1 s wave period 
 

The alternator used in the prototype was a custom-built 
3D-printed generator incorporating permanent magnets. 
Due to design limitations, its conversion efficiency was 
limited to 25.71%, significantly lower than commercial 

alternators which typically range from 85% to 95%. This 
was identified as a major source of power loss. 

Despite these limitations, the prototype successfully 
powered three 3 W LEDs under 1-second wave period 
conditions, as shown in Fig. 15. This proves the feasibility 
of using the system for practical low power applications 
and demonstrates the concept at laboratory scale. 
Performance can be enhanced with optimized turbine and 
generator designs. 
 
4.2 Uncertainty Analysis 
 

To quantify the reliability and precision of the 
experimental results, a comprehensive uncertainty analysis 
was conducted. The uncertainties associated with the 
primary measured and derived parameters are presented in 
this section. The overall uncertainty was evaluated based 
on the root-sum-square (RSS) method, considering both 
systematic (bias) and random (precision) errors [49]. 
 

Table 3 Summary of Key Uncertainties 
Parameter Value 

Standard 
Uncertainty 

Relative 
Uncertainty 

Air Velocity / V 30.72 ms-1 ±0.93 ms-1 ±3.0% 
Nozzle Diameter / d 0.05 m ±0.0005 m ±1.0% 
Pneumatic Power / P 43.34 W ±3.94 W ±9.1% 
System Efficiency / η 25.71% ±2.57% ±10.0% 

 
The analysis confirms that the experimental findings 

are within acceptable uncertainty margins for a              
laboratory-scale prototype. The primary sources of 
uncertainty are the air velocity measurement and the 
efficiency of the custom-built electrical generator. Future 
work will employ higher-precision flow sensors and 
commercial-grade generators to reduce these uncertainties. 
 
5 CONCLUSIONS 
 

This study presented the design, construction, and 
experimental validation of a laboratory-scale wave-driven 
pneumatic turbine generator. The proposed system utilizes 
wave-induced vertical motion to compress air through an 
elastic diaphragm, which subsequently drives a turbine to 
generate electricity. One of the key advantages of the 
design is its structural simplicity and potential for                
long-term deployment in marine environments, where 
maintenance access is limited  

Experimental results demonstrated that, under 
simulated wave conditions (0.5 m height and 1 s period), 
the system achieved a peak pneumatic power output of 
43.34 W and an average airflow velocity of 30.72 ms-1. 
Despite using a low-efficiency 3D-printed alternator, the 
system successfully powered a 9 W LED array, confirming 
the feasibility of the concept. The calculated energy 
conversion efficiency was 25.71% and the volumetric 
energy density reached approximately 875 Wm-3 under 
ideal conditions. 

While promising, the prototype revealed two key 
limitations: 
• The elastic diaphragm exhibited degradation over 
repeated cycles, leading to reduced responsiveness. 
• The shared inlet-outlet design restricted continuous 
airflow, introducing fluctuations in power output. 
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To address these issues, future studies will assess 
candidate materials for the diaphragm (e.g., elastomer 
composites) under controlled fatigue and durability tests; 
this lies beyond the scope of the present work. 
 
6 FUTURE WORK 
 

Future efforts will focus on adapting the system design 
for potential application in real-world coastal and offshore 
environments. In the envisioned full-scale version, all 
moving parts will be fully isolated from seawater through 
a closed-loop pneumatic circuit, enhancing durability and 
minimizing corrosion-related failures. 

A diaphragm-separated dual-chamber design will be 
used to generate internal pressure differentials, enabling 
sustained airflow within a sealed enclosure. Future work 
may explore CFD-based airflow simulations to gain further 
insight into optimization of the nozzle and turbine; 
however, this analysis lies beyond the scope of the present 
laboratory-scale study. Additionally, the use of 
commercial-grade alternators could be investigated to 
improve electrical conversion efficiency, particularly in 
larger or long-term deployments. Candidate diaphragm 
materials, such as elastomer composites, may also be 
evaluated in future durability and fatigue tests to enhance 
long-term performance. 

Since the current system is a laboratory-scale 
prototype fabricated using 3D-printed components, 
techno-economic indicators such as levelized cost of 
energy (LCOE), durability, and long-term maintenance 
characteristics cannot yet be reliably assessed. These 
evaluations will be conducted in future work once a -           
field-deployable full-scale prototype is constructed and 
operated under real wave conditions. 
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