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Abstract - This study presents the design and experimental evaluation of a small-scale pumped-

storage hydropower (PSH) system integrated with an off-grid photovoltaic (PV) system, serving 

as a proof-of-concept energy storage prototype. The proposed system consisted of an 800 Wp PV 

array, an upper and lower reservoir, a low-head Pelton turbine, a DC generator, piping, and a 

water pump. The system was implemented in a building-based configuration with an effective 

storage head of 14.65 m. The research was conducted using an engineering design approach, 

including site assessment, turbine design, turbine-generator testing, PSH-PV integration, and 

system performance evaluation. The PV subsystem showed a positive linear relationship between 

solar irradiance and PV output power, indicating an appropriate electrical response under field 

operating conditions. During the charging test, the nominal 550 L upper reservoir was filled with 

an actual water volume of 462 L, resulting in a stored potential energy of 18.44 Wh. The estimated 

electrical input energy required for charging was 105.30 Wh, corresponding to a storage 

efficiency of 17.51%. During the discharge test, the turbine-generator unit operated for 

approximately 0.61 h while the tank was being emptied and produced an electrical output energy 

of 5.76 Wh. DC output power generally ranged from 8.46 W to 10.03 W during the main discharge 

phase before dropping sharply near the end of operation. The turbine-generator efficiency was 

31.24%, while the overall recoverable efficiency of the integrated PSH system was 5.47%. The 

results confirm the technical feasibility of the proposed PSH-PV system as a small-scale energy 

storage prototype. However, the relatively low storage efficiency and overall recoverable 

efficiency indicate that further optimization is required before practical implementation.  

 

Keywords: Pumped Storage Hydropower, Pelton Turbine, Renewable Energy, Photovoltaic 
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1. INTRODUCTION 

Electrical energy has become one of the most essential forms of energy in supporting 

modern human activities. In Indonesia, electricity demand is projected to continue increasing in 

line with economic and technological development. According to the 2021–2030 Electricity 

Supply Business Plan (RUPTL), national electricity demand is expected to grow at an average 

rate of 4.9% per year. In the same plan, renewable energy is targeted to contribute 23% of the 

national energy mix, while renewable-based power plants account for 51.6% of the planned new 

generation capacity [1]. In this context, solar photovoltaic (PV) systems have received increasing 

attention because of their modularity, wide availability, and suitability for distributed and 

residential-scale energy applications [2], [3], [4], [5]. 

Based on their configuration, solar PV systems can generally be classified into grid-

connected and off-grid systems. In off-grid applications, an energy storage unit is required to 

maintain power supply continuity when solar irradiation is unavailable, particularly at night or 

during cloudy conditions. Battery energy storage systems are widely used for this purpose because 

of their high efficiency, fast response, and relatively simple operation. However, batteries also 

present several limitations, including relatively high investment cost, performance degradation 
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over time, limited service life, and environmental concerns related to material use and end-of-life 

disposal [6]. 

Among the available energy storage technologies, pumped storage hydropower (PSH) is 

recognized as a mature and reliable option for renewable and hybrid energy systems. It stores 

surplus electrical energy in the form of gravitational potential by pumping water from a lower 

reservoir to an upper reservoir during periods of excess electricity generation, and reconverts it 

into electrical energy when required[7], [8]. However, conventional PSH systems are generally 

developed at large capacities, require favorable topographical conditions, and often involve long 

development periods, which limit their direct implementation in small-scale residential 

photovoltaic (PV) systems [9]. Therefore, recent studies have explored low-head and distributed 

PSH concepts to extend their applicability to smaller-scale energy storage systems[9], [10], [11]. 

Previous studies have demonstrated that the integration of photovoltaic (PV) systems 

with pumped storage hydropower (PSH) provides significant technical and economic potential, 

especially in locations where sufficient elevation differences exist and the system can be 

implemented at small to medium scales [12], [13], [14], [15]. However, experimental studies on 

small-scale, building-based PSH systems employing a low-head Pelton turbine remain 

limited[16], [17]. Therefore, this study aims to design and experimentally implement a small-

scale pumped storage hydropower system integrated with a 800 Wp household-scale off-grid solar 

PV system. The proposed system consists of upper and lower reservoirs, a low-head Pelton 

turbine, a DC generator, piping, and a water pump. The system performance is evaluated by 

storing excess PV energy through water pumping and recovering electrical energy through 

turbine-driven generation when the PV system is unable to produce electricity. 

 

2. RESEARCH METHOD 

2.1 Research Design 

This study employed an engineering design approach to develop and evaluate a small-

scale pumped storage hydropower (PSH) system integrated with a household-scale photovoltaic 

(PV) system. The research procedure consisted of five main stages: (1) site assessment and 

determination of reservoir placement, (2) design of a low-head Pelton turbine, (3) testing of the 

turbine and generator, and (4) integration of the PSH system with the PV system.  

 

2.2 Site Assessment and Hydraulic Parameter Determination 

The first stage involved assessing the installation site to determine the feasibility of 

implementing the PSH system within the selected building environment. Building D of Institut 

Teknologi Sumatera was selected because it provides sufficient elevation difference for the 

placement of the upper and lower reservoirs. The upper reservoir was positioned at the higher 

elevation level of the building, while the lower reservoir was placed at the ground level. The 

reservoir arrangement is shown schematically in Figure 1. 
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Figure 1. Schematic of the proposed PSH–PV system 

 

The available hydraulic head was determined from the elevation of the selected building location. 

The building height used in this study was 16 m. Since the upper water tank structure had a height 

of 1.35 m, the effective head was calculated by subtracting the tank height from the building 

elevation, as expressed in (1): 

 
𝐻𝑒 = 𝐻𝑏 −𝐻𝑡 (1) 

 

where 𝐻𝑒 is the effective head (m), 𝐻𝑏 is the building elevation (m), and 𝐻𝑡 is the tank height 

(m). Based on the measured dimensions: 

 

𝐻𝑒 = 16 − 1.35 = 14.65 m 

 

The theoretical hydraulic power available in the system was estimated using: 

 
𝑃ℎ = 𝜌. 𝑔. 𝑄. 𝐻𝑒 (2) 

 

where 𝑃ℎ is the hydraulic power (W), 𝜌 is the water density (kg/𝑚3), 𝑔 is the gravitational 

acceleration (m/ 𝑠2), 𝑄 is the water discharge (𝑚3/s), and 𝐻𝑒 is the effective head (m). 

The theoretical electrical output power of the turbine-generator set was estimated by: 

 
𝑃𝑒 = 𝜂𝑡 . 𝜂𝑔. 𝜌. 𝑔. 𝑄. 𝐻𝑒 (3) 

 

where 𝑃𝑒is the electrical output power (W), 𝜂𝑡 is the turbine efficiency, and 𝜂𝑔 is the generator 

efficiency. The potential energy stored in the upper reservoir was determined by: 

 
𝐸𝑝 = 𝜌. 𝑔. 𝑉. 𝐻𝑒 (4) 

 

where 𝐸𝑝 is the stored potential energy (J) and 𝑉 is the useful water volume in the upper reservoir 

(𝑚3). For convenience, the stored energy in watt-hours may be obtained from: 

 

𝐸𝑊ℎ =
𝜌. 𝑔. 𝑉. 𝐻𝑒
3600

(5) 
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These hydraulic parameters were used as the basis for selecting the turbine design, 

estimating the possible electrical output, and determining the feasibility of operating the PSH 

prototype under the available head condition. 

 

2.3 Low-Head Pelton Turbine Design 

The second stage focused on the design of the low-head Pelton turbine as the prime mover 

for the PSH system. The Pelton turbine was selected in this study because it is relatively simple 

to design and fabricate, has comparatively low manufacturing cost for a laboratory-scale 

prototype, and can operate under limited water discharge conditions. Although Pelton turbines 

are more commonly associated with high-head applications, the use of a low-head Pelton 

configuration in this study was intended as a proof-of-concept approach for small-scale PSH 

implementation under the available site conditions of 14.65 m. In addition, the impulse-type 

working principle was considered advantageous for experimental purposes because it allows 

direct observation of the relationship between water jet quality, runner rotation, and generator 

output[18], [19], [20]. 

The turbine was designed based on the effective head and design discharge obtained from 

the site assessment stage. The design process included the determination of jet velocity, nozzle 

dimensions, runner speed, runner diameter, and bucket geometry [21][22][23]. The jet velocity 

𝑣𝑗at the nozzle outlet was estimated from the effective head 𝐻 using 

𝑣𝑗 = 𝐶𝑣√2𝑔𝐻 (6) 

 

The discharge through the nozzle was then expressed as 

 

𝑄 = 𝐴𝑗𝑣𝑗 (7) 
 

with 𝐴𝑗denoting the jet area. The jet area was calculated by 

 

𝐴𝑗 =
𝜋𝑑𝑗

2

4
(8) 

 

in which 𝑑𝑗represents the jet diameter [9], [10]. The runner peripheral speed 𝑢 was estimated 

using the speed ratio relation 

 

𝑢 = 𝜙𝑣𝑗 (9) 
 

where 𝜙 denotes the speed ratio coefficient. The runner diameter 𝐷 was determined from the 

rotational speed 𝑁 according to 

 

𝑢 =
𝜋𝐷𝑁

60
(10) 

 

which gives 

𝐷 =
60𝑢

𝜋𝑁
(11) 

 

The jet ratio was used as an additional design reference and defined by 

𝑚 =
𝐷

𝑑𝑗
(12) 
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where 𝑚 denotes the jet ratio between the runner diameter and the jet diameter [10], [11]. The 

number of buckets was estimated using the empirical expression 

 

𝑍 = 15 +
𝐷

2𝑑𝑗
(13) 

 

and the calculated value of 𝑍 was rounded to the nearest integer for fabrication [10], [11]. The 

bucket dimensions were selected using empirical ratios with respect to the jet diameter. The 

bucket width 𝐵, bucket length 𝐿, and bucket depth 𝑇 were estimated as 

 

𝐵 ≈ 3.1𝑑𝑗 to 3.4𝑑𝑗 (14) 
𝐿 ≈ 2.3𝑑𝑗 to 2.8𝑑𝑗 (15) 
𝑇 ≈ 0.8𝑑𝑗 to 1.0𝑑𝑗 (16) 

 

following practical Pelton turbine design recommendations reported in the literature [23][24]. 

These parameters were selected to ensure stable turbine operation under low-head conditions and 

to maximize the conversion of hydraulic energy into rotational motion. The final turbine runner 

design is presented in Figure 2.  

 
Figure 2. Low-head Pelton turbine set 

 

2.4 Turbine and Generator Testing 

After the turbine had been fabricated, experimental testing of the turbine and generator 

was conducted to evaluate the mechanical and electrical performance of the prototype. In this 

stage, water was supplied to the turbine at the predetermined discharge, and the turbine rotational 

speed was measured using a tachometer. 

The turbine shaft was mechanically coupled to a DC generator so that the rotational energy 

produced by the turbine could be converted into electrical energy. The generator output voltage 

and current were measured using a multimeter. The electrical output power was then calculated 

as: 

 
𝑃𝑜𝑢𝑡 = 𝑉𝑜𝑢𝑡𝐼𝑜𝑢𝑡 (17) 

 

where 𝑃𝑜𝑢𝑡 is the electrical output DC power (W), 𝑉𝑜𝑢𝑡 is the output voltage (V), and 𝐼𝑜𝑢𝑡 is the 

output current (A). To evaluate the performance of the turbine-generator unit, the conversion 

efficiency can be estimated by: 

 

𝜂𝑡𝑔 =
𝑃𝑜𝑢𝑡
𝑃ℎ

× 100% (18) 
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where 𝜂𝑡𝑔 is the turbine-generator efficiency (%). This stage was intended to verify whether the 

developed turbine-generator unit was capable of producing usable electrical output under the 

available hydraulic conditions. 

 

2.5 Integration of the PSH System with the PV System 

In the fourth stage, the PSH prototype was integrated with the household-scale PV 

system. The PV system used in this study had an installed capacity of 800 Wp and supplied 

electrical energy to an AC water pump during periods of solar energy availability. The pump was 

used to transfer water from the lower reservoir to the upper reservoir, thereby converting electrical 

energy into stored gravitational potential energy. 

The pump used in this study operated at 220 V single-phase AC, with a rated power of 200 W 

and a maximum capacity of 12.6 𝑚3/h. The charging process of the PSH system was therefore 

represented by the water pumping process from the lower reservoir to the upper reservoir. The 

theoretical reservoir filling time can be estimated by[13], [15]: 

 

𝑡𝑓 =
𝑉

𝑄𝑝
(19) 

 

where 𝑡𝑓 is the filling time (h), 𝑉 is the water volume pumped into the reservoir (𝑚3), and 𝑄𝑝 is 

the pump flow capacity (𝑚3/h). 

In practice, the actual filling time was evaluated experimentally because the real pumping 

performance may be affected by head conditions, piping arrangement, and pump operating 

characteristics. This stage was intended to examine the compatibility of the PSH prototype with 

the PV system under charging conditions. 

 

3. RESULTS AND DISCUSSION 

 

3.1 Off-Grid PV System Design 

The off-grid photovoltaic (PV) subsystem used in this study consisted of four PV modules 

connected in series, each rated at 200 Wp, resulting in a total installed capacity of 800 Wp. Each 

module had a maximum voltage of 36 V and a maximum current of 5.56 A. The DC power 

generated by the PV array was processed using a 3000 W hybrid inverter with an optimal 

operating voltage range of 120–550 V. In addition, the system was equipped with a 48 V, 100 Ah 

LiFePO4 battery to store excess electrical energy and support system operation when solar energy 

was unavailable. Electrical protection devices were installed on both the DC and AC sides to 

ensure safe operation. 

The PV subsystem was evaluated under field operating conditions by measuring solar 

irradiance, PV string voltage, and PV string current. The PV output power was then determined 

from the measured voltage and current values. The relationship between solar irradiance and PV 

output power is presented in Figure 3. 

 



Techno.Com, Vol. 25 No. 2, May 2026: 295 – 307 

 

301 

 

e-ISSN : 2356-2579 | p-ISSN : 1412-2693, DOI : 10.62411/tc.v25i2.15971  

 
Figure 3. Relationship between solar irradiance and PV output power of the off-grid PV 

 
As shown in Figure 3, the PV output power increased with increasing solar irradiance, 

indicating a positive linear relationship between the two variables. Within the measured irradiance 

range of approximately 260 to 1012 W/m², the PV output power increased from about 207 W to 

764 W. This result indicates that the PV subsystem responded appropriately to variations in solar 

radiation under actual operating conditions. 

The linear trendline equation, y=0.7745x+2.8174, indicates a positive relationship between solar 

irradiance and PV output power. In this study, the irradiance data were obtained from the 

irradiance sensor monitored through the FusionSolar system, while the module surface 

temperature varied from 24.94 °C at 06:00 to a maximum of 51.32 °C at 11:00, before gradually 

decreasing to 26.76 °C at 18:00. These conditions should be taken into account when interpreting 

the irradiance–power relationship, since PV output is influenced not only by solar irradiance but 

also by module operating temperature. 

Although minor deviations from the trendline were observed, these differences may be 

attributed to several factors, including PV module temperature, atmospheric conditions during 

measurement, solar incidence angle, and measurement uncertainty. Overall, the results confirm 

that the off-grid PV subsystem exhibited the expected operating behavior, in which higher solar 

irradiance resulted in greater electrical power output. 

 

3.2 Reservoir Configuration, Pump Charging Performance, and Energy Storage Analysis 

The proposed pumped storage hydropower (PSH) subsystem employed an upper 

reservoir and a lower reservoir to enable energy storage and recovery through water circulation. 

The nominal capacity of the upper reservoir was 550 L. However, during the pump charging test, 

the reservoir was not filled to its full capacity, and the actual volume of water transferred to the 

upper reservoir was 462 L, equivalent to 0.462 m³. Therefore, the energy storage analysis in this 

subsection was based on the actual stored water volume rather than the nominal tank capacity. 

For the PSH system analysis, the effective storage head was taken as 14.65 m, 

corresponding to the vertical elevation difference used in the system design. Based on the actual 

stored water volume and the effective storage head, the theoretical stored potential energy was 

calculated using equation (4). Using the measured parameters, the stored potential energy in the 

upper reservoir was 18.44 Wh. This value represents the theoretical maximum useful energy 

stored in the form of gravitational potential energy under the actual charging condition. 

A pump charging test was then conducted to evaluate the charging performance of the 

system. During the test, the filling process required 1670 s, or 0.464 h, with a pump rotational 



Techno.Com, Vol. 25 No. 2, May 2026: 295 – 307 

 

302 

 

e-ISSN : 2356-2579 | p-ISSN : 1412-2693, DOI : 10.62411/tc.v25i2.15971  

speed of 1415 rpm. Based on the transferred water volume and filling duration, the average 

discharge during charging was approximately 0.277 L/s. The main results of the pump charging 

test are summarized in Table 1. 

 

Table 1. Summary of pump charging test and energy storage performance. 

Parameter Value 

Actual stored water volume, 𝑉(𝐿)  462 

Filling time, 𝑡𝑓(ℎ) 0.464 

Average discharge, 𝑄(𝐿 𝑠⁄ ) 0.277 

Effective PSH storage head, 𝐻(𝑚) 14.65 

Stored potential energy, 𝐸𝑝(𝑊ℎ) 18.44 

Estimated electrical input energy, 𝐸𝑝(𝑊ℎ) 105.3 

Storage efficiency, 𝜂(%) 17.51 

  

As shown in Table 1, the estimated electrical input energy required during the charging 

process was 105.3 Wh, calculated from the measured pump voltage, current, and charging 

duration. Compared with the stored potential energy of 18.44 Wh, the resulting storage efficiency 

was 17.51%. This result indicates that only a relatively small portion of the supplied electrical 

energy was converted into useful stored gravitational potential energy in the upper reservoir. 

The relatively low storage efficiency suggests that substantial losses occurred during the charging 

process. These losses may be associated with pump inefficiency, friction losses in the piping 

system, minor losses in fittings and valves, and uncertainty in estimating the actual electrical input 

energy based solely on voltage and current measurements. Nevertheless, the charging test 

confirms that the proposed PSH subsystem was capable of storing electrical energy in the form 

of gravitational potential energy. For more accurate evaluation, future tests should include direct 

measurement of the pump’s real power consumption using a wattmeter or power analyzer. 

 

3.3 Turbine–Generator Performance 

The low-head Pelton turbine designed in this study was tested together with the generator 

to evaluate its ability to convert hydraulic energy into electrical energy during the discharge 

process. During the test, water from the upper reservoir was released to drive the turbine, and the 

turbine rotational speed, pressure, output voltage, output current, and DC output power were 

measured at several time intervals. 

The measured data indicate that the turbine–generator unit operated relatively stably 

during most of the discharge period. The turbine rotational speed was generally maintained within 

the range of approximately 190–207 rpm, while the generator output voltage varied from 26.6 to 

29.4 V and the output current remained between 0.31 and 0.34 A. Under these conditions, the DC 

output power was generally maintained in the range of 8.46–10.03 W, indicating stable electrical 

output during the main discharge phase. 

The variation of DC output power with discharge time is shown in Figure 4. As can be 

observed, the output power remained relatively stable during most of the test period, with only 

minor fluctuations. However, a sharp decline occurred near the end of the discharge process, 

where the output power dropped to 1.69 W and 1.56 W. This behavior indicates that the available 

hydraulic energy became insufficient to sustain stable turbine–generator operation as the upper 

reservoir approached depletion. 
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Figure 4. DC output power as a function of discharge time during turbine–generator testing. 

 

A similar trend can be observed in Figure 5, which presents the turbine rotational speed 

as a function of discharge time. During most of the discharge period, the turbine rotational speed 

remained relatively stable, indicating that the water flow was still sufficient to maintain turbine 

operation. Near the end of the test, however, the rotational speed dropped significantly to 120 rpm 

and then to 90 rpm. This reduction in rotational speed explains the corresponding decrease in 

output voltage and power observed at the final stage of discharge. 

 
Figure 5. Turbine rotational speed as a function of discharge time. 

 
The relationship between turbine rotational speed and DC output power is illustrated in 

Figure 6. The graph shows that higher rotational speed generally resulted in higher electrical 

output power. This confirms that the generator performance was strongly influenced by the 

mechanical input provided by the turbine. Therefore, maintaining a stable turbine speed is 

essential for achieving stable electrical output in the proposed PSH system. 
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Figure 6. Relationship between turbine rotational speed and DC output power. 

Overall, the test results demonstrate that the turbine–generator unit was capable of producing 

usable DC electrical power during the discharge process. The results also show that the prototype 

had a relatively stable operating region during most of the test, followed by a rapid performance 

drop near the end of discharge. During the initial discharge stage, corresponding approximately 

to an upper reservoir volume range of 60–100%, the turbine operated under relatively stable 

conditions, with a maximum rotational speed of 207.50 rpm and a maximum DC output power of 

9.73 W. This indicates that when a sufficient water volume was still available in the upper 

reservoir, the system was able to maintain stable turbine rotation and electrical output. As the 

water volume decreased, both the rotational speed and DC output power gradually declined, 

followed by a sharp drop near the end of discharge. This behavior is characteristic of a small-

scale storage system in which the available hydraulic energy decreases as the stored water is 

depleted. Although the system performance was still limited, the test confirms the technical 

feasibility of using the developed low-head Pelton turbine as part of a small-scale PSH prototype. 

For further improvement, future work should focus on optimizing the turbine–generator 

matching, reducing hydraulic and mechanical losses, and conducting repeated tests under 

different discharge conditions to obtain a more comprehensive performance curve. 

 

3.4 Integration of the PSH System with the PV System 

The integration of the pumped storage hydropower (PSH) system with the photovoltaic 

(PV) system was evaluated to determine the overall energy recovery from the charging and 

discharge processes. In this configuration, electrical energy from the PV subsystem was used to 

pump water to the upper reservoir, where it was stored as gravitational potential energy and later 

recovered as electrical energy through the turbine–generator unit. 

Based on the charging test in Subsection 3.2, the electrical input energy supplied to the 

pump was 105.30 Wh, while the stored potential energy in the upper reservoir was 18.44 Wh. 

Therefore, the storage efficiency was 17.51%. During the discharge test in Subsection 3.3, the 

turbine–generator unit produced an electrical output energy of 5.76 Wh as illustrated in Figure 7. 

Accordingly, the turbine–generator efficiency was 31.24%, and the overall recoverable efficiency 

of the integrated PSH system was calculated as 

 

𝜂𝑡𝑜𝑡𝑎𝑙 =
𝐸𝑜𝑢𝑡
𝐸𝑖𝑛

× 100% (17) 

 

Thus, 

𝜂𝑡𝑜𝑡𝑎𝑙 =
5.76

105.30
× 100% = 5.47% (18) 
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These results indicate that the proposed PSH–PV configuration was technically capable 

of storing and recovering electrical energy, although the overall efficiency remained low. The 

limited efficiency is likely caused by cumulative losses in the pump, piping system, turbine, and 

generator. 

 
Figure 7. Energy flow of the integrated PSH–PV system from pump input to recovered electrical output 

 

One important factor contributing to the low efficiency is the penstock configuration. In 

the present prototype, the penstock layout was not fully optimized because the flow path included 

three 90° elbows and a sudden contraction before the nozzle inlet. This configuration likely 

increased local losses, disturbed flow uniformity, and reduced the effective jet momentum 

delivered to the turbine runner. To minimize such losses, the penstock should ideally provide the 

shortest and smoothest possible flow path, with minimal bends, fittings, and abrupt diameter 

changes. Overall, the integrated test confirms the feasibility of combining the PV subsystem with 

the PSH prototype as a small-scale short-duration energy storage system. However, further 

improvement is required, particularly in pump performance, penstock design, turbine–generator 

matching, and load-side electrical conditioning, in order to increase the overall system efficiency. 

 

4. CONCLUSION 

 

This study presented the design and experimental evaluation of a small-scale pumped 

storage hydropower (PSH) system integrated with an off-grid photovoltaic (PV) system. The 

proposed system consisted of an 800 Wp PV subsystem, an upper and lower reservoir, a low-head 

Pelton turbine, a generator, and a pump for the charging process. The study was intended to 

examine the feasibility of using a building-based PSH configuration as a small-scale energy 

storage prototype. 

The results showed that the off-grid PV subsystem responded appropriately to variations 

in solar irradiance, where higher irradiance produced higher PV output power. The pump charging 

test demonstrated that electrical energy could be stored in the form of gravitational potential 

energy by transferring water to the upper reservoir. Although the nominal upper reservoir capacity 

was 550 L, the actual water volume stored during the charging test was 462 L. Based on the 

effective storage head of 14.65 m, the stored potential energy was 18.44 Wh, while the estimated 

electrical input energy during charging was 105.30 Wh, resulting in a storage efficiency of 

17.51%. 

The turbine-generator test further showed that the developed low-head Pelton turbine was 

capable of converting the stored hydraulic energy into electrical energy. During the discharge 

process, the turbine-generator unit operated relatively stably over most of the test period, with DC 

output power generally ranging from 8.46 W to 10.03 W before dropping sharply near the end of 

discharge. The electrical output energy recovered during discharge was 5.76 Wh, corresponding 

to a turbine-generator efficiency of 31.24%. Overall, the integrated PSH-PV system achieved an 

overall recoverable efficiency of 5.47%, indicating that only a small portion of the initial electrical 

input energy used during charging could be recovered again as electrical output during discharge. 

These results confirm the technical feasibility of the proposed PSH-PV system as a small-scale 

energy storage prototype. However, the relatively low storage efficiency and overall recoverable 

efficiency indicate that the current system remains at the proof-of-concept stage and requires 

further improvement before practical implementation. Future work should focus on improving 
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pump efficiency, optimizing turbine-generator matching, reducing hydraulic losses, and 

performing more comprehensive integrated load testing under different operating conditions. 
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