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Abstract 

The management of an Internet of Things (IoT)-based water system powered by solar energy faces significant challenges in achieving high 
power efficiency and long-term thermal reliability. The objective of this study is to identify the most optimal hardware configuration that balances 
specific energy efficiency (ηspecific) with minimizing thermal energy dissipation in a DC water pumping system. The methodology employed is 
a comparative experiment that tests six different scenarios, varying the topology of the voltage regulator (Linear Regulator and Buck Converter) 
and the pump actuator, with a total of 30 pumping cycles at a fixed water volume of 30 litres. The processing of data was undertaken through 
the utilization of descriptive statistical analysis and Standard Deviation (SD) on the parameters of Power, Temperature, and Water Discharge to 
measure stability. The findings indicated a critical trade-off between peak energy efficiency and operational stability. Scenario 4 (12V Relay 
and Mini 560 Buck Converter) emerged as the most optimal configuration, recording the highest Specific Energy Efficiency (1.94 Ws/L). This 
superiority is evidenced by its excellent thermal stability (36.88°C), which is comparable to that of low-power configurations. In contrast, 
although Scenario 6 (Synchronous Buck, 51 mm Pump) demonstrated the highest operational stability (Power SD=0.02111), it compromises 
pumping speed. It is concluded that the implementation of the Mini 560 Buck Converter is imperative in achieving a balance between energy 
savings and minimizing thermal dissipation, thereby rendering it an ideal selection for solar-powered Smart Energy systems. 
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1. Introduction  

The management of efficient water drainage system is 

critical, in particular in the context of climate change and 

elevated rainfall intensity in certain regions [1,2]. The Internet 

of Things (IoT)-based systems have been extensively 

implemented as a modern solution for facilitating automated 

and integrated water management [3]. These systems utilize 

water level sensors and microcontroller control (NodeMCU 

ESP32) to drive actuators (DC water pumps), thereby enabling 

remote intervention through platforms such as Blynk. 

However, the power efficiency of these systems remains a 

major concern  [4], particularly given that most of IoT devices 

rely on renewable energy sources, such as solar panels. DC 

(direct current) solar power systems require efficient voltage 

conversion and regulation to supply the microcontroller, which 

typically operates at 5V or 3.3V, from a 12V source (battery). 

The power losses (energy dissipation) that occur during this 

process can reduce the overall system uptime and accelerate 

component degradation [5]. 

Despite the extensive development of solar-powered IoT-

based water pumping systems, existing literature overall tends 

to focus on the enhancement of IoT connectivity or 

optimization of solar energy harvesting algorithms. A 

significant research gap exists regarding the specific impact of 

component selection on the power efficiency of 12V DC 

systems under dynamic pump loads. Previous studies 

frequently do not offer a systematic comparison about the 

disadvantages and advantages of Voltage Regulator Topologies 

(specifically Linear Regulators vs. Buck Converters) against 

two critical metrics simultaneously: (1) Specific Energy 

Efficiency (ηspecific) and (2) Thermal Reliability (as measured by 

component heat dissipation). 

To address the issues of operational efficiency and reliability 

issues, this study proposes an experimental-based approach 

focused on comparing voltage regulator and pump actuator 

topologies. Specifically, this study compares the performance 

of a Linear Regulator (AMS1117), known for its high heat loss, 

with Buck Converters (Switching Regulators) such as the 

XL7015, Mini 560, and MP2315, which theoretically offer 

significantly higher conversion efficiencies [6–8]. Test 

variations also include relay types (5V and 12V) and different 

pump capacities, purposely to examine their impact on key 
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metrics, namely Specific Energy Efficiency (ηspecific) and 

Thermal Resistance. 

This approach not only aims to provide a practical solution 

for the more efficient water management but also contributes 

to the development of more sustainable Internet of Things (IoT) 

technologies. Through the optimization of renewable energy 

utilization, IoT-based wastewater systems have the potential to 

be an innovative model for addressing challenges and fostering 

the Smart Energy concept.  

2. Research Methods 

This study employed a comparative experimental design to 

evaluate six different hardware configuration scenarios. The 

entire system was controlled by a NodeMCU ESP32 and 

powered by a 12-Volt, 45 Ah battery, which was charged via a 

solar panel and a PWM Solar Charge Controller (SCC). 

2.1. Experimental configuration 

Test variations, as described in Table 1, were focused on 

three main components, resulting in six unique scenarios for 

performance comparison as follows: Step-Down Module 

(Linear Regulator and Buck Converter), Relay Type (5V and 

12V), and Pump Type (Portable Submersible Pump and 51mm 

Portable Pump). Scenario 1 served as the baseline, by means of 

a linear regulator and a 5V relay. 

Table 1. Experiment configuration 

Scenario 
Relay 

Type 

Step Down 

Module 
Pump Type 

Description 

Variation 

Scenario 1 

(Baseline) 
5V 

AMS1117 

(Regulator 

Linear) 

Portable 

Submersible 

Pump 

5V Linear 

Regulator and 5V 

Relay 

Scenario 2 12V 

AMS1117 

(Regulator 

Linear) 

Portable 

Submersible 

Pump 

5V Linear 

Regulator and 12V 

Relay 

Scenario 3 12V 
XL7015 (Buck 

Converter) 

Portable 

Submersible 

Pump 

Low-power Buck 

Converter 

Scenario 4 12V 
Mini 560 (Buck 

Converter) 

Portable 

Submersible 

Pump 

High-current Buck 

Converter 

Scenario 5 12V 
Mini 560 (Buck 

Converter) 

Portable 51mm 

Pump 
Low-power Pump 

Scenario 6 12V 

MP2315 

(Synchronous 

Buck) 

Portable 51mm 

Pump 

High-efficiency 

Synchronous Buck 

Converter 

2.2. Testing procedures and data collection 

Testing was conducted through 30 full pumping cycles for 

each scenario. Experiments were conducted with a constant 

water volume of 30 litres in a reservoir, with a reference water 

level of 20 cm, which served as the operational threshold for 

the water level sensor. The data recorded in real time included 

voltage, power, current, cycle time, water flow, and component 

surface temperature. The main metrics processed included 

Specific Energy Efficiency (ηspecific) (Watt-seconds/Liter) and 

Surface Temperature (Tavg) as an indicator of Thermal Energy 

Dissipation. Meanwhile, operational stability was measured 

using the Standard Deviation (SD) of the main parameters. 

Specific Energy Efficiency (ηspecific) is defined as the total 

electrical energy consumed by the system, divided by the 

volume of water successfully displaced in a single cycle. Given 

that energy (Eelectric) is the product of power (P) and time (Tcycle), 

and the researcher intended to measure the average active 

power (Pavg) and cycle time (Tcycle), a more operational formula 

is given as follows: 

𝜂𝑠𝑝𝑒𝑠𝑖𝑓𝑖𝑐 =
𝑃𝑎𝑣𝑔 ∙ 𝑇𝑐𝑦𝑐𝑙𝑒

𝑉𝑝𝑢𝑚𝑝
  (1) 

Description: 

• Pavg = Average system power when the pump is active, 

        in watts (W). 

• Tcycle = Pumping cycle time (average conversion time) 

          in seconds (s). 

• Ppump = Experimental water volume (constant 30 litres). 

2.3. Circuit visualization 

Fig. 1 illustrates the system's functional block diagram, 

which demonstrates the data control flow through the Wi-Fi 

Module and the Blynk application. The details of the baseline 

electrical connections (Scenario 1) are depicted in Fig. 2. 

 

Fig. 1. Functional block diagram of the system 

2.4. Data analysis methods 

The analysis was conducted by considering several aspects 

as follows.  

• Description of findings. It was conducted by identifying 

key trends, highest and lowest values, and other important 

patterns evident in the data. 
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• Comparisons based on data calculations and performance 

metrics. If the table contains multiple categories or time 

periods, the data is then compared purposely to highlight 

significant differences or similarities. 

• Quantitative analysis. It was conducted by calculating 

averages, percentages, totals, or other relevant metrics to 

provide a deeper understanding. 

• Additional insights. It was conducted to identifying 

correlations (relationships) between columns, where 

possible, to provide a more comprehensive insights. 

 

 

Fig. 2. Device circuit diagram 

3. Results and Discussion 

The findings of the 30-cycle test demonstrated a significant 

trade-off between energy efficiency and operational stability, 

which was grouped by key parameters.  

3.1. Performance metrics for Scenario 1 

Scenario 1 served as the baseline configuration that 

employed a 5-Volt Double-Channel Relay and an AMS1117 5-

V Step-Down Module (linear regulator) to power the 

microcontroller. Energy was supplied by a 12-Volt, 45-Ah 

battery charged by the solar panel through a PWM Solar 

Charge Controller (SCC). Testing was conducted over 30 full 

water pumping cycles, with voltage, power, current, cycle time, 

water flow, and component surface temperature recorded. 

Data collected from 30 cycles was processed to obtain 

average values and calculate key system performance metrics, 

namely Specific Energy per Litre of Water and Average Power 

during active conditions (pump on). 

As depicted in Table 2, Scenario 1 configuration employed 

an AMS1117 linear regulator which has been recognized to 

possess low power conversion efficiency, particularly when the 

input and output voltage difference is large (e.g. 12V to 5V) 

[9]. The unconverted energy was converted into heat, which is 

evident in the average surface temperature value of 37.01°C. 

Although this temperature value is not extreme, the Step Down 

component has the potential to be a major source of energy loss 

(in the form of heat) and impact long-term reliability. 

Table 2. Average baseline parameters from Scenario 1 data collection 

Parameters Average Value Unit 

Voltage (Vavg) 12.24 Volts 

Current (Iavg) 0.11 Amperes 

Power (Pavg) 1.31 Watts 

Cycle Time (tavg) 44.43 Seconds 

Water Flow (Qavg) 0.67 Liters/second 

Surface Temperature (Tavg) 37.01 Celsius 

3.2. Performance metrics for Scenario 2 

Scenario 2 as demonstrated in Table 3 was undertaken by 

replacing the 5-volt double-channel relay with a 12-volt 

double-channel relay. The Step-Down Module continued to 

utilize an AMS1117 5-V linear regulator. This modification 

aimed to assess the efficiency and reliability impacts by 

operating the relay coil at the nominal battery voltage (12V), 

which may result in a reduction of the load on the 5V Step-

Down output, but it was also potential to increase the idle power 

consumption of the 12V line.  

Table 3. Average basic parameters of data collection results for Scenario 2 

Parameters Average Value Unit 

Voltage (Vavg) 12.4 Volts 

Current (Iavg) 0.11 Amperes 

Power (Pavg) 1.36 Watts 

Cycle Time (tavg) 44.4 Seconds 

Water Flow (Qavg) 0.68 Liters/second 

Surface Temperature (Tavg) 38.43 Celsius 

Table 4. Comparison of Scenario 2 data and Scenario 1 

Key Metrics 
Scenario 1  

(Relay 5V) 

Scenario 2  

(Relay 12V) 
Differences 

ηspecific (Watt-second/Liter) 1.95 2 ↑0.05 

Average Power (W) 1.31 1.36 ↑0.05 

Volume per Cycle (L) 29.77 30.19 ↑0.42 

Surface Temperature (°C) 37.01 38.43 ↑1.42 

In Scenario 2, switching the relay from 5V to 12V 

demonstrated a slight decrease in specific efficiency (from 1.95 

to 2.00 Ws/L) and an average increase in power consumption 

of 0.05 W. Although the 12V relay should reduce the load on 

the 5V step-down, which had lower efficiency, this increase in 

overall power consumption was likely attributable to [10]: 

• Higher power consumption of the 12V relay coil in 
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comparison to the 5V relay coil at the same voltage. 

• Significant increase of temperature (1.42°C higher), 

indicating that the total power losses in the control circuit 

(including the relay and AMS1117) were found greater in 

the Scenario 2 configuration. These findings are based on 

the results of research depicted in Table 4. 

3.3. Performance metrics for Scenario 3 

Scenario 3 as described in Table 5 represented a crucial step 

in efficiency testing. It substituted the AMS1117 linear 

regulator, which was employed in Scenario 1 and Scenario 2 

with the XL7015 High Voltage Input DC-DC Adjustable Step-

Down Module. The XL7015 employed a switching converter 

(buck converter) topology, which theoretically offers much 

higher power conversion efficiency. The relay utilized 

remained a 12-volt relay, and the pump was a 12-volt DC 

Portable Submersible Pump. 

Table 5. Average basic parameters of data collection results for Scenario 3 

Parameters Average Value Unit 

Voltage (Vavg) 12.28 Volts 

Current (Iavg) 0.11 Amperes 

Power (Pavg) 1.31 Watts 

Cycle Time (tavg) 45.07 Seconds 

Water Flow (Qavg) 0.67 Litres/second 

Surface Temperature (Tavg) 38.16 Celsius 

Efficiency (ηspecific). Despite its classification as buck 

converter, the XL7015 exhibited a slightly lower specific 

efficiency (1.96 Ws/L) in comparison to the baseline Scenario 

1 (1.95 Ws/L). This finding indicates that the power losses in 

the step-down converter may only account for a minor 

proportion of the total system power consumption during when 

pump operation. Alternatively, the XL7015 exhibits reduced 

efficient under very light load conditions (ESP32 supply) 

compared to the expected performance [11]. However, as 

illustrated in Table 6, Scenario 3 demonstrated a clear 

improvement in efficiency in comparison to Scenario 2. 

Table 6. Comparison of data with Scenario 3 with the previous one 

Key Matrics 
Scenario 1 

(AMS1117, 
5V Relay) 

Scenario 2 
(AMS1117, 
12V Relay) 

Scenario 3 
(XL7015, 

12V Relay) 

ηspesifik (Ws/L) 1.95 2 1.96 

Average Power (W) 1.31 1.36 1.31 

Surface Temperature (∘C) 37.01 38.43 38.16 

Furthermore, the average temperature (38.16°C) in 

Scenario 3 decreased compared to Scenario 2 (38.43°C). This 

finding suggests that the implementation of the switching 

converter (XL7015) successfully reduced heat dissipation 

(power losses) in the control system, potentially enhancing the 

long-term reliability of the system when compared to the 

configuration as observed in Scenario 2. 

3.4. Performance metrics for Scenario 4 

In Scenario 4 as presented in Table 7 the switching 

converter exploration was continued by substituting the 

XL7015 step-down module (from Scenario 3) with a Mini 560 

DC-DC Stepdown Buck Converter 5A. The Mini 560 is a buck 

converter with a higher current capacity, intended to test the 

effect of maximum current availability and conversion 

efficiency of high-capacity switching modules. The relay 

employed was a 12-volt relay, and the pump was a 12-volt DC 

portable submersible pump. 

Table 7. Average basic parameters of data collection results for Scenario 4 

Parameters Average Value Unit 

Voltage (Vavg) 12.26 Volts 

Current (Iavg) 0.1 Amperes 

Power (Pavg) 1.2 Watts 

Cycle Time (tavg) 48.88 Seconds 

Water Flow (Qavg) 0.62 Litres/second 

Surface Temperature (Tavg) 36.88 Celsius 

 

So far, the utilization of the Mini 560 Buck Converter in 

Scenario 4 produced the optimal specific efficiency. In terms 

of efficiency (ηspecific), Scenario 4 achieved the lowest ηspecific 

(1.94 Ws/L), indicating the highest power efficiency per litre of 

water pumped. The average power consumed was also 

observed at the lowest (1.20W). In Durability (Temperature) 

scenario, the recorded surface (36.88∘C) was also observed at 

the lowest among all scenarios, even lower than the baseline 

Scenario 1. This low temperature indicates minimal power loss 

in the components, which directly supports the device's long-

term reliability criteria. It is worth noting that Scenario 4 

exhibited the lowest average water flow (0.62 L/s) and the 

longest cycle time (48.88 seconds). Nevertheless, the overall 

energy efficiency remained superior, indicating that the Mini 

560 Step Down module provides a highly efficient power 

supply to the microcontroller, thereby ensuring minimal total 

system power consumption is minimal [12]. These findings are 

clearly presented in Table 8. 

Table 8. Comparison data with Scenario 4 with the previous scenario 

Key Metrics 
Scenario 1 

(AMS1117) 
Scenario 2 

(AMS1117) 
Scenario 3 
(XL7015) 

Scenario 4 
(Mini 560) 

ηspesifik (Ws/L) 1.95 2 1.96 1.94 

Average Power (W) 1.31 1.36 1.31 1.2 

Surface Temperature 

(∘C) 
37.01 38.43 38.16 36.88 

3.5. Performance metrics for Scenario 5 

In Scenario 5 as depicted in Table 9, the impact of 

substituting the primary actuator (pump) on system 

performance was examined. The standard portable submersible 
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pump from the previous scenario was substituted with a 51mm 

12V DC portable pump. The control components from Scenario 

4 were retained, including the 12-Volt Relay and Mini 560 DC-

DC Stepdown Buck Converter. This alteration aimed to 

evaluate the impact of the pump type on specific energy 

efficiency and conversion time (cycle time). 

Data from 30 cycles were processed to obtain average 

values and calculate key performance metrics. It should be 

noted that this data listed Hydraulic Power, indicating that the 

power consumed by the system is supplied power (electricity), 

not Hydraulic Power (output). Consequently, the Power 

(Watts) column from the previous scenario was assumed to be 

calculated based on P=V×I at the system input. In Scenario 5, 

the hydraulic power column would be treated as electrical 

power (Input), and the analysis would focus on specific energy 

per liter of water (ηspecific). 

Table 9. Average basic parameters of data collection results for Scenario 5 

Parameters Average Value Unit 

Voltage (Vavg) 12.29 Volts 

Current (Iavg) 0.06 Amperes 

Power (Pavg) 0.69 Watts 

Cycle Time (tavg) 85.98 Seconds 

Water Flow (Qavg) 0.35 Litres/second 

Surface Temperature (Tavg) 36.78 Celsius 

Table 10. Comparison data with Scenario 5 with the previous scenario 

Key Metrics 

Scenario 4 (Mini 

560, Submersible 

Pump) 

Scenario 5 (Mini 

560, 51mm 

Pump) 

Key Differences 

ηspesifik (Ws/L) 1.94 1.97 

↑0.03 (Slight 

decrease in 

efficiency) 

Average Power 

(W) 
1.2 0.69 

↓0.51 (Very low 

power) 

Cycle Time 

(tavg) 
48.88 85.98 

↑37.10 (Cycle time 

almost doubled) 

Surface 

Temperature 

(°C) 

36.88 36.78 
↓0.10 (Lowest 

temperature) 

As demonstrated in Table 10, pump replacement in 

Scenario 5 demonstrated significant alteration in absolute 

performance parameters. Nevertheless, the specific efficiency 

remained relatively consistent with the other scenarios. In 

Scenario 5, the 51 mm portable pump consumed significantly 

lower average power (0.69 W) when compared to Scenario 4 

(1.20 W). However, the average water flow demonstrated a 

significant decrease (0.35 L/s vs. 0.62 L/s). Consequently, the 

cycle time increased drastically (85.98 seconds) to move the 

similar volume of water. Furthermore, despite the very low 

input power, the specific efficiency of Scenario 5 (1.97 Ws/L) 

was observed slightly worse than that of Scenario 4 (1.94 

Ws/L). This finding suggests that the energy efficiency ratio 

per litre of the 51 mm pump was slightly lower than that of the 

portable submersible pump, despite the 51 mm pump requiring 

less input power. In Scenario 5, its surface temperature 

(36.78°C) was observed at the lowest among all scenarios, 

indicating minimal power loss, which provided strong support 

for the long-term reliability criterion. 

3.6. Performance metrics for Scenario 6 

 In Scenario 6 as presented in Table 11, a configuration that 

combined a low-power pump (a 51mm Portable 12V DC 

Pump) from Scenario 5 was tested with another high-efficiency 

step-down module (the MP2315 3A Mini DC-DC Step Down). 

The MP2315 is a synchronous buck converter designed for high 

efficiency, even under light load conditions [13]. 

Table 11. Average baseline parameters from Scenario 6 data collection 

Parameters Average Value Unit 

Voltage (Vavg) 12.2 Volts 

Current (Iavg) 0.06 Amperes 

Power (Pavg) 0.74 Watts 

Cycle Time (tavg) 80.09 Seconds 

Water Flow (Qavg) 0.37 Liters/second 

Surface Temperature (Tavg) 37.05 Celsius 

3.7. Comparison of specific energy efficiency (ηspecific) and 

power stability 

As illustrated in Table 2, the ηspecific metric indicated the 

energy required by the system to move each liter of water, 

thereby serving as an indicator of the overall system efficiency 

(control + pump). The lowest value indicates the best 

efficiency. 

Table 12. Comparison of specific energy efficiency (ηspecific) and power 

stability 

Scenario 
Step Down 

Module 
Pump 

ηspesifik 
(Ws/L) 

Pavg 
(W) 

SD 
Consumption 

Scenario 4 
Mini 560 
(Buck) 

Submersible 
Pump 

1.94 1.222 0.13852 

Scenario 1 
AMS1117 
(Linear) 

Submersible 
Pump 

1.95 1.3263 0.05654 

Scenario 6 

MP2315 

(Sync 
Buck) 

51mm Pump 2 0.736 0.02111 

Scenario 4 recorded the best ηspecific (1.94 Ws/L), confirming 

that the Mini 560 Buck Converter is an effective means of 

minimizing power losses in the control circuit. Regarding 

stability, Scenario 6 demonstrated the smallest power standard 

deviation (0.02111), indicating the highest operational 
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consistency, mainly attributable to the minimal power 

consumption of the pump. As illustrated in Fig. 3, the power 

trend demonstrated a clear grouping between standard pumps 

(Scenarios 1-4) and 51mm pumps (Scenarios 5-6) 

 

Fig. 3. Trend of test yield power 

3.8. Power consumption comparison (mAh) 

The metric presented in Table 13 measured the total current 

drawn from the battery during a 30-cycle test. It served as an 

indicator of battery performance and smart energy. A lower 

value was indicative of a longer battery life. 

Table 13. Power consumption comparison (mAh) 

Scenario 
Power Consumption 

(mAh) 
Information 

Scenario 2 1192.23 Relay 12V, AMS1117 (Linear) 

Scenario 3 1198.97 Relay 12V, XL7015 (Buck) 

Scenario 5 1202.35 Relay 12V, Mini 560, Pump 51mm 

Scenario 1 1203.95 Relay 5V, AMS1117 (Linear) 

Scenario 6 1207.03 Relay 12V, MP2315, Pump 51mm 

Scenario 4 1215.57 Relay 12V, Mini 560 (Buck) 

As revealed in Scenario 2, the total current consumption 

was at its lowest point (1192.23 mAh). This finding suggests 

that, for a system controlled by a 12V relay and AMS1117, the 

total power loss in the control circuit is lower, thereby directly 

prolonging the battery lifespan. 

3.9. Temperature stability comparison (long-term durability) 

As depicted in Table 14, the average surface temperature 

was directly correlated with the thermal power loss (heat) in the 

control components (step-down and relay). The reduced 

temperatures ensure reliability and prolonged component 

lifespan. 

Table 14. Comparison of temperature stability 

Scenario 
Step Down 

Module 
Pump 

Average 
Temperature 

(∘C) 

 SD Temperature 

Scenario 5 
Mini 560 

(Buck) 

51mm 

Pump 
36.78  0.68666 

Scenario 4 
Mini 560 
(Buck) 

Submersible 
Pump 

36.88  1.71331 

Scenario 6 
MP2315 

(Sync Buck) 
51mm 
Pump 

37.05  1.18397 

Scenario 1 
AMS1117 
(Linear) 

Submersible 
Pump 

37.01  2.68813 

Scenario 3 
XL7015 
(Buck) 

Submersible 
Pump 

38.16  1.84348 

Scenario 2 
AMS1117 

(Linear) 

Submersible 

Pump 
38.43  1.20629 

 

Thermal Resilience in Scenario 5 exceled in temperature 

stability (SD=0.68666) and recorded the lowest average 

temperature (36.8433 ∘C). This low and stable temperature is a 

key indicator of minimizing thermal energy dissipation. The 

Temperature Trend (see Fig. 4) demonstrated that the Buck 

Converter configuration (particularly Scenarios 4, 5, 6) exerted 

superior thermal stability in comparison to the linear regulator 

(Scenarios 1 and 2), which experienced elevated temperature 

spikes. 

 

Fig. 4. Device temperature trend 

3.10. Contradiction in performance: Water flow rate and 
specific energy efficiency (ηspecific) 

The performance evaluation started with the analysis of the 

trade-off between functional speed (water flow rate) and 

specific energy efficiency (ηspecific). Scenarios 1 and 2, which 

utilized the Linear Regulator topology, exhibited the highest 

water flow rate (≈ 0,68 L/second), indicating the fastest 

response speed. However, this speed was not linearly correlated 

with energy efficiency. As demonstrated in this study, despite 
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highly competitive ηspecific values demonstrated in Scenarios 1 

and 4 (1,94 Ws/L), Scenario 4 achieved this efficiency with a 

lower active power draw (1,22 W) and an intrinsically more 

efficient topology. Nevertheless, a contradiction lied in the 

failure of Scenarios 5 and 6. Despite the utilization of very low 

absolute power pumps, a significant decline in water flow rate 

to 0,35 L/second was observed, thereby severely impeding the 

system's response speed.  

Scientifically, the trade-off between throughput (water flow 

rate) and energy efficiency has been a subject of discussion in 

the literature on sensor network. Increased throughput 

frequently requires higher energy consumption, causing 

efficiency to not increase linearly [14]. This assertion is further 

reinforced by Alsalmi et al. who emphasized that the 

optimization of Mobile Wireless Sensor Networks must 

consider the balance between energy consumption and network 

throughput [15]. Nevertheless, extant research indicated that in 

simultaneous wireless information and power transfer systems, 

an increase in energy harvesting actually reduces throughput, 

confirming the presence of an inherent contradiction [16]. 

Thus, the findings in Scenarios 5 and 6, which exhibited low 

flow rates despite low absolute power, are consistent with 

literature emphasizing that energy conversion efficiency is 

more critical than merely suppressing absolute power. 

3.11. Analysis of power dissipation mechanism and thermal 

reliability implications 

The most crucial comparison lies in the Thermal Reliability 

metric. We discovered that the regulator topology directly 

determines the system's longevity. The Linear Regulator 

(AMS1117) in Scenarios 1 and 2 was proven to generate 

excessive energy dissipation, evidenced by the highest 

Temperature Standard Deviation (SD) (2,68813oC). 

Scientifically, the excess voltage (Vin – Vout) is converted into 

heat, which consistently maintains the operating temperature 

above the ideal limit. Scenario 4 (Buck Converter Mini 560) 

demonstrated a complete contrast, maintaining a low average 

temperature (36,88oC) while simultaneously recording the best 

ηspecific. 

Linear regulators such as the AMS1117 are indeed known 

to generate high level of heat dissipation since the voltage 

difference is converted into thermal energy. Other research 

confirmed that linear regulators in industrial IoT applications 

frequently cause reliability issues in view of excessive heat 

[17]. Conversely, this finding contradicts research revealing 

stating that linear regulators are still relevant for simple 

application needs attributing the stability and affordability of 

their design [18]. This statement becomes a contradiction as, 

despite low efficiency, linear regulators are still chosen under 

certain conditions. On the other hand, several studies have the 

viewpoint that focusing on the surface properties of lithium ion 

battery cathodes can also be considered as a strategy to enhance 

thermal stability [19]. 

3.12. Comparison of system stability (power SD and water flow 

rate SD) 

To reach a conclusion of the discussion, it is imperative to 

measure operational stability through the Standard Deviation 

(SD) of Power and Water Flow Rate SD. Scenario 6 (MP2315) 

clearly led in terms of stability, with Power SD = 0,02111 W 

and Water Flow Rate SD = 0,01070 L/second. This enhanced 

stability is supported by the use of a more advanced 

Synchronous Buck Converter (MP2315) in controlling output 

ripple. A contradiction arises when comparing Scenario 4. 

Although Scenario 4 did not possess the lowest SD, it offered 

the best ηspecific. This finding indicates a profound trade-off: 

peak stability (Scenario 6) was achieved by sacrificing 

functional speed and best energy efficiency. 

The output stability (Power SD and Water Flow Rate SD) 

in Scenario 6 aligns with the literature on synchronous buck 

converters, which can reduce voltage ripple. Research by Ram 

et al. demonstrated that solar harvesting systems for IoT 

necessitate low ripple for device stability [20]. However, 

another study on conductance-based MPPT stated that minor 

voltage ripple can be tolerated as long as power conversion 

efficiency remains high [21]. Thus, even though Scenario 4 did 

not have the optimal stability, its conversion efficiency 

rendered it superior. 

3.13. Justification for balance and optimal solution (Scenario 

4) 

Based on the multidimensional comparison, Scenario 4 was 

observed as the most optimal solution. Scenarios 1 and 2 have 

been eliminated in view of the high risk of thermal reliability; 

Scenarios 5 and 6 were eliminated due to functional failure 

(slow speed). Scenario 4 utilized the Buck Converter Mini 560, 

which was proven capable of balancing the highest ηspecific, the 

lowest operating temperature, and adequate functional speed. 

The contribution of this research is the identification of this 

optimal compromise point, affirming that the design of Smart 

Energy systems must be based on the integration of superior 

power conversion efficiency with effective thermal 

management. 

The optimal design paradigm for IoT emphasizes the 

integration of power conversion efficiency with thermal 

management. Ultra-low power IoT design must combine 

energy harvesting techniques with heat management to extend 

device lifespan [22,23]. Zhou et al. also emphasized the 

importance of transmission power optimization to maintain a 

balance between energy efficiency and network reliability [24]. 

However, several studies highlighted that the integration of 

multi-harvesting can increase system complexity and decrease 

reliability if not properly managed [25,26]. However, a 

research states that the AES encryption and decryption methods 

and algorithms can be modified with the aim of minimizing the 

resources required for hardware implementation [27]. 

3.14. Optimal configuration for smart energy and reliability 

Based on empirical evidence as explained in Table 15, 

Scenario 4 is the most comprehensive solution. This scenario 

fulfilled the Smart Energy criteria through the highest ηspecific 

and the Long-Term Resilience criteria by minimizing Thermal 

Energy Dissipation. This balance ensures that the system is not 

only energy efficient in moving water but also has a long 

component lifespan, thereby rendering it the most robust choice 

for a solar-powered IoT-based water disposal system.
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Table 15. Comparative matrix of stability and efficiency 

Parameters Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Information 

Efficiency (ηspecific) (Ws/L) 1.95 1.99 1.96 
1.94 

(Best) 
2.09 2 Energy per unit volume of water 

Average Temperature (°C) 37.0133 38.4267 38.1567 36.88 
36.8433 
(lowest) 

37.24 
Thermal Energy Dissipation 

Indicator 

SD Voltage (V) 0.0838 0.08899 0.05522 0.08944 0.01729 (Best) 0.03113 Battery Supply Stability 

SD Power (W) 0.05654 0.09358 0.02609 0.13852 0.04521 
0.02111 
(Best) 

Power Consumption Consistency 

SD Water Flow (L/sec) 0.02832 0.04727 0.01429 0.07068 0.02266 
0.01070 
(Best) 

Pump Speed Consistency 

SD Temperature (°C) 2.68813 1.20629 1.84348 1.71331 0.68666 (Best) 1.18397 Component Thermal Stability 

Total Power Consumption 

(mAh) 
1203.95 

1192.23 

(lowest) 
1198.97 1215.57 1202.35 1207.03 Battery Energy Durability Indicator 

4. Conclusion 

This present study comprehensively evaluated six hardware 

configuration scenarios, focusing on specific energy efficiency 

and thermal reliability. Scenario 4 represented the most optimal 

design. The configuration, combining a 2-Channel 12-Volt 

Relay and a Mini 560 DC-DC Stepdown Buck Converter with 

a Portable Submersible Pump, achieved the best Specific 

Energy Efficiency (1.94Ws/L). This performance was 

supported by excellent thermal stability (36.88°C), which 

effectively minimized energy dissipation and ensured long-

term device reliability. These results validate that optimal 

implementation of Buck Converter is imperative to achieving 

the highest power efficiency in solar-powered IoT systems. 
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