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 Abstract. Renewable energy systems like solar and wind require 
efficient monitoring to optimise performance, especially in remote 
areas with limited grid power. This paper examines energy harvesting 
combined with IoT-enabled sensor networks as a sustainable solution. 
By using solar, kinetic, or thermal energy, these systems power IoT 
sensors to monitor energy output and equipment status in real-time. We 
review key harvesting methods (e.g., photovoltaic, piezoelectric) and 
IoT frameworks (e.g., LoRaWAN), highlighting cost savings and 
scalability benefits. Challenges include energy intermittency and harsh 
deployment conditions. Results suggest this integration enhances 
renewable energy management, with the potential for smart grids and 
rural electrification. Future work should focus on hybrid systems and AI 
analytics to overcome limitations. 

Keywords: Renewable energy; Energy harvesting; IoT (Internet of 
Things); Sensor networks; Solar energy; Wind energy. 

 
INTRODUCTION 

The global shift toward sustainable energy solu-
tions has intensified the need for efficient, reliable, 
and autonomous renewable energy systems, par-
ticularly in remote or off-grid environments 
where traditional power infrastructure is imprac-
tical. Renewable energy sources such as solar and 
wind have emerged as critical components of this 
transition. Yet, their intermittent nature and the 
challenges of monitoring equipment in isolated lo-
cations pose significant hurdles. To address these 
issues, integrating energy harvesting technologies 
with the Internet of Things (IoT) – enabled sensor 
networks has gained traction as a transformative 
approach; by harnessing ambient energy solar, ki-
netic, or thermal, these systems power sensors 

that monitor energy output, equipment health, 
and environmental conditions in real-time, en-
hancing the management of renewable energy as-
sets. Energy harvesting offers a sustainable alter-
native to conventional battery-powered systems, 
which are often limited by finite capacity and the 
logistical difficulties of replacement in remote set-
tings. For instance, solar-powered IoT sensors can 
operate indefinitely by capturing sunlight, while 
piezoelectric devices convert mechanical vibra-
tions into electrical energy, which is suitable for 
wind turbine monitoring. This synergy is particu-
larly valuable in regions with limited grid access, 
where renewable energy systems must function 
autonomously. A study by authors [1] highlights 
how energy harvesting technologies, such as 
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photovoltaic and piezoelectric methods, enable 
wireless sensor networks to achieve self-suffi-
ciency, reducing maintenance costs and environ-
mental impact. Their work underscores the po-
tential of these systems to support applications 
ranging from industrial automation to rural elec-
trification, aligning with global sustainability 
goals. 

The IoT framework amplifies the utility of energy 
harvesting by enabling real-time data collection 
and communication. Low-power wide-area net-
works (LPWANs) like LoRaWAN have become 
pivotal in this context, offering long-range connec-
tivity with minimal energy consumption. Authors 
[2] demonstrate how solar energy harvesters in-
tegrated with LoRaWAN can extend the lifetime of 
optimised sensor networks in smart agriculture, 
providing a scalable model for monitoring soil 
moisture and weather conditions. This scalability 
is crucial for large-scale renewable energy deploy-
ments, such as solar farms or wind arrays, where 
hundreds of sensors may be required to track per-
formance metrics. By eliminating the need for fre-
quent battery replacements, these systems lower 
operational costs and enhance reliability in harsh 
environments, a key consideration for remote re-
newable energy installations. 

Despite these advantages, energy harvesting faces 
challenges, notably the intermittency of ambient 
energy sources and systems' durability in extreme 
conditions. Solar energy, for example, depends on 
daylight availability, while kinetic harvesting re-
lies on consistent mechanical motion. Authors [3] 
explore translational electromagnetic energy har-
vesting as a solution, noting its ability to generate 
power from low-frequency vibrations in indus-
trial settings, such as wind turbine blades. Their 
review optimisation the need for adaptive designs 
to maximise power density, a critical factor in en-
suring IoT sensors remain operational during en-
ergy-scarce periods; this aligns with the broader 
goal of developing resilient renewable energy sys-
tems capable of withstanding environmental var-
iability. 

Integrating energy harvesting and IoT also paves 
the way for innovative grid applications, where 
energy resource optimisation requires sophisti-
cated monitoring and control. Authors [4] argue 
that energy harvesting architectures for IoT de-
vices can optimise resource allocation and fore-
casting in smart grids, leveraging real-time data to 
balance supply and demand. This capability is 
particularly relevant as renewable energy 

penetration increases, necessitating advanced 
management tools to maintain grid stability. In ru-
ral contexts, where electrification remains chal-
lenging, such systems hold promise for powering 
standalone microgrids, delivering electricity to 
underserved populations without extensive infra-
structure investment. Recent advancements in 
hybrid energy harvesting systems further en-
hance this paradigm. Authors [5] review hybrid 
approaches combining solar, thermal, and vibra-
tional sources, noting their potential to mitigate 
intermittency by diversifying energy inputs. 
These systems can power IoT sensors under var-
ying conditions, ensuring continuous operation – 
a critical feature for renewable energy monitoring 
in unpredictable climates. For example, a hybrid 
harvester might use solar energy during the day 
and switch to thermal gradients at night, main-
taining sensor functionality without external 
power. This adaptability is vital for applications 
like wind farm maintenance, where equipment 
downtime can lead to significant energy losses. 

The role of artificial intelligence (AI) in optimising 
these systems is another emerging frontier. Au-
thors [6] propose that AI-driven energy harvest-
ing can improve efficiency in agricultural IoT net-
works by predicting energy availability and ad-
justing sensor operations accordingly. Their work 
suggests that machine learning algorithms can an-
alyse historical data to anticipate solar or wind 
patterns, enabling proactive energy management. 
This predictive capability could revolutionise re-
newable energy systems, allowing them to adapt 
dynamically to environmental changes and max-
imise output, a direction ripe for future research. 

Deployment challenges, however, remain signifi-
cant. Harsh conditions – extreme temperatures, 
humidity, or dust – can degrade harvesting de-
vices and IoT components, reducing lifespan. Au-
thors [7] investigate moisture-based energy har-
vesting using copper complexes, demonstrating 
its potential for urban agriculture and water har-
vesting. Yet, they acknowledge material durability 
as a limiting factor. Similarly, the initial cost of im-
plementing these technologies can be prohibitive, 
particularly in developing regions where renewa-
ble energy adoption is most needed. Addressing 
these barriers requires innovative engineering 
and cost-effective manufacturing, areas where re-
cent literature suggests progress but not yet full 
resolution. 

Authors [8] survey renewable energy harvesting 
schemes in wireless sensor networks to optimise 
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their role in environmental monitoring and disas-
ter management; powering sensors with ambient 
energy enables continuous tracking of climate 
variables, supporting resilience against natural 
disasters, a pressing need in climate change. This 
application extends beyond renewable energy 
management to societal benefits, illustrating the 
technology's versatility. This paper delves deeper 
into these themes, evaluating specific harvesting 
methods, IoT frameworks, and their combined 
impact on sustainable energy management. 

 

Literature Review 

Renewable energy systems, including solar, wind, 
and hydropower, are pivotal in addressing global 
energy demands while reducing reliance on fossil 
fuels. These systems, however, face operational 
challenges due to their dependence on variable 
environmental conditions—solar irradiance, 
wind speed, and water flow which necessitate ro-
bust monitoring to optimise performance and en-
sure reliability. For instance, solar photovoltaic 
(PV) systems require continuous tracking of panel 
efficiency and degradation, particularly in remote 
installations with limited grid connectivity. Wind 
turbines demand real-time assessment of blade 
conditions and power output to prevent down-
time. At the same time, hydropower plants need 
monitoring of turbine efficiency and water levels 
to adapt to seasonal fluctuations. Effective moni-
toring enhances energy yield, reduces mainte-
nance costs, and supports integration into smart 
grids, a critical need as renewable energy penetra-
tion grows. The complexity of these systems am-
plifies the demand for advanced monitoring solu-
tions. Traditional methods, reliant on manual in-
spections or wired sensors, are often impractical 
in isolated locations, driving the adoption of auto-
mated, wireless technologies. A study by authors 
[9] optimises that real-time monitoring of renew-
able energy assets can improve operational effi-
ciency by up to 20%, highlighting the urgency of 
innovative approaches in this domain. As renewa-
ble energy deployments expand, particularly in 
rural or off-grid regions, the need for scalable, au-
tonomous monitoring systems becomes increas-
ingly evident. 

The Internet of Things (IoT) has emerged as a cor-
nerstone for monitoring renewable energy sys-
tems, leveraging interconnected sensors, efficient 
data transmission, and real-time analytics. IoT 
sensors, such as those measuring voltage, current, 
temperature, or vibration, collect granular data 

from energy assets, enabling precise tracking of 
performance metrics. Often deployed in net-
works, these sensors transmit data wirelessly us-
ing protocols like LoRaWAN or ZigBee, which are 
optimised for low-power and long-range commu-
nication. Real-time analytics then process this 
data to detect anomalies, predict failures, and 
maximise energy output, transforming raw infor-
mation into actionable insights. 

Recent advancements underscore IoT's trans-
formative potential. For example, authors [10] de-
ployed a wireless smart sensor network (WSSN) 
for flood monitoring in remote areas, using solar-
powered IoT nodes to track water levels and 
transmit data over extended periods; this demon-
strates IoT's capacity to operate in challenging en-
vironments, a trait directly applicable to renewa-
ble energy monitoring. Similarly, authors [11] re-
view IoT-based solar energy management sys-
tems, noting how cloud-connected sensors enable 
predictive maintenance and demand-side optimi-
sation, reducing energy waste by aligning produc-
tion with consumption patterns. However, chal-
lenges persist, including data security, bandwidth 
limitations, and IoT devices' energy demands, of-
ten relying on finite battery power in remote set-
ups. 

Energy harvesting addresses the power con-
straints of IoT devices by capturing ambient en-
ergy solar, kinetic, thermal, or radio frequency 
(RF) to sustain sensor operations without exter-
nal power sources. Solar harvesting, using photo-
voltaic cells, is widely adopted due to its abun-
dance and scalability, powering sensors in sun-
rich environments like solar farms. Piezoelectric 
harvesting converts mechanical vibrations from 
wind turbine blades into electricity, thermal har-
vesting exploits temperature gradients, and RF 
harvesting captures electromagnetic waves from 
nearby sources. These principles are critical for 
IoT in renewable energy systems, as they enable 
self-sustaining sensor networks, reducing mainte-
nance and enhancing deployment flexibility. 

The relevance of energy harvesting to IoT lies in 
its ability to eliminate battery dependency, a sig-
nificant limitation in remote monitoring. Authors 
[12] explore hybrid energy harvesting combining 
solar and vibrational sources, achieving a 30% in-
crease in power reliability for wireless sensors in 
industrial settings. This hybrid approach miti-
gates the intermittency of single-source harvest-
ing, a key concern for continuous monitoring. 
Likewise, authors [13] investigate RF energy 
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harvesting for IoT nodes in urban microgrids, 
demonstrating its potential to supplement solar 
power in low-light conditions. These advance-
ments highlight energy harvesting's role in ena-
bling autonomous IoT systems, though optimisa-
tion efficiency and durability remain a technical 
challenge. 

Prior research has significantly advanced the inte-
gration of renewable energy systems, IoT moni-
toring, and energy harvesting, yet gaps persist. In 
renewable energy monitoring, authors [14] devel-
oped a multi-user renewable energy monitoring 
system (REMS) using Raspberry Pi and IoT, 
achieving robust data storage and remote access 
for solar and wind setups. Their work showcases 
IoT's scalability but lacks focus on energy self-suf-
ficiency for sensors. Addressing this, authors [15] 
propose an IoT-based hybrid energy harvesting 
system from water flow, integrating hydrokinetic 
and solar sources to power sensors. However, the 
scalability of more extensive networks remains 
untested. On the IoT front, authors [16] review au-
tonomous PV system monitoring using drones 
and AI, highlighting real-time defect detection but 
noting high costs and limited wind or hydro sys-
tems applicability. Complementing this, authors 
[17] explore IoT-based solar monitoring with 
portable PV models, optimisation real-time ana-
lytics via cloud platforms yet overlooking energy 
harvesting integration. Data transmission chal-
lenges are tackled by authors [18], who optimise 
LoRaWAN for solar PV monitoring, achieving a 10 
km range. Still, signal interference in dense de-
ployments remains unresolved. 

Energy harvesting research has progressed nota-
bly. Authors [19] analyse solar-powered IoT sen-
sors for agricultural monitoring, proving their vi-
ability in remote fields, though intermittency dur-
ing cloudy periods limits reliability. Addressing 
this, authors [20] developed a piezoelectric en-
ergy harvester for wind turbine sensors. It offers 
consistent power from blade vibrations, but its ef-
ficiency drops in low-wind conditions. More re-
cently, authors [21] explored multi-source har-
vesting (solar, thermal, RF) for IoT in smart grids, 
showing improved uptime, yet high implementa-
tion costs hinder widespread adoption. 

Despite these strides, several gaps emerge. First, 
while individual harvesting methods are well-
studied, hybrid systems combining multiple 
sources lack comprehensive field validation 
across diverse renewable energy contexts.  

Second, IoT frameworks excel in data collection 
but often neglect cybersecurity, a critical concern 
as systems scale.  

Third, real-time analytics are advancing, yet their 
integration with predictive AI to address energy 
intermittency remains underexplored.  

Finally, most studies focus on solar applications, 
with wind and hydro monitoring lagging in IoT 
and harvesting innovations. 

These gaps suggest a need for interdisciplinary 
approaches that merge robust harvesting, secure 
IoT architectures, and AI-driven analytics to real-
ise the full potential of renewable energy manage-
ment. 

Energy Harvesting Techniques. Energy harvesting 
techniques are essential for powering IoT sensor 
networks in renewable energy systems, enabling 
autonomy and sustainability in remote or off-grid 
environments. By capturing ambient energy solar, 
kinetic, or thermal, these methods eliminate reli-
ance on traditional batteries, address mainte-
nance challenges, and enhance system longevity. 
This section explores photovoltaic cells for solar 
energy harvesting, piezoelectric and wind-based 
methods for kinetic energy, and thermoelectric 
generators for thermal energy, followed by a com-
parative analysis of their efficiency, scalability, 
and environmental suitability. 

 

 

Figure 1 – Classification of the Main Energy 
Techniques 

 

Photovoltaic. Solar energy harvesting, primarily 
through photovoltaic (PV) cells, is the most widely 
adopted technique for powering IoT sensors due 
to its abundance and mature technology. PV cells 
convert sunlight into electricity via the photovol-
taic effect, making them ideal for applications like 
solar farm monitoring, where sensors track panel 
performance and environmental conditions. 
Small-scale PV modules, often paired with energy 
storage (e.g., supercapacitors), provide a reliable 
power source for low-energy IoT devices, 
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typically requiring 1–100 mW. Their deployment 
in renewable energy systems ensures continuous 
operation in sun-rich regions, supporting real-
time data collection for output optimisation. Re-
cent studies highlight PV harvesting's efficacy. Au-
thors [22] developed a solar-powered IoT frame-
work for smart irrigation; this demonstrates that 
a 5 W PV panel can sustain sensor nodes with a 
duty cycle of 10 minutes, even under partial cloud 
cover. This reliability stems from PV cells' high-
power density – up to 15 mW/cm² under direct 
sunlight – far exceeding many alternatives. How-
ever, intermittency during nighttime or cloudy 
conditions necessitates energy storage or hybrid 
solutions, a limitation addressed in broader sys-
tem designs. 

Piezoelectric. Kinetic energy harvesting leverages 
mechanical motion vibrations or airflow to gener-
ate electricity, with piezoelectric and wind-based 
methods being prominent in renewable energy 
contexts. Piezoelectric harvesting uses materials 
like lead zirconate titanate (PZT) that produce 
voltage when mechanically stressed, making it 
suitable for monitoring wind turbines, where 
blade vibrations provide a consistent energy 
source. Wind-based harvesting, conversely, em-
ploys micro-turbines or electromagnetic genera-
tors to capture airflow, often integrated into wind 
farm sensors. 

Piezoelectric systems excel in low-power applica-
tions, typically yielding 10–100 µW/cm², suffi-
cient for IoT sensors monitoring equipment 
health. Authors [23] designed a piezoelectric har-
vester for wind turbine blades, achieving 50 µW 
output from ambient vibrations, enough to power 
a temperature sensor continuously. Wind-based 
harvesting, while less common for IoT, offers 
higher production up to 1 mW/cm² in strong 
winds, as shown by authors [24], who deployed 
micro-turbines for rural IoT nodes. Kinetic har-
vesting's dependence on motion limits its use in 
dynamic environments, but its durability suits 
rugged renewable energy setups. 

Thermal Energy (Thermoelectric). Thermal energy 
harvesting via thermoelectric generators (TEGs) 
exploits temperature gradients to produce elec-
tricity based on the Seebeck effect. In renewable 
energy systems, TEGs can harness heat from solar 
panels, wind turbine gearboxes, or ambient tem-
perature differences, powering sensors in ther-
mally variable conditions. TEGs are compact, with 
no moving parts, offering maintenance-free oper-
ation, though their power output – typically 10–

50 µW/cm² – lags behind solar and kinetic meth-
ods. 

The research underscores TEGs' niche utility. Au-
thors [25] integrated TEGs into a solar PV moni-
toring system, capturing heat from panel surfaces 
(up to 60°C) to generate 20 µW/cm², sufficient for 
low-duty-cycle sensors. Their solid-state design 
ensures longevity, but efficiency (often below 5%) 
and the need for significant temperature differ-
ences constrain widespread adoption. TEGs shine 
in hybrid systems, supplementing other sources 
of reliable thermal gradients. 

 
RESULTS AND DISCUSSION 

Comparing these techniques reveals trade-offs in 
efficiency, scalability, and environmental suitabil-
ity, which are critical for selecting the optimal IoT-
enabled renewable energy monitoring method. 

Efficiency. Solar PV harvesting leads with a power 
density of 10–15 mW/cm² under optimal condi-
tions, far outpacing piezoelectric (10–
100 µW/cm²), wind-based kinetic (0.1–
1 mW/cm²), and TEGs (10–50 µW/cm²). Authors 
[26] note PV's superior conversion efficiency (15–
20%) compared to piezoelectric (1–5%) or ther-
moelectric (2–5%) systems, making it the most 
energy-dense option. However, kinetic and ther-
mal methods offer consistency in specific scenar-
ios of vibrations or heat where solar falters. 

Scalability. PV systems scale seamlessly, with 
modular panels adaptable to large sensor net-
works, as evidenced by authors [27] who de-
ployed a 100-node solar-powered IoT grid for ru-
ral electrification. Piezoelectric harvesting scales 
less effectively, requiring individual placement on 
vibrating components, while wind-based systems 
demand space for turbines, limiting density. TEGs 
scale well in compact arrays but require con-
sistent thermal sources, restricting their flexibil-
ity. 

Environmental Suitability. Solar harvesting thrives 
in sunny climates but struggles in shaded or polar 
regions, a gap kinetic methods fill – piezoelectric 
excels in windy, industrial settings, and wind-
based harvesting suits open terrains. TEGs adapt 
to thermal-rich environments (e.g., deserts or ma-
chinery-heavy sites) but fail where gradients are 
minimal. Authors [28] argue that environmental 
matching is key, with hybrid systems often out-
performing single-source harvesting in variable 
conditions. 
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IoT-Enabled Sensor Networks. IoT-enabled sensor 
networks are revolutionising the monitoring of 
renewable energy systems by providing real-time 
insights into performance, equipment status, and 
environmental conditions. These networks inte-
grate sensors, communication gateways, and 
cloud platforms to collect, transmit, and analyse 
data, enabling autonomous operation in remote 
settings. They overcome power constraints when 
paired with energy harvesting, ensuring continu-
ous functionality. This section examines the archi-
tecture of these networks, key low-power proto-
cols (LoRaWAN, ZigBee, NB-IoT), power manage-
ment strategies, and the trade-offs between edge 
computing and cloud-based analytics. 

 

 

Figure 2 – IoT Wireless Network Sensor 

 

IoT Sensor Network, Gateways and Cloud Integra-
tion. The architecture of an IoT-enabled sensor 
network comprises three core components: sen-
sors, gateways, and cloud integration. Sensors 
measuring voltage, temperature, or vibration are 
deployed across renewable energy assets (e.g., so-
lar panels and wind turbines) to capture opera-
tional data. These devices, often low-power mi-
crocontrollers, form the network's edge, feeding 
data to gateways that aggregate and relay infor-
mation to cloud platforms for storage and analy-
sis. Gateways act as intermediaries, bridging the 
gap between local sensor networks and remote 
servers, while cloud integration enables central-
ised monitoring, scalability, and accessibility. 

 

 

Figure 3 – IoT Gateway Architecture 

 

Recent advancements highlight this architecture's 
adaptability. For instance, authors [29] imple-
mented an IoT network for solar PV monitoring, 
using temperature and irradiance sensors linked 
to a LoRa gateway, with data uploaded to a cloud 
dashboard for real-time visualisation. This lay-
ered design supports scalability across large in-
stallations and ensures robust data flow, though 
gateway placement and connectivity in remote ar-
eas remain challenges. Cloud integration en-
hances decision-making by providing historical 
trends and predictive insights, critical for optimis-
ing renewable energy output. 

Low-Power Protocols: LoRaWAN, ZigBee, and NB-
IoT. Efficient communication is vital for IoT sensor 
networks, particularly in remote renewable en-
ergy systems with limited power and bandwidth. 
Low-power protocols like LoRaWAN, ZigBee, and 
Narrowband IoT (NB-IoT) dominate due to their 
energy efficiency and range. LoRaWAN, a long-
range, low-power wide-area network (LPWAN) 
protocol, excels in rural deployments, offering up 
to 15 km range with minimal energy use (50–100 
µW). ZigBee, a short-range mesh protocol, suits 
dense sensor clusters (e.g., solar farms), consum-
ing 20–60 mW but limited to 100 m. NB-IoT, lev-
eraging cellular infrastructure, provides broad 
coverage and deep penetration, ideal for urban or 
hybrid grids, though it demands slightly higher 
power (100–200 mW). 

The research underscores their strengths. Au-
thors [30] deployed LoRaWAN for wind turbine 
monitoring, achieving a 12 km range with a 90% 
packet delivery rate, demonstrating its reliability 
in sparse networks. Conversely, authors [31] used 
ZigBee for a solar microgrid, noting its low latency 
(20 ms) and suitability for high-density setups. 
However, range constraints necessitated multiple 
gateways (Wu et al., 2020). Authors [32] explored 
NB-IoT for hydropower monitoring, leveraging its 
4G/5G compatibility to ensure connectivity in 
mountainous regions. Each protocol balances 
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power, range, and data rate, with selection driven 
by deployment context. 
 

 

Figure 3 – LORAN and Cellular NB IoT – Network 

 

Power Management on How Energy Harvesting 
Sustains Continuous Operation. Power manage-
ment is a critical challenge for IoT sensor net-
works, especially in remote renewable energy 
systems where battery replacement is- impracti-
cal. Energy harvesting solar, kinetic, or thermal – 
sustains continuous operation by providing a re-
newable power source tailored to sensor needs 
(typically 1–100 mW). Solar-powered nodes, for 
example, use photovoltaic cells to charge superca-
pacitors, ensuring uptime during daylight and 
storing excess for nighttime use. Kinetic harvest-
ing, via piezoelectric devices, powers sensors on 
vibrating equipment, while thermal generators 
tap heat gradients, offering steady output in ther-
mally active environments. 

Studies illustrate this synergy; authors [33] inte-
grated solar harvesting with LoRaWAN sensors 
for rural solar monitoring, achieving a 95% oper-
ational uptime with a 2 W PV panel and 1 F super-
capacitor, even under cloudy conditions. Simi-
larly, authors [34] combined piezoelectric har-
vesting with NB-IoT nodes on wind turbines, de-
livering 80 µW continuously, sufficient for low-
duty-cycle data transmission. Energy harvesting 
eliminates maintenance downtimes, though inter-
mittency requires efficient power management 
circuits – e.g., maximum power point tracking 
(MPPT) – to optimise energy use, a focus of ongo-
ing research. 

Data Processing: Edge Computing vs. Cloud-Based 
Analytics. Data processing in IoT sensor networks 
splits edge computing and cloud-based analytics, 
each offering distinct advantages. Edge computing 

processes data locally on sensors or gateways, re-
ducing latency and bandwidth use, which is criti-
cal for real-time anomaly detection (e.g., turbine 
faults). Cloud-based analytics, conversely, lever-
ages powerful servers for complex tasks like pre-
dictive maintenance or system-wide optimisation, 
supported by vast storage and computational re-
sources. The choice depends on application needs, 
power constraints, and connectivity. 

 

 

Figure 4 – Data Processing of Cloud and Edge 
Computing 

 

Recent work highlights this duality. Authors [35] 
implemented edge computing on solar IoT nodes, 
using a lightweight algorithm to detect panel 
shading within 50 ms, minimising data transmis-
sion and power draw. In contrast, authors [36] 
used cloud analytics for wind farm monitoring, 
processing vibration data to predict blade wear 
with 92% accuracy, requiring a stable uplink. 
Edge computing suits power-limited, latency-sen-
sitive tasks, while cloud analytics excels in data-
intensive, predictive applications. Hybrid ap-
proaches, blending both, are emerging, as authors 
[37] noted, who achieved a 30% energy saving by 
offloading non-critical tasks to the cloud. How-
ever, integrating edge and cloud systems with en-
ergy harvesting remains underexplored, particu-
larly for dynamic renewable energy environ-
ments. 

Integration for Renewable Energy Monitoring. In-
tegrating energy harvesting with IoT-enabled 
sensor networks offers a transformative ap-
proach to renewable energy monitoring, enabling 
real-time oversight of critical systems like solar 
panels, wind turbines, and smart grids. This syn-
ergy addresses the challenges of remote deploy-
ments, intermittent energy sources, and opera-
tional inefficiencies by powering sensors with am-
bient energy – solar, kinetic, or thermal – and 



Path of Science. 2025. Vol. 11. No 2  ISSN 2413-9009 

Section “Engineering, Manufacturing, and Construction”    6015 

leveraging IoT architectures for data collection 
and analysis. This section explores practical appli-
cations, presents case studies from diverse con-
texts, and evaluates the benefits, including cost 
savings, enhanced efficiency, and sustainability. 

 

 

Figure 5 – Integration of Renewable Energy 
 

Real-time Monitoring of Solar Panels, Wind Tur-
bine Performance, or Grid Stability. Real-time mon-
itoring is vital for optimising renewable energy 
systems and integrating energy harvesting. IoT 
excels in three key areas: solar panels, wind tur-
bine performance, and grid stability. For solar 
panels, IoT sensors powered by photovoltaic cells 
track parameters like voltage, current, and tem-
perature, instantly detecting faults (e.g., shading, 
dust accumulation); this allows operators to max-
imise energy yield and extend panel lifespan; 
wind turbine monitoring benefits from kinetic 
harvesting – piezoelectric or wind-based –power-
ing sensors that measure blade vibration, rota-
tional speed, and structural integrity, enabling 
predictive maintenance to prevent failures. In 
smart grids, hybrid harvesting sustains sensors 
monitoring load balance, voltage fluctuations, and 
renewable integration, ensuring stability as dis-
tributed energy resources grow. Recent research 
validates these applications. Authors [38] de-
ployed a solar-powered IoT network for PV mon-
itoring, achieving a 15% increase in energy output 
by identifying underperforming panels in real-
time. Authors [39] used piezoelectric-powered 
sensors for wind turbines to monitor blade health, 
reducing downtime by 25% through early fault 
detection. In grid stability, authors [40] integrated 
thermal harvesting with IoT to track microgrid 
performance, stabilising voltage during peak re-
newable input. These applications demonstrate 
the technology's versatility across renewable en-
ergy domains. 

Case Studies. Case studies illustrate the practical 
impact of this integration in real-world settings, 
such as rural microgrids and offshore wind farms. 
In rural India, a 2021 study by authors [41] de-
ployed a solar-powered IoT network for a 50 kW 
microgrid, using LoRaWAN to connect 20 sensor 
nodes monitoring solar output and battery status. 
Harvesting 2–3 W per node from PV cells, the sys-
tem provided continuous data to a cloud platform, 
enabling load management and reducing black-
outs by 30%. This case highlights the technology's 
role in rural electrification, where limited grid ac-
cess and autonomy are paramount. 

In contrast, an offshore wind farm in the North 
Sea, studied by authors [42], integrated kinetic 
and thermal harvesting with IoT for turbine mon-
itoring. Piezoelectric harvesters on blades gener-
ated 100 µW to power vibration sensors, while 
TEGs on gearboxes (exploiting 40°C gradients) 
supplied 50 µW for temperature nodes. Data 
transmitted via NB-IoT to an onshore server ena-
bled real-time fatigue analysis, cutting mainte-
nance visits by 40% in harsh marine conditions. 
This example showcases the integration's resili-
ence and scalability in extreme environments, ad-
dressing logistical challenges unique to offshore 
renewable energy. 

Reduced Maintenance Costs, Improved Efficiency, 
Sustainability. The integration yields significant 
benefits: reduced maintenance costs, improved 
efficiency, and enhanced sustainability. By elimi-
nating battery replacements through energy har-
vesting, maintenance costs drop sharply – partic-
ularly in remote or hazardous locations like off-
shore farms or rural grids. IoT-driven real-time 
monitoring further reduces costs by enabling pre-
dictive maintenance, preventing costly failures. 
Efficiency improves as sensors optimise energy 
output – e.g., adjusting solar panel tilt or wind tur-
bine pitch – while grid stability enhances renewa-
ble integration. Sustainability is bolstered by min-
imising resource use (fewer batteries) and sup-
porting clean energy adoption. 

Evidence supports these claims. Authors [43] 
found that a solar IoT system with energy harvest-
ing reduced maintenance costs by 35% over three 
years, as sensors flagged issues before escalation. 
Efficiency gains are notable: authors [44] re-
ported a 20% increase in wind turbine uptime us-
ing kinetic-powered IoT monitoring, optimising 
performance in variable winds. Sustainability 
benefits shine in microgrid applications, where 
authors [45] noted a 50% reduction in battery 
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waste with solar-thermal harvesting, aligning 
with circular economy goals. These benefits col-
lectively enhance the economic and environmen-
tal viability of renewable energy systems. 

Challenges remain, such as initial deployment 
costs and energy intermittency, but the integra-
tion's advantages are clear. As demonstrated by 
case studies and applications, it offers a scalable, 
resilient solution for modern energy needs, with 
the potential to expand into hybrid systems and 
AI-enhanced analytics, areas ripe for further ex-
ploration. 

Challenges and Limitations. While integrating en-
ergy harvesting and IoT-enabled sensor networks 
offers significant advantages for renewable en-
ergy monitoring, it faces notable challenges and 
limitations; these span technical hurdles like en-
ergy storage constraints and intermittent harvest-
ing, environmental factors such as weather de-
pendency and deployment in harsh conditions, 
and scalability issues related to cost and infra-
structure. Addressing these barriers is critical to 
realising the full potential of this technology, par-
ticularly in remote or large-scale renewable en-
ergy systems. 

Technical: Energy Storage Constraints, Intermit-
tent Harvesting. Technical challenges primarily 
revolve around energy storage and the intermit-
tent nature of harvested energy, impacting IoT 
sensor networks' reliability. Solar, kinetic, or ther-
mal energy harvesting methods rarely provide 
continuous power, necessitating storage solutions 
like batteries or supercapacitors to bridge gaps 
during low-energy periods (e.g., nighttime for so-
lar, calm winds for kinetic). However, storage ca-
pacity is finite, and small-scale IoT nodes often 
rely on compact units with limited energy density, 
risking downtime if harvesting fails to recharge 
them adequately. Supercapacitors, while durable, 
store less energy than batteries, and batteries de-
grade over time, especially in extreme tempera-
tures. 

Intermittency compounds this issue, as ambient 
energy availability fluctuates unpredictably. Solar 
harvesting, for instance, drops to zero at night, 
while kinetic harvesting depends on consistent 
motion. A study by authors [46] found that a solar-
powered IoT network experienced a 40% power 
shortfall during prolonged cloudy periods despite 
a 1 F supercapacitor, highlighting storage limita-
tions. Similarly, authors [47] noted that piezoelec-
tric harvesting for wind turbine sensors failed 
during low-wind conditions, reducing data 

collection by 25%. Solutions like hybrid harvest-
ing or advanced power management circuits (e.g., 
MPPT) mitigate these issues but increase com-
plexity and cost, posing a trade-off for widespread 
adoption. 

Environmental: Weather Dependency, Deployment 
in Harsh Conditions. Environmental factors pre-
sent significant challenges, with weather depend-
ency and harsh deployment conditions threaten-
ing system performance. Solar energy harvesting 
relies heavily on sunlight, making it vulnerable to 
seasonal variations, cloud cover, or polar nights in 
high-latitude regions. Kinetic harvesting, tied to 
wind or vibration, falters in still conditions, while 
thermal harvesting requires consistent tempera-
ture gradients, which may vanish in uniform cli-
mates. These dependencies limit reliability daily 
in renewable energy sites like deserts or offshore 
platforms, particularly in unpredictable or ex-
treme weather. 

Harsh conditions – extreme temperatures, humid-
ity, salt corrosion, or dust – further degrade har-
vesting devices and IoT components. Offshore 
wind farms, for example, face saltwater exposure 
that corrodes piezoelectric materials, while desert 
solar farms contend with sand abrasion on PV 
cells. Research by authors [48] showed that a so-
lar IoT system in a desert lost 15% efficiency after 
six months due to dust accumulation, requiring 
frequent cleaning that offset cost savings. Like-
wise, authors [49] reported a 20% failure rate in 
TEG-powered sensors on offshore turbines after 
one year, attributed to corrosion and thermal cy-
cling. Protective coatings and rugged designs help, 
but they raise costs and complicate maintenance, 
especially in remote locations. 

Scalability: Cost and Infrastructure Challenges. 
Scalability poses another hurdle, driven by high 
initial costs and infrastructure demands. Deploy-
ing energy harvesting and IoT networks across 
sizeable renewable energy systems –e.g., a 100 
MW solar farm or a 50-turbine wind array – re-
quires significant investment in sensors, gate-
ways, and harvesting units. While harvesting re-
duces long-term maintenance costs, upfront hard-
ware, installation, and integration expenses can 
be prohibitive, particularly in developing regions 
or for small-scale operators. Adding hybrid har-
vesting or redundant systems to counter intermit-
tency further escalates costs. 

Infrastructure challenges compound this, as re-
mote or dispersed sites often lack reliable com-
munication networks (e.g., cellular coverage for 
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NB-IoT) or power grids to support initial setup. A 
case study by authors [50] on a rural microgrid 
found that scaling a solar-powered IoT network to 
50 nodes increased costs by 60% due to addi-
tional gateways and wiring despite harvesting 
benefits. Similarly, authors [51] noted that an off-
shore wind farm IoT deployment required satel-
lite uplinks costing $10,000 annually, straining 
budgets. These factors limit scalability, especially 
where funding or technical expertise is scarce, 
slowing adoption in underserved areas with high 
renewable energy potential. 

Addressing these challenges requires innovation. 
Technical solutions like advanced energy storage 
(e.g., solid-state batteries) or AI-driven power 
management could enhance reliability, while 
weather-resistant materials and modular designs 
might improve environmental resilience. For 
scalability, cost-effective manufacturing and gov-
ernment subsidies could lower barriers, as au-
thors [52] suggested, who reduced IoT node costs 
by 30% using mass-produced PV harvesters. 
Nonetheless, these limitations highlight the need 
for further research and development to ensure 
this integration meets diverse operational de-
mands. 

Future Directions. Integrating energy harvesting 
and IoT-enabled sensor networks holds immense 
potential for renewable energy monitoring, yet its 
evolution depends on addressing current limita-
tions through innovation, supportive policies, and 
targeted research. This section explores advances 
in nanotechnology and hybrid harvesting systems 
as key innovations, examines policy incentives to 
accelerate adoption, and identifies research gaps 
that warrant further study, such as AI optimisa-
tion. 

Innovations: Advances in Nanotechnology, Hybrid 
Harvesting Systems. Emerging innovations in nan-
otechnology and hybrid harvesting systems 
promise to enhance the efficiency, durability, and 
scalability of energy harvesting for IoT applica-
tions. Nanotechnology offers breakthroughs in 
material science, such as nanoscale photovoltaic 
cells or piezoelectric composites, which boost 
power density and resilience. For instance, au-
thors [53] developed a nanostructured PV har-
vester with a 25% efficiency increase over con-
ventional cells, delivering 18 mW/cm² for IoT 
sensors, even under low-light conditions. Such ad-
vancements could mitigate intermittency and en-
able deployment in diverse climates, from cloudy 
regions to urban shadows. 

Hybrid harvesting systems, combining solar, ki-
netic, and thermal sources, address single-source 
limitations by diversifying energy inputs. A study 
by authors [54] demonstrated a hybrid harvester 
integrating PV and piezoelectric elements, achiev-
ing a 40% uptime improvement for wind-solar 
IoT nodes by switching sources dynamically. 
These systems, enhanced by nanotechnology, 
could power next-generation sensor networks 
with more excellent reliability, supporting appli-
cations like smart grids or offshore renewable en-
ergy. Continued innovation in miniaturisation and 
energy conversion efficiency will be key to un-
locking these benefits. 

Policy: Incentives for IoT-Driven Renewable Energy 
Solutions. Policy incentives are critical to scaling 
IoT-driven renewable energy solutions, particu-
larly in regions where cost and infrastructure 
pose barriers. Governments can accelerate adop-
tion through subsidies for energy harvesting tech-
nologies, tax breaks for IoT deployments, or fund-
ing rural electrification projects. Such measures 
would lower initial investment hurdles, encourag-
ing operators to integrate these systems into solar 
farms, wind arrays, and microgrids. For example, 
authors [55] analysed India's renewable energy 
incentives, finding that a 20% subsidy on IoT-en-
abled microgrids increased deployment by 35% 
in two years. Similar policies could drive global 
uptake. 

International frameworks, like the UN's Sustaina-
ble Development Goals, could further prioritise 
IoT and harvesting research, fostering collabora-
tion between academia, industry, and policymak-
ers. Regulatory standards for interoperability and 
cybersecurity in IoT networks would also ensure 
safe, scalable growth. As renewable energy transi-
tions accelerate, policies aligning economic incen-
tives with technological advancement will be piv-
otal in mainstreaming this integration. 

Research Gaps: Areas Needing Further Study (e.g., 
AI Optimization). Despite progress, several re-
search gaps remain. AI optimisation stands out as 
a critical area, with the potential to predict energy 
availability, optimise harvesting, and enhance 
data analytics in IoT networks. Current systems 
rely on static power management, but AI could dy-
namically adjust sensor operations based on 
weather forecasts or equipment status. Authors 
[56] propose an AI-driven model for solar IoT net-
works, predicting cloud cover to improve energy 
allocation by 30%, yet field validation is lacking. 
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Expanding this to hybrid systems and real-time 
grid applications requires further exploration. 

Other gaps include long-term durability testing of 
harvesting devices in harsh environments, cyber-
security for IoT networks, and cost-effective scal-
ing strategies. Nanotechnology's promise needs 
practical deployment studies, while policy im-
pacts on adoption rates remain underexplored. 
Addressing these areas will strengthen the inte-
gration's reliability and accessibility, paving the 
way for broader renewable energy management. 

 
CONCLUSIONS 

The synergy of energy harvesting and IoT-ena-
bled sensor networks represents a paradigm shift 
in renewable energy monitoring, offering a sus-
tainable, efficient, and scalable solution for opti-
mising solar, wind, and grid systems. This paper 
has explored how photovoltaic, kinetic, and ther-
mal harvesting power IoT sensors to deliver real-
time insights, reducing maintenance costs and en-
hancing energy yield. Applications in solar panel 
tracking, wind turbine health monitoring, and grid 

stability underscore its versatility, while case 
studies –rural microgrids and offshore wind 
farms – demonstrate its real-world impact. Bene-
fits like cost savings, improved efficiency, and sus-
tainability highlight its value despite intermit-
tency, environmental constraints, and scalability 
hurdles. 

The integration's future hinges on innovation and 
collaboration. Advances in nanotechnology and 
hybrid harvesting promise excellent reliability, 
while policy incentives can bridge economic gaps, 
driving adoption in underserved regions. Re-
search into AI optimisation and other gaps will 
further refine this technology, addressing tech-
nical and practical limitations. As renewable en-
ergy becomes central to global energy systems, 
the continued development of this synergy is im-
perative. It enhances operational performance 
and aligns with sustainability goals, offering a 
blueprint for resilient, autonomous energy man-
agement. Ongoing research, policy, and deploy-
ment investment will ensure its potential is fully 
realised, shaping a cleaner, brighter energy future. 
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