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Everything relies on the power block

A simple architecture of IoT node

Batteries: limited life, infinite waste 

< 5 years lifetime

< 6 months lifetime

Pollution

Why Energy Harvesting? [1/2]
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Resilient communication devices in areas with
unreliable electricity infrastructure

Why Energy Harvesting? [2/2]

Reliable data collection/monitoring in flood-
prone & remote environments e.g. Vietnam
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Is Battery-Free IoT Device Possible?



Source: Hughes. et al., Gridstix: supporting flood prediction using embedded hardware and
next generation grid middleware, WoWMoM’06
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Source: F. Yang et al., AsTAR: Sustainable Battery Free Energy Harvesting for Heterogeneous
Platforms and Dynamic Environments, EWSN ’19

Modified IoT Node Architecture [3/3]
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Does this Solves Everything?



Battery-free EH IoT Node: The Pain Points

Microcontroller

NODE

Communication Block

Energy harvesting 
module

Sensing Layer Processing Block

Super-capacitorsUnreliable/Dynamic 
energy supply

High discharge rate
&

Low energy density

§ Additionally, most existing solutions are integrated, with
§ poor or no 3rd party support



Modular and Compact Design for portable 
and mobile applications

Plug-and-Play Support for various IoT boards

Intelligent Charge Management Libraries

Ultra Low-cost Power, Battery Free and Energy 
Harvesting operation

Flute Power Board

Flute: A Plug And Play Battery-free Wireless Sensing Platform

› Takeaway:

Flute transforms commodity IoT boards into Battery-free Energy Harvesting devices
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How reliable and efficient can battery-free wireless systems be in the field?2



Mithræum of Circus Maximus [3, 17]: 

• Deployed Battery-free EH sensors 

• Intermittent computing → nodes failure tolerated

Findings:

• Kingdom (battery baseline): 71% uptime

• Republic: 22% yield of baseline; high failure rates, high peripheral energy cost

• Empire: HW/SW improvements; 25% yield

Limitation: Availability far below application needs (e.g. forest, mining, wildlife monitoring)

Gap: Real-world EH deployments are a few and lack continuous, reliable operation

SoTA: Real-World Experiences



Goal: Support research on forest microclimates and ecosystem dynamics using 
BME680 sensor

Motivation:
• Climate change demands continuous, long-term environmental data
• Battery-based systems: high maintenance, limited lifespan

Challenges:
• Dense/seasonal canopy reduces solar energy availability
• Small energy buffer → risk of brownouts

Application Case: Forest Monitoring with Leaf-Link

The perfect place to compare batteries and super-capacitors
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Scalable IoT Sensor Network with LoRaWAN 
Connectivity

Intelligent Charge Management Libraries

Battery Free and Energy Harvesting operation

Baseline for Long-Term Study

Leaf-Link Node

Leaf-Link

6

7

Capacitor bank

RAK3172
Antenna



Hardware Architecture – Battery-Free

Built on FLUTE’s Power Management Board

V.V. Bui et al., Flute: Enabling a Battery-free and Energy Harvesting Ecosystem for the IoT (MobiQuitous’23)



LiPo Battery
+ 
CN3065

Hardware Architecture – Battery-Powered
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Leaf-Link Reference Hardware
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Feature Battery-Free Variant Battery-Based Variant

Storage 4 × 15 F super-caps (≈ 0.252 Wh) 3200 mAh LiPo (≈ 11.84 Wh)

Lifetime Thousands of re(charge) cycles Limited re(charge) cycle

Cost (10K units) ~$21.88 ~$8.72

Charging management • Open-circuit Vpv via control switch
• HV cutoff at 5.4 V

• CN3065 linear charger
• Adaptive current regulation

Takeaway:
• Battery-free: Long lifetime, sustainable, but lower energy capacity

• Battery-based: higher energy buffer, but shorter lifetime and measurement limitations

Battery-Free vs. Battery-Powered



Nodes distribution across the forest

Deployment

A representative node
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Does Leaf-Link Deliver Reality?3



Battery-Free (BF) Battery-Powered (BP)

Software Failure BF-3, BF-4 BP-1, BP-2, BP-5

Power Failure BF-3: 16 h (then SW bug)
BF-5: <9 h

BP-1: depleted after 2 weeks (no recovery)
BP-4: brown-out before end

Recovery Fast recharge (✔) Requires ≥4.65 V to charge

Efficiency Uses almost all harvested energy ~2% energy loss near full charge

Lesson 1: Battery-free does not mean lower reliability

› Findings:
• Most of the SW failures are linked to the radio problems
• Canopy-induced reduction in solar availability results in most power failures

› Failure Modes:
• Software Failure = Node crashes or Network has failed 
• Power Failure = When node brown-out



Battery-Free Sensor Node

Battery-Powered Sensor Node

Lesson 1: Battery-free does not mean lower reliability



Lesson 2: Battery-Free Devices Are Efficient

Battery-Free Sensor Node Battery-Powered Sensor Node



Lesson 2: Battery-Free Devices Are Efficient
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Lesson 3: LPWAN Reliability is Low in Forest Environments

26

Fig. 5: Empirical cumulative distribution of link and database
reliability for battery-free (BF) and battery-powered (BP)
nodes. The x-axis represents reliability (%) and the y-axis
indicates the fraction of nodes with reliability less than or
equal to a given value. Markers indicate individual nodes.
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Fig. 6: Empirical cumulative distribution of link reliability for
battery-free (BF) and battery-powered (BP) nodes. The x-axis
represents reliability (%) and the y-axis indicates the fraction
of nodes with reliability less than or equal to a given value.

bility, demonstrating that under favourable deployment con-
ditions, Leaf-Link can meet the reliability requirements for
long-term, low-maintenance environmental monitoring.

Lesson 4. Precise failure classification pinpoints where to
focus fixes

We assess the limitations and operational behaviour of Leaf-
Link by classifying observed failures into three categories:
(i.) reliability failure, where a node fails to execute a planned
sense–send–store cycle; (ii.) energy inefficiency, where a node
under-utilises available light energy for useful work; and
(iii.) availability failure, where a node is unavailable to execute
scheduled tasks. These categories correspond to the evaluation
dimensions in Sec. II-D, based on system logs and telemetry
data.

VI. CONCLUSION

A. Opportunities and Limitations

This work presents a proof-of-concept to validate wireless
forest sensing, demonstrating the potential of battery-free
environmental sensing. Deploying the battery-powered nodes
alongside battery-free ones establishes a baseline for transi-
tioning to fully battery-free forest tree monitoring. Our weeks-
long deployment, though limited in duration, forms the basis
for future longitudinal studies across varying environmental
conditions.
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High-voltage shut-off mode distribution for BF nodes

Lesson 4: Energy subsystem dimensions drive efficiency

to insufficient solar power as canopy cover increased. More-
over, BF-3 also failed due to excessive energy draw aris-
ing from a sensor misconfiguration. In the battery-powered
group, BP-1 entered brown-out after 2 weeks into phase two of
the experiment and BP-4 after 7 weeks, both caused by canopy
cover reducing the availability of solar energy. Interestingly,
Battery-powered nodes failed to recover after brown-out due
to their higher charging voltage requirement, whereas battery-
free nodes recovered after depletion and showed resilience
through self-adaptive energy management.

[DH] : Again you need to say how long all nodes
were browned-out for. This text also shows a more serious
problem. You cannot compare down time for one group
over a longer period than the other. This is fundamentally
unfair. We should discuss this. I could not work out how
to integrate the following text which came later with much
less explanation: ‘Similarly, BP-1, BP-2 and BP-4 experienced
downtime, rendering them unavailable for tasks execution and
unable to recover.’

A complete list of minor bugs and sources of downtime is
provided at: www.github.com/leaf-link.

B. Lesson 1: Battery-free devices can deliver high availability
using self-adaptation

As discussed in Sec. V-A, with the appropriate charge
storage specified, battery-free devices can provide the same
or higher availability as battery-powered devices. This find-
ing stands in contrast to prior research [3], [4], [16], [17],
for example the well-known Circus Maximus deployment
achieved only one-fourth availability of its battery-based vari-
ants, whereas the battery-free devices in the Leaf-Link study
achieve 60% compared to 40% for the battery-based devices.
This is due to two important factors. (i.) the self-adaptive
charge management approach, which continually adapts be-
haviour to match available energy and (ii.) appropriately
specified super-capacitors, which are much larger than those
typically used in academic research.

C. Lesson 2: LPWAN Reliabilty is Low in Forest Environments

We define link reliability as the fraction of transmissions
that are successfully received by the gateway after the retry
process completes.

Link reliability varies considerably between nodes due
to gateway coverage and placement. Battery-powered nodes
achieve an average link reliability of 59.7% (ω = 31.35%),
while battery-free nodes average 62.18% (ω = 30.58%). The
high standard deviation reflects large differences between
specific nodes. Fig. 4 shows the distribution of link reliability.
All nodes maintained at least 25% reliability, 80% exceeded
35% reliability, and the top 20% in both groups achieved over
97% reliability.

The majority of unreliability we observed stemmed
from LoRa link problems, making it a bigger problem in our
deployment than energy availability.

Fig. 5: Empirical cumulative distribution of link and database
reliability for battery-free (BF) and battery-powered (BP)
nodes. The x-axis represents reliability (%) and the y-axis
indicates the fraction of nodes with reliability less than or
equal to a given value. Markers indicate individual nodes.
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Fig. 6: Empirical cumulative distribution of link reliability for
battery-free (BF) and battery-powered (BP) nodes. The x-axis
represents reliability (%) and the y-axis indicates the fraction
of nodes with reliability less than or equal to a given value.

bility, demonstrating that under favourable deployment con-
ditions, Leaf-Link can meet the reliability requirements for
long-term, low-maintenance environmental monitoring.

Lesson 4. Precise failure classification pinpoints where to
focus fixes

We assess the limitations and operational behaviour of Leaf-
Link by classifying observed failures into three categories:
(i.) reliability failure, where a node fails to execute a planned
sense–send–store cycle; (ii.) energy inefficiency, where a node
under-utilises available light energy for useful work; and
(iii.) availability failure, where a node is unavailable to execute
scheduled tasks. These categories correspond to the evaluation
dimensions in Sec. II-D, based on system logs and telemetry
data.

VI. CONCLUSION

A. Opportunities and Limitations

This work presents a proof-of-concept to validate wireless
forest sensing, demonstrating the potential of battery-free
environmental sensing. Deploying the battery-powered nodes
alongside battery-free ones establishes a baseline for transi-
tioning to fully battery-free forest tree monitoring. Our weeks-
long deployment, though limited in duration, forms the basis
for future longitudinal studies across varying environmental
conditions.
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Fig. 4: Cumulative distribution of link reliability for battery-
free and battery-powered nodes.

D. Lesson 3: Energy subsystem dimensions drive efficiency

Energy efficiency is the node’s ability to convert avail-
able light energy into useful work. Inefficiency arises when
available energy is under-utilised or nodes operate below their
capacity due to conservative scheduling. Energy harvesting
and storage choices determine how nodes use available energy,
making the subsystem design central to overall efficiency. We
evaluate this by comparing the average daily messaging rates
to the node energy levels. While this metric provides a first-
order estimate, it can be misleading in applications where
nodes are configured to perform fewer tasks than their energy
budget allows.

To address this, we log the available light energy, estimated
from the open-circuit voltage of the solar panels and plot the
daily disconnection periods when (i.) the node reaches a user-
defined maximum charge level (vMax) and enters high-voltage
shut-off mode, or (ii.) when the Exponential Weighted Moving
Average (EWMA) algorithm over/underestimates the morning
EH starting time, causing night-time over/undershoot. The
resulting disconnection durations are summarised in Table ??.
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Fig. 5: High-voltage shut-off mode distribution for battery-free
nodes.› Takeaway:

Proper dimensioning of energy subsystem is critical for efficiency

› Inefficiency sources:
• Under-utilised solar energy
• Conservative scheduling



Conclusion
› A 2-month forest deployment of Battery-Free (BF) vs Battery-Powered (BP) nodes

› Findings:

• BF > BP in reliability → fewer failures, faster recovery
• BF > BP in efficiency → more frequent message transmission
• BP limited by charging inefficiencies (blocked at low V/I)

› Future Work:
• Extend deployment to capture seasonal effects
• Scaling network: 10 to 100 nodes
• Deploy in diverse environments & workloads for generality

› Takeaway:
Adaptive, battery-free design enables long-term, low-maintenance wireless sensing
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Backup slides
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Leaf-Link Hardware Configurations



Common Software Configurations
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