
Energy Neutral Operation: An energy efficient 
methodology for wireless sensor networks 

 

  

 

 

 

 

 

 

ABSTRACT 

Wireless sensor networks (WSN) are systems composed of self-

powered, wireless sensors capable of detecting and transmitting 

changes in the environment to a base station. This technology can 

be deployed in a wide range of environments and support great 

number of applications. However, as the sensors are powered by 

batteries, the lifetime of these networks are limited and energy 

saving techniques must be developed in order to allow the 

acquisition of environmental data for longer periods of time. 

In this poster, we present the concept of Energy Neutral Operation 

(ENO) and propose an optimization method to achieve it. ENO 

consists of an efficient way of managing the node energy 

utilization, improving the life time of the system. This poster also 

introduces a context-aware harvesting node (CAEH) model  and 

the use of distributed optimization and task scheduling techniques 

to provide ENO in energy harvesting wireless sensor networks 

(EHWSN).    
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1. INTRODUCTION 
      Wireless Sensor Networks (WSN) have become popular 

recently mainly due to two reasons. First, the recent advances in 

embedded systems technologies, wireless communication and 

digital electronics enabled the development of small, low-cost, 

low-power, and multifunctional sensor nodes. In addition, the 

widespread and popularization of Internet of Things (IoT) and 

Smart Environments concepts created a new range of applications 

for this technology. Currently, WSN applications vary from 

healthcare and medical applications [1], military and security [2], 

to environmental and ecological applications [3].  

    

 

 

 

 

 

 

  Even though the evolution of electronic and communication 

protocols enabled the development and deployment of more 

robust and reliable WSN, energy consumption is still a bottleneck. 

The lifetime of a network depends on the lifetime of its nodes, 

which usually use limited power sources, such as batteries and 

supercapacitors, especially in outdoor applications. This limitation 

implies that all nodes operation should respect energy constraints, 

usually harming other necessary parameters like performance and 

quality of service (QoS).   

   Harvesting energy from the environment came as solution to 

improve the lifetime of wireless sensor networks. Some examples 

of energy sources from the environment are solar, wind, 

mechanical (vibration or kinetic), thermal or biological sources. 

However, given the dynamic and unsteady behaviour of the 

environment, the introduction of energy harvesting devices to 

WSN comes with additional complexity to energy models and 

optimization techniques. While previously the proposed energy 

saving  approaches were concerned with reducing the total energy 

consumption, in the energy harvesting wireless sensor networks 

(EHWSN), the new methods should find a balance between the 

energy consumed and harvested in order to improve both system 

lifetime and performance.  

   A recently developed method for better managing the node 

energy utility of an EHWSN is called Energy Neutral Operation 

(ENO). Proposed by [4], it is a mode of operation where the 

system is capable of achieving a balance between the energy 

acquired, consumed and stored. The idea behind this methodology 

is that, given a time slot, the energy consumption rate is always 

less or equal the energy production rate and the level of energy 

stored in a storage device is never bellow a defined threshold. 

Given these conditions, an EHWSN can have an infinite lifetime, 

using the energy stored in the battery only in necessary situations.  

  This research deals with the development of an optimization 

technique to achieve both node and network level energy 

neutrality. As adaptability and knowledge of the environment are 

necessary requirements for achieving energy neutrality, we 

propose the use of context-aware modules to enable the node 

understand the energy and processing requirements of itself and 

its neighbours. This information allows each node to choose 

among a set of tasks the best ones capable of improving the 

performance of the system while respecting the energy 

constraints. In section 2 there is a more detailed explanation about 

energy neutral operation while sections 3 and 4 describe the 

proposed optimization method.    
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2. ENERGY NEUTRAL OPERATION  
   The concept of energy neutral operation (ENO) was introduce 

by  [4] as a mode of operation were the energy consumption of the 

node was always less or equal than the energy harvested from the 

environment. Once in this state, the sensor lifetime is practically 

infinite in terms of energy. An energy neutral operation 

optimization needs, therefore, to maximize the performance of the 

system while keeping it energy neutral.  Figure 1 summarizes the 

energy neutral operation behaviour. 

 

Figure 1. Description of the energy neutral operation 

conditions. 

   [5] extends this concept to ENO-MAX, a dual-objective state 

where the system achieves maximum performance while 

satisfying the energy neutrality conditions. The authors of [6] 

suggest two types of energy neutrality: node-level energy 

neutrality and application-level energy neutrality. The node-level 

energy neutrality implies maximizing the nodes performance 

while ensuring energy neutral operation inside the node. On the 

other hand, the application-level energy neutrality implies 

attending all the application requirements while maintaining the 

system energy neutral. While node-level energy neutrality is 

concerned with optimizing each node separately, the application-

level energy neutrality requires co-ordination and cooperation 

among nodes to provide energy neutrality across the system.  

   In addition to the popular energy optimization methods 

developed for WSN, such as adaptive duty cycle and routing 

protocols, ENO systems brings new ideas about opportunistic 

energy trading and fair rate allocation. The concept of 

Opportunistic Energy Trading (OET), for example, is proposed in 

[7] as a way of enabling the trade of energy resources among 

different networks. This allow the development of inter-network 

energy neutrality methods, which gives more flexibility since each 

network can either choose to employ energy optimizations 

techniques or ‘buy’, energy from neighbour  networks. This 

energy transfer is actually made by trading energy-hungry 

process, like image processing and packet route, between different 

networks.  

   Fair rate allocation deals with the problem of maximizing the 

system performance while balancing the workload among nodes, 

which means considering the fairness of the system to achieve 

ENO. The use of fairness is closely related to both node-level and 

application-level energy neutrality since it seeks to find a fair rate 

assignment for each sensor in a way that optimizes the 

performance of the network, attending both the application and 

energy neutrality requirements. [8], for example, proposes a 

maximum lexicographically data collection rate algorithm to 

provide uninterrupted services without breaking the ENO 

constraints. 

3. CONTEXT-AWARE ENERGY 

HARVESTING NODES 
   For better understanding the nodes energy behaviour, this poster 

proposes context-aware energy harvesting nodes (CAEH). A 

CAEH node consists of a sensor, a set of tasks and a context-

aware engine. The context-aware engine is responsible for 

collecting context information about the energy harvesting device, 

the sensor and the battery in order to estimate the available energy 

for the next time slot and adapt the sensor behaviour according to 

the energy neutral constraints. The energy estimation is based on 

real-time measurements of the energy components studied 

(sensor, harvesting device and battery).  

   Each sensor has a queue of tasks with a priority associated. The  

Context-aware engine is responsible to fairly distribute these tasks 

during the time slot according to the available energy of the 

sensor. If eventually a sudden change in the environment leads to 

a reduction of the available energy, the less priority tasks are 

blocked until the next time slot. In case of long periods of low-

energy (caused by, for example, a shadow if we consider solar 

panel based systems), a node can offload the less priority tasks or 

even the whole set of tasks to a neighbour node with more  

available energy. Figure 2 describes the CAEH and the features 

examined by the context-aware engine.  

 

Figure 2. Context-aware nodes are capable of achieving node 

level energy neutrality. 

4. ENERGY NEUTRAL DISTRIBUTED 

FAIR RESOURCE ALLOCATION 
   The context-aware node is the first step in order to achieve 

network level energy neutrality. The energy neutral task 

scheduling problem can be extended to the whole network as a 

fair and distributed resource allocation mechanism. The idea is 

that the whole network  adaptively distribute the tasks among the 

nodes in order to achieve energy neutral operation. Each node 

broadcasts information about its available energy and tasks queue 

(if it is full or empty) to its nearest neighbours. The nodes can, 

therefore, offload tasks to neighbour nodes in order to maintain 

the system energy neutral.  

    In order to achieve energy neutrality, it is desirable that the 

selected nodes have higher available energy. However, it may 

occur that a high-energy node has a full tasks queue, and probably 

it would take a long time for it to relay the receiving data. With 

the purpose of being fair, the protocol also should analyse the task 

queue of each node. The desirable size of the queue depends of 

the delay requirements of the application. The use of a distributed 

approach allows more flexibility to the system adapt to quick 

variations in the weather conditions.  



   Figure 3 describes the fair task scheduling method proposed. 

 

 

Figure 3. Description of the distributed fair resource 

allocation method. The nodes exchange tasks among each 

other to maintain the whole system energy neutral. 

5. CONCLUSIONS  
   This poster presented an early stage research in energy neutral 

operation for energy harvesting wireless sensor networks. 

   Initially, we presented the energy constraints common to 

wireless sensor networks and how the introduction of energy 

harvesting devices increased the overall system lifetime, but it 

also brought more challenges to the development of EHWSN and 

energy saving techniques. It became necessary more than simply 

save energy to increase the sensor lifetime, but actually balance 

the energy collected and consumed by the system. This idea of 

efficient use of energy is then formalized as the concept of Energy 

Neutral Operation (ENO), a state of operation where the system 

never consumes more than it can collect. Here, the new 

optimizations methods need to fulfil the energy neutrality 

conditions while maximizing the system performance. 

  The purpose of this research is to propose a joint node-level and 

network-level energy neutrality resource management mechanism. 

The node-level component consists of a context-aware energy 

estimation model and a context-aware engine to adapt the node’s 

behaviour. The network-level optimisation incorporate ideas from 

energy neutral protocols and fair resource allocation to define a 

routing protocol capable of finding the best path considering the 

node’s energy and processing availability.  
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