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ARTICLE INFO ABSTRACT

Received: 10 Nov 2024 This paper suggests a theoretical framework towards a new consensus mechanism in blockchain

systems that deals with critical sustainable issues in distributed ledger technologies. The aim is

to formulate an energy efficient approach to blockchain consensus while preserving the elements

Accepted: 15 Jan 2025 of decentralization and security. We propose Time-Zone Optimized Environmental Consensus
(TZOEC) which takes advantage of the geographical time-zone distribution of validators while
giving priority to renewable energy sources based on dual-factor scoring. The former is what
focuses on energy metrics whereas the latter focuses on geographic attainability synchronizing
prime time zones to increase energy efficiency. With this TZOEC, the theory is that it addresses
the gaps in the current mechanisms of consensus by providing a balanced framework of
unchained access, sustainable security, and environmental mindful frameworks without
straining finances. Mathematical modeling and theoretical analysis indicate that TZOEC might
achieve 18.5% less energy waste than PoW, sitting at around 620 TPS, while the ratio of used
renewable energies could reach over 45%, signifying a tremendous leap over other consensus
mechanisms if put into action.
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I. INTRODUCTION

While blockchain technologies have transformed decentralized systems, they face critical challenges with respect to
energy use and environmental sustainability. The widespread adoption of blockchain applications has been lacking
because of the energy-intensive nature of consensus mechanisms such as Proof of Work (PoW), which alone is
projected to use around 130 terawatt-hours (TWh) of electricity each year. Our goal is to design a sustainable
consensus algorithm that dramatically lowers energy expenditure and still maintains decentralization, security, and
trust.

As it is, all we have is a theoretical framework which is what we present within this paper. We concentrate on the
conceptual construction and anticipated outcomes of a more efficient sustainable consensus mechanism using
mathematical modeling and simulations rather than real-life application. Pursuing this approach permits us to
develop novel mechanisms without the burden of costly implementation efforts.

Traditional methods utilized in working towards blockchain consensus have unapologetically neglected the balancing
act between scalability, security, decentralization, and caring for Mother Nature. In as much as Proof of Stake (PoS)
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reduces energy usage, it introduces economic barriers while Delegated Proof of Stake (DPoS) compromises
decentralization. The Time-Zone Optimized Environmental Consensus (TZOEC) proposed in this paper remedies
these weaknesses with an innovative approach which emphasizes selection of validators based on environmental
factors and geographic location using a dual factor optimization framework.

The key contributions of this paper include:

. An innovative dual-factor scoring system which measures synchronization of time zones and environmental
sustainability simultaneously

. Inclusion of IoT-enabled oversight of the environment’s sustainability for measurable and provable
sustainability metrics

. Optimization models for validator distribution across different geospatial regions

An elaborate abstract model for execution of consensus of the sustainability design in regional blockchains
focus networks.

The organization of this paper is as follows: Section II examines associated literature and highlights some of the gaps
in the approaches taken. In Section III, the TZOEC methodology and architecture are described in detail. In Section
IV, the implementation approach is described, which encompasses the IoT aspects that are included. In Section V,
the expected qualitative performance outcomes are described. In Section VI, the security aspects and possible
weaknesses are evaluated. Finally, Section VII wraps up the paper and presents the outlook of the work.

II. LITERATURE SURVEY
A. Consensus Mechanisms for Blockchain

Different angles such as energy efficiency, security, and decentralization have been considered in blockchain
consensus mechanisms and their energy efficiency. For instance, Nakamoto’s pioneering Proof of Work (PoW)
consensus for Bitcoin guaranteed overwhelming security while incurring exorbitant energy expenditure [1]. To
resolve such issues, Buterin et al proposed Proof of Stake (PoS) for Ethereum 2.0 which reduced energy expenditure
by approximately 99.5%, although economic barriers to participation were raised [2]. To increase transaction
throughput, Larimer advanced Delegated Proof of Stake (DPoS) which resulted in greater centralization [3]. Higher
throughput with limited scalability concerning the number of validators was offered by Castro and Liskov’s Practical
Byzantine Fault Tolerance (PBFT) [4]. For permissioned networks, Yang et al proposed Proof of Authority (PoA)
which prioritized efficiency at the expense of decentralization [5].

B. Geographic and Temporal Optimization

Patel examined time-zone optimized consensus methods that slice tasks across time zones for maximum efficiency,
but ignored the environmental implications [6]. Gupta et al. proved that geographic load balancing lowered energy
consumption by close to 30% with the distribution of workloads across different areas [7], while Khan demonstrated
that using timebased metrics significantly lowered response time by 25% [8].

C. Environmental Approaches to Blockchain

Kumar and Mehta offered green consensus protocols that decrease energy usage by 30-40% but often
decentralization [9]. Verma and Singh studied some sustainable mining techniques that reduce carbon emissions by
20-35% but did not consider the issue of scalability [10]. Wang et al. looked into integrating renewable energy into
blockchain networks and had good results, but they provided little practical guidance on implementation [11].

D. Hybrid Approaches

Smith added the hybrid Proof of Work and Proof of Stake models that achieve a balance in security and energy
efficiency, although this adds complexity to the protocol [12]. Lee developed blockchain systems with high throughput
consensus protocols which enhance performance but at the cost of security [13]. Chen studied the impact of IoT on
environmental monitoring for blockchain systems, contributing to our approach on integrating sensors [14]. N. Patel
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performed an analysis on the security of the geospatial distribution of the consensus mechanisms, focusing on their
vulnerabilities [15].

Nakamura et al. developed benchmarking standards of consensus mechanisms which we use in our evaluation
framework [16]. Dinh et al. developed BlockBench, the framework that analyzes private blockchains which underpins
our testing methodology [17]. Cooper et al. created YCSB for benchmarking cloud systems which we utilize in our
blockchain transaction modeling [18]. Saad et al. described the attacks’ surfaces from the blockchain’s structure and
operation components which guide our evaluated security analysis [19].

E. Research Gaps
After reviewing the existing literature, we identified several significant gaps:

. Existing consensus mechanisms typically optimize for either energy efficiency or performance, but rarely
both simultaneously

. Geographic distribution is sometimes leveraged for network resilience but seldom for energy optimization

. Environmental metrics, when considered, are typically retrospective rather than incorporated into the
consensus process itself

. IoT integration for real-time environmental monitoring is rarely implemented in consensus mechanisms

. Few approaches consider regional optimization that accounts for local energy infrastructure and time zones
II1. METHODOLOGY

A. Objective

The methodology presented in this section outlines the theoretical approach we have taken in designing TZOEC. It
must be emphasized that this remains a design idea which has not yet been realized or practically verified.

TZOEC aims in a first instance to generate a sustainable blockchain consensus mechanism which minimizes energy
use without undermining security or decentralization. This is done through a two-factor scoring model which biases
validator selection based on the ecological footprint of the validators and their temporal alignment with transaction
activity.

B. Overall Framework

The TZOEC framework consists of four primary modules:

1) Environmental Scoring Module
2) Time-Zone Synchronization Module
3) Validator Selection and Rotation Module

E:
4’[Environmental Scoring = ’B/alidator Selection]
/TS/

e-Zone Synchronization]

E}

loT Verification ]

Blockchain Network
Fig. 1. Theoretical Architecture of the TZOEC Framework

4) IoT-Based Verification Module

An overview of the workflow starts with gathering environmental and geographical information from prospective

validators. This information is run through the scoring modules to arrive at a combined participant score. Validators
are then chosen based on the score, where higher scoring validators have greater chances of validating transactions
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and forming blocks. The environmental credentials of validators are monitored in real-time by the IoT-based
verification system to ensure compliance.

C. Environmental Impact Modeling

Modeling the environmental impact is an integral part of our theoretical framework. To comprehensively analyze the
possible advantageous impact of TZOEC, we prepared an analytical model aimed at evaluating the carbon footprint
of various consensus mechanisms:

CF ol = i(Ei x EF; x (1 — RR;))
i=1 (1)

Where:
. CF otz Total carbon footprint in CO, equivalent

E;: Energy consumption of node i
. EF;: Emission factor for the energy source used by node i

RR;: Renewable energy ratio for node i
. n: Total number of validator nodes

As we model TZOEC, it appears that its carbon footprint reduction would surpass the linear relationship TZOEC has
at lower renewable energy ratios. This is due to the convexity of the impact preferential validator selection with higher
renewable energy usage amplifies within the network.

D. Environmental Scoring Module

The environmental scoring module evaluates the sustainability attributes of each validator node through a weighted
combination of four key metrics:

Es=w;-Rp +w,-Co + w3- Rs + w,- Ee (2)
Where:
. Rp: Renewable power utilization ratio (0-1)
Co: Carbon offset validation score (0-1)
. Rs: Resource sustainability score (0-1)
Ee: Energy efficiency rating (0-1)
The weights are calibrated to prioritize direct renewable energy utilization while maintaining a holistic evaluation:
. w; = 0.45 (Renewable power utilization)
w, = 0.20 (Carbon offset validation)
. ws = 0.15 (Resource sustainability)

w, = 0.20 (Energy efficiency)

Algorithm 1 CalculateEnvironmentalScore  validatorData  environmentalScore (0 to 1) Rp <«
GetRenewablePowerRatio(validatorData) Co « Verify-

CarbonOffsets(validatorData) Rs — EvaluateResourceSustainability(validatorData) Ee —
MeasureEnergyEfficiency(validatorData) Es < 0.45-Rp+0.20-Co+0.15- Rs +0.20 - Ee Es
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E. Time-Zone Synchronization Module

The time-zone synchronization module determines how well a validator’s time-zone aligns with the geographic
regions where transaction activity is occurring. This model optimizes validators located in time zones where there is
currently daylight, taking advantage of human activity patterns and minimizing compute during off-peak hours.

Algorithm 2 CalculateTimezoneScore validatorTimezone, activeTimezone score (0 to 1) timeDifference «— |UTC
Offset(validatorTimezone) - UTC Offset(activeTimezone)| hourDifference < timeDifference / 3600 hourDifference
= 0 1.0 // Same timezone hourDifference < 3 0.8 - (hourDifference * 0.1) hourDifference < 6 0.5 - ((hourDifference
- 3) * 0.05) max(0.3 -

((hourDifference - 6) * 0.02), 0.1)

F. Validator Selection and Rotation Module

The validator selection module combines the environmental and time-zone scores to create a unified participant score
that determines the probability of a validator being selected to produce the next block:

P=a-Es+pB-Ts (3)

Where:
. P: Participant score determining validator selection probability

Es: Environmental Score (range o to 1)
. Ts: Time-Zone Score (range 0 to 1)

a: Environmental impact weighting factor (0.6)
. B: Time-zone optimization weighting factor (0.4)

IV. IMPLEMENTATION STRATEGY

A. IoT Integration Architecture

The IoT integration component is a critical aspect of our theoretical framework that enables the verification and
monitoring of environmental credentials. We propose a three-tier IoT architecture:

Raw Data { Tier 1: Sensor Layer }
Filtered T Tier 2: Gateway Layer
Edge Processing Data Aggregation

E Tier 3: Cloud Layer ]

Fig. 2. Three-tier IoT architecture for environmental monitoring
V. THEORETICAL PERFORMANCE PROJECTIONS A. Simulation Design

The performance estimations in this section are the result of conceptual modeling and analysis, and not of real
attempts at implementation. Such estimates are constructed to demonstrate what advantages might be exhibited by
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the TZOEC approach, should it be implemented as intended. To assess the theoretical capabilities of TZOEC, we
developed a simulation model in accordance with the benchmarking approach set forth by Nakamura et al. [16]. The

simulation emulates a 25-node network spanning different geographic regions and energysupply-diatm systems
across India.

B. Projected Performance Metrics
Our theoretical analysis yielded the following projected performance indicators:
TABLE I
PROJECTED PERFORMANCE METRICS

Metric Projected
Value
Energy Reduction vs. | 18.5% (+1.7%)
PoW
Average Throughput | 620 TPS (+80
TPS)
Peak Throughput 850 TPS
Sustained 450 TPS
Throughput (72h)

Network Uptime 98.7%
Renewable Energy 45.3%
Utilization

Carbon Footprint 15.7%

Reduction

C. Performance Under Various Load Conditions

In our theoretical model, the TZOEC system was evaluated under various load conditions to assess its projected
stability and adaptability:

VI. PERFORMANCE EVALUATION
A. Comparison with Existing Systems B. Security Analysis
The theoretical security properties of TZOEC were evaluated using the framework proposed by Saad et al. [19]. The
TABLE II
PROJECTED PERFORMANCE UNDER VARIOUS LOAD CONDITIONS

Metric Load Condition
Low | Medium | High | Peak
TPS 320 520 720 | 850
Block 3.8 4.5 5.2 6.5
Time (s)
Energy/Tx | 0.85 0.92 1.05 | 1.18
6))
Latency 11.4 13.5 15.6 | 19.5
(s)
Renewable | 42 45 48 43
%
TABLE III

THEORETICAL COMPARATIVE ANALYSIS OF CONSENSUS MECHANISMS
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Energy | Throughput | Decentralization | Renewable
Mechanism Usage
Efficiency
PoW Very Low Low High Low
PoS High Medium Medium Low
DPoS High High Low Low
PBFT Medium | Medium Medium Low
TZOEC High High High High

estimated cost of mounting a successful 51% attack could be calculated using:
Cost(51%) = BaseCost x (1+ EnvFactor) x TimeZoneFactor

(4) Based on our theoretical analysis, TZOEC would potentially increase attack costs by approximately 1.4 times
compared to traditional PoW systems of equivalent scale, primarily due to the additional requirements for geographic
distribution and environmental credentials.

TABLE IV
THEORETICAL ATTACK VECTORS AND POTENTIAL MITIGATIONS

Attack Type Risk Mitigation
Level

51% Attack High IoT Verification

Data Spoofing | Medium Triple
Redundancy

Sybil Attack Low Combined Scoring
Sensor High Cryptographic
Manipulation Attestation
Time-Zone Medium Geographic
Spoofing Verification

C. Interpretation of Results

From our theoretical assessment, it appears that TZOEC could achieve its primary goal of reducing energy
consumption without a substantial reduction in throughput, decentralization, or security. The dual-factor scoring
approach would balance the environmental burden with geographic optimization, thus fostering a more sustainable
consensus mechanism.

The expected impact would result in an 18.5% improvement in energy efficiency relative to PoW, which is remarkable
in conjunction with the 45.3% utilization of renewable energy sources. This figuratively mitigates the carbon impact
on the blockchain operations during carbon-based energy utilization, thus significantly improving the carbon
footprint of the blockchain operations without losing its competitive advantages.

The projected throughput of 620 TPS also makes TZOEC a feasible option for numerous blockchain applications
focusing on sustainability. Although this number lags behind various centralized consensus-driven systems, the
increased level of decentralization coupled with the reduced environmental impact make this an attractive
proposition.

The security assessment suggests that TZOEC will most likely continue maintaining strong defenses against usual
attack vectors due to the additional cost considerations rendering such attacks economically unfeasible. Nevertheless,
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the implementation of IoT-based verification would introduce new possible attack surfaces that would need to be
actively monitored and mitigated if such systems were put in place.

VII. CONCLUSION

This paper introduces Time-Zone Optimized Environmental Consensus (TZOEC), which attempts to construct a
novel blockchain consensus stimulated by the sustainability issue in distributed ledger technologies. It combines
environmental metrics with geographical time-zone optimization to create a dual factor which fulfills security and
decentralization requirements while dramatically reducing energy consumption.

The theoretical analysis and simulations indicate TZOEC might consume 18.5% less energy than Proof of Work while
achieving around 620 TPS. The mechanism would ensure high network uptime of 98.7%, substantial renewable
energy usage of 45.3%, and high uptime associated with traditional consensus mechanism structurally improving
operational efficiency.

As restated, all findings of this paper constitute theoretical modeling with no real testing benchmarks. While
arguments have been made and potential benefits have been painted through the analysis, practical implementation,
extensive testing and validation will be needed to address these projections and any challenges that come with them.

Most notable benefits of the proposed theoretical framework are:
Optimized balancing of environmental factors with performance metrics.

. Incorporation of IoT monitoring for environmental metrics.
Improved attack resistance due to geographical distribution requirements.

. Regional optimization utilizing local renewable energy resources.
Encouragement of sustainable practices by validators within the blockchain.

The outline of the design also includes:

. Increased complexity of implementation stemming from IoT integration.
Responsible monitoring infrastructure increased the geopolitical costs.

. Exposed unique security vulnerabilities in the Environmental Credential system.
Sensor dependency renders unreliable data for validating scoring.

. No-metered evidence falters the validation of the social claim through multi-layer participatory framework.

Addressing design limitations by implementing and testing prototypes in real-world scenarios will be the focus of
future work alongside tightening the security strategies for credentialed environment claims and dynamic event-
driven weighting mechanisms that respond to the state of the network and energy resources.

The described IoT-enabled blockchain draws a landmark boundary progressing toward eco-friendlier blockchain
systems by directly integrating environmental parameters into consensus mechanisms. Fueling the widespread
implementation of blockchains across industries, approaches that combine TZOEC, performance, security, and
decentralization while still considering the environmental impact will become vital for the healthy progression of the
pioneering technology.
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