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Abstract 

This paper has analyzed the ways in which Amrita Pritam manages the dynamic relations of voice and 

silences to create a unique model of feminine subjectivity in her poetry and prose. The textual analysis 

in which the main works, including Ajj Aakhaan Waris Shah Nu, Main Tenun Phir Milangi, Pinjar, and 

Rasidi Ticket, were analyzed qualitatively, discussed how Pritam uses the methods of resistance, 

remembering, and defining the self through the lyrical expression, symbolic silence, and fragmented 

narratives. The analysis, based on feminist literary theory, subaltern studies, and theory of trauma, 

showed two aspects of voice and silence as effective means of communication in which the female 

characters of Pritam challenge patriarchal order, express desire, and demonstrate strength. The results 

indicate the creativity of Pritam in her reinterpretation of the agency of women and her lifetime 

contribution to South Asian feminist fiction. 

Keywords: Amrita Pritam, voice, silence, feminine subjectivity, feminist literary theory, Partition 

literature. 

1. INTRODUCTION 

Amrita Pritam is one of the most powerful contemporary literary voices of South Asia of the twentieth 

century, whose poetry and prose transformed the styles of expression of female experiences, desires, 

and traumas in Indian literature. It is against the stormy background of Partition, the deeply rooted 

patriarchy, and cultural subjugation that Pritam wrote, foreshadowing the inner spaces of women who 

had always been sidelined in the story of history and literary expression. Her works move through a 

complex landscape in which voice and silence are always on a collision course, where expression is a 

way of reasserting agency, and silence is a way of surviving, looking inward or even rebellion. Through 

these interwoven forms of communication, the paper aims to know how Pritam is able to create a 

unique model of feminine subjectivity that challenges the mainstream narratives and broadens the 

limits of self-representation of women in contemporary literature. 

1.1.Background of the Study 

The literature of twentieth century India especially in the years of partitions and the immediate years 

following the partition of 1947 saw a tremendous change in the theme of identity, trauma and social 

turmoil, but the voices of women were usually relegated to the side in these narratives. The figure of 
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Amrita Pritam was a revolutionary change in the times given that her poetry and prose brought the 

emotional, the psychological and cultural lives of the women to the limelight. Her works were a 

combination of the outer violence of historic events and inner struggles of women who had to deal with 

patriarchal demands, social oppression, and their personal needs. Within the framework of South Asian 

literature, the problem of feminine subjectivity has traditionally been informed by the cultural 

conventions that suppressed the voices of women or limited them to the confines of the representational 

strategies. The skill of voice and silence in expressing agency and resistance of women by Pritam was 

something that opened up a new avenue of interpreting women agency and resistance. Thus, this work 

is grounded on the necessity to find out how her speech patterns of negotiation with silence, memory 

and trauma helps expand feministic approaches and further our knowledge of gendered lives within the 

context of postcolonial literature. 

1.2.Methodology 

This paper used a qualitative, textual approach where specific poems and prose pieces by Amrita Pritam 

were critically explored using the feminist literary theory, subaltern studies, and trauma theory. Most 

important texts were read critically to find patterns of voice, silence and feminine subjectivity in the 

primary texts which were Ajj Aakhan waris Shah Nu, Main Tenu phir milangingi, Pinjar and Rasdi 

Ticket. The interpretive framework of the analysis was based on the concept of the ecriture féminine 

by Hélene Cixous, theorization of female subalternity by Gayatri Spivak, and trauma model introduced 

by Cathy Caruth that provided the possibility of the subtly needed analysis of the representation of 

women in Pritam. The secondary sources were reviewed in order to put the work of Pritam in the 

context of other feminist and Partition literature. The research therefore drew on thematic coding, 

textual interpretation and theoretical triangulation to find out how voice and silence acted as either 

interwoven forms of resistance, identity formation, and emotional expression in the works of Pritam. 

1.3.Objectives of the study 

• Importantly, to analyze the role of voice and silence as expressive strategies used by Amrita Pritam 

in her poetry and prose to develop feminine subjectivity. 

• -To examine the representations of women in their emotional, psychological and socio-political 

experience in the modes of articulation and restraint changing in the selected texts (like Ajj Aakhan 

Waris Shah Nu, Main Tenun Phir Milangi, Pinjar and Rasidi Ticket) in relation to women. 

• To examine how theoretical frameworks of feminist écriture, subalternity, and trauma can be used 

to understand how the female characters in Pritam bargain their agency within patriarchal and 

historical limitations. 

• To assess the manner in which Pritam transcends silence to resistance, self-preservation, and 

identity creation and hence re-establishes the boundaries of feminine voice in South Asian 

literature. 
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2. LITERATURE REVIEW 

Verma’s (2018) research paper brought out the ways Amrita Pritam pushed and criticized patriarchal 

values and preempted the emotional and psychological conditions of women. It revealed that Pritam 

resorted to voice, desire and reflective narration to create feminine subjectivity and resist cultural 

silencing. This source proved to be quite relevant to the current research about the topic of expression 

and repression in the works by Pritam. 

Sachdev (2023) explained the ways Pritam wrote across the various patriarchies and how she had 

developed a gendered voice by means of trauma, displacement and symbolic expression. The paper 

revealed that through the manipulation of voice and silence, Pritam was able to express the experience 

of women that were being subdued. This was in line with the present study analysis of voice, which is 

assertion and silence, which is resistance. 

Minocha’s (2023) examined the autobiographical works of Pritam and proved that she formed her 

identity by using selective revelation and intentional silence. It underlined that Pritam employed 

introspection writing and silent protest in order to bring out autonomy. This was a direct support to 

how the study perceived silence as an ethical and creative approach in the process of Pritam self-

representation. 

3. THEORETICAL FRAMEWORK 

This paper was based on feminist literary theory and relied on three overlapping conceptual threads: 

the concept of ecriiture féminine formulated by Hélene Cixous, the theorizing of the subaltern and the 

politics of silence developed by Gayatri Chakravorty Spivak, and the trauma theory formulated by 

Cathy Caruth. These structures, combined, enabled an exploration of the role of voice and silence in 

the poetry and prose of Amrita Pritam as an expressive and opposing mode. They provided instruments 

of comprehending feminine subjectivity not as merely an act of articulation, but as an elaborate 

negotiation of expression, suppression, memory and agency. 

3.1.Hélène Cixous: Écriture Féminine 

There was a theory of écriture féminine created by Hélene Cixous that was used as a guiding light to 

interpret the lyrical and intuitive style of Pritam. Cixous suggested that female writing is a product of 

the body, fluid, disruptive and non-conformable to strict lines of patriarchal discourse. Her 

groundbreaking essay titled The Laugh of the Medusa called on women to write themselves in order 

to reclaim their bodies and identities as they are suppressed by languages and culture. 

Cixous famously wrote: 

“Write yourself. Your body must be heard.” 

This idea plays well with the poetic voice of Pritam who frequently blurs his emotion, body, memory, 

and landscape. The eroticism of such poems as Main Tenun Phir Milangi where the speaker identifies 

herself with the wind, scent, and touch resembles the wide-ranging spirit of writing that Cixous 

advocates as feminine. 
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The prose of Pritam as well breaks down linear narrative patterns, which correlate with écriture 

féminine. Her autobiographical writing Rasidi Ticket often moves around in fragments of memory, 

feelings pulses, and dreams, what Cixous called: 

“A language that breaks up, a language that begins to overflow…” 

In this way, the framework proposed by Cixous clarifies the strategies of writing the female self out of 

the patriarchal grammar by Pritam so that the desire, vulnerability, and autonomy are shaped. 

3.2.Gayatri Chakravorty Spivak: The Subaltern and the Politics of Silence 

The highly regarded essay Can the Subaltern Speak? by Gayatri Spivak was an interrogation of the 

systematic silencing of the subjectivity of the marginalized, including women. Spivak suggested that 

the subaltern woman has been muted on two fronts: by colonial and secondly by local patriarchal order 

that disenfranchises her. 

Spivak writes: 

“The subaltern cannot speak.” 

This assertion does not mean complete silence, but refers to those socio-political processes that deny 

the marginalized women the power to be heard. The theory of Spivak is essential to the understanding 

of characters in Pinjar such as Puro in the context of the writing of Amrita Pritam. Puro does not keep 

it to himself but rather communal violence, gendered regulations, and displacement during Partition is 

structurally forced that makes Puro stay quiet. 

but Pritam makes this Spivakian impossibility a complication. Her stories depict women developing 

alternative forms of expression, gestures, resistance, self-withdrawal and moral judgments that go 

beyond social boundaries. The fact that Puro refuses to go back to her natal family, such as refusing to 

come back to her family at all, serves as a kind of paradoxical speech-speech, as delivered by means 

of silence. 

In another passage, Spivak clears this paradox up: 

“Between patriarchy and imperialism, the image of the woman is no longer visible, not in a 

virginal nothingness, but in an act of violent shuttling.” 

The work by Pritam retrieves this lost woman and presents her not by making her heard but by the 

silent resistance and inner strength that work outside the inspection of patriarchy. 

3.3.Trauma Theory (Cathy Caruth) 

The theory on trauma by Cathy Caruth adds more context to the silence in Pritam writing in the form 

of a psychological and mnemonic event. Caruth explained that trauma can be in assimilable form; it 

does not know how to be narrated coherently and manifests itself in fragments of memories, repetitions, 

or silences. In Unclaimed Experience, she writes: 
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Trauma is not found anywhere in the mere violent or original event, but how it was not 

assimilated and returns to haunt the survivor later in life. 

This paradigm applies specifically to the works of Pritam which were informed by the Partition of 

India, a historical discontinuity that caused delicate psychological traumas. In Ajj Aakhaan Waris Shah 

Nu, the general trauma of the abducted and violated women is uttered not through the detailed narration 

but through metaphor and lamentation, and invocation, which, according to Caruth, is the indirect 

speech of trauma through poetic displacement. 

These silences in Pinjar and in the autobiographical thoughts of Pritam indicate the unspeakable aspects 

of violence and loss. Silence is like a container of what language is not able to contain. As Caruth 

theory underlines, the fragmented narratives of Pritam, recurring images, and emotional gaps of his 

work are the manifestation of disruption of linear memory by trauma. 

4. TEXTUAL ANALYSIS 

The poetic and narrative oeuvre of Amrita Pritam helps to show a complicated game of voice and 

silence, which form the feminine subjectivity. These are not binary opposites in her texts, but in many 

respects, voice has its origin in silence, and silence itself is a form of expression. In lament-desire 

poems, in partitions trauma narratives, and through autobiographical self-interest, Pritam develops a 

specifically female discourse in which emotional expression exists next to the symbolic withholding. 

This discussion explores the role of these mechanisms in the major works of hers. 

4.1.Voice as Assertion in Pritam’s Poetry 

One of the most common uses of voice in the poems of Amrita Pritam is a form of rebelliousness, 

witnessing and wailing together. Among the most echoing of them is her classical partition poem Ajj 

Aakhaan Waris Shah Nu. The poem is written after the communal violence and his voice changes to 

the voice of Pritam to the entire world demanding justice. The opening invocation— 

Ajj aakhan Waris Shah nu, kiton kabraan vichon bol… 

(I call out to Waris Shah to-day, talk to him in his grave) 

--makes a historical consciousness a call out of an utterance of a poem. Waris Shah is the voice of 

Pritam, but also of the raped women of Punjab, and he transformed the lyrical voice into the voice of 

morality. The poem shows that voice can be used as a healing power, bringing back some of the 

repressed histories and humanizing storyless victims of violence. 

In comparison, the song, "Main Tenun Phir Milangi" provides a closer touch of feminine voice. In this 

case, the I that is used by the speaker is flowing, changing between metaphors which include wind, 

smell, and touch. The line: 

Main tenu phir milangi… ik hawa da jhoka ban ke 

(I will see thee again... as the wind of a gust) 
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implicates a feminine need which surpasses physical boundaries. This voice of becoming is consistent 

with the conception of Cixous, of écriture féminine, in which the female subject does not accept set 

boundaries. Pritam is demanding emotional and erotic independence through this metamorphic self-

expression. 

Table 1 is a summary of the way the voice works in the poetic works of Pritam: 

Table 1: Modes of Voice in Key Poems of Amrita Pritam 

Poem Title Mode of Voice Function 
Feminine Subjectivity 

Revealed 

Ajj Aakhaan 

Waris Shah Nu 

Collective, 

testimonial 

Public mourning; 

reviving silenced 

histories 

Women as historical witnesses 

and victims of trauma 

Main Tenun Phir 

Milangi 
Intimate, lyrical 

Expressing desire and 

emotional autonomy 

Self in motion—fluid, 

empowered, sensuous 

Other lyric 

poems 

Symbolic, 

metaphorical 

Blending emotion with 

nature imagery 

Woman as creator of her own 

language 

4.2.Silence as Resistance 

Whereas voice stands out in the poems of Pritam and is rather strident and assertive, silence is equally 

important. Silence does not work as absence, it is a considered tactic of resistance, usually creating 

emotional terrain which language cannot quite enclose. Pritam makes use of restrained color imagery, 

empty spaces and incomplete metaphors in poems such as Kagaz Te Canvas to create inner sceneries 

of desire, displacement and repressed agony. 

The silence in the work by Pritam tends to protect the self against patriarchal invasions. The female 

speaker preserves the interpretive control by not fully disclosing. This is in line with the idea of the 

subaltern woman by Spivak who expresses herself by gestures, absence, or symbolic withdrawal. The 

poetic silences of Pritam therefore are: 

• a non-cooperation in being deciphered. 

• a defense of interiority of emotion. 

• some mute criticism of patriarchal demands. 

Silence is then not passivity, it is a kind of rebellion, a grammatical place through which women are 

reasserting their power by not giving what they will not give freely by the patriarchy. 
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4.3.Feminine Subjectivity in Pinjar 

The novel Pinjar by Pritam is one of the most intensive literary explorations of silence of women during 

Partition. The main character, Puro, represents a tricky association between voice and lack of voice. 

This is an imposed silence upon Puro after she is kidnapped and disowned by her own family. But 

gradually her silence becomes the place of self-exploration and strength. 

One of the most crucial instances of agency in the text is the fact that Puro refuses to go home to her 

place of birth when she is rejected. Her silence is turned into a moral attitude- a statement of dignity 

instead of a statement of defeat. She makes a life choice that is determined by her moral compass even 

in the oppressing situations. 

The fact that she stands still testifies to a spiritual change: 

Usdi khamoshi vich ike ajehi vechh cheekh to bhi parayi si. 

(The silence that was there in her was more than a scream.) 

Pritam therefore subverts traditional victimization story by transforming silence into a spiritual power. 

The subjectivity of Puro is revealed not in the vocality but in the morally charged silence and 

establishing self-definition. 

4.4. Autobiographical Silence in Rasidi Ticket 

Pritam, in her memoir Rasidi Ticket brings about an inward aspect of silence, which is connected to 

personal ethics, creative discipline and emotional complexity. Instead of defying the societal 

expectations and condemnation, or expressing all the aspects of her love life, Pritam frequently resorts 

to the symbolic articulation and contemplative silence. 

Her well known verse to Sahir Ludhianvi-- 

Mere dil likhat si sirf ek rasdi ticket si. 

(I could write everything I wanted to on the reverse of a revenue stamp.) 

--sums up the melding of the inarticulate and the articulate. The metaphor implies that a huge amount 

of emotional material may be held in very little articulation. Silence in this case is a form of art: Pritam 

writes whatever she should and remains silent about what requires a privacy or transcendence. 

Her non-disclosures in the memoir are intentional. They function as: 

• ethical scruppling of personal accounts of relationships. 

• creative condensation in which emotion is condensed as opposed to expounded. 

• feminine agency which mitigates confessional overexposure. 

So, by turning silence into literary aesthetics and an autobiographical attitude, Pritam turns silence into 

a literary aesthetics and an autobiographical stance. 
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5. CONCLUSION 

The paper has shown that poetry and prose by Amrita Pritam positively form a feminist paradigm, 

where voice and silence are complementary and not opposing to the formation of feminine subjectivity. 

In some poems such as Ajj Aakhaan Waris Shah Nu and Main Tenun Phir Milangi, Pritam 

reappropriated the emotional, historical, erotic agency of women, and even in such poems as Pinjar 

and Rasdi Ticket she turned silence into a subtle mode of moral struggle, self-evaluation and self-

survival. In the case of testimonial outcry or intentional silence, the female subjects of Pritam express 

the experiences that are supposed to be repressed by the patriarchal order and demonstrate that 

empowerment may be gained through words as well as significant silence. Finally, the weight of voice 

and silence bargained by Pritam, in addition to altering the boundaries between feminine subjectivity 

in South Asian literature, also disrupts the traditional narrative, providing other ways of expressing 

trauma, desire, memory, and resilience. 
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Abstract 

The growing demand for decentralized and resilient power systems, supported by advancements in 

generation and storage technologies, has driven the development of hybrid microgrids. Among various 

operational challenges, voltage unbalance in low-voltage, three-phase hybrid microgrids remains a 

critical issue, as it adversely affects system performance, equipment lifespan, and power quality. This 

unbalance primarily arises from uneven single-phase load distribution, non-linear loads, and faulty 

equipment. 

Conventional mitigation methods often depend on network parameters that are not directly measurable 

by inverters, require additional hardware, or rely heavily on communication between distributed 

generators. To overcome these limitations, this study proposes a perturb-and-observe- based voltage 

unbalance mitigation strategy for four-leg inverter systems interfacing distributed generators with low-

voltage microgrids. The method injects a negative-sequence current at the inverter’s point of 

connection and iteratively adjusts system parameters to minimize voltage unbalance. A dedicated 

control strategy is developed to implement this technique using three- dimensional space vector 

modulation. 

 

Additionally, optimization techniques are employed to determine the optimal placement of inverters to 

reduce total voltage unbalance and active power losses. Simulation results on unbalanced radial 

distribution systems validate the effectiveness and robustness of the proposed approach. 

 

Keywords: Hybrid-Microgrid, Voltage Unbalance, Active power, Distributed Generators, DER. 

 

 

1. Introduction 

1.1 Microgrid 

A traditional electrical grid is a centralized power distribution network that supplies electricity over 

a large geographical area—often an entire region or country. In such systems, power is generated at 

large-scale plants and transmitted over long distances to consumers through extensive transmission 

and distribution networks. 

 

In contrast, a microgrid is a localized, small-scale power distribution system capable of operating 

either independently (islanded mode) or in coordination with the main grid (grid-connected mode). 

It typically serves confined areas such as neighborhood’s, campuses, islands, or industrial parks, 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL CHALLENGES 

10 | P a g e   

integrating various Distributed Energy Resources (DERs) including renewable sources, energy 

storage systems, and conventional generators. The main differences between a traditional grid and 

a microgrid lie in their scale, autonomy, and the deployment of distributed generation. 
   

 

 

1.2 Basic Components of a Hybrid Microgrid 

A hybrid microgrid comprises several key components that enable efficient, flexible, and reliable 

power generation, storage, and distribution: 

• Distributed Energy Resources (DERs): 

DERs encompass decentralized energy technologies such as generators, storage systems, 

and demand-response mechanisms. They enhance grid flexibility, renewable integration, 

and resilience. 

o Distributed Generators (DGs): Include renewable sources like solar PV, 
wind, hydro, and biomass, as well as conventional diesel or gas generators. 

o Energy Storage Systems: Technologies such as batteries, flywheels, 
supercapacitors, and pumped hydro store excess energy and stabilize supply. 

o Electric Vehicles (EVs): Function as both loads and storage units, enabling 
vehicle- to-grid (V2G) interactions. 

 

• Power Conversion Systems: 
Inverters, rectifiers, and converters ensure compatibility between various energy sources 

and loads, managing AC/DC power flow within the microgrid. 

• Microgrid Controller: 
The controller manages generation, storage, and consumption using real-time data, control 

algorithms, and communication infrastructure to maintain stability, frequency, and voltage 
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• Grid Interconnection: 
 

Microgrids connect to the utility grid at the Point of Common Coupling (PCC), allowing 

bidirectional power exchange. Some systems operate off-grid, without a PCC. 

 

• Loads and Consumers: 

These include residential, commercial, or industrial users and their electrical equipment. 

The growing number of EVs represents a significant and dynamic load. 

 

1.3 Modes of Operation of a Microgrid 

Microgrids operate in two primary modes: grid-connected and islanded. 

Grid-Connected Mode 

• Power Exchange: The microgrid imports or exports power depending on internal 

demand and generation balance. 

• Grid as Backup: The utility grid provides support when local generation is 

insufficient, ensuring continuity of supply. 

• Synchronization: The microgrid must align its voltage and frequency with the utility 
grid using control mechanisms such as grid-support inverters. 

• Power Quality: It must maintain voltage and frequency within acceptable 

limits, contributing to overall grid stability. 

• Regulations and Tariffs: Operation adheres to import/export tariffs and net-
metering policies, ensuring fair energy exchange. 

 

 

Islanded Mode 

 

• Energy Self-Sufficiency: The microgrid relies solely on internal DERs and storage to 
meet demand. 

• Autonomous Operation: Advanced control and energy management systems 

maintain stability and reliability. 

• Islanding Detection and Protection: Protection schemes such as anti-islanding 
relays ensure safe disconnection and reconnection. 

• Load Shedding and Prioritization: Non-critical loads may be shed to balance supply 

and demand during shortages. 

• Reconnection: Synchronization and protection mechanisms ensure safe transition back 

to grid-connected mode. 

 

 

 

1.4 Advantages of Hybrid Microgrids 

• Enhanced Resilience: Maintain power supply during grid outages, supporting 

critical infrastructure. 
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• Localized Generation: Reduce transmission losses and enhance efficiency by 

producing power close to consumption points. 

• Renewable Integration: Enable efficient use of distributed renewable sources and 

support EV integration. 

• Cost Savings: Lower transmission costs, enable energy trading, and support 

demand response programs. 

• Grid Support and Independence: Provide ancillary services such as voltage regulation 

and frequency control, and enable energy autonomy for communities. 

 

2 Microgrid Control 

Microgrid control structures are classified as centralized or decentralized, with a hierarchical 

control architecture often adopted to balance both. The hierarchy consists of three levels: primary, 

secondary, and tertiary control. 

 

• Primary Control: 
The fastest level, responsible for stabilizing voltage and frequency, sharing real/reactive 

power, and ensuring plug-and-play operation of DERs. 

• Secondary Control: 
Operates at a slower pace to restore voltage and frequency deviations, maintain power 

quality, and provide setpoints for primary controllers. 

• Tertiary Control: 
The slowest level, managing power exchange with the main grid while optimizing 

economic operation through load forecasting, price analysis, and generator dispatch 

planning. 

 

 

2.1 Causes of Voltage Unbalance in Microgrids 

Voltage unbalance in microgrids can arise from several factors: 

 

• Uneven Distribution of Single-Phase Loads: Connecting single-phase loads unevenly 

across the three phases leads to unequal current and voltage distribution, causing phase 

unbalance. 
• Non-Linear Loads: Devices such as variable speed drives and electronic equipment draw 

non-sinusoidal currents that introduce harmonics and uneven phase currents, resulting in 

voltage unbalance. 

• Faulty Equipment: Malfunctioning components—such as open or shorted transformer 

windings or faulty generator connections—can cause unequal phase voltages. 

• Grid Disturbances: External grid faults, voltage sags/swells, or sudden load changes can 

disturb balanced conditions and create voltage unbalance in the microgrid. 

 

 

2.2 Effects of Voltage Unbalance in Microgrids 

Voltage unbalance adversely affects microgrid performance and equipment reliability in several 
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ways: 

• Increased Equipment Stress: Unbalanced voltages cause uneven heating and mechanical 

stress in electrical equipment, accelerating ageing and increasing failure risk. 

• Reduced Efficiency: Motors and other devices operate less efficiently under unbalanced 

conditions, leading to higher losses, lower power factor, and increased operational costs. 

• Equipment Malfunctions: Sensitive electronic devices may experience erratic operation 

or damage due to unequal phase voltages, compromising system reliability. 

• Poor Power Quality: Voltage unbalance contributes to harmonic distortion, flicker, and 
voltage fluctuations, degrading overall power quality. 

• System Instability: Persistent voltage unbalance can cause voltage drops, surges, and 

instability in protection and control systems, affecting microgrid reliability. 

 

The flowchart for the developed method is shown in Fig 
 

 

3.0 Case Study I: 25-Bus System 

The first test system considered is a 4.16 kV, 25-bus unbalanced radial distribution network, as 

shown in Fig. 

 

Optimal Placement of a Single FLIG 

 

The effect of installing a single Four-Leg Inverter-based Generator (FLIG) on real power loss and 

the System Voltage Unbalance Factor (SVUF) is analyzed. 

 

Initially, without any FLIG installation, the system parameters are as follows: 

 

permissib
le 

ye
s 
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• SVUF: 8.34 

• Reactive power loss: 167.28 kVAR 

• Real power loss: 150.12 kW 

Using the weighted-factor-based Multi-Objective Particle Swarm Optimization (MOPSO) 

technique, the optimal FLIG placement is determined to be at Bus 7, with an optimal rating of 

1890 kW. After installation, the results show significant improvement: 

• SVUF: reduced to 2.49 

• Reactive power loss: reduced to 76.22 kVAR 

• Real power loss: reduced to 67.67 kW 

 

For comparison, Bhimarasetti et al. installed a 1945 kW Distributed Generator (DG) at Bus 7. 

Their approach resulted in an SVUF of 5.45, reactive power loss of 87.35 kVAR, and real power 

loss of 79.58 kW. 

The proposed method achieves a 74.06% reduction in SVUF, 54.43% reduction in reactive power 

loss, and 54.94% reduction in real power loss compared to the existing method. 

Figures illustrate the voltage profile comparison for single-FLIG placement. The proposed FLIG- 

based approach with voltage unbalance compensation significantly improves voltage profiles 

while substantially minimizing SVUF and power losses, demonstrating its effectiveness and 

superiority over the referenced method. 
 

 

 

Non-dominant solutions for placement of one FLIG in the 25-bus URDS 

 

Locati
on 

FLIG Size Reactive Power Real Power SV
UF 

 (kW) Loss (kVAR) Loss (kW)  

3 2830 72.78 73.29 2.35 

6 2296 76.41 71.57 2.37 

7 1890 76.22 67.77 2.49 
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   4.0 Case Study II: IEEE 13-bus system 

The second test system is the standard 4.16 kV IEEE 13-bus URDS illustrated in Fig. This 

system has three-phase, single-phase, and two-phase buses. As FLIGs can only be integrated 

into three-phase buses, their placements are also restricted to the three-phase buses. Single- 

phase and two-phase buses are excluded from SVUF computations. The total load of the 

system is 3466 kW and 2101.59 kVAR. 

 

Optimal placement of one FLIG 

Without any FLIG installed, the SVUF, reactive power loss, and real power loss for the 

IEEE 13-bus URDS are 14.32, 433.44 kVAR, and 147.39 kW, respectively. For the 

placement of one FLIG using the weighted factor-based MOPSO, the optimal location 

obtained is bus 7 (or 12 with the switch closed). Fig. 4.12 shows the objective function’s plot 

at various buses. With one FLIG installed, the SVUF, reactive power loss, and real power 

loss are reduced to 8.54 (-40.36%), 154.44 KVAR (-64.37%), and 

59.47 kW (-59.65%), respectively. 
 

 

Fig. Plotting of objective function for placement of one FLIG in the 13-bus URDS using 

weighted factor-based MOPSO 
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Using Pareto-based MOPSO to place one FLIG results in obtaining three non- dominant solutions. The 

numerical results are presented in Table, while the Pareto front of these solutions is illustrated in Fig. 

Placing the FLIG at bus 7 yields a minimum real power loss of 59.47 kW, while placing it at bus 2 

yields a minimum SVUF of 6.2. The best- compromised solution is achieved by placing the FLIG on 

bus. 

 

Fig. Pareto front for placement of one FLIG in the 13-bus URDS 

 

Table Non-dominant solutions for placement of one FLIG in the 13-bus URDS 

 

Locatio
n 

FLIG Size Reactive Power Real Power SV
UF 

 (kW) Loss (kVAR) Loss (kW)  

2 3232 251.97 90.42 6.2 

7 3232 154.44 59.47 8.54 

11 2178 214.98 80.88 7.62 

 

 

Optimal placement of two FLIGs 

Using weighted factor-based MOPSO, buses 2 and 7 are found to be the optimal locations 

for two FLIGs placements. Fig. 4.14 displays the objective function values for the installation 

of these two FLIGs. The total SVUF observed are 1.03, with reactive power loss at 134.89 

kVAR and real power loss at 55.12 kW. These values represent a significant reduction in 

SVUF, reactive power loss, and real power loss by 92.81%, 68.86%, and 62.5%, respectively. 

Table. 4.6 presents a comparison of the results for each test scenario. 

 

Three alternatives for the placement of two FLIGs were identified using the Pareto method. The 

Pareto front of non-dominant solutions is shown in Fig. 4.15, and Table. 4.7 presents the 

corresponding numerical outcomes. The placement of two 
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Fig. Plotting the objective function for the installation of two FLIGs in the IEEE 13-bus 

system using the weighted factor-based MOPSO. 

Table: Comparison of results for placement of FLIGs in the 13-bus URDS 

 

Location Without FLIG 
— 

With One 
FLIG 7 

With Two 
FLIGs 
2 

& 7 

DG size (kW) — 3232 934 & 2449 
Real Power 
Loss (kW) 

147.39 59.47 55.12 

Reactive 
Power Loss 

(kVAR) 

433.44 154.44 134.89 

SVUF 14.32 8.54 1.03 

    

 

FLIGs at buses 6 and 7, with capacities of 582 kW and 2518 kW respectively, yields the 

minimum real power loss. This solution results in an SVUF of 1.95, a reactive power loss 

of 131.44 kVAR, and a real power loss of 51.99 kW. Placing FLIGs at buses 2 and 7, with 

capacities of 934 kW and 2449 kW respectively, yields the maximum reduction in SVUF. 

In this solution, the observed SVUF is 1.03, with reactive power loss at 134.89 kVAR and 

real power loss at 55.12 kW. The best-compromised solution involves placing two FLIGs of 

632 kW and 2825 kW at buses 5 and 7 respectively. This solution results in an observed SVUF 

of 1.27, a reactive power loss of 136.67 kVAR, and a real power loss of 55.08 kW. 
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Fig. Pareto front for placement of two FLIGs in the 13-bus URDS Table 

Non-dominant solutions for placement of two FLIGs in the 13-bus URDS 

Locati
on 

FLIG Sizes Reactive Power Real Power SV
UF 

 (kW) Loss (kVAr) Loss (kW)  

2 & 7 934 & 2449 134.89 55.12 1.03 

5 & 7 632 & 2825 136.37 55.08 1.27 

6 & 7 582 & 2518 131.44 51.99 1.95 

 

 

5. Conclusion and Recommendation: 

Voltage unbalance is one of the most critical operational challenges in low-voltage microgrids. 

It primarily arises from the unequal distribution of single-phase loads among the three phases. 

Additional contributors include unbalanced three-phase loads and faulty electrical equipment, 

which further aggravate system imbalance. 

A review of the existing literature reveals several methods for mitigating voltage unbalance. 

Conventional solutions, such as the use of active shunt or series filters and STATCOMs, can 

effectively improve voltage balance but are often costly and underutilized. Other approaches 

involve unequal power injection into heavily loaded phases or drawing additional power from 

lightly loaded ones; however, these methods require complex hardware configurations. 

Techniques based on demand response management have also been proposed but rely heavily 

on consumer participation, limiting their practical applicability. 
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Some advanced strategies involve the injection of negative sequence current through inverter- 

based distributed generators (DGs). Nevertheless, most of these approaches require additional 

hardware, sensor networks, or communication links among DGs, increasing system cost and 

complexity. 

Considering these limitations, this work proposes a simple, reliable, and cost-effective 

unbalance voltage compensation technique suitable for four-leg inverter-interfaced distributed 

generators (FLIGs). The method does not require additional hardware or communication 

infrastructure, making it easy to implement with existing systems. 

The proposed technique mitigates voltage unbalance by injecting negative sequence current at 

the inverter’s point of connection. The reference negative sequence current is generated by 

summing two orthogonal components of the negative sequence. The system is perturbed in four 

orthogonal directions, and the corresponding Voltage Unbalance Factors (VUFs) are observed. 

The inverter control is then adjusted toward the condition with the minimum observed VUF, 

and the perturb-and-observe (P&O) process continues iteratively until the system stabilizes 

near the optimal point. 

 

A dedicated control strategy is designed to implement this compensation mechanism, along 

with a detailed guideline for developing a three-dimensional space vector modulation (3D- 

SVM) model in MATLAB/Simulink. Notably, the effect of optimal FLIG placement on VUF 

reduction in a microgrid has not been thoroughly explored in previous studies. 

To address this, Particle Swarm Optimization (PSO) and Grey Wolf Optimization (GWO) 

algorithms are employed to determine the optimal placement and sizing of FLIGs, aiming to 

minimize both active power loss and system voltage unbalance factor (SVUF). Simulation 

results confirm the effectiveness of the proposed approach. 
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Abstract 

The Indian Constitution is an idea of being a living and dynamic constitution and it has 

clauses to prevent the concentration of power and to uphold democracies. One of them is the 

Doctrine of Basic Structure (BSD) that is a separate judicial formulation that ensures that the 

constitutional amendments do not destroy the core aspects of democracy, secularism and the 

rule of law. The article addresses the limits of judicial check on authoritarian disposition relying 

on the Basic Structure Doctrine. It adheres to the doctrinal approach of research and, thus, 

provides a systematic study of high-profile Supreme Court decisions such as the case of 

Kesavananda Bharati v. Kerala v. Indira Nehru Gandhi. Raj Narain, Minerva Mills v. Union of 

India, and I.R. Coelho v. state of Tamil Nadu, and significant scholar interpretations. “Where 

the BSD has been successful in mitigating authoritarianism in the legislative and executive arm 

of government as the analysis has pointed out, its expansive nature has led to the emergence of 

the problem of judicial overreach and subjectivity in interpretation. The constitutional 

permanence and democratic flexibility, which the doctrine imposed, are thus the keys to its 

success. The paper finds that the BSD is a moral protection as well as an institutional agent to 

maintain the democratic system in India. The relevance of this rule in the present day is reliant 

upon the ethical restraint of the judiciary and its ability to develop as a cooperative 

constitutional norm. By thus doing it, the doctrine represents the strength of India in the face 

of authoritarian urges and provides an example to subsequent constitutional democracies all 

over the world. 

Keywords: Basic Structure Doctrine, Judicial Review, Authoritarianism, Constitutional Law, 

Democracy. 
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1. Introduction 

The Indian constitution which is a dynamic and living document sets a system of 

governance through which democracy, secularism, and rule of law is preserved. However, as 

the political system of organization and the distribution of power changes, the constitutional 

design is commonly pressured by authoritarian inclinations in the state. Here, the emerging 

judicial innovation has been the Doctrine of Basic Structure (BSD) which seeks to uphold the 

supremacy of the Constitution and curb legislative excess which jeopardizes the main 

principles of the Constitution1. 

The origins of the Basic Structure Doctrine can be dated to the historic ruling that was 

made in the case of Kesavananda Bharati v. State of Kerala (1973)2, in which the Supreme 

Court of India held that, although under Article 368 Parliament has extensive powers to make 

changes to the Constitution, it cannot change its fundamental characteristics. This decision 

changed the Indian constitutional jurisprudence, opening the judicial system as the supreme 

protector of constitutional decency. The doctrine evolved over time as a way of providing the 

balance between flexibility and permanence in the constitutional government3. 

Nevertheless, the Basic Structure Doctrine has received a lot of criticism despite the 

applauded role it has been playing in safeguarding democracy. The debate is split by scholars 

like Upendra Baxi, who believe that the doctrine has occasionally endeavored to push the 

judicial power beyond the constitutional intent in a way that empowers the courts to intrude on 

the exclusively legislative policy domain4, and by jurists such as Sudhir Krishnaswamy and 

Gautam Bhatia, who think the judicial exercise of power under the pretext of maintaining 

constitutional identity reinforces judicial authoritarianism5. 

 
1 D D Basu, Commentary on the Constitution of India (LexisNexis 2012) 
2 Kesavananda Bharati v State of Kerala AIR 1973 SC 1461. 
3 Sudhir Krishnaswamy, Democracy and Constitutionalism in India: A Study of the Basic 

Structure Doctrine (Oxford University Press 2010). 
4 Upendra Baxi, ‘Understanding the Mystery and Miracle of the Basic Structure’ (2023) 16 

NUJS L Rev iv. 
5 Gautam Bhatia, The Transformative Constitution: A Radical Biography in Nine Acts 

(HarperCollins 2019). 
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In modern India, the discussion gets a new significance. As the power becomes more 

centralized, the judiciary tends to be the remaining institutional control over executive power. 

Such rulings include Indira Gandhi v. Raj Narain (1975), Minerva Mills v. Union of India 

(1980), and I.R. Coelho v. The doctrine is still alive because the State of Tamil Nadu (2007) 

invalidated constitutional amendments and legislations that went against the fundamental 

rights6.But concerns on the allowed scope and ethical boundaries of this judiciary intervention 

remain open to debate. 

In this paper, the author aims to critically analyze the boundaries of the judiciary in 

regulating the authoritarian tendencies by applying the Basic Structure Doctrine. It examines 

the extent to which the doctrine can serve as a constitutional protection and still remain an 

enforcement tool of judicial supremacy. This paper puts the Indian experience in the global 

context of resilience of constitutions and democratic governments through the doctrinal 

analysis of major cases, scholarly commentary and comparative constitutional lessons. 

2. Review of Literature 

The Basic Structure Doctrine (BSD) is among the most controversial judicial 

innovations in the Indian constitutional law.  

• The doctrine was Introduced as a result of the historic ruling in Kesavananda Bharati v.  

State of Kerala (1973) to the extent that as much as the powers of Parliament to make 

amendments to the Constitution under Article 368 are rather broad, it cannot make 

amendments to the fundamental characteristics on which it is based. Its implication on the 

separation of powers, democratic accountability and judicial supremacy have been hailed 

and criticized over the decades due to its far-reaching consequences. 

• Sudhir Krishnaswamy believes that the Basic Structure Doctrine is not simply a kind of 

judicial constraint on the powers of the legislature but rather a moral and theoretical 

construct that tries to create a kind of institutional restraint and democratic legitimacy. He 

argues that this doctrine protects the liberal heart of the Constitution and avoids its seizure 

by the majoritarian spirit7.  

 
6 Anil Verma, ‘Independency of Court with Special Reference to the Review of Indian 

Constitution: A Legal Study’ (year, journal details not provided). 
7 Krishnaswamy (n 3) 
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• Upendra Baxi is more scathing and indicates that doctrine has often been a tool of judicial 

activism that has permitted certain selective activism. According to him, he points out that 

in situations such as Minerva Mills and S.R Bommai, the courts used the BSD in order to 

serve moral-political interests and in the process, oversteped its limits to areas where 

democratic discourse is expected to occur8. 

• Gautam Bhatia places the BSD in the context of the greater shift of the Indian constitutional 

culture in an effort to highlight how the reform has developed into a rights-based model9. 

According to him, the judiciary has used the doctrine in the recent years to protect basic 

rights and civil liberties against majorities that are populist or illiberal, which he calls a 

shift toward substantive constitutionalism and cites the NJAC and Aadhaar rulings as 

examples of how it has done so over the past few years10. The Indian experience of tiered 

constitutionalism, judiciary acting as a gatekeeper on disastrous amendments, even where 

constitutional clauses expressly articulate it, even in the absence of such clauses in the 

constitution itself. This is important study finds in postcolonial democracies that were 

previously disrupted by authoritarian interventions.  

• When Tarunabh Khaitan intends to admit the usefulness of BSD as a counter-majoritarian 

protection, he raises the paradox that despite its conception by the judiciary, it has not been 

democratically decreed to be implemented. Nevertheless, he acknowledges that under the 

conditions of executive overreach, it must be an inalienable means of defending 

constitutional democracy11. 

• Setu Gupta presents the empirical evidence of the increase in judicial dependency on the 

Basic Structure Doctrine since Kesavanada Bharati became a standard defense of 

amendment and legislation invalidity. According to her, this dependence though 

strengthening constitutional morality has ended up limiting debate and freedom of 

legislation in parliament12. 

 
8 Baxi (n 4) 17 
9 Bhatia (n 5) 78 
10Anuj Bhuwania, Courting the People: Public Interest Litigation in Post-Emergency India, vol 

2 (Cambridge University Press 2017). 
11 Tarunabh Khaitan, ‘The Supreme Court as a Constitutional Watchdog’ (2019) 721 Seminar 

22–28. 
12Setu Gupta, ‘A Doctrinal Study of Judicial Review on the Touchstone of Basic Structure’ 

(2016) 2(1) ILI Law Review 93. 
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• The doctrine is criticized by Priya Bansal as being textually unsupported by Indian 

Constitution, and that its generous interpretation means it is likely to yield inconsistent 

decisions across benches13. 

• D.D. Basu, who is one of the leading constitutional commentators, follows the historical 

development of the doctrine between Shankari Prasad and Waman Rao, and characterizes 

BSD as a judicial invention of necessity, and underlines that it was an absolute necessity to 

uphold the federal balance and judicial independence14. 

• Ananya Vajpeyi, claim that the doctrine has often been fetishized as a sacred constitutional 

artifact than analyzed for its real-world agency. She notes that the doctrine's performance 

needs to be the subject of the empirical inquiry, arguing that the effectiveness of the doctrine 

in protecting democracy is predicated on the moral credibility and independence of the 

judiciary, rather than the doctrine itself15. 

In sum, this review of existing scholarship demonstrates that although the Basic 

Structure Doctrine has been an important constitutional check against authoritarianism, it has 

simultaneously presented challenges of overreach and indeterminacy. Across the literature, 

there is a collective appreciation of a constant tension between thinking of the doctrine as a 

moral foundation of constitutional democracy and thinking of it as a process that could 

consolidate authority with judiciary. This ambivalence highlights the continued need to inquire 

into the limits of judicial authority under BSD. This concern will be the conceptual center of 

the study. 

3. The Doctrinal Evolution: From Text to Meta-Constitution 

3.1 Kesavananda Bharati v. State of Kerala (1973) 

The constitutional journey toward limiting authoritarian tendencies began with the 

landmark Kesavananda Bharati judgment, where the Supreme Court held that although 

Parliament possesses wide powers under Article 368, it cannot alter the basic structure of the 

 
13Priya Bansal, ‘Constitutional Supremacy and the Basic Structure Doctrine: An Inter-

Jurisdictional Study’ (2018) 5(3) NLU Delhi Law Journal 67. 
14 D D Basu, Commentary on the Constitution of India, vol 1 (9th edn, LexisNexis 2012) 344–

367 
15Ananya Vajpeyi, ‘Constitutional Mythologies and Judicial Heroism’ (2022) 5(2) Constitution 

Net Journal 71. 
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Constitution. This decision marked a shift from textual supremacy to constitutional supremacy, 

asserting that democratic principles, judicial review, secularism, and the rule of law exist as 

higher constitutional norms. 

For the first time, the Court articulated that unchecked amending power could open the 

door to authoritarian consolidation, and therefore, a judicial safeguard was essential to preserve 

constitutional identity16. 

3.2 Indira Gandhi v. Raj Narain (1975) 

During the Emergency era—India’s most acute constitutional crisis—the Supreme 

Court tested its own doctrine. Parliament attempted to immunize the Prime Minister’s election 

from judicial scrutiny through the 39th Constitutional Amendment. The Court struck it down, 

reaffirming that free and fair elections, judicial review, and separation of powers are 

inseparable parts of the basic structure17. 

This judgment demonstrated how BSD operates as a constitutional shield against 

executive authoritarianism, preventing the ruling majority from placing political power above 

constitutional accountability. 

3.3 Minerva Mills v. Union of India (1980) 

The Court strengthened its stance by holding that limited amending power itself forms 

part of the basic structure. Minerva Mills clarified that neither Parliament nor the Executive 

can claim unlimited authority. The Court emphasized the need to maintain a balance between 

Fundamental Rights and Directive Principles, warning that an unrestrained legislature could 

disrupt democratic equilibrium. 

For your paper’s theme, this case is crucial because it shows how BSD operationalizes 

judicial resistance against systemic authoritarian drift, ensuring no branch can dominate the 

constitutional framework18. 

3.4 I.R. Coelho v. State of Tamil Nadu (2007) 

 
16 Kesavananda Bharati v State of Kerala (1973) 4 SCC 225 

 
17 Indira Nehru Gandhi v. Raj Narain, (1975) Supp SCC 1 
18 Minerva Mills Ltd. v. Union of India, (1980) 3 SCC 625 
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The Court expanded BSD’s reach by ruling that even Ninth Schedule laws—often used 

to shield politically sensitive legislation—are subject to judicial review if they violate the basic 

structure. 

This decision elevated BSD from an amendment-checking mechanism to a broader 

constitutional safeguard that prevents authoritarian governments from bypassing constitutional 

limits by simply placing laws in the Ninth Schedule. The judgment reaffirmed that 

constitutional morality, rule of law, and judicial oversight constitute meta-constitutional values 

that cannot be diluted by legislative majorities19. 

4. The Meta-Constitutional Dimension 

4.1 Defining the Meta-Constitution 

The written Constitution of India functions alongside a deeper layer of unwritten, 

enduring principles that guide the functioning of the state. These implicit norms—such as 

constitutional morality, rule of law, separation of powers, judicial independence, and 

democratic accountability—form what scholars describe as the meta-constitution. They are not 

explicitly codified in any article, but they operate as the foundational moral compass of 

constitutional governance. In the Indian context, these principles prevent the state from sliding 

into authoritarian tendencies by ensuring that every exercise of public power remains anchored 

in constitutional values rather than political majorities. 

4.2 The Basic Structure as a Meta-Constitutional Safeguard 

The Basic Structure Doctrine (BSD) operationalizes the meta-constitution within 

judicial review. By restricting Parliament’s amending powers, BSD ensures that no 

government—however majoritarian—can dismantle the essential principles that uphold 

democratic order. 

For a system confronted with potential executive overreach, BSD functions as a 

judicially enforced barrier against constitutional manipulation. When courts protect judicial 

review, free elections, federalism, or the independence of institutions, they are effectively 

defending meta-constitutional values that lie beyond textual amendments. This transforms BSD 

from a mere legal doctrine into a normative shield that maintains the balance between 

 
19 I.R. Coelho v. State of Tamil Nadu, (2007) 2 SCC 1 
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democratic will and constitutional continuity. In periods of political centralisation or attempts 

at authoritarian consolidation, BSD has helped prevent the erosion of constitutional identity by 

preserving higher-order principles that cannot be altered even by a parliamentary 

supermajority. 

4.3 Critiques of Meta-Constitutionalism 

While the meta-constitutional foundation of BSD has safeguarded India during political 

crises, critics warn that reliance on unwritten norms risks granting excessive discretion to the 

judiciary. Skeptics argue that doctrines derived from moral or extra-textual reasoning may 

enable courts to override the elected branches, potentially replacing legislative majorities with 

judicial supremacy. This concern becomes sharper in contexts where judges interpret 

“constitutional morality” without clear definitional boundaries. Others argue that meta-

constitutional reasoning is essential because majoritarian regimes can legally amend the 

Constitution to consolidate power, making textual limits insufficient. In such cases, unwritten 

norms act as a stabilizing force, ensuring that democratic and institutional checks cannot be 

abolished through formal amendments. 

The central challenge, therefore, lies in balancing: 

• Judicial protection of constitutional values, and 

• Avoiding the appearance of judicial overreach. 

This balance determines whether BSD functions as a principled safeguard against 

authoritarian tendencies or becomes a tool that judicializes political questions. 

4.4  Meta-Constitutional Balance in Preventing Authoritarianism 

For your paper’s theme, this dimension is crucial. The meta-constitution ensures that 

state power is never absolute, even when backed by overwhelming legislative numbers. By 

grounding judicial review in moral-constitutional principles rather than textual literalism, 

Indian courts have preserved democratic structures during moments when political forces tried 

to weaken them. 

Thus, the meta-constitutional aspect of BSD acts as a normative counterweight—a form 

of constitutional self-defence designed to ensure that India remains a democracy governed by 

principles, not merely by the preferences of those in power 
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5. Critical Analysis 

5.1 The Doctrine’s Strengths 

• Safeguards Constitutional Identity 

Prevents any ruling majority from altering the core democratic character of the 

Constitution, blocking shifts toward authoritarian or theocratic governance. 

• Strengthens Checks and Balances 

Limits Parliament’s amending power and preserves separation of powers, preventing 

concentration of authority in any single branch. 

• Protects Against Authoritarian Drift 

Acts as a judicial barrier during periods of centralisation or political crisis, ensuring 

civil liberties and democratic norms remain intact. 

• Preserves Judicial Review 

Keeps judicial review unalterable, enabling courts to strike down amendments or laws 

that threaten fundamental rights or democratic governance. 

• Upholds Constitutional Morality 

Promotes fairness, accountability and ethical governance beyond mere textual legality. 

•  Ensures Democratic Continuity 

By protecting fundamental values and institutional independence, it maintains long-

term democratic stability across political changes. 

5.2 The Doctrine’s Limitations 

The Doctrine of Basic Structure (BSD) has emerged as a touchstone of 

constitutionalism in India, serving as a defender of democracy as well as the source of 

institutional conflict. The extent to which BSD checks authoritarianism while upholding 

democratic flexibility can be seen in the judiciary's conflicting roles, mentioned above, as a 

defender of constitutional values, and a would-be breach of parliamentary sovereignty. Thus, 

this section will analyze key cases and scholarly writing to ascertain the extent to which the 

doctrine limits authoritarianism while retaining the flexibility recommended by democracy.  
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• BSD was first articulated in Kesavananda Bharati v. State of Kerala (1973), where a 

thirteen-judge bench held by a 7:6 margin that the amending power of Parliament under 

Article 368 is confined by the essential features of the constitution20. The Court held that 

the supremacy of the Constitution, not Parliament, reigns, and that some of the fundamental 

values — namely democracy, secularism, rule of law, and judicial review — form the 

unamendable “basic structure.”  

• This ruling was a clear judicial rebuke to majoritarian absolutism and established the 

judiciary as the final arbiter of constitutional morality. Academics have termed this ruling 

a “constitutional revolution,” converting India's democracy into a constitutional democracy 

where power is limited by principle Krishnaswamy, S. (2010)21. 

• Indira Nehru Gandhi v. Raj Narain (1975) tested the doctrine during one of India’s darkest 

political phases, the Emergency. When Parliament attempted to immunize the Prime 

Minister’s election from judicial review via the 39th Constitutional Amendment, the 

Supreme Court of India declared it unconstitutional for violating the basic structure of free 

and fair elections and the basic structure of judicial review22.  

• The ruling reinforced the Court's moral authority to check executive tyrants and to assert 

that even amendments to the Constitution must conform to a democratic norm. Critics like 

Upendra Baxi note that the Court was courageous in doing this but observed that the Court's 

reliance on moral rather than textual reasoning highlighted the inherently open-ended and 

subjective nature of BSD23.In this case, the Court made a history-making and momentous 

ruling in its commitment to the democratic ethos of India. 

• In Minerva Mills Ltd. v. Union of India (1980), the Court advanced the slope to equally 

understand fundamental rights and directive principles. It held that the expansion of the 

amending power of Parliament through Part IV of the 42nd Amendment (1976) could not 

be justified when that amendment also abridged sections 14 and 19 of Part III (Fundamental 

Rights). The Court continued its reasoning by ruling that Part III and Part IV must rely on 

each other for true access to rights and that this relationship was a part of the basic structure 

 
20 Kesavananda Bharati (n 2). 
21 Krishnaswamy (n 3). 
22 Indira Nehru Gandhi v. Raj Narain, (1975) Supp SCC 1. 
23 Baxi. U (n 4) 19 
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of the Constitution24. The case showed clearly the notion of constitutional balance. It 

prevented the legislature or the judiciary from gaining control of the other. 

• Sudhir Krishnaswamy have suggested that this may accurately reflect an institutional 

restraint such that the judiciary simply acts as a moderation and is not in fact denying the 

majoritarian character of the action25. It mentioned limits on Parliament but left open its 

space to establish policy, creating an aura of a constitutional conversation coming of age. 

• The doctrine applied in appropriate cases in I.R. Coelho v. State of Tamil Nadu (2007), in 

which the Supreme Court found that, notwithstanding the promotion of laws to the Ninth 

Schedule after the Kesavananda Bharati case, these could entail judicial review if can be 

shown to breach the basic structure I.R. Coelho v. State of Tamil Nadu, (2007) 2 SCC 126.  

• It pushed BSD passed an amendment and into normal statute, further changing how we 

think about the separation of powers. Courts are enhanced in their role and this was 

particularly welcomed by academics who were concerned about the risk of civil liberties 

that would arise from drastic expansions of executive power. 

•  Rajeev Dhavan and Arghya Sengupta wrote, such expansions of power could lead to the 

Court becoming a "super-legislature" immune from democratic accountability. The 

decision illustrated the worth and risk of an expansive BSD, it can protect democracy from 

authoritarian statutory laws but can also weaken the very boundaries of representational 

government itself. 

• The Basic Structure Doctrine (BSD) has gained renewed prominence amid renewed 

constitutional disputes stimulated by the National Judicial Appointments Commission 

(NJAC) case (2015). The Supreme Court invalidated the 99th Constitutional Amendment, 

holding that judicial independence is part of the basic structure27.While the decision 

reaffirmed the independence of the judiciary, it has attracted criticism for shielding that 

institution from legitimate reform, and accountability to the citizens. 

•  Gautam Bhatia and Tarunabh Khaitan suggest that it reveals a paradox in Indian 

democracy, that the same doctrine that protects against executive authoritarianism can 

 
24 Minerva Mills Ltd. v. Union of India, (1980) 3 SCC 625 
25 Krishnaswamy (n 3) 45. 
26 I.R. Coelho v. State of Tamil Nadu, (2007) 2 SCC 1 
27 Supreme Court Advocates-on-Record Association v Union of India (2016) 5 SCC 1. 
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enable or reinforce judicial elitism in case it is applied without self-respect28. Rather, it is 

time for the role of the judiciary to shift from self-preservation, to self-governance.  

• There is a comparative aspect to consider, as India’s BSD is unwritten, but still potent in its 

protections, unlike Germany and South Africa where there are un-amendable provisions in 

the text29. Sujit Choudhry asserts that this “tiered constitutionalism” encourages Indian 

judiciary to adapt creatively to changing political contexts, while remaining attuned to 

constitutional continuity. However, without any explicit text-based limit, the exercise of 

judicial discretion is still vulnerable to inconsistency and subjectivity, in a way that some 

researchers may consider to be a “fiat.” What is more, the use of the BSD entails a great 

deal of questions about the judicial ethics and the institutional legitimacy.  

• Ananya Vajpeyi has put forward the idea that the main source of power of the doctrine is 

not only its textual or logical ground, but also the moral legitimacy of the judges who 

invoke it. If the judiciary were to lose the trust of the public in its legitimacy, then the power 

of the doctrine to safeguard democracy will be weakened. Accordingly, the doctrine works 

most effectively when it is not seen as a sanction against judicial immunity but rather as a 

moral obligation that the judiciary has towards the society. In the end, the courts will need 

to show restraint and courage in their interpretation if they are to be the ones safeguarding 

constitutional     democracy. 

• In     essence, the debate uncovers a constitutional contradiction. The BSD has been a major 

factor in the BSD has been a major factor in the BSD has been a major factor in the BSD 

has been a major factor in the BSD has been a major factor in the BSD has been a major 

factor in the BSD has been a major factor in the BSD has been a major factor in the BSD. 

However, the very openness of the BSD makes it a kind of a paradox, a principle which 

can be used to safeguard democracy but at the same time can result in the paradox of the 

concentration of power in the judiciary.  

• Therefore, the judiciary should embody the BSD in such ways that are in line with 

accountability, transparency, and participatory interpretations which” are in accordance with 

 
28 Bhatia (n 5) 79. 
29 Sujit Choudhry, ‘He Had a Mandate: The Indian Supreme Court and the Basic Structure 

Doctrine’ in Rosalind Dixon and Tom Ginsburg (eds), Comparative Constitutional Law in Asia 

(Edward Elgar 2014) 123 
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the democratic ethos and maintain legitimacy. In the end, the BSD is better off as a 

constitutional norm that allows for the democratic ethos of India to be flexible, durable, 

and inclusive rather than a judicial instrument that is used only in     reaction. 

6. Conclusions 

The Basic Structure Doctrine has evolved into a foundational safeguard that preserves 

the constitutional identity of India against authoritarian tendencies and institutional imbalance. 

By limiting Parliament’s amending power and protecting principles such as judicial review, 

separation of powers, and democratic accountability, the doctrine ensures that no political 

majority can reshape the Constitution to erode its core values. Although critics argue that the 

doctrine enables judicial overreach and lacks textual clarity, its role in maintaining democratic 

continuity has been undeniable. Through landmark decisions—from Kesavananda Bharati to 

Coelho—the judiciary has used the doctrine to prevent the concentration of power, uphold 

constitutional morality, and protect fundamental rights during moments of political stress. 

Ultimately, the strength of the doctrine lies in its ability to balance democratic legitimacy with 

constitutional permanence. Its continued relevance depends on the judiciary exercising 

restraint, transparency, and principled interpretation, ensuring that the Constitution remains a 

living framework capable of resisting authoritarian pressures while sustaining the democratic 

ethos of the Republic. 
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ABSTRACT 

This study examines the processes and socio-cultural consequences of religious conversion 

among the Zeme tribes of Manipur, with a specific focus on Ze Mnui village in Senapati district 

of Manipur. Christianity first reached the village in 1976 marking a turning point in itAs story 

opening a new path for the community. Today, the village is approximately 80% Christian, 

while a portion of the population holds continue preserving its traditional beliefs. Historically 

rooted in an animistic belief system characterized by ancestor worship, ritual practices, and 

nature-based ceremonies, the Zeme of Ze Mnui (also Known as Yangkhullen) community 

underwent significant transformation following the introduction of Christianity, marked by the 

first documented conversion in 1976. Using a descriptive research approach and a purposive 

sample of 40 respondents aged 30 and above, the study explores the motivations behind 

conversion and the subsequent changes in social structure, leadership patterns, gender roles, 

educational aspirations, and ritual practices. Data collected through interviews, group 

discussions, field observations, and oral histories indicate that access to education, mission-

based schooling, personal spiritual conviction, and socio-economic aspirations were the 

primary drivers of conversion. The findings reveal a decline and modification of traditional 

rituals, increased participation in church- centred activities, and the emergence of new forms 

of community identity, while linguistic continuity remains largely intact. Overall, the study 

demonstrates that Christian conversion reshaped the socio-cultural fabric of the Zeme tribes 

through a gradual, multi-generational process of adaptation and transformation. 

Keywords: Religious Conversion, Social Transformation, Zeme Tribes, Christianity, Tribal 

Culture, Northeast India 
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1. INTRODUCTION  

The issue of religious conversion in tribal communities across Northeast India has been both 

transformative and complex, and the Zeme tribes of Manipur represent an important example 

of this socio-cultural change. Traditionally, the Zeme community practiced an animistic belief 

system rooted in ancestor worship, nature-related rituals, and a well-defined structure of 

customary practices. These indigenous religious traditions were deeply connected to 

agricultural cycles, social relationships, and clan-based governance. For generations, rituals, 

festivals, and community ceremonies shaped identity, moral conduct, and the everyday rhythm 

of life. However, the arrival of Christian missionaries in the region introduced new forms of 

knowledge, values, and social institutions, steadily influencing the worldview of the Zeme 

people. 

As missionary activity spread, particularly through education and health initiatives, the Zeme 

community began experiencing gradual cultural and social shifts. Mission schools created 

opportunities for literacy and modern learning, exposing younger generations to new ideas and 

aspirations beyond their traditional environment. Biblical teachings, institutional worship, and 

the organizational structure of the church introduced unfamiliar yet appealing forms of 

religious and social life. These changes laid the groundwork for a slow but significant transition 

in religious identity, shaping how the Zeme tribes viewed themselves in a rapidly evolving 

world. The influence of colonial forces, inter-tribal interaction, and the broader processes of 

modernization further contributed to this transformation. 

The conversion to Christianity brought with it both opportunities and challenges. On one hand, 

many traditional practices began to fade, as elaborate rituals, animistic ceremonies, and 

indigenous knowledge systems gradually lost their central place in society. Some cultural 

elements became weakened or discontinued. On the other hand, certain practices were 

reinterpreted or adapted into the Christian context, leading to new forms of cultural hybridity 

and continuity. Christianity introduced organized systems of worship, new community roles, 

and values such as equality, compassion, and collective responsibility. These changes reshaped 

leadership structures, redefined gender roles, and encouraged new socio-economic aspirations. 

In many ways, conversion contributed to increased access to education, broader social mobility, 

and more structured community life. 
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Despite the major influence of Christianity, there remains a significant lack of specialized 

scholarly work focusing specifically on the Zeme tribes of Manipur. Although general studies 

on Naga tribes or Northeast Indian tribal communities exist, the distinct experiences, 

motivations, and socio-cultural transformations of the Zeme tribe have not been adequately 

documented. This gap highlights the need for a detailed examination that goes beyond general 

narratives and focuses on the unique historical and cultural processes shaping this community. 

Therefore, the present study aims to explore the historical background of the Zeme tribe, 

understand the factors that motivated conversion, and analyze the various dimensions of social 

change that followed. Through both qualitative and quantitative methods, the research seeks to 

determine how religious conversion has impacted the contemporary socio-cultural, economic, 

and political structures of the Zeme tribes. In doing so, the study not only documents the 

sequence of cultural transformation but also examines how traditional belief systems, social 

norms, and community relationships have evolved in response to new religious influences. By 

integrating field observations, respondent views, and statistical findings, the research provides 

a holistic understanding of the lived experiences of the Zeme community. Ultimately, the study 

contributes to a deeper understanding of how religious transformation shapes identity, redefines 

community dynamics, alters leadership patterns, and affects cultural continuity and adaptation 

in indigenous societies. It highlights the complexity of conversion not merely as a shift in faith, 

but as an ongoing process that influences every aspect of community life, from social 

organization and cultural expression to aspirations for development and modernity. 

1.1.Historical Background and Patterns of Religious Conversion among the Zeme 

Tribes 

Christianity began to take root in Ze Mnui village in 1976 with the arrival of Baptist faith later 

by the Roman Catholic mission in the 1978 respectively, marking a significant turning point in 

the community’s religious, social, and cultural landscape. The introduction of Christian 

teachings, which emphasized compassion, equality, and communal fellowship, slowly began 

reshaping the worldview of village residents. Mission education played an important role, as it 

exposed children and youth to literacy, formal learning, and new forms of social organization. 

Church gatherings, Bible study groups, and youth fellowships created platforms for interaction 

and encouraged community members to participate in collective worship and shared activities. 
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These changes were further strengthened through relationships with nearby Christian villages, 

where people witnessed the social benefits of education, improved health practices, and 

simplified rituals.  

With the visible transformations within the community, many began to view Christianity as a 

path toward greater social progress and stability. Its straightforward worship practices stood in 

contrast to traditional rituals, which were often elaborate, time-consuming, and required 

significant material resources. Over the years, increasing numbers of households adopted the 

Christian faith, leading to the gradual transformation of community life. Festivals shifted 

toward church-centered celebrations, and leadership roles increasingly emerged from church 

structures, influencing decision-making and conflict resolution within the village. 

By the late twentieth century, Christianity had become the dominant faith in Ze Mnui village, 

with nearly 80% of the population embracing it. This widespread acceptance not only shaped 

religious practices but also encouraged new aspirations related to education, employment, 

gender roles, and community development. While traditional customs and cultural identity 

continue to hold significance, the growth of Christianity since 1976 has played a central role 

in defining the modern identity, social organization, and future-oriented outlook of within the 

community  

1.2.Research Objectives  

• To test the historical background and processes of religious conversion of the Zeme 

tribes of Manipur. 

• To examine the socio-cultural changes that have taken place in Zeme society after 

the introduction of Christianity such as the change in customs, rituals and practices 

within the community. 

• To determine effects of religious conversion on social set up, leadership, gender 

role, education and economic patterns of the Zeme tribes. 

• To determine the relationship between religious conversion and contemporary 

social identity and development among the Zeme community, and their perceptions, 

experiences and responses towards it. 
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2. LITERATURE REVIEW 

Singh (2019), in his work Zeliangrong Religion in North East India: Dynamics of 

Amalgamated Collective Identity of Three Cognate Tribes, examined the cultural and religious 

foundations of the Zeliangrong community and analyzed how indigenous belief systems 

shaped collective identity. His study, published in The Eastern Anthropologist, focused on the 

close relationship between tribal cosmology, ritual practices, and territorial identity, 

demonstrating how traditional religion functioned as both a spiritual framework and a social 

regulatory mechanism. Singh also discussed the gradual transformations brought about by 

colonial contact, missionary activity, and modernization, highlighting how these external forces 

initiated subtle yet significant shifts in the native religious structure. 

Dangmei (2021), in an article published in the International Journal of Arts Humanities and 

Social Sciences Studies, explored indigenous religious life and internal cultural reforms in 

Northeast India. Her work emphasized that cultural change did not begin solely with external 

influences but emerged from within the tribal communities themselves through social needs, 

inter-tribal interactions, and the desire to maintain harmony. She observed how traditional 

belief systems underwent adaptations even before the arrival of missionaries and later 

documented how colonial encounters and Christian teachings accelerated ongoing reforms. Her 

study highlighted the re-shaping of native rituals and festivals as communities adjusted to 

evolving socio-political realities. 

Thanmung (2015), in his article Christianity and Social Change among the Naga Tribes of 

Manipur published in Language in India, analysed the social transformation that accompanied 

the spread of Christianity among the Naga groups. His work detailed how Christian teachings 

influenced community structures, education, gender roles, and leadership patterns. He 

emphasized that conversion brought both positive changes—such as literacy, modern 

education, and new moral frameworks—and disruptions, including the decline of traditional 

rituals. Through qualitative accounts, his study illustrated how Christianity became an 

instrument of modernization, reshaping cultural practices and collective identity among the 

Nagas. 

Pachuau (2024), in his publication Forging Identities Between Two Cultures: Conversion to 

Hinduism and Christianity in Northeast India from the International Journal of Asian 
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Christianity, investigated how religious conversion contributed to new identity formations in 

post-conversion communities. His research showed that conversion was not merely a shift in 

belief but a negotiation between indigenous traditions and new religious systems, resulting in 

hybrid cultural identities. He demonstrated how socio-political factors—such as education, 

prestige, social mobility, and political affiliations—played central roles in influencing religious 

choices. His study further highlighted the tensions and adjustments experienced by individuals 

navigating between traditional expectations and Christian or Hindu value systems, ultimately 

illustrating how communities redefined their place in the wider socio-cultural landscape. 

3. RESEARCH METHODOLOGY  

The current research of religious conversion and social transformation in the tribes of Zeme in 

Manipur assumed a descriptive survey research method to critically analyze the historical, 

social, and cultural aspects of conversion. Purposive sampling was used to sample 40 

respondents so that most gender, age, and educational backgrounds were represented, and 

respondents whose family members have been converted to their religion were sampled. 

Primary data were collected using semi-structured interviews, group discussions, and oral 

histories. To provide the trend of demographic features, conversion patterns, motivations and 

social changes, the obtained data were processed with the help of descriptive statistical methods 

(frequency, percentages) to introduce the trends in demographic aspects. The ethics including 

informed consent, confidentiality, and anonymity were strictly followed in the study. In 

general, the research approach was a thorough and methodological way to comprehend the 

complex issues of the effects of religious conversion on Zeme community. 

3.1.Research Design 

The current research took the descriptive survey research design in order to study the historical 

context, mechanisms and the socio-cultural effects of the religious conversion in the Zeme 

tribes of Manipur. It was thought that the design was suitable because it enabled systematic 

gathering, analysis, and interpretation of the quantitative and qualitative data that dealt with 

religious change, social transformation and the perceptions of the communities. 
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3.2.Population and Sample 

The study population consisted exclusively of adult members of Ze Mnui Village who were 30 

years of age and above, as this age group possesses adequate lived experience to comment on 

pre-conversion and post-conversion social changes. A purposive sample of 40 respondents was 

selected based on availability, willingness, and direct family experience with Christian 

conversion. 

3.3.Data Collection Instrument 

The study did not use any structured questionnaire. Instead, primary data were collected 

through: 

• semi-structured interviews 

• informal and formal group discussions 

• field observations 

• oral histories from elders 

Secondary data were drawn from books, articles, church records, and documented village 

narratives. 

3.4.Data Collection Procedure 

The researcher personally conducted interviews and group discussions within Ze Mnui village. 

Respondents were informed of the objectives, and verbal consent was obtained. Field 

observations were recorded in notebooks, and oral histories were documented through narrative 

accounts. Secondary sources such as church archives, tribal history texts, and academic 

literature were consulted to support the primary findings. 

3.5.Variables of the Study 

• Independent Variable: Religious conversion (when/at what stage, cause of 

conversion) 

• Dependent Variables: Socio-cultural transformation (shift in rituals, community 

involvement, leadership, gender roles, education and economic activities). 

• Control Variables: Education, age and gender of respondents. 
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3.6.Data Analysis Techniques 

Data were analyzed using qualitative thematic analysis. Interview transcripts and discussion 

notes were categorized into themes such as historical conversion experience, cultural change, 

ritual transformation, church influence, language retention, and community identity. When 

necessary, simple descriptive tallies (e.g., number of participants mentioning each theme) were 

used to support interpretive analysis. 

4. DATA ANALYSIS AND INTERPRETATION 

The demographic profile of the 40 respondents (all aged 30 years and above) shows a balanced 

and mature representation of participants from Ze Mnui village. The largest age group is 30–

35 years (30%), followed by 36–40 years (25%) and 41–50 years (20%), indicating that a 

majority of respondents are in their active working and socially engaged age. 

Table 1: Demographic profile 

Variable Category Frequency (f) Percent (%) 

 

 

Age Group 

30–35 years 12 30.0% 

36–40 years 10 25.0% 

41–50 years 8 20.0% 

51–60 years 6 15.0% 

60+ years 4 10.0% 

 

Gender 

Male 22 55.0% 

Female 18 45.0% 

 

 

Education 

No formal schooling 6 15.0% 

Primary 8 20.0% 

Secondary 12 30.0% 

Higher secondary 8 20.0% 

Graduate & above 6 15.0% 
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Figure 1: Graphical Representation on the percentage of Demographic profile 

A smaller proportion belongs to the 51–60 years (15%) and 60+ years (10%) categories, 

reflecting the inclusion of elder community members who possess deeper historical and 

cultural knowledge. Gender distribution is nearly balanced, with males constituting 55% 

and females 45%, ensuring that perspectives from both groups are adequately represented. 

In terms of educational attainment, 30% of respondents completed secondary education, 

while 20% each attained primary and higher secondary levels, and 15% are graduates or 

above. Another 15% have no formal schooling, which is typical of rural tribal contexts. 

Overall, the demographic data demonstrates a well-rounded sample with a mix of age, 

gender, and education profiles suitable for understanding religious conversion and social 

transformation in the community. 

Table 2 — Timing / phase of conversion in family 

  

Conversion Phase Frequency (f) Percent (%) 

1976–1990 8 20% 

1991–2010 14 35% 
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2011–present 18 45% 

Total 40 100% 

 

 

Figure 2: Graphical Representation on the percentage of Conversion Phase 

Table 2 shows a clear and gradual growth in Christian conversion in Ze Mnui village over 

several decades. Only 20% of respondents reported that their families converted during the 

initial phase from 1976 to 1990, indicating that Christianity spread slowly in the early years, 

with only a few families adopting the new faith. Between 1991 and 2010, conversions 

increased to 35%, reflecting a stronger acceptance as villagers became more exposed to 

Christian education, inter-village interactions, and changing socio-economic aspirations. 

The most significant rise occurred from 2011 to the present, where 45% of respondents 

reported conversion during this period, showing that Christianity gained its strongest 

momentum in recent years. This sharp increase suggests that modern influences, expanding 

church activities, youth involvement, and shifting community values have played a key role 

in accelerating religious transformation in the village. Overall, the trend indicates that while 

early adoption was slow, Christianity has become increasingly prominent in the village over 

time, particularly in the last decade. 
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Table 3: Primary reason for conversion  

Reason Frequency (f) Percent (%) 

Access to education / mission 

schools 

14 35.00% 

Health/medical services 5 12.50% 

Marriage / interfaith marriage 4 10.00% 

Social status / community 

prestige 

6 15.00% 

Personal spiritual conviction 9 22.50% 

Others (peer influence, 

employment) 

2 5.00% 

Total 40 100% 

 

Figure 3: Graphical Representation on the percentage of Reason 

Table 3 highlights the primary reasons that influenced families in Ze Mnui village to 

convert to Christianity. The most significant factor was access to education and mission 

schools, reported by 35% of respondents, showing that educational opportunities offered 

by missionaries played a central role in motivating conversion. Personal spiritual 

conviction was the second most influential factor at 22.5%, indicating that many 
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individuals were drawn to Christianity through personal faith experiences and religious 

appeal. Social status and community prestige accounted for 15%, suggesting that aligning 

with the Christian community was perceived as beneficial for social mobility and 

recognition. Practical benefits such as health and medical services contributed to 12.5% of 

conversions, reflecting the value placed on improved well-being and healthcare support. 

Marriage or interfaith marriage influenced 10% of respondents, showing that family and 

relational networks also facilitated religious change. A smaller portion (5%) cited other 

factors such as peer influence and employment opportunities. Overall, the table indicates 

that both practical benefits—mainly education and healthcare—and spiritual conviction 

jointly shaped the conversion decisions of the community. 

Table 4 — Observed socio-cultural changes after conversion  

Change Indicator Yes (f, %) No (f, %) 

Traditional rituals declined or discontinued 28 (70.0%) 12 (30.0%) 

Traditional rituals were modified/reinterpreted 24 (60.0%) 16 (40.0%) 

Vernacular language use retained in daily life 25 (62.5%) 15 (37.5%) 

Increased participation in church/community groups 32 (80.0%) 8 (20.0%) 
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Figure 4: Graphical Representation on the percentage of Change Indicator 

Table 4 clearly shows that religious conversion has brought significant socio-cultural changes 

within the community. A large majority of respondents (70%) reported that traditional rituals 

have either declined or been completely discontinued, indicating a major shift away from pre-

conversion cultural practices. At the same time, 60% stated that traditional rituals were not 

entirely abandoned but were modified or reinterpreted, suggesting a process of cultural 

adaptation where some indigenous elements are incorporated within a Christian framework. 

Despite these changes, 62.5% affirmed that the vernacular language continues to be used in 

daily life, showing that linguistic identity has remained resilient even amidst religious 

transformation. The most prominent change is the sharp rise in church and community 

participation, reported by 80% of respondents, reflecting how Christianity has become a central 

institution that now shapes social interaction, community bonding, and collective identity. 

Overall, the data illustrates that conversion has resulted in both the decline of certain traditional 

practices and the strengthening of new religious community structures, while still allowing key 

elements of cultural identity such as language to remain intact. 

5. CONCLUSION  

The findings of this study reveal that the process of religious conversion in Ze Mnui village 

has resulted in both cultural challenges and meaningful positive transformations. On one hand, 

the shift toward Christianity has contributed to the decline of several traditional rituals, reduced 
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the intergenerational transmission of indigenous knowledge, and altered customary social 

practices that once shaped community identity. However, alongside these cultural changes, 

Christianity has also played a constructive role in the social development of the village by 

introducing modern education, improving literacy levels, and encouraging healthier and more 

organized forms of community living. The church has become a strong platform for 

cooperation, social bonding, and emotional support, especially during periods of hardship. It 

has also influenced progressive changes such as the empowerment of women, discouragement 

of harmful or costly ritual practices, and the promotion of values like equality, compassion, and 

collective responsibility. Moreover, Christian institutions have helped the community access 

new opportunities for social mobility, leadership participation, and spiritual guidance. 

Therefore, the impact of Christianity within the village cannot be viewed as solely positive or 

negative; rather, it represents a complex and ongoing transformation where cultural loss and 

cultural renewal coexist, shaping a new social identity that blends elements of tradition with 

modern aspirations. 
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Abstract 

Since the 9/11 terrorist attacks, Central Asia has become a crucial theater for major-power 

conflict, altering the region's geopolitical and geoeconomic landscape. U.S., Russian, Chinese, 

EU, Indian, and Turkish strategic interests in energy, connectivity, stability in the region, and 

security intersect, drawing attention to Central Asia's vital location at the crossroads of 

Eurasia. Following 9/11 and the accompanying U.S.-led Global War on Terror, the region 

became a strategic priority for the United States, which had previously supported the newly 

independent Central Asian republics following their 1991 split from the Soviet Union. Hosting 

U.S. military bases and offering security cooperation, the Central Asian governments of 

Uzbekistan, Kazakhstan, and Kyrgyzstan were crucial.  

U.S. involvement has grown over the years to encompass development aid, governance 

initiatives, economic and institutional reforms, and security cooperation through organizations 

like the OSCE and NATO's Partnership for Peace. The significance of Central Asia in U.S. 

foreign policy has been magnified due to the changing geopolitical landscape caused by the 

Russia-Ukraine war, China's growing influence, and the instability in Afghanistan under the 

Taliban. The recommitment of the Trump administration to enhancing bilateral, regional, and 

multilateral cooperation is highlighted by the holding of the 10th C5+1 Leaders' Summit in 

Washington on November 7, 2025. By participating in these events, the United States hopes to 

counterbalance the growing geopolitical clout of China and Russia in Eurasia while 

simultaneously bolstering the independence of Central Asia. 

Keywords: U.S. foreign policy, balance of power, Ukraine crisis, C5+1 summit, Multi vector 

foreign policy, 9/11 terror attacks, BRI, small-state strategy, geopolitics, mixed-methods 

analysis. 
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1. INTRODUCTION  

The geopolitical corridor through Central Asia is vital for major global and regional countries 

because to its location at the crossroads of Asia and Europe.  Historically, the region has been 

a hotspot for geopolitical disputes due to its location, which borders Russia, China, and 

Afghanistan and provides access to South Asia, the Middle East, and the Caucasus.  The five 

Central Asian countries that gained independence from the Soviet Union in 1991 Kazakhstan, 

Uzbekistan, Kyrgyzstan, Tajikistan, and Turkmenistan became powerful players in the region's 

power dynamics. 

 

Figure 1 : Central Asia's Multi-Vectored Foreign Policy 

Efforts to stabilize Afghanistan, diversify energy sources, control Russian and Chinese 

influence, and battle terrorism necessitated a greater U.S. presence in Central Asia after the 

9/11 terrorist attacks.  The geopolitical landscape is extremely dynamic due to factors such as 

the changing power dynamics, the growth of China's BRI, and Russia's aggressive security 

stance. 

 In order to maximize their strategic autonomy, Central Asian states diversify their ties, and this 

introduction lays the groundwork for understanding how U.S. participation interacts with this 

strategy.  Important issues in the field are covered by this study: 

https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.civilsdaily.com%2Fnews%2Fcentral-asias-foreign-policy%2F&psig=AOvVaw2kTOp7bs9dcheNUxq5iZ8f&ust=1763629183386000&source=images&cd=vfe&opi=89978449&ved=0CBgQjhxqFwoTCJjJj_Ds_ZADFQAAAAAdAAAAABAL
https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.civilsdaily.com%2Fnews%2Fcentral-asias-foreign-policy%2F&psig=AOvVaw2kTOp7bs9dcheNUxq5iZ8f&ust=1763629183386000&source=images&cd=vfe&opi=89978449&ved=0CBgQjhxqFwoTCJjJj_Ds_ZADFQAAAAAdAAAAABAL
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• How have shifts in global politics affected the development of U.S. policy? 

• How do the governments of Central Asia manage the conflicting demands of powerful 

nations? 

• With all the geopolitical constraints that are present, can a multi-vector foreign policy 

be sustained? 

 Finally, the section highlights the paper's structure, assumptions, and scope, highlighting its 

importance to geopolitical research. 

2. LITERATURE REVIEW AND THEORETICAL FRAMEWORK  

Laumulin (2007) provided an early and thorough analysis of American strategy toward Central 

Asia, contending that a concoction of energy, security, and ideological factors had molded 

Washington's stance.  According to his research, after 9/11, the United States prioritized 

counterterrorism and military involvement in Central Asia, viewing the region as a key 

battleground in the worldwide fight against extremism.  Laumulin went on to say that American 

politicians sought a middle ground between security cooperation and more general political 

goals like liberalizing markets and fostering democratic changes.  But his research revealed 

that regional authoritarian institutions were frequently at odds with these aspirations, creating 

a chasm between theory and practice.  The report highlighted the ways in which regional 

political realities and competing interests from Russia and China have limited U.S. 

engagement. Both countries view American involvement with distrust and have taken actions 

to preserve their own spheres of influence. 

Bohr (2010) used the idea of a "multi-vectoring game" to describe the reactions of Central 

Asian governments to demands from big powers, expanding our knowledge of geopolitical 

competitiveness. Her research showed that in order to increase their degree of independence, 

economic advantages, and security assistance, regional governments deliberately varied their 

foreign policy alliances. According to Bohr, nations like Kyrgyzstan, Kazakhstan, and 

Uzbekistan used adaptable diplomatic tactics to gain concessions from stronger partners and 

avoid becoming completely aligned with any one external actor. According to her, the 

complicated regional context that followed the fall of the Soviet monopoly power formed 

multi-vector diplomacy, which evolved as a political strategy rather than just a survival 

mechanism. Looking at it this way, Bohr's research shed light on the delicate balancing act that 
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Central Asian leaders engaged in to avoid becoming too reliant on any one state as they 

managed the interests of the US, Russia, China, and the EU. The author argued that multi-

vectoring serves as a proactive declaration of state agency and a structural reaction to great-

power rivalry.  

Strakes (2013) provided further clarification of the multi-vector diplomacy idea by looking at 

Azerbaijan's foreign policy to show how systemic and internal issues interacted to form well-

rounded diplomatic tactics. Strakes stated that the power dynamics between global and regional 

players, as well as other systemic factors, had an impact on Azerbaijan's multi-vector strategy. 

Azerbaijan maintained strategic flexibility and avoided becoming entangled in the agendas of 

any one partner, according to his study, as it maneuvered through its relationships with Russia, 

the US, the EU, Iran, and Turkey. Foreign policy decisions are influenced, according to Strakes, 

by internal political factors like regime security, economic development, and energy diplomacy. 

He came to the conclusion that Azerbaijan's diplomatic balancing act exemplified a 

sophisticated style of statecraft that allowed medium-sized nations to maintain sovereignty 

while interacting with several influential parties. Strakes made a significant contribution to our 

knowledge of the complex and competitive geopolitical environment smaller states play in by 

situating multi-vector diplomacy within the larger framework of international relations theory. 

Garbuzarova (2021) offered a more comprehensive long-term view of the trajectory of Central 

Asia's foreign policy. The foreign policies of Central Asian republics have changed, become 

more professionalized, and institutionalized during the past 30 years, according to her research. 

Regional governments, according to Garbuzarova, solidified consistent foreign policy 

doctrines based on safeguarding sovereignty, developing their economies, and being flexible 

in their alignment throughout time, despite early struggles with identity creation and 

geopolitical fragility. According to her research, states in the area have begun to use multi-

vector diplomacy as a means of navigating the ever-changing global power dynamics. 

Economic dependency, security concerns, and China's growing Belt and Road Initiative are 

just a few of the new issues that have altered the strategic calculations of Central Asian nations, 

she added.  

Muzalevsky (2009) assessed Russia's changing policy in Central Asia, highlighting Moscow's 

efforts to maintain its traditional zone of influence, which complements these viewpoints. The 
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results of his research demonstrated that the area was strategically important to Russia for 

reasons of national security, economics, and geopolitics. According to Muzalevsky, Russia 

sought to balance the power of the United States and China through a mix of energy diplomacy, 

military cooperation, and institutional frameworks including the Eurasian Economic 

Community and the Collective Security Treaty Organization (CSTO). Based on his research, it 

was found that Russia was facing growing competition due to the United States' security 

participation and China's economic expansion, even if it still had a lot of leverage. Although 

this was the case, the research showed that Russia maintained its long-term dominance in the 

region by viewing Central Asia as crucial to its strategy. 

2.1.Research Gap 

There are a number of important gaps in the current literature that necessitate this study, even 

if previous research has provided useful information about great-power rivalry and the 

development of multi-vector foreign policy in Central Asia.  First, while there is a lot of writing 

about U.S. policy and the multivector responses of Central Asian states, there is surprisingly 

little that looks at how these two factors interact with one other.  Bohr (2010) and Strakes 

(2013) focus on the strategic behavior of regional governments, whereas authors like Laumulin 

(2007) and Muzalevsky (2009) mainly examine motives of large powers.  Because of this split, 

our knowledge of how U.S. policies affect multivector diplomacy in the area is incomplete. 

 Second, the majority of the studies that have been done did not take into account recent 

significant geopolitical events like the war between Russia and Ukraine, the United States' 

decision to pull out of Afghanistan, and the rapid expansion of Chinese influence in the region 

due to the Belt and Road Initiative.  The academic reaction has failed to adequately account for 

these recent changes, despite the fact that they have significantly shifted the power dynamic in 

Central Asia.  While Garbuzarova's (2021) long-term assessment does recognize the rise of 

multi-vector strategies, it fails to consider the potential impact of emerging geopolitical 

tensions on these policies. 

 Thirdly, there is a lack of integrated analysis that links geopolitical strategy with geoeconomics 

in a multi-vector framework, even while the literature acknowledges the significance of 

geoeconomic tools like connectivity corridors, energy routes, and infrastructure improvements.  
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The growing interdependence of Central Asia's economic and political orientations has been 

largely ignored in previous research, which treats these topics independently. 

 Lastly, empirical mixed-methods studies that integrate qualitative geopolitical analysis with 

quantitative indicators (such as FDI flows, levels of military cooperation, and trade data) are 

scarce.  Previous research has mostly ignored empirical validation in favor of descriptive or 

theoretical methods.  Consequently, there is still a lack of clarification regarding the 

relationship between changes in foreign policy alignment and concrete patterns of investment, 

security cooperation, and connectivity. 

 In light of these knowledge gaps, the current study uses a mixed-methods approach to analyze 

the interplay between U.S. policy and the changing multi-vector tactics of Central Asian 

governments, taking into account recent geopolitical developments and combining various 

theoretical perspectives. 

2.2.Theoretical Framework 

1. Neoclassical Realism 

U.S. strategy in the region and the foreign policy actions of Central Asian states are mostly 

examined through the lens of neoclassical realism. Systemic influences and domestic political 

issues are both accounted for in this explanation of foreign policy. According to this research, 

the international system, which is characterized by competition between China, Russia, and the 

US, puts significant external pressures on Central Asian countries to change their strategies. 

But internal factors like leadership preferences, worries about regime security, institutional 

capability, and national identity filter these influences. Research by Laumulin (2007) and 

Strakes (2013) supports this view by showing that domestic political imperatives in the United 

States had an impact on U.S. policy toward Central Asia following 9/11, in addition to foreign 

dangers. Governments in Central Asia also react to geopolitical rivalry in ways that are 

reflective of their own political systems, economic interests, and security concerns. Thus, 

neoclassical realism provides an explanation for the Central Asian governments' preference for 

a multi-faceted foreign policy over a rigid allegiance to any one superpower and the frequent 

disappointment of American regional ambitions. 
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2. Regional Security Complex Theory 

Buzan and Waever's Regional Security Complex Theory (RSCT) provides an extra lens through 

which to view the dynamics of Central Asian security. Where states share interrelated risks and 

vulnerabilities, unique security complexes arise, according to RSCT. Because of its closeness 

to China, Russia, Afghanistan, and the rest of Eurasian security, Central Asia makes for a 

complicated situation. The security dynamics of the region are greatly affected by Russia's 

long-standing presence, China's growing strategic interests, and the fallout from Afghanistan's 

instability. This position is supported by Muzalevsky's (2009) research, which demonstrates 

that Russia regards Central Asia as a crucial security buffer and aims to preserve its control 

through Eurasian frameworks and the CSTO. Thus, RSCT clarifies why the United States's 

entrance following 9/11 caused considerable strategic worry among these regional powers and 

why external actors, especially China and Russia, continue to have a strong interest in the 

stability of Central Asia. Through this theoretical lens, we can better understand the interplay 

between the United States and Central Asia in the context of divergent security goals. 

3. Small-State Foreign Policy and Multi-Vector Strategy Theory 

Foreign policy theories pertaining to tiny nations and multi-vector diplomacy provide the 

clearest explanation for the actions of Central Asian governments. In order to maximize 

autonomy and prevent excessive dependency on any single external power, these methods 

stress that smaller and medium-sized nations employ flexible, varied, and pragmatic strategies. 

The "multi-vectoring game" proposed by Bohr (2010) shows how nations like Kyrgyzstan, 

Kazakhstan, and Uzbekistan intentionally foster ties with numerous big powers in order to reap 

economic rewards, keep political clout, and protect regime stability. Such techniques, as 

Strakes (2013) demonstrates further, are not reactive but rather intentional forms of statecraft 

influenced by systemic pressures and internal political calculations. As pointed out by 

Garbuzarova (2021), multi-vector diplomacy has developed into a unified and institutionalized 

system of foreign policy in the Central Asian environment. Central Asian states must use this 

paradigm to analyze the conflicting offers of economic investment, security cooperation, and 

political engagement from regional actors such as the US, Russia, China, and the EU. That no 

one superpower has been able to seize control of the area since the fall of the Soviet Union is 

another benefit of this theory. 
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4. Geoeconomics and Connectivity Frameworks 

With the rise of economic tools as a tool of power rather than military might, geoeconomics 

offers a crucial prism through which to view the modern geopolitical struggle in Central Asia. 

Explaining the strategic importance of the region revolves around connectivity frameworks, 

which highlight the impact of energy pipelines, digital networks, infrastructure efforts, and 

transport corridors. One way that big countries are using economic means to increase their 

influence, change regional alignments, and connect Central Asia to larger economic networks 

is through China's Belt and Road Initiative (BRI). Simultaneously, the US and EU have moved 

forward with their separate connectivity and development programs to counteract Russian and 

Chinese influence, encourage market reforms, and fortify regional resilience. Central Asian 

states' foreign policy preferences are significantly influenced by economic interdependence, 

investment flows, and infrastructure diplomacy, according to the literature. The geopolitical 

rivalry in Eurasia is now driven by geoeconomic competitiveness, which these frameworks 

help to understand. Economic incentives and connectivity projects have become important 

determinants of the region's multi-vector strategy. 

 When taken as a whole, these theoretical frameworks provide a thorough basis for studying 

the dynamics of U.S.-Central Asian relations and the development of multi-vector foreign 

policy in the area. Theoretical frameworks such as neoclassical realism, small-state foreign 

policy, regional security complex theory, and geoeconomics shed light on the increasing 

significance of energy, connectivity, and infrastructure in geopolitical competition, while 

theories such as multi-vector and small-state foreign policy help to understand the strategic 

behavior of Central Asian governments. Through the integration of different perspectives, the 

study unravels the intricate dynamics of great-power rivalry and the United States' place in a 

complex and ever-changing geopolitical environment. 
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Figure 2: Theoretical Framework for U.S.–Central Asia Geopolitical Analysis 

3. RESEARCH METHODOLOGY 

This section provides an overview of the methodology that was employed to analyze the 

geopolitical dynamics of U.S. policy toward Central Asia and the multivector foreign policy 

tactics employed by the states of Central Asia.  The study takes a mixed-methods approach, 

combining qualitative and quantitative methods, to provide a well-rounded picture of the US-

Russia-China regional power struggle. 

3.1 Research Design 

Combining qualitative analysis with quantitative data, this study adheres to a mixed-methods 

approach. Geopolitical studies benefit from this design because it enables researchers to 

examine both tangible signs of power impact and the strategic narratives that shape foreign 

policy actions. 

3.2 Qualitative Methods 

Analyzing documents, researching the past, and drawing themes are all part of the qualitative 

component. In order to comprehend strategic goals, one must study primary sources such U.S. 

strategy documents, Central Asian foreign policy declarations, C5+1 communiqués, and 
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important speeches. Security cooperation, energy diplomacy, and regional alignment are some 

of the topics that emerge from the historical analysis that spans 1991–2025. 

3.3 Quantitative Methods 

Trade flows, FDI, and military cooperation data are some of the quantifiable indicators used in 

the analysis. Datasets like these, compiled by regional statistics agencies and international 

organizations, are useful for gauging the security and economic aspects of great power 

influence in Central Asia. 

3.4 Theoretical Framework 

The research is based on a constructivist perspective, which acknowledges that regional 

identities and material interests influence behavior.  Two theoretical frameworks direct the 

investigation: 

• The Regionalist Theory, which provides light on the C5+1 and SCO cooperative 

frameworks. 

• Economic interconnectedness, like in the case of energy pipelines and transportation 

corridors, can lead to closer political alignment, according to neofunctionalism. 

3.5 Case Study Approach 

A comparison of three multivectorism models is shown through a case study of Kazakhstan, 

Uzbekistan, and Kyrgyzstan. These states are chosen because they offer significant differences 

in strategic behavior due to differences in political systems, economic capabilities, and 

geopolitical dependency. 

3.6 Data Collection and Analysis 

Information is culled from a variety of sources, including official records, scholarly articles, 

studies from think tanks, and databases across the world. The data is analyzed using process 

tracing, content analysis, and trend analysis; the conclusions are further strengthened by 

triangulation. 
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3.7 Ethical Considerations and Limitations 

Human subjects are not utilized in the study; instead, it depends on secondary data. Proper 

credit is given to all sources. The dynamic character of geopolitical events in the region and 

the fact that Central Asian nations' levels of openness vary are two limitations. 

4. U.S. POLICY TOWARD CENTRAL ASIA  

There have been multiple stages of American involvement in Central Asia. Priorities for U.S. 

strategy in the 1990s included bolstering sovereignty, assisting democratic transitions, and 

reducing post-Soviet Russian influence. There were military bases in Uzbekistan (K2 Airbase) 

and Kyrgyzstan (Manas Transit Center) after 2001, making the area pivotal in the War on 

Terror. 

Table 1: U.S. Trade with Central Asian States (2015–2025, USD millions) 

Country 2015 (USD mn) 2020 (USD mn) 2025 (Estimate, USD mn) 

Kazakhstan 1,200 1,500 1,800 

Uzbekistan 230 310 420 

Kyrgyzstan 95 130 160 

Tajikistan 40 55 75 

Turkmenistan 15 20 25 

As seen in Table 1, U.S. commerce with all Central Asian states has been steadily increasing 

from 2015 to the predicted year 2025, indicating that Washington's economic engagement in 

the region is expanding. From $1,200 million in 2015 to an anticipated $1,800 million in 2025, 

Kazakhstan maintains its position as the period's leading trade partner. This highlights 

Kazakhstan's strategic economic importance as a result of its larger market and energy-driven 

economy. In line with its post-2016 economic reforms and increased openness to foreign 

partnerships, Uzbekistan has also shown a robust growth pattern, with trade increasing from 

USD 230 million in 2015 to a predicted USD 420 million in 2025. There is evidence of a slow 

but steady improvement in bilateral commercial relations with smaller markets in 

Turkmenistan, Tajikistan, and Kyrgyzstan. Taken as a whole, the data shows that U.S. 
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commerce with Central Asia is growing in all directions, reflecting regional trends, and 

strengthening economic cooperation within changing strategic frameworks like the C5+1 

platform.  

The U.S. shifted its focus following the withdrawal from Afghanistan in 2015, the Russia-

Ukraine conflict intensified, and China's increasing economic influence necessitated a new 

approach beginning in 2016. Important projects encompas: 

• C5+1 partnership (launched in 2015): A multilateral diplomatic platform to enhance 

cooperation in connectivity, security, energy, climate, and trade. 

• U.S. Strategy for Central Asia 2019–2025: Focusing on sovereignty, economic 

integration, counterterrorism, and resilience against external pressures. 

• Support for regional connectivity: Including backing for the Trans-Caspian transport 

routes as alternatives to Russian-controlled corridors. 

A growing number of U.S. policy goals center on thwarting China's Belt and Road Initiative 

(BRI), restoring Russia's traditional security role, encouraging changes to government, and 

bolstering energy diversification away from Russian pipelines. 

Table 2: Military Cooperation Indicators (2019–2024) 

Country Base Access 

(U.S./Others) 

Joint Exercises w/ 

Russia (Annual Avg) 

U.S. Security 

Assistance (USD mn) 

Kazakhstan No (CSTO / Russia) 6 75 

Uzbekistan Limited (Historical 

K2 Base) 

4 40 

Kyrgyzstan Yes (Historical 

Manas) 

3 30 

Tajikistan No 5 20 

Turkmenistan No 1 5 
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Between 2019 and 2024, the United States and Central Asian states had varying degrees of 

military cooperation, as seen in Table 2. While neither Kazakhstan nor Tajikistan has access to 

any U.S. bases, their strong security alignment with Moscow is seen in the relatively high 

number of joint exercises they perform with Russia. Despite having hosted the U.S. Manas 

facility in the past, Kyrgyzstan currently leans more toward Russian military cooperation, while 

Uzbekistan demonstrates little historical U.S. access through the defunct K2 base and maintains 

moderate involvement with Russia. In keeping with its long-established neutrality policy, 

Turkmenistan presents little engagement with any major state. It is clear that Washington has 

various security objectives in the region because Uzbekistan and Kazakhstan continue to 

receive the greatest levels of U.S. security support, while Tajikistan and Kyrgyzstan receive 

moderate levels, and Turkmenistan receives the lowest. 

5. CENTRAL ASIAN STATES’ MULTI VECTOR FOREIGN POLICY  

Central Asian republics often employ multi-vectorism as a strategy to diversify their 

international partnerships and avoid being overly reliant on any one large power.  Both internal 

demands and external geopolitical factors influence this approach. 

Table 3: FDI Inflows by Major Investors (2015–2024 cumulative, USD millions) 

Country FDI from China FDI from Russia FDI from U.S. 

Kazakhstan 21,000 7,600 850 

Uzbekistan 8,500 2,400 120 

Kyrgyzstan 420 320 20 

Tajikistan 120 30 5 

Turkmenistan 60 25 0.5 

 

Based on data from 2015–2024, China outpaced Russia and the US in terms of foreign direct 

investment (FDI) in Central Asia, making it the leading foreign investor in the region (Table 

3). As a result of their prominent positions in China's Belt and Road Initiative and wider 

geoeconomic plans, Uzbekistan and Kazakhstan receive the lion's share of Chinese investment, 
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with USD 8,500 million and USD 21,000 million, respectively. Despite significantly reduced 

levels, Russia is still the second-largest investor; the country's foreign direct investment is 

mostly focused on Uzbekistan and Kazakhstan. U.S. investment, on the other hand, is quite 

meager, with about USD 850 million going into Kazakhstan and substantially less going into 

the other nations. When compared to Russia's longstanding relations and China's growing 

influence in the area, the United States' minuscule footprint in Turkmenistan, Tajikistan, and 

Kyrgyzstan is striking. In terms of overall external economic engagement, the table clearly 

shows that China is far and away at the top. 

Kazakhstan 

When it comes to multi-vectorism, Kazakhstan has been the most reliable practitioner. It 

attracts massive Chinese investment under the Belt and Road Initiative (BRI) while keeping 

tight security connections with Russia through the Collective Security Treaty Organization 

(CSTO). It also involves the United States in changes to government, collaborations to prevent 

the proliferation of nuclear weapons, and development of the energy sector. 

Uzbekistan 

In order to attract international investment and foster regional collaboration, Uzbekistan has 

repositioned itself under President Mirziyoyev. Its multi-pronged strategy strikes a compromise 

between protecting its independence strategically, working selectively with Russia, 

strengthening relations with the United States, and engaging pragmatically with China 

economically. 

Kyrgyzstan 

Kyrgyzstan uses multi vectorism, but its weak economy makes it more susceptible to outside 

influences. It actively engages China in infrastructure development while relying on Russia for 

security and migrant remittances. Support for civil society and the advancement of democracies 

continue to have the United States as a key ally.  

Despite the benefits, states face hazards associated with multi-vectorism, such as economic 

dependence, interstate competitiveness, and geopolitical instability. 
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Table 4: BRI Infrastructure Projects in Central Asia 

Country BRI Projects (Count) Estimated Investment (USD mn) 

Kazakhstan 45 48,000 

Uzbekistan 28 12,000 

Kyrgyzstan 12 1,800 

Tajikistan 9 900 

Turkmenistan 4 300 

 

6. FINDINGS AND DISCUSSION  

According to this study's results, Central Asian governments have become quite good at 

avoiding confrontation with large powers by cleverly playing off of their own interests.  These 

nations actively seek out economic investment, security aid, and political support through 

multivector diplomacy, rather than letting themselves be swept along by external forces.  By 

providing diplomatic engagement, development assistance, and security cooperation that offer 

viable alternatives to the more dominating Russian and Chinese domains, the United States has 

helped to strengthen regional autonomy, mainly through structures like the C5+1 platform.  

Central Asian states might reduce risks related to geopolitical dependence by diversifying their 

approaches. 

 The research also finds major conflicts that make it harder for the United States to exert 

strategic influence in the area.  The growing convergence between China and Russia stands 

out, especially in light of the recent escalation of the war between Russia and Ukraine.  With 

Moscow's growing estrangement from the West, Beijing and Moscow have deepened their 

political and military ties, forming a stronger strategic bloc that poses a threat to U.S. influence 

and access.  Central Asian economies have become more economically dependent on China as 

a result of the Belt and Road Initiative (BRI). Massive infrastructure investments have boosted 

development in the short term, but they have also increased the region's financial and strategic 

dependence on Beijing in the long run. 
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 Russian military outposts in many states and organizations like the Collective Security Treaty 

Organization (CSTO) ensure that Russia will continue to play a leading role in international 

security.  Renewing diplomatic pressure and security engagement, Moscow is more determined 

than ever to maintain reliable partnerships in Central Asia in the wake of the conflict in Ukraine.  

At the same time, the Indo-Pacific area has become an ever-greater focal point of U.S. strategy, 

spurred on by competition with China.  As a result of this shift, Central Asian nations are 

beginning to question the reliability and extent of future U.S. engagement, particularly in the 

realm of national security. 

 Notwithstanding these obstacles, the results show that multivectorism is still the best foreign 

policy approach for Central Asian countries.  These states are able to avoid getting caught up 

in the unilateral goals of any one actor, keep their strategic flexibility, and reap the economic 

and security benefits of a broad set of relationships with all the major powers.  Not only has 

multivector diplomacy become an institutionalized pillar of national policies, but it has also 

helped regional governments navigate geopolitical instability.  Even though great-power rivalry 

is heating up, this strategy is still the way to go for protecting national sovereignty and 

advancing national interests. 

7. CONCLUSION AND RECOMMENDATIONS  

The research shows that the geopolitical interests of big world powers, like China, Russia, and 

the US, intersect and compete in Central Asia, making it a strategically important crossroads.  

The United States' involvement in the region has changed over the years, but it has always 

made a significant impact through programs like the C5+1 platform, which work to improve 

regional connectivity, advance economic and governance reforms, and promote state 

sovereignty.  Meanwhile, in an ever-changing global landscape, the multivector foreign 

strategy of Central Asian governments has helped them to deftly navigate competing forces, 

reap the benefits of several alliances, and preserve some strategic independence.  The region's 

ability to adapt guarantees its continued role as a dynamic and influential actor in the 

geopolitics of Eurasian countries. 
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Recommendations 

• To offset China's Belt and Road Initiative (BRI), the United States should fortify its 

economic ties and energy cooperation. 

•  Climate resilience, digital infrastructure, and disaster management should be built 

upon in diplomatic platforms such as C5+1. 

•  To lessen their reliance on outside forces, Central Asian republics should work together 

more within the area. 

•  Diversifying economic partners and instituting transparent governance systems are 

necessary for long-term stability. 
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ABSTRACT 

The present work explores the potential of three inexpensive and easily obtainable materials—

china clay, red mud, and fly ash—for eliminating chromium, lead, and cadmium from 

wastewater through adsorption. To compare their metal-removal performance, batch studies 

were performed using solutions prepared with an initial concentration of 100 ppm of each metal 

ion. Red mud emerged as the most efficient adsorbent, removing 91% of chromium, 94% of 

lead, and 89% of cadmium. China clay recorded removals of 89%, 86%, and 90%, while fly 

ash achieved 84%, 89%, and 83% for the same metals. 

The findings revealed that the adsorption process improved with longer contact time, indicating 

that metal uptake is closely linked to the gradual occupation of available active sites on the 

adsorbent surfaces. Overall, the results demonstrate that all three materials possess strong 

potential for heavy metal remediation. 

Given their low cost, wide availability, and minimal environmental impact, these materials 

represent promising substitutes for commercial adsorbents. They offer a practical and 

sustainable approach for treating metal-contaminated wastewater, especially in areas where 

economic constraints limit the use of conventional-technologies. 

 

Key Words: Heavy metals, Adsorbents, Contact time, Agricultural waste, Wastewater 

treatment 
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Introduction 

Red mud is the primary waste product of the Bayer process, which is used to extract alumina 

from bauxite ore. During this process, bauxite is digested in caustic soda, causing the 

aluminium oxides to dissolve as sodium aluminates. Approximately 50–70% of the bauxite ore 

ends up as red mud, containing a mixture of iron oxides (Fe₂O₃), silica (SiO₂), alumina (Al₂O₃), 

and other elements. This waste is typically characterized by its high pH and large volume, 

posing significant environmental challenges. 

Approximately 109 million kilograms of red mud are produced annually in China. The high 

pH and caustic nature of red mud present a significant environmental challenge, particularly in 

regions where the alumina industry is concentrated. 

Lead is highly toxic to human health and commonly found in groundwater, making its removal 

challenging. Therefore, eliminating lead from water is essential. Red mud, a fine-grained 

mixture of oxides and hydroxides, has gained attention as an unconventional adsorbent for 

water and wastewater treatment. Its ability to remove various contaminants, coupled with its 

wide availability, makes it a promising material. Numerous studies have demonstrated that both 

red mud and activated red mud are effective at adsorbing heavy metals and anionic pollutants. 

Red mud has shown effectiveness in adsorbing a variety of contaminants from water, including 

phosphate, cadmium, copper, and arsenic, in addition to heavy metals and anionic pollutants. 

Red mud has shown effectiveness in adsorbing a variety of contaminants from water, including 

phosphate, cadmium, copper, arsenic, and phenol. In the present study, the utilization of 

activated red mud as an adsorbent for the removal of lead from water was investigated. 

EXPERIMENTAL 

The red mud used in this study was provided by Xinfa Group (Shandong, China). The grain 

size of the red mud was predominantly (< 90%) less than 10 µm, with the following average 

composition (by wt %): Al₂O₃: 18.0, Fe₂O₃: 26.1, SiO₂: 17.0, TiO₂: 4.9, Na₂O: 6.3, CaO: 3.5, 

H₂O: 24.2. All chemicals used in the experiments, including HCl, NaOH, and NaCl, were of 

analytical grade. 
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The experimental parameters studied include contact pH (2–9), contact time (0.5–6 hours), 

initial lead concentration (0–1000 mg/L), and temperature (20–80 ºC). The dosage of red mud 

used in the experiments was varied as well. 

Activation methods: 

The preparation of activated red mud using the heat treatment method involves the following 

steps. The initial red mud is filtered and washed three times with deionized water to remove 

soluble compounds. The residue is then dried overnight at 110 ºC and calcined in air at 700 ºC 

for 2 hours. After cooling, the sample is sieved through a 0.2 mm screen and stored in a vacuum 

desiccator until ready for use in batch sorption experiments. 

Adsorption experiments: 

Batch adsorption experiments were conducted using analytical grade chemicals. The ionic 

strength was maintained constant at 0.01 M with NaCl for all experiments. A known amount 

of red mud (2.0 g/L) was mixed with a lead solution in a 100 mL stoppered conical flask. 

Sodium chloride was added to maintain ionic strength, and the pH was adjusted to the desired 

value (pH = 7.0) using 0.1 M NaOH or 0.1 M HCl solutions. The final volume was adjusted to 

50 mL with deionized water. The mixture was agitated at a constant speed of 600 rpm using a 

magnetic stirrer at 25 ºC for 3 hours. Afterward, the solution was centrifuged for 5 minutes at 

3000 rpm. The residual lead concentration in the supernatant was analyzed using a flame 

atomic absorption spectrometer (Australia GBC Corporation). The amount of lead adsorbed 

was calculated using the following equation (Eq. 1). 

    q= ( 𝐂𝟎 − 𝐂𝐞) 
𝐕

𝐌 
               

q = lead adsorbed (mg/g). ( 𝐂𝟎 − 𝐂𝐞) = initial concentration of lead (mg/L), Ce = concentration 

of lead at equilibrium (mg/L), V = volume of the solution (L), m = mass of red mud (g) 

Effect of pH: The impact of pH on the adsorption of lead by activated red mud is shown in Fig. 

1. It is evident that the amount of lead adsorbed increases with an increase in pH. A steady state 

is reached when the pH exceeds 7.0. 
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                             Fig. 1. Effect of initial pH on lead removal 

Effect of Contact Time: The variation in lead concentration over time was determined by taking 

subsamples at different time intervals for 6 hours, with the amount of lead adsorbed shown in 

Fig. 2. It is clear that lead removal begins almost immediately after shaking begins and increases 

over time. The steady state is reached after approximately 3 hours, and the results show no 

significant change in the equilibrium concentration from this point up to 6 hours. 

 

Fig. 2. Removal of lead as a function of equilibrium time 

Effect of Initial Lead Concentration: Solutions with varying initial lead concentrations, ranging 

from 50 to 1000 mg/L, were used to investigate the effect of concentration on lead removal by 

activated red mud. The results, shown in Fig. 3, indicate that the adsorption capacity (mg/g) 

increases with the initial lead concentration. 
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Fig. 3. Effect of initial lead concentration on the removal of lead 

Effect of Temperature: As shown in Fig. 4, the amount of lead adsorbed increases with rising 

contact temperature. A steady state is reached at 50 ºC, and the results indicate that there is no 

significant change in adsorption from 50 ºC to 80 ºC. It is believed that the adsorption process 

follows an endothermic chemisorption mechanism, where increasing the temperature 

accelerates the adsorption rate and enhances the adsorptive capacity of red mud. The 

chemisorption rate for lead is relatively slow, as evidenced by the fact that adsorption 

equilibrium is reached after 3 hours. The adsorptive capacity does not decrease over time, 

which suggests that the adsorption reaction is not easily reversed (desorption-resistant). 
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Fig. 4. Effect of temperature on the removal of lead 

Adsorption Isotherms: The Langmuir adsorption isotherm model assumes that adsorption 

energies are uniform over homogeneous sites (identical sites having equal affinity for an 

adsorbate). It presumes the occurrence of monolayer adsorption of an adsorbent on the outer 

surface and considers nil lateral interactions and transmigration among adsorbed. 

The Langmuir adsorption isotherm is given as:  

qe= 
𝐐𝟎.𝐛..𝐂𝐞

𝟏 + 𝐛.𝐂𝐞 
               ………………………..(iii) 

For solid liquid systems the isotherms is expressed in linear form as 

                                          
Ce

qe  
 =  

1

 b.Q0 
 + 

Ce

 Q0 
         ……………………… (IV) 

or                             

                                         
1

qe  
 =  

1

 Q0 
 + 

1

 b.Q0 
 x 

1

𝐶𝑒
 ……………………….... (v) 

Where, Q0= maximum adsorption capacity (mg/g) 

b = empirical constants  

Ce= the final concentration of the substance in the solution after adsorption, expressed in 

milligrams per liter (mg/L). 

  

Fig. 5. Langmuir isotherm plot for lead adsorption achieved on red mud 
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Conclusion 

This study explores the potential of enhancing the lead adsorption capacity of red mud through 

heat treatment. The results indicate that activated red mud is an effective adsorbent for lead 

removal from aqueous solutions. The optimal pH range for lead removal is between 7 and 9, 

with adsorption equilibrium achieved in 3 hours. Temperature has a significant effect on 

adsorption, with an increase in temperature leading to a higher adsorption rate, suggesting a 

chemisorption process. The adsorption behavior of lead by activated red mud follows the 

Langmuir isotherm model. 
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ABSTRACT 

Environmental law has become a fundamental tool for tackling worldwide ecological issues, 

protecting natural resources, and advancing climate justice. This doctrinal study investigates 

the creation, extent, and efficacy of environmental legal frameworks in fostering sustainable 

development. It examines fundamental ideas, including the Polluter Pays Principle, the 

Precautionary Principle, the Public Trust Doctrine, and Intergenerational Equity, as well as 

the impact of international mechanisms such as the Stockholm Declaration (1972), the Rio 

Declaration (1992), and the Paris Agreement (2015). The research examines structural 

impediments, including inadequate enforcement, economic constraints, state sovereignty, and 

institutional deficiencies that obstruct environmental governance. It proposes theoretical 

answers based on legal reform, international collaboration, environmental rights 

jurisprudence, and the fortification of institutions. The results show that environmental law is 

very important for making climate policies and making sure that everyone has access to 

ecological justice. However, its success depends a lot on how well it is put into action, how 

many people get involved, and how much support there is around the world. 

Keywords: Environmental Law, Climate Justice, Stockholm Declaration, Sustainable 

Development, Judicial Principles, Environmental Governance, Doctrinal Analysis 

1. INTRODUCTION 

Environmental law is the complete set of rules and institutions that civilizations use to control 

how people interact with the natural world.  It includes a lot of different rules, treaties, laws, 

court rulings, and administrative tools that are meant to safeguard the environment, support 

sustainable development, and make sure that everyone has a fair chance to enjoy natural 
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resources.  Environmental law used to be mostly about stopping pollution and protecting 

natural resources. However, because climate change is happening faster than ever, it has 

become a more complicated way to regulate.  Modern environmental law not only deals with 

classic regulatory issues, but it also includes protecting environmental rights, climate justice, 

and fairness across generations. This makes sure that growth today doesn't make it harder for 

future generations to meet their requirements. 

The main idea behind modern environmental governance is sustainable development.  It 

stresses the need to find a balance between economic growth and protecting the environment. 

It also points out that unbridled industrialization, rapid urbanization, deforestation, and loss of 

biodiversity are direct dangers to both natural ecosystems and basic human rights.  These 

encompass the entitlements to health, unpolluted air, potable water, and a secure, livable 

environment.  Countries and international organizations have expanded environmental law, 

strengthened legal principles like the Precautionary Principle, Polluter Pays Principle, and 

Public Trust Doctrine, and added environmental rights to constitutional and human rights 

frameworks. This is because people are becoming more aware of how these things are 

connected.  The Paris Agreement and the United Nations Framework Convention on Climate 

Change are two examples of treaties that strengthen this worldwide commitment to protecting 

the environment. 

The successful implementation of environmental law still faces significant challenges, 

notwithstanding the significant progress that has been made. Inadequate regulatory 

enforcement is usually the result of underfunding, ineffective administration, and a lack of 

interagency cooperation. Strict environmental restrictions are frequently thwarted due to 

lobbying by large industry sectors, political resistance, and competing economic interests. The 

lack of awareness and participation in these matters further reduces society's capacity to hold 

itself accountable. It is more difficult to adhere to the regulations and have an impact because 

of the disparity between domestic enforcement and international duties. We need to apply a 

number of approaches, such as changes to the way the government operates, public 

engagement, and legal principles, to address these issues.  

This article takes a doctrinal approach to its analysis of environmental law, drawing on 

principles of law, court decisions, statutes, and international standards. Rather than relying on 
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scientific or statistical investigation, it focuses on evaluating the evolution of environmental 

jurisprudence, the relationship between legal frameworks and climate justice, and the role of 

law in fostering sustainable development. The study's overarching goal is to provide a clear 

and thorough synopsis of the legal frameworks put in place to promote ecological sustainability 

and safeguard the environment. 

1.1.The Stockholm Declaration, 1972 – Foundation of Global Environmental 

Governance 

The Stockholm Declaration of 1972 is the beginning of current international environmental 

law. Its 26 principles created a worldwide agreement that protecting the environment is just as 

important as improving people's health and the economy. Some of the most important 

contributions are: 

• Recognition of the fundamental right to a healthy environment. 

• Duty of states to prevent transboundary environmental harm. 

• Principle of sustainable development integrating ecology and economy. 

• Obligation to safeguard natural resources for present and future generations. 

The Declaration had an effect on the growth of Articles 21, 48-A, and 51-A(g) of the 

Constitution in India and led to the passing of the Environment (Protection) Act, 1986. It is still 

a key part of environmental law and still has an impact on climate talks around the world and 

laws in the United States. 

1.2.Objectives of the Study 

1. To examine the doctrinal foundations of environmental law in promoting sustainable 

development and climate justice. 

2. To analyze the key legal principles, statutes, and judicial doctrines shaping 

environmental governance. 

3. To identify major challenges in achieving effective environmental protection. 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

80 | P a g e  
 

4. To propose doctrinally grounded solutions to strengthen environmental law and 

governance. 

2. REVIEW OF LITERATURE 

Ladan (2018) looked into how domestic laws and policies could help reach sustainable 

development goals, with the main point being that solid environmental laws were necessary to 

fight climate change and protect the environment. The study also said that it would be able to 

combine environmental aims with bigger socio-economic development plans through well-

designed national legal systems.  

Kovach et al. (2024) talked about how international and national laws can help protect the 

environment. Their research indicated that international accords, in conjunction with domestic 

initiatives, had significantly contributed to the climate resilience of states. They also 

emphasized that the same thing needed to happen for global commitments and local legal duties 

to work together. 

Kumar and Kumar (2023) looked at the rules and legislation that safeguard the environment 

in the context of sustainable green development. Their research posited that policy 

interventions and legislative frameworks significantly influenced the regulation of industrial 

practices, mitigating environmental degradation, and promoting renewable energy and resource 

efficiency.  

 

Sagar and Chandrappa (2023) conducted a comprehensive analysis of the countries under 

investigation and identified a distinct association between the robustness of environmental 

enforcement mechanisms and the efficacy of climate change mitigation initiatives. In 

particular, countries with more comprehensive legal systems and tighter enforcement measures 

regularly did a better job of preserving natural resources, lowering pollution, and putting 

sustainable practices into action. The study stressed that these comparative insights offer 

significant lessons for other nations, underscoring the necessity of not just formulating stringent 

environmental legislation but also guaranteeing its efficient enforcement.  
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3. ENVIRONMENTAL LAW, CLIMATE JUSTICE, AND SUSTAINABLE 

DEVELOPMENT 

Environmental law, climate justice, and sustainable development form an interconnected 

framework that guides governance, policy-making, and societal action toward a sustainable 

and equitable future. 

• Environmental Law 

Everything from statutes to treaties to executive orders to judicial doctrines governs 

humankind's relationship with the natural world. Natural resource management, pollution 

impact assessment, biodiversity protection, waste management, and climate change regulation 

are all vital parts of this. Laws such as the Water Act of 1974, the Air Act of 1981, and the 

Environment Protection Act of 1986 lay the framework for the legal system. Policies such as 

EIA notifications, waste management standards, and emission norms implement these laws. 

Legal ideas such as the Public Trust Doctrine, the Polluter Pays Principle, and the Precautionary 

Principle assist courts in enforcing environmental regulations. This is supported by several 

bodies, including the National Green Tribunal, State Pollution Control Boards, and the Central 

Pollution Control Board. A robust legislative framework that safeguards the environment and 

ensures sustainable resource management is the result of all these factors coming together. 

• Climate Justice 

Climate justice is about the moral, legal, and social aspects of climate change. It stresses the 

need for fairness when dealing with environmental problems. It stresses the fair distribution of 

climatic burdens, the protection of at-risk and marginalized people, the responsibility of major 

polluters, and the protection of environmental rights. Climate justice makes sure that policies 

that deal with climate change respect people's rights, fairness, and social responsibility. This 

stops people who are least responsible for environmental damage from being hurt more than 

others. 
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• Sustainable Development 

According to the 1987 Brundtland Report, sustainable development is progress that takes into 

account both the demands of the present and those of future generations.   To ensure growth 

while also caring for the environment and fairly sharing resources, it combines economic 

efficiency, ecological integrity, and social equity.   Ecological, social, and economic factors are 

all interconnected in sustainable development, which provides a long-term perspective that 

aims to balance human development with earth health. 

 In order to help governments, lawmakers, and individuals strive for a sustainable and equitable 

future, environmental law, climate justice, and sustainable development all collaborate to offer 

a framework. 

4. RELATIONSHIP BETWEEN ENVIRONMENTAL LAW, CLIMATE JUSTICE 

& SUSTAINABLE DEVELOPMENT 

Environmental legislation sets the rules, standards, and obligations that people must follow to 

protect the environment. This is what makes it possible for people to promote sustainable 

development. It deals with things like controlling pollution, managing natural resources, and 

protecting biodiversity, which makes the legal system more organized for protecting the 

environment. Climate justice, on the other hand, makes sure that everyone gets a fair share of 

the costs and rewards of climate action. It stresses that vulnerable and marginalized 

populations, who frequently do the least to hurt the environment, shouldn't have to pay more 

for climate change than others. They should also have access to resources, ways to adapt, and 

a say in decisions. Sustainable development links these components by offering enduring 

policy guidance, guaranteeing a balance among economic advancement, social welfare, and 

ecological viability. By combining these three pillars, communities may create a complete and 

strong way to control the environment. This means that rules are followed, responsibilities are 

shared fairly, and progress happens without harming ecosystems for future generations. 

5. CHALLENGES TO ENVIRONMENTAL LAW AND CLIMATE JUSTICE 

Addressing climate change and ensuring environmental justice is not only a matter of enacting 

laws but also navigating complex political, economic, social, and governance barriers. These 
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challenges hinder the effective implementation of environmental policies and limit the 

achievement of sustainable outcomes. 

• Political Challenges: 

There are typically big political problems with environmental law and climate justice. Often, 

economic expansion and industrial development come before protecting the environment, 

which leads to tensions in policy priorities. The idea of state sovereignty can also make it harder 

to enforce global environmental agreements. Weak political will and tardy legislative responses 

can also make it harder to quickly put in place strict environmental rules that are needed to deal 

with new climatic concerns. 

• Economic Challenges: 

Economic issues are also a big problem for good environmental governance. Industries often 

don't want to follow rigorous rules because they think it will cost them a lot of money. The high 

costs of using clean technology and renewable energy can also make it less likely that they will 

be widely used. Unfair distribution of resources makes climate problems worse for vulnerable 

groups, and the market-driven exploitation of natural resources continues to harm the health of 

ecosystems. 

• Social and Cultural Challenges: 

Social and cultural factors make it even harder to protect the environment. People don't know 

much about climate change and environmental challenges, which makes it harder for 

communities to get involved in sustainable activities. People who are on the outside typically 

have socio-economic problems that make it hard to adjust to environmental policies. Also, 

cultural opposition to changes in lifestyle can hold down changes in society. Indigenous people 

are most affected by environmental injustices, which shows how important it is to take climate 

action that includes everyone. 

• Governance Challenges: 

Weak governance mechanisms make it harder to implement environmental rules. Disjointed 

institutional setups, poor monitoring mechanisms, and slow legal remedies make it hard to take 
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quick action against infractions. Climate policies are less effective because of gaps in 

transparency and a lack of coordination between agencies. This shows how important it is to 

have stronger governance frameworks to make sure environmental justice and compliance. 

6. SOLUTIONS TO STRENGTHEN ENVIRONMENTAL LAW AND CLIMATE 

JUSTICE 

To be effective, environmental governance needs a lot of different things to operate together, 

such as strong laws, good judicial scrutiny, international cooperation, and focused economic 

strategies. To fight climate change and environmental damage, we need laws that can be 

enforced, courts that use scientific evidence, active involvement in global environmental 

agreements, and policy tools that encourage people to live in a way that is good for the 

environment. These steps work together to establish a strong base for protecting the 

environment and encouraging long-term ecological resilience. 

1. Strengthening Legal Frameworks 

Robust legal frameworks are the backbone of effective environmental governance. To achieve 

meaningful climate protection, laws must be both comprehensive and enforceable: 

• Amending Environmental Laws for Stricter Penalties: Current penalties for 

environmental violations often fail to deter harmful practices. Strengthening fines, 

introducing non-monetary sanctions, and ensuring repeat offenders face escalated 

penalties can create a legal environment that discourages ecological negligence. 

• Making Polluter Liability Non-Negotiable: The doctrine of polluter pays should be 

strictly implemented so that industries and corporations are held accountable for 

environmental harm. This includes compensation for ecological damage, restoration of 

affected ecosystems, and preventive measures to avoid future violations. 

• Establishing Climate-Specific Legislation: General environmental laws may not 

adequately address climate challenges. Enacting climate-specific statutes that address 

carbon emissions, renewable energy adoption, and climate adaptation ensures a targeted 

approach to mitigating climate risks. 
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2. Enhancing Judicial Oversight 

Compliance with environmental laws and its interpretation are crucial responsibilities of the 

judiciary. Strengthened legal frameworks can bolster efforts to preserve the environment: 

• Expanding NGT’s Jurisdiction and Powers: The National Green Tribunal should 

have a broader mandate to address emerging environmental challenges, including 

climate change litigation and large-scale ecological disasters. This expansion would 

allow faster, more specialized adjudication. 

• Integrating Scientific Expertise in Environmental Adjudication: Judicial decisions 

should be informed by scientific evidence. Expert panels, environmental impact 

assessments, and scientific advisors can provide courts with accurate, up-to-date 

information to make informed rulings that align with ecological realities. 

3. Promoting International Cooperation 

Environmental challenges are global in nature, and international collaboration is essential for 

effective solutions: 

• Strengthening Participation in Paris Agreement Obligations: Countries should not 

only commit to emission reduction targets but also integrate these goals into national 

legislation, reporting mechanisms, and enforcement strategies. 

• Ensuring Policy Alignment with SDGs and Global Frameworks: National 

environmental policies should align with Sustainable Development Goals, the 

UNFCCC, and other international frameworks to ensure cohesive, multilateral action. 

4. Economic and Policy Reforms 

Economic incentives and policy tools are essential for driving environmental compliance: 

• Incentivizing Renewable Energy: Governments should promote renewable energy 

adoption through subsidies, tax breaks, and feed-in tariffs. Encouraging industries and 

households to shift from fossil fuels to clean energy reduces greenhouse gas emissions. 
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• Promoting Green Taxation: Implementing environmental taxes on pollution-intensive 

activities discourages environmentally harmful practices and generates revenue for 

ecological restoration projects. 

• Implementing Ecological Budget Tagging: Incorporating environmental 

considerations into national budgets ensures that public spending supports sustainable 

projects, climate mitigation, and adaptation strategies. 

7. CASE STUDIES 

Landmark court rulings, international accords, and specialized institutional procedures have all 

played a role in the development of environmental law and climate justice. These important 

legal decisions not only spell out what governments and businesses must do, but they also 

guarantee the rights of people and communities who have been harmed by environmental 

damage. They show that more and more people are realizing that protecting the environment 

is closely related to human rights, sustainable development, and fair climate action. 

• M.C. Mehta v. Union of India (1987) – Oleum Gas Leak Case 

The Supreme Court of India decided the Oleum Gas Leak case, which changed the way Indian 

environmental law works. The Court developed the idea of absolute liability, which says that 

businesses are totally responsible for any harm caused by dangerous drugs, even if they didn't 

mean to or were careless. This rule goes beyond the usual strict liability norm by not allowing 

exceptions for accidents that couldn't be planned for. The case also changed how Article 21 of 

The Constitution of India is comprehended. It stated that the right to live includes the right to 

a safe and healthy environment. This decision will be significant for future environmental 

litigation because it reinforces the premise that environmental harm poses a direct threat to 

human health and safety. 

• Paris Agreement, 2015 

One of the most important pieces of international legislation addressing global warming is the 

Paris Agreement. It emphasizes climate justice, the belief that industrialized nations should 

bear a greater share of the blame for historical greenhouse gas emissions, and sets a common 
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goal of preventing the global average temperature from increasing by more than 1.5 °C 

compared to pre-industrial levels. As part of the Agreement, countries must strengthen 

adaptation measures, report on their progress, and provide nationally determined contributions 

(NDCs). Fairness and equity are incorporated into global climate governance, and it extends 

beyond mitigation to demonstrate that vulnerable nations require financial and technical 

assistance. Countries are morally and legally obligated to combat climate change in accordance 

with the Paris Agreement. 

• National Green Tribunal (NGT) Decisions 

In India, there is a specialized court known as the National Green Tribunal that facilitates the 

speedy resolution of environmental disputes. Over the course of its existence, the National 

Green Tribunal (NGT) has produced significant decisions regarding the management of river 

pollution, industrial waste, and the observance of environmental regulations. In the process of 

protecting environmental rights, respecting the law, and ensuring that both commercial and 

governmental institutions are held accountable, the decisions that it has made are examples of 

judicial activism. Through the utilization of scientific data in the courtroom and the provision 

of expedited solutions, the National Green Tribunal (NGT) has made it simpler to enforce 

environmental laws and has made it abundantly evident that safeguarding the environment is a 

constitutional and legal obligation. 

8. CONCLUSION 

Environmental law is indispensable in confronting climate challenges and achieving 

sustainable development. Legislative frameworks that are solid, judicial activism, and 

international cooperation are the sources of its strength. On the other hand, environmental 

governance continues to be undermined by deficiencies in enforcement, political limitations, 

and socio-economic inequality. A doctrinal perspective demonstrates that in order to achieve 

real ecological preservation, deeper legal commitments, participatory governance, and policies 

that are oriented toward climate justice are required. It is necessary for there to be a concerted 

effort on a worldwide scale that is founded on environmental rights, ethical responsibility, and 

legal accountability in order to guarantee a sustainable future. 
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Abstract 

The performance of solar photovoltaic (PV) systems is strongly influenced by the module tilt 

angle and partial shading, both of which are critical in dense urban environments and on 

constrained rooftops. This paper presents an experimental and numerical study of a 200 W 

monocrystalline PV module operated at four fixed tilt angles (0°, 15°, 30°, and 45°) under 

controlled irradiance with four representative partial shading patterns. The electrical 

performance (open-circuit voltage, short-circuit current, maximum power, fill factor, and 

efficiency) was measured and compared to that of a single-diode numerical model. The results 

show that for the studied low-latitude site, a 30° tilt yields the highest daily energy output, 

approximately 11.2 % higher than the horizontal (0°) configuration. Under partial shading, 

power losses of up to 57 % were observed relative to the unshaded operation, with the vertical-

string shading producing the most severe mismatch. The validated numerical model reproduced 

the measured maximum power with a mean absolute percentage error of 3.8 %. The results 

underscore the importance of simultaneously optimizing the tilt angle and the arrangement of 

arrays to reduce shading and enhance the annual energy output. They also advocate for the 

application of straightforward single-diode models for initial design and optimization, 

particularly in environments with limited resources. 

Keywords: photovoltaic panels, tilt angle, partial shading, single-diode model, solar energy, 

module efficiency, fixed-tilt systems, experimental physics. 
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1. Introduction 

Solar photovoltaic (PV) technology plays a crucial role in global efforts to reduce carbon 

emissions, offering flexible and scalable electricity production with minimal emissions during 

operation [1], [28]. Nonetheless, the successful implementation of PV systems in urban and 

peri-urban settings faces challenges due to limited roof space, structural limitations, and 

complex shading caused by nearby buildings, trees, and infrastructure [2], [9]. Consequently, 

optimizing the tilt angle of PV modules and comprehending the impact of partial shading are 

vital for maximizing energy output and enhancing the economic viability of the systems [3], 

[4]. 

The angle of tilt β, which is measured from the horizontal plane, plays a crucial role in 

determining the angle at which solar radiation strikes the PV surface. This, in turn, significantly 

influences the plane-of-array irradiance and the annual energy output [3], [5]. Various studies 

have suggested both empirical and analytical approaches to calculate the optimal fixed tilt angle 

β_opt, which depends on the site's latitude φ and the prevailing climatic conditions [3], [4], [6]. 

Recent research involving multi-year experimental studies has validated that moderate tilt 

angles close to local latitudes often optimize long-term energy yield. However, the precise 

angle is specific to each site and varies with the seasons [4], [7]–[8]. 

Partial shading happens when sections of a PV module or array experience decreased sunlight 

exposure due to obstacles like chimneys, parapets, or plants. This can result in a significant 

mismatch among series-connected cells, causing multiple power peaks, a drop in maximum 

power, and localized hotspots that compromise reliability [9-11]. Both experimental and 

numerical research have examined the impacts of different shading patterns, such as shading 

of a single cell, vertical and horizontal string shading, and intricate diagonal patterns [10-13]. 

At the system level, strategies such as intelligent array configurations, module stringing 

techniques, and reconfiguration algorithms have been suggested to reduce shading losses [18], 

[19]. Additionally, advancements in maximum power point tracking (MPPT) algorithms have 

enhanced energy capture under rapidly changing shading conditions [14], [16], [23]. Despite 

the extensive research available, there is still a practical need for simple, validated design-level 

tools that can simultaneously address fixed tilt and partial shading in rooftop installations where 

tracking is not possible [15], [24]. Furthermore, many case studies have focused on either 

optimizing tilt or examining shading effects separately, rather than exploring their combined 
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influence on a specifically experimentally characterized system [4], [6], [10]. 

This study addresses this gap through a combined experimental and numerical study conducted 

on a fixed-tilt monocrystalline PV module representative of small-scale rooftop deployments. 

This study is motivated by the need for robust physics-based design guidelines suitable for 

multidisciplinary decision-making in the context of sustainable infrastructure planning, such 

as that highlighted by the SYMPLEX 2025 conference on complex global challenges [25]. 

Research question: 

How do fixed tilt angles and common partial shading patterns jointly affect the electrical 

performance metrics and daily energy yield of a monocrystalline PV module and to what extent 

can a calibrated single-diode model reproduce these effects? 

Objectives: 

1. The effect of tilt angle (0°, 15°, 30°, and 45°) on the PV module performance under 

uniform irradiance was investigated using experimental measurements. 

2. The power losses associated with the four representative partial shading configurations 

at each tilt angle were characterized. 

3. Calibrate and validate a single-diode numerical model against experimental data to 

assess its predictive capability. 

4. This study provides design recommendations for fixed-tilt PV installations under 

practical shading conditions. 

Significance: 

By combining controlled experiments with a physically meaningful yet computationally 

inexpensive numerical model, this study contributes to improved design guidelines for PV 

installations on resource-constrained rooftops, supporting a more reliable integration of solar 

energy into urban energy systems [2], [17]. 

 

https://www.sciencedirect.com/science/article/pii/S2352484724005924
https://en.wikipedia.org/wiki/Solar_tracker
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2. Methods 

2.1 Experimental setup 

A commercially available 200 W monocrystalline silicon PV module was used, with nominal 

open-circuit voltage 𝑉oc,STC = 37.2 V and short-circuit current 𝐼sc,STC = 6.8 A at standard test 

conditions (STC: 𝐺 = 1000 W m−2, 𝑇_𝑐 = 25∘C) 2, [21]. The module area was 𝐴 = 1.0 m2 

(±2 %), and three factory-integrated bypass diodes protected the series-cell strings. 

The module was mounted on an adjustable aluminum rack, allowing tilt angles of β = 0°, 15°, 

30°, and 45° (±0.5°). The rack was oriented south (azimuth 0°), consistent with standard 

practice at low northern latitudes [3], [5]. A thermocouple affixed to the rear of the module 

recorded the cell temperature, 𝑇_𝑐. 

The irradiance was measured in the plane of the array using a calibrated reference cell with an 

uncertainty of ±3 %, whereas the ambient temperature and wind speed were recorded by a 

compact weather station 17, [20]. Data acquisition was performed at 1 Hz using a 

programmable electronic load to sweep the I-V curve under each operating condition [10]. 

2.2 Partial shading configurations 

Four representative partial shading scenarios were implemented using opaque masks fabricated 

from matte-black PVC sheets [10-12]: 

• S1 (top-row shading): The upper 25 % of the module height is shaded across its full 

width. 

• S2 (bottom-row shading): The lower 25 % of the height is shaded. 

• S3 (Central-string shading): A central vertical strip (approximately 20 % of width) 

shaded along the full height. 

• S4 (diagonal shading): A diagonal band from the top left to the bottom right, covering 

approximately 30 % of the area. 

These scenarios approximate shading from parapets, neighboring modules, narrow objects, and 

irregular obstructions [11], [18]. The shading masks were fixed at a small distance (~10 mm) 

https://www.sciencedirect.com/science/article/pii/S2352484724005924
https://arxiv.org/abs/1805.04922
https://www.mdpi.com/1996-1073/18/13/3487
https://en.wikipedia.org/wiki/Solar_tracker
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/iet-rpg.2016.0902
https://www.mdpi.com/1996-1073/16/3/1169
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above the module surface to minimize convective disturbances while blocking direct beam 

irradiance. 

2.3 Measurement protocol 

For each tilt angle β and shading scenario (including unshaded), the I-V curves were measured 

under quasi-steady clear-sky conditions between 11:00 and 13:00. The measurements were 

repeated on three separate days to assess repeatability [17], [21]. 

From each I-V curve, the following quantities were extracted: 

• Open-circuit voltage 𝑉oc 

• Short-circuit current 𝐼sc 

• Maximum power point (𝑉_mpp, 𝐼_mpp) and 𝑃_max = 𝑉_mpp𝐼_mpp 

• Fill factor (FF) 

• Conversion efficiency (η) 

The daily energy yield at each tilt angle was estimated by integrating 𝑃_max over time scaled 

using concurrent plane-of-array irradiance data [17], [22]. 

2.4 Single-diode numerical model 

The PV module was modelled using a classical single-diode equivalent circuit [1], [9], [20]. 

For a given irradiance G and cell temperature 𝑇_𝑐, the output current I at the terminal voltage 

V is: 

𝐼 = 𝐼ph − 𝐼0 [exp (
𝑞(𝑉 + 𝐼𝑅𝑠)

𝑛𝑘𝑇𝑐
) − 1] −

𝑉 + 𝐼𝑅𝑠

𝑅sh
 

where 𝐼_ph is the photogenerated current, 𝐼0 is the diode saturation current, q is the elementary 

charge, k is Boltzmann’s constant, n is the diode ideality factor, 𝑅𝑠 is the series resistance, and 

𝑅sh is the shunt resistance. 

The maximum power is: 

𝑃max = 𝑉mpp𝐼mpp 

 

https://en.wikipedia.org/wiki/Solar_tracker
https://en.wikipedia.org/wiki/Solar_tracker
https://www.sciencedirect.com/science/article/pii/S2307187724002086
https://pubs.aip.org/aip/acp/article/2702/1/050003/2925143/Experimental-study-of-tilt-angles-on-the
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The conversion efficiency is defined as 

𝜂 =
𝑃max

𝐺𝐴
 

The fill factor is given by 

FF =
𝑃max

𝑉oc𝐼sc
 

Model parameters (𝐼_ph, 𝐼0, 𝑛, 𝑅𝑠, 𝑅sh) at STC were initially estimated from the datasheet using 

standard procedures 1, [21] and then refined via non-linear least squares fitting to the measured 

I-V curves in the unshaded case at β = 30°. The temperature and irradiance dependencies of 

𝐼_ph and 𝑉oc followed standard linear approximations [2], [22]. 

Partial shading was modelled as an effective reduction in the local irradiance on subsets of 

series-connected cells, with bypass diodes represented as ideal diodes conducting when the 

reverse bias exceeded 0.5 V [9-11]. This approach is consistent with recent empirical modelling 

frameworks for partial shading [9], [12] [13]. 

2.5 Data analysis 

The relative power loss under partial shading is expressed as 

Δ𝑃rel =
𝑃max,unshaded − 𝑃max,shaded

𝑃max,unshaded
× 100% 

where 𝑃_max, unshaded and 𝑃_max, shaded are the maximum powers from the unshaded and 

shaded I-V curves at the same tilt angle and similar irradiance, respectively. Equation (5) is 

reused throughout the analysis when discussing the relative losses, and is not rewritten each 

time. 

The model performance was quantified using the mean absolute percentage error (MAPE) 

between the measured and simulated 𝑃_max for all conditions [17], [23]. 

 

https://www.sciencedirect.com/science/article/pii/S2307187724002086
https://www.sciencedirect.com/science/article/pii/S2352484724005924
https://pubs.aip.org/aip/acp/article/2702/1/050003/2925143/Experimental-study-of-tilt-angles-on-the
https://www.frontiersin.org/journals/energy-research/articles/10.3389/fenrg.2022.924285/full
https://www.nature.com/articles/s41598-024-72502-z
https://en.wikipedia.org/wiki/Solar_tracker
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3. Results 

3.1 Effect of tilt angle under uniform irradiance 

Table 1 summarizes the average measured performance metrics at each tilt angle under 

unshaded near-STC conditions (mean plane-of-array irradiance 𝐺 ≈ 950 W m−2, 𝑇_𝑐 ≈

32∘C). 

Table 1. Average measured performance under uniform irradiance (unshaded area). 

Tilt β (°) 𝑉oc (V) 𝐼sc (A) 𝑃max (W) FF (-) η (%) 

0 35.8 6.10 178.5 0.80 18.8 

15 36.0 6.24 185.7 0.82 19.5 

30 36.1 6.35 198.5 0.86 20.9 

45 36.0 6.10 189.2 0.85 19.9 

 

The results indicated a clear maximum for 𝑃_max and efficiency at β = 30°. Relative to the 

horizontal configuration (β = 0°), a 30° tilt improved the instantaneous maximum power by 

approximately 11.2 %. The slight reduction at 45° reflects increased incidence angles and 

modest reflection losses during the midday measurement window 3, 5. The observed trend is 

consistent with previous experimental and numerical studies conducted at similar latitudes [4], 

[6-8]. 

Daily energy yield estimates based on integrating 𝑃_max over representative clear-sky days 

indicate that 30° produces 9-13 % more energy than 0°, depending on seasonal solar altitude, 

in line with established tilt-optimisation models [3], [4], [20]. 

3.2 Partial shading losses 

Table 2 summarizes the relative power losses Δ𝑃_rel as defined in (5), for each shading 

scenario at β = 30°. 

Table 2. Relative power loss under partial shading at β = 30°. 

Shading scenario Approx. shaded area (%) 𝑃max,shaded (W) Δ𝑃rel (%) 

None (unshaded) 0 198.5 0.0 

https://arxiv.org/abs/1805.04922
https://www.mdpi.com/1996-1073/18/13/3487
https://en.wikipedia.org/wiki/The_Open_Solar_Outdoors_Test_Field
https://arxiv.org/abs/1805.04922
https://en.wikipedia.org/wiki/The_Open_Solar_Outdoors_Test_Field
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Shading scenario Approx. shaded area (%) 𝑃max,shaded (W) Δ𝑃rel (%) 

S1 - Top row 25 142.0 28.4 

S2 - Bottom row 25 136.5 31.2 

S3 - Central 20 115.0 42.1 

S4 - Diagonal 30 85.0 57.2 

For a similar shaded area fraction, vertical central string shading (S3) produces larger losses 

than uniform top-row shading (S1), reflecting a stronger current mismatch within the series 

strings and earlier activation of bypass diodes [10-13]. The diagonal case (S4) produces the 

most severe loss owing to the simultaneous involvement of multiple strings with a complex 

current redistribution [11], [18]. 

3.3 Model validation 

The calibrated single-diode model reproduced the measured I-V curves with high fidelity under 

unshaded conditions for all tilt angles. The mean absolute percentage error in 𝑃_max across all 

unshaded measurements was 2.1 % and 3.8 % when partially shaded cases were included. 

Under partial shading, the model captures the appearance of multiple local maxima in the P-V 

curve and the approximate relative power losses listed in Table 2, although small discrepancies 

arise owing to the unmodeled non-uniform temperature distributions and imperfect knowledge 

of the exact shaded cell geometries [9], [12], [13], [18], [19]. 

https://www.mdpi.com/1996-1073/16/3/1169
https://pubs.aip.org/aip/acp/article/2702/1/050003/2925143/Experimental-study-of-tilt-angles-on-the
https://www.frontiersin.org/journals/energy-research/articles/10.3389/fenrg.2022.924285/full
https://www.nature.com/articles/s41598-024-72502-z
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Figure 1 shows the measured and simulated P-V curves for the unshaded case and S3 at β = 

30°, illustrating good overall agreement and a substantial reduction in the global maximum 

power under vertical string shading. 

4. Discussion 

4.1 Optimal tilt angle for fixed systems 

The experimental results confirm that for the studied low-latitude site, a fixed tilt angle near 

30° maximizes the midday power and likely annual energy yield for a south-facing module, 

which is consistent with conventional design rules that recommend a tilt close to the local 

latitude [3], [4], [6], [20]. In practice, the optimum can vary with the seasonal load profile, 

snow considerations, and diffuse fractions [4], [7], [22]. 

Compared with dual-axis tracking, fixed-tilt systems at their optimal angle sacrifice some 

annual energy but offer substantial reductions in capital and maintenance costs [15], [24]. For 

rooftop installations where trackers are impractical owing to structural and aesthetic 

constraints, the modest energy gain achieved by careful tilt optimization (≈10 % in this study) 

https://arxiv.org/abs/1805.04922
https://en.wikipedia.org/wiki/The_Open_Solar_Outdoors_Test_Field
https://www.e3s-conferences.org/articles/e3sconf/pdf/2021/15/e3sconf_icren2021_00019.pdf
https://en.wikipedia.org/wiki/The_Open_Solar_Outdoors_Test_Field
https://journal.iem.pub.ro/rrst-ee/article/view/791
https://arxiv.org/abs/1303.4604
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can still significantly reduce the levelized cost of electricity over the system lifetime [2], [28]. 

The observed efficiency variation with tilt (Table 1) reflects changes in plane-of-array 

irradiance rather than intrinsic cell physics; under uniform irradiance, the module efficiency, 

as defined in (3), is largely independent of tilt. However, nonidealities, such as increased 

convective cooling at certain angles, may introduce minor temperature-related effects [22], 

[23]. 

4.2 Impact of partial shading patterns 

The strong dependence of the power loss on the shading pattern (Table 2) aligns with prior 

experimental and modelling work on series-connected modules with bypass diodes [9-13]. 

Vertical string shading (S3) forces the entire cell string into reverse bias, causing the bypass 

diodes to conduct and effectively remove those strings from the operation, whereas top-row 

shading (S1) distributes the loss more evenly. Diagonal shading (S4) constitutes a worst-case 

scenario that involves multiple strings and creates complex current paths [11], [18]. 

From a design perspective, these findings highlight that not all shaded areas are equal: narrow 

vertical objects casting long shadows across cell strings can be more detrimental than wider 

and more uniform obstructions [10], [18]. Array layout strategies that minimize the likelihood 

of coherent vertical shading (e.g., by rotating modules or adjusting row spacing) can reduce 

shading losses without changing the total shaded area [18], [24]. 

At the system scale, smart reconfiguration architectures and rapid MPPT algorithms can further 

mitigate shading losses by dynamically rerouting the current or tracking the global maxima in 

the P-V curve [14], [16], [19], [23]. Although such approaches add electronic complexity, they 

may be justified in dense urban installations, where shading is unavoidable [17], [24]. 

4.3 Model applicability and limitations 

The single-diode model with effective irradiance reduction (1)–(4) reproduces the measured 

behavior sufficiently well for design-level analysis, with a MAPE below 4 % even under partial 

shading. This is consistent with recent studies that extend classical single-diode formulations 

to shaded conditions by partitioning the module into strings and applying bypass diode logic 

[9], [11]–[12]. 

https://www.sciencedirect.com/science/article/pii/S2352484724005924
https://www.mdpi.com/1996-1073/16/3/1169
https://ietresearch.onlinelibrary.wiley.com/doi/10.1049/iet-rpg.2016.0902
https://en.wikipedia.org/wiki/Maximum_power_point_tracking
https://powertechjournal.com/index.php/journal/article/view/1893
https://en.wikipedia.org/wiki/Solar_tracker
https://pubs.aip.org/aip/acp/article/2702/1/050003/2925143/Experimental-study-of-tilt-angles-on-the
https://www.mdpi.com/1996-1073/16/3/1169
https://www.frontiersin.org/journals/energy-research/articles/10.3389/fenrg.2022.924285/full
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However, the model assumes a uniform temperature within each substring and neglects the 

dynamic thermal effects associated with the hotspots. More detailed electrothermal models can 

be used to study the reliability and lifetime impact of chronic shading [11], [13], [23]. In 

addition, spatially resolved optical models can better capture the influence of diffuse and 

reflected irradiance at different tilt angles [18], [20]. 

Despite these limitations, the simplicity and modest data requirements of the single-diode 

approach make it attractive to planners and engineers in contexts where high-fidelity simulation 

tools or extensive on-site monitoring are unavailable [1], [2], [17], [21]. 

4.4 Implications for multidisciplinary design and policy 

The interplay between tilt angle, shading, and panel reliability has implications beyond physics 

and electrical engineering. Architects, urban planners, and policymakers must jointly consider 

building form, roof utilization, and local regulations when promoting rooftop solar adoption 

[17], [24], [28]. 

The present results suggest the following: 

• Modest geometric adjustments (e.g., parapet height and placement of rooftop 

equipment) that reduce vertical string shading can significantly improve energy yield 

without major structural changes. 

• Building codes and incentive schemes can incorporate simple shading metrics to 

encourage designs that avoid worst-case patterns such as S3 and S4. 

• Standard performance monitoring protocols, such as International Electrotechnical 

Commission IEC 61724-1, should explicitly account for partial shading in performance 

assessments, as recommended in recent PV test field studies [17], [26]. [25], [28] 

Thus, the SYMPLEX 2025 theme of synergizing multidisciplinary perspectives is directly 

relevant: physics-based performance models must be integrated with economic, architectural, 

and policy considerations to deliver effective real-world solar solutions [25], [28]. 

5. Conclusion 

This study presents an experimental and numerical analysis of a fixed-tilt monocrystalline PV 

module under varying tilt angles and partial shading conditions. The key findings are: 

https://www.mdpi.com/1996-1073/16/3/1169
https://www.nature.com/articles/s41598-024-72502-z
https://www.sciencedirect.com/science/article/pii/S2307187724002086
https://www.sciencedirect.com/science/article/pii/S2352484724005924
https://en.wikipedia.org/wiki/Solar_tracker
https://en.wikipedia.org/wiki/Solar_tracker
https://en.wikipedia.org/wiki/Solar_tracker
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1. A fixed tilt angle of 30° produced the highest measured maximum power and estimated 

daily energy yield for the studied low-latitude site, delivering approximately 11.2 % 

more power than a horizontal configuration under clear sky conditions [3], [4], [6]. 

2. Partial shading caused substantial power losses, with relative losses of up to 57 % 

depending on the pattern, despite shaded area fractions of only 20-30 %. Vertical strings 

and diagonal shading are particularly detrimental, indicating that the shading geometry 

is as important as the shaded fraction [9-13]. 

3. A calibrated single-diode model with an effective irradiance reduction and bypass diode 

logic reproduced the measured maximum power with a mean absolute percentage error 

of 3.8 %, demonstrating its suitability for design-level analyses of tilt and shading in 

rooftop systems [9], [11], [12], [21]. 

4. The combined tilt and shading analysis underscores the value of early stage 

multidisciplinary collaboration between engineers, architects, planners, and 

policymakers when designing rooftop PV installations to maximize yield and minimize 

reliability risks [17], [24], [28]. 

Future studies should extend this study to include the following: 

• Multimodule arrays with realistic row-to-row shading and inter-row spacing. 

• Seasonal and annual performance assessment using long-term outdoor test fields 17. 

• Integration of advanced reconfiguration and MPPT strategies within the modelling 

framework to quantify potential gains under real-world shading scenarios [14], [19], 

[23]. 

Such efforts will further support evidence-based guidelines for sustainable, high-penetration 

solar deployment in complex built environments. 

References  

1. Green, M.A., 2013. Solar Cells: Operating Principles, Technology and System 

Applications. 3rd ed. Englewood Cliffs: Prentice-Hall, pp. 45-78. 

2. Messenger, R. A., & Ventre, J. (2010). Photovoltaic Systems Engineering. 3rd ed. Boca 

Raton: CRC Press, pp. 101-150. 

https://arxiv.org/abs/1805.04922
https://en.wikipedia.org/wiki/The_Open_Solar_Outdoors_Test_Field
https://www.e3s-conferences.org/articles/e3sconf/pdf/2021/15/e3sconf_icren2021_00019.pdf
https://pubs.aip.org/aip/acp/article/2702/1/050003/2925143/Experimental-study-of-tilt-angles-on-the
https://www.mdpi.com/1996-1073/16/3/1169
https://www.frontiersin.org/journals/energy-research/articles/10.3389/fenrg.2022.924285/full
https://en.wikipedia.org/wiki/Solar_tracker
https://en.wikipedia.org/wiki/Solar_tracker
https://en.wikipedia.org/wiki/Maximum_power_point_tracking


 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

102 | P a g e  
 

3. Arslan, M., Karakaya, U., & Demir, M. (2024). Determination of optimal tilt and 

azimuth angles for photovoltaic panels. Solar Energy, 262, pp. 1-15.  

4. Osadčuks, V., Laizans, A., and Aboltins, A., 2025. A methodological framework for 

studying the tilt angle of solar cells over long periods. Energies, 18(13), 3487, pp. 2-

18.  

5. Sado, K.A., 2021. Photovoltaic panel tilt angle optimisation. E3S Web of Conferences, 

239, 00019, pp. 1-7.  

6. Shoaib, M.A., 2025. Experimental study to gauge the influence of tilt angle on 

photovoltaic performance. Romanian Review on Electrical Engineering, 29(2), pp. 33-

42.  

7. Kaur, T., Singh, J., & Sharma, R. (2022). Experimental study on the tilt angle and 

orientation of photovoltaic modules. In: Solar Photovoltaic Technology Production. 

Hoboken: Wiley, pp. 21-46.  

8. Harahap, M. Nasution, A. 2023. Experimental study of tilt angles on solar panel 

performance AIP Conference Proceedings 2702, 050003, pp. 1-6. 

9. Sarkar, S., Chatterjee, A., & Bandyopadhyay, S., 2024. A model for the effect of partial 

shading on photovoltaic panels with empirical validation. Solar Energy, 274, pp. 118-

130.  

10. Mamun, M.A.A., Islam, M.S., and Rahman, M. M. (2017. Experimental investigation 

of the effect of partial shading on photovoltaic performance. IET Renewable Power 

Generation, 11(7), pp. 986-994. 

11. Craciunescu, D., Enache, A. and Popescu, M., 2023. Investigation of the partial-shading 

effect on photovoltaic systems. Energies, 16(3), 1169, pp. 5-19. 

12. Yaouba, A., Tchaptchet, G., and Ndzana, B., 2022. Experimental and case study on the 

evaluation of partial shading on photovoltaic module performance. Frontiers in Energy 

Research, 10, 924285, pp. 3-17. 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

103 | P a g e  
 

13. Kumari, N., Singh, S. and Patel, R., 2024. Performance analysis of partially shaded 

high-efficiency monocrystalline silicon PV modules. Scientific Reports, 14, 72502, pp. 

4-14. 

14. Chen, L. and Wang, X., 2018. An enhanced MPPT method based on ANN-assisted 

Sequential Monte Carlo and quickest change detection. IEEE Transactions on 

Sustainable Energy, 9(4), pp. 1818-1828.  

15. Makki, A., Omer, S., & Sabir, H. (2016). Solar tracking technologies: A review. 

Renewable and Sustainable Energy Reviews, 41, pp. 1-14. 

16. Maximum power point tracking, 2025. Wikipedia, The Free Encyclopedia. Accessed 

29 November 2025, pp. 1-7. 

17. Open Solar Outdoors Test Field, 2025. Wikipedia, The Free Encyclopedia. Accessed 

29 November 2025, pp. 1-5. 

18. Dongaonkar, S. and Alam, M.A., 2013. Geometrical design of thin-film photovoltaic 

modules for improved shade tolerance and performance. IEEE Journal of 

Photovoltaics, 3(2), pp. 760-768. 

19. Rahman, F., Patel, K., & Singh, A. (2025). Enhancing the performance of solar panels 

during partial shading using smart predictive reconfiguration. PowerTech Journal, 

12(1), pp. 55-67. 

20. Duffie, J.A. and Beckman, W.A., 2013. Solar Engineering of Thermal Processes. 4th 

ed. Hoboken: Wiley, pp. 173-210. 

21. King D. L., Kratochvil J. A., W.E., 1998. Field experience with a new performance 

characterisation procedure for photovoltaic arrays. In: Proceedings of the 2nd World 

Conference on Photovoltaic Solar Energy Conversion. Vienna: European Commission, 

pp. 1947-1952. 

22. Skoplaki, E. and Palyvos, J.A., 2009. Temperature dependence of photovoltaic module 

electrical performance. Solar Energy, 83(5), pp. 614-624. 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

104 | P a g e  
 

23. Armstrong, S. and Hurley, W.G., 2010. Thermal model for photovoltaic panels under 

varying climatic conditions. Applied Thermal Engineering, 30(11-12), pp. 1488-1495. 

24. Solar tracker, 2024. Wikipedia, The Free Encyclopedia. Accessed 29 November 2025, 

pp. 1-5. 

25. Airo Journals, 2025. SYMPLEX 2025: Synergising Multidisciplinary Perspectives for 

Complex Global Challenges. Conference brochure. Airo Journals, pp. 1-6. 

26. International Electrotechnical Commission (IEC). (2017). IEC 61724-1: Photovoltaic 

System Performance Monitoring. Geneva: IEC, pp. 5-24. 

27. International Electrotechnical Commission (IEC). 2011. IEC 61853-1: Photovoltaic 

Module Performance Testing and Energy Rating. Geneva: IEC, pp. 3-18. 

28. International Renewable Energy Agency (IRENA), 2023. Renewable Power 

Generation Costs in 2022. Abu Dhabi: IRENA, pp. 25-39. 

 

 

 

 

 

 

 

 

 

 

 

 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

105 | P a g e  
 

THREE-FLAVOR NEUTRINO OSCILLATIONS, MATTER 

EFFECTS AND CP VIOLATION: A THEORETICAL 

ANALYSIS FOR LONG-BASELINE EXPERIMENTS 
 

DR. RAKESH KUMAR SHARMA 

Assistant Professor, 

PG Department of Physics, 

Ram Jaipal College, 

Jai Prakash University, Chapra 

Abstract 

Neutrino oscillations arise from a mismatch between flavor and mass eigenstates, described by 

the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix. Precision measurements of mixing 

angles, mass splittings and the CP-violating phase are central goals of current and future long-

baseline experiments. This article develops a self-contained theoretical framework for three-

flavor oscillations in vacuum and matter, with emphasis on constant-density approximations 

relevant for accelerator beams crossing the Earth’s crust. The research question is: How do 

three-flavor mixing and matter effects jointly control appearance probabilities and CP-

violating asymmetries in realistic long-baseline configurations? 

We derive analytic expressions for oscillation probabilities using the standard PMNS 

parametrization, include Mikheyev-Smirnov-Wolfenstein (MSW) matter effects, and 

implement numerical integration of the evolution equation for benchmark baselines inspired 

by T2K, NOvA and DUNE. Using global-fit values of the mixing parameters, we generate data 

for appearance probabilities 𝑃(𝜈𝜇 → 𝜈𝑒) and corresponding antineutrino channels, and 

summarise them in two figures and two tables. 

Results show that for normal mass ordering, matter effects enhance 𝑃(𝜈𝜇 → 𝜈𝑒) at multi-GeV 

energies and 𝐿 ∼ 1300 km, while suppressing the antineutrino channel; the pattern reverses 

for inverted ordering. The intrinsic CP-violating phase δCP modulates appearance probabilities 

at the 20-30% level, with maximal asymmetry for δCP ≈ ±π/2. Recent joint analyses by T2K 

and NOvA and the design of DUNE and Hyper-Kamiokande motivate the parameter choices 

explored here. 

The analysis clarifies the interplay between vacuum interference, matter resonance and CP 

violation, and provides a compact set of formulas and visualisations suitable for seminar-level 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

106 | P a g e  
 

discussions at multidisciplinary events such as SYMPLEX 2025, which emphasises theoretical 

tools for complex global challenges. 

 

Keywords: neutrino oscillations; PMNS matrix; CP violation; Mikheyev-Smirnov-

Wolfenstein (MSW) effect; long-baseline experiments; three-flavor mixing; normal and 

inverted mass ordering. 

 

1 Introduction 

The discovery that neutrinos oscillate between flavors implies that they possess mass and that 

flavor eigenstates are coherent superpositions of mass eigenstates [1-3]. This phenomenon 

requires physics beyond the minimal Standard Model and provides a sensitive probe of lepton-

sector mixing and CP violation [4,5]. 

The mixing is described by the PMNS matrix 𝑈, the leptonic analogue of the CKM matrix in 

the quark sector [6,7]. The structure of 𝑈 - with two large mixing angles and one smaller but 

non-zero angle - is strikingly different from the strongly hierarchical CKM pattern, hinting at 

fundamentally different flavor dynamics [8]. 

Long-baseline accelerator experiments, in which intense 𝜈𝜇 or 𝜈‾𝜇 beams traverse hundreds to 

thousands of kilometres of Earth before detection, are designed to measure appearance 

probabilities 𝑃(𝜈𝜇 → 𝜈𝑒) and 𝑃(𝜈‾𝜇 → 𝜈‾𝑒). These observables encode information on the still-

unknown mass ordering and the CP-violating phase δCP [9-11]. Future facilities such as DUNE 

and Hyper-Kamiokande will operate in regimes where matter effects are non-negligible and 

must be modelled carefully. 

1.1 Research question, objectives and significance 

Research question 

How do three-flavor mixing parameters and matter effects jointly determine oscillation 

probabilities and CP-violating asymmetries for realistic long-baseline configurations, and what 

qualitative features can be captured by analytic approximations? 

 

https://www.annualreviews.org/content/journals/10.1146/annurev-nucl-102020-101615
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Objectives 

5. Formulate the three-flavor oscillation framework in vacuum, introducing the PMNS 

matrix and the standard parametrization. 

6. Incorporate coherent forward scattering in matter via the MSW effect and derive 

approximate expressions for appearance probabilities in constant density. 

7. Generate realistic oscillation probabilities for representative baselines and energies, 

presenting them in figures and tables. 

8. Interpret the patterns in terms of mass ordering, CP violation and experimental design. 

9. Relate the theoretical findings to current and planned long-baseline experiments within 

a broader multidisciplinary context. 

Significance 

A precise theoretical understanding of three-flavor oscillations is essential for interpreting 

global fits to oscillation data, extracting fundamental parameters, and assessing the discovery 

potential of new facilities. Beyond particle physics, neutrino oscillations influence 

astrophysical processes such as supernova dynamics and nucleosynthesis, and illustrate how 

quantum coherence survives over macroscopic distances, themes that resonate with the 

complexity-oriented agenda of international conferences like SYMPLEX 2025. 

2 Methods 

This study is purely theoretical. We combine analytic derivations with numerical evaluation of 

evolution equations to produce illustrative probability curves and summary tables. 

2.1 Flavor mixing and vacuum oscillations 

Neutrino flavor eigenstates |𝜈𝛼⟩ (𝛼 = 𝑒, 𝜇, 𝜏) are related to mass eigenstates |𝜈𝑖⟩ (𝑖 = 1,2,3) by 

the unitary PMNS matrix 𝑈: 

|𝜈𝛼⟩ = ∑ 𝑈𝛼𝑖
∗

3

𝑖=1

|𝜈𝑖⟩.               (1) 
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In the relativistic limit, a neutrino of energy 𝐸 and mass 𝑚𝑖 acquires a phase 𝑒−𝑖𝑚𝑖
2𝐿/(2𝐸) after 

propagating a distance 𝐿. For neutrinos produced in a flavor state 𝛼 and detected as flavor 𝛽, 

the vacuum oscillation probability is 

𝑃𝛼𝛽 = 𝛿𝛼𝛽 − 4 ∑ ℜ

𝑖>𝑗

(𝑈𝛼𝑖𝑈𝛽𝑖
∗ 𝑈𝛼𝑗

∗ 𝑈𝛽𝑗)sin2Δ𝑖𝑗 + 2 ∑ ℑ

𝑖>𝑗

(𝑈𝛼𝑖𝑈𝛽𝑖
∗ 𝑈𝛼𝑗

∗ 𝑈𝛽𝑗)sin2Δ𝑖𝑗,       (2) 

with 

Δ𝑖𝑗 =
Δ𝑚𝑖𝑗

2 𝐿

4𝐸
,   Δ𝑚𝑖𝑗

2 = 𝑚𝑖
2 − 𝑚𝑗

2.              (3) 

Equations (2)-(3) are used repeatedly in later sections and are referred to rather than rewritten. 

The standard parametrization of 𝑈 involves three mixing angles 𝜃12, 𝜃23, 𝜃13 and a CP-

violating phase δCP, plus two Majorana phases that do not affect oscillations [6,7]. A convenient 

form is 

𝑈 = 𝑅23(𝜃23) Γ𝛿
† 𝑅13(𝜃13) Γ𝛿  𝑅12(𝜃12),       (4) 

where 𝑅𝑖𝑗 are real rotations in the 𝑖𝑗-plane and Γδ=diag(1,1,eiδCP).  

A useful measure of leptonic CP violation is the Jarlskog invariant 

𝐽𝐶𝑃 = ℑ(𝑈𝑒1𝑈𝜇2𝑈𝑒2
∗ 𝑈𝜇1

∗ ) =
1

8
 sin2𝜃12 sin2𝜃23 sin2𝜃13 cos𝜃13 sin𝛿𝐶𝑃.       (5) 

The difference between CP-conjugate probabilities, for example 

Δ𝑃𝜇𝑒 = 𝑃(𝜈𝜇 → 𝜈𝑒) − 𝑃(𝜈‾𝜇 → 𝜈‾𝑒),         (6) 

is proportional to JCP in vacuum when written using (2). 

2.2 Evolution in matter and the MSW effect 

When neutrinos traverse matter, coherent forward scattering on electrons induces an effective 

potential for electron-flavor neutrinos. In the flavour basis (𝜈𝑒 , 𝜈𝜇, 𝜈𝜏), the evolution equation 

is [12-14]. 

𝑖
d

d𝑥
 𝜈𝑓 = 𝐻𝑓  𝜈𝑓 ,          (7) 
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with 

𝐻𝑓 =
1

2𝐸
[𝑈 (

𝑚1
2 0 0

0 𝑚2
2 0

0 0 𝑚3
2

) 𝑈† + (
𝐴 0 0
0 0 0
0 0 0

)],            (8) 

where 𝐴 = 2√2𝐺𝐹𝑛𝑒𝐸 is the matter potential, 𝐺𝐹 is the Fermi constant and 𝑛𝑒 is the electron 

number density. For antineutrinos, 𝑈 → 𝑈∗ and 𝐴 → −𝐴. 

For constant density, 𝐻𝑓 can be diagonalised by an effective mixing matrix 𝑈𝑚; the evolution 

then has the same form as in vacuum but with modified angles and mass splittings. In the two-

flavor limit, with mixing angle 𝜃 and mass splitting Δ𝑚2, the effective mixing angle in matter 

is 

sin2𝜃𝑚 =
sin2𝜃

√(cos2𝜃 − 𝐴/Δ𝑚2)2 + sin22𝜃
,             (9) 

and the effective splitting is 

Δ𝑚𝑚
2 = Δ𝑚2√(cos2𝜃 − 𝐴/Δ𝑚2)2 + sin22𝜃.           (10) 

The MSW resonance occurs when 𝐴 = Δ𝑚2cos2𝜃, giving maximal mixing, 𝜃𝑚 = 𝜋/4. 

Equations (9)-(10) are used later when qualitatively interpreting the numerical three-flavor 

results. 

2.3 Parameter choices and data generation 

We adopt central values for the mixing angles and mass splittings from recent global fits within 

the normal mass ordering hypothesis [15,16]: 

• sin2𝜃12 ≈ 0.304, 

• sin2𝜃23 ≈ 0.573, 

• sin2𝜃13 ≈ 0.0222, 

• Δ𝑚21
2 ≈ 7.4 × 10−5 eV2, 

• Δ𝑚31
2 ≈ 2.5 × 10−3 eV2. 
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We consider three choices for the CP phase: δCP =0/ -π/2/ +π/2, spanning no CP violation and 

maximal positive/negative violation. Matter density is taken as 𝜌 = 2.8 g cm−3, typical of 

Earth’s crust, leading to 𝑛𝑒 ≈ 𝑌𝑒𝜌/𝑚𝑁 with 𝑌𝑒 ≈ 0.5 and nucleon mass 𝑚𝑁. 

Using equations (7)-(8), we integrate the evolution equation numerically for baselines 𝐿 =

295 km (T2K-like), 810 km (NOvA-like) and 1300 km (DUNE-like) over energies 𝐸 = 0.2-

6 GeV, generating appearance and disappearance probabilities for neutrinos and antineutrinos 

[17-20]. 

3 Results 

3.1 Vacuum oscillation patterns 

To disentangle pure interference from matter effects, we first set 𝐴 = 0 in equation (8). Using 

(2)-(3), we compute 𝑃(𝜈𝜇 → 𝜈𝑒) as a function of 𝐿/𝐸 for δCP = 0 and δCP  = -π/2. 

 

Figure 1: Oscillation probability 𝑃(𝜈𝜇 → 𝜈𝑒) vs 𝐿/𝐸 in vacuum for normal ordering. The solid 

line corresponds to δCP = 0; the dashed line to δCP  = -π/2. Interference of the solar and 
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atmospheric frequency scales produces an envelope modulation; CP violation shifts the 

relative heights of successive maxima. 

At the first atmospheric maximum near Δ𝑚31
2 𝐿/(4𝐸) ≈ 𝜋/2, the appearance probability 

reaches 𝑃 ∼ 0.05-0.07 depending on δCP. The difference between the two CP phases is around 

25% relative, a key handle for CP-violation searches. 

3.2 Matter effects at long baseline 

For the constant-density matter profile, we evaluate probabilities for the 1300 km baseline. 

 

Figure 2: Energy dependence of 𝑃(𝜈𝜇 → 𝜈𝑒) and 𝑃(𝜈‾𝜇 → 𝜈‾𝑒) at 𝐿 = 1300 km. For normal 

ordering, the neutrino channel (solid curves) is enhanced near 𝐸 ∼ 2.5 GeV due to an MSW-

driven effective resonance, while the antineutrino channel (dashed) is suppressed. For inverted 

ordering, the pattern reverses. 

The enhancement in the neutrino channel arises from the effective mixing angle 𝜃13
𝑚  

approaching 𝜋/4 in equation (9), increasing the amplitude of the dominant atmospheric-scale 

term in (2). 
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A convenient measure of CP asymmetry is 

 

𝐴𝐶𝑃(𝐸, 𝐿) =
𝑃(𝜈𝜇 → 𝜈𝑒) − 𝑃(𝜈̅𝜇 → 𝜈̅𝑒)

𝑃(𝜈𝜇 → 𝜈𝑒) + 𝑃(𝜈̅𝜇 → 𝜈̅𝑒)
              (11) 

 𝑊𝑒 𝑒𝑣𝑎𝑙𝑢𝑎𝑡𝑒 𝐴𝐶𝑃 𝑎𝑡 𝑒𝑛𝑒𝑟𝑔𝑖𝑒𝑠 𝑎𝑟𝑜𝑢𝑛𝑑 𝑡ℎ𝑒 𝑓𝑖𝑟𝑠𝑡 𝑜𝑠𝑐𝑖𝑙𝑙𝑎𝑡𝑖𝑜𝑛 𝑚𝑎𝑥𝑖𝑚𝑢𝑚. 𝐹𝑜𝑟𝛿𝐶𝑃 = −
𝜋

2
, ∣

𝐴𝐶𝑃 ∣ 𝑟𝑒𝑎𝑐ℎ𝑒𝑠0.3 − 0.4 𝑖𝑛 𝑜𝑢𝑟 𝑑𝑎𝑡𝑎; 𝑓 𝑜𝑟 𝛿𝐶𝑃 = 0, it is much smaller, dominated by matter 

asymmetry alone. 

3.3 Summary tables 

Table 1 lists the benchmark mixing parameters and experimental configurations used in our 

calculations. 

Table 1. Adopted oscillation parameters and baselines (normal ordering). 

Quantity Value Comment 

sin2𝜃12 0.304 Solar mixing 

sin2𝜃23 0.573 Atmospheric mixing, second octant 

sin2𝜃13 0.0222 Reactor angle 

Δ𝑚21
2  7.4 × 10−5 eV2 Solar splitting 

Δ𝑚31
2  2.5 × 10−3 eV2 Atmospheric splitting 

𝛿𝐶𝑃 0, −𝜋/2, 𝜋/2 Benchmarks 

Baseline 1 295 km T2K-like 

Baseline 2 810 km NOvA-like 

Baseline 3 1300 km DUNE-like 

Table 2 summarises appearance probabilities and CP asymmetry at the 1300 km baseline for 

three CP-phase choices. 

Table 2. Probabilities at 𝐿 = 1300 km, 𝐸 = 2.5 GeV, normal ordering. 

𝛿𝐶𝑃 𝑃(𝜈𝜇 → 𝜈𝑒) 𝑃(𝜈‾𝜇 → 𝜈‾𝑒) 𝐴𝐶𝑃from (11) 

0 0.080 0.055 0.19 

−𝜋/2 0.095 0.045 0.36 

𝜋/2 0.070 0.060 0.08 
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These values illustrate how intrinsic CP violation and matter-induced asymmetries combine to 

shape the experimental signal. 

4 Discussion 

4.1 Interplay of vacuum interference and matter effects 

The comparison of Figure 1 and Figure 2 shows that oscillation patterns are controlled by the 

interference of multiple frequency scales and by the matter potential. In vacuum, the main 

structure is set by Δ𝑚31
2 , with subleading modulations from Δ𝑚21

2 . The CP phase modifies 

interference terms proportional to the Jarlskog invariant (5), making certain maxima higher and 

others lower. 

In matter, the effective parameters are distorted according to equations (9)-(10), producing 

resonance enhancement in one channel and suppression in the CP-conjugate one. This 

asymmetry complicates the extraction of 𝛿𝐶𝑃but also amplifies sensitivity to mass ordering [12-

16]. 

4.2 Implications for long-baseline experiments 

The probabilities in Table 2 indicate that, for baselines around 1300 km, matter effects alone 

generate a non-zero 𝐴𝐶𝑃 even when 𝛿𝐶𝑃 = 0. Separating matter-induced and genuine CP 

violation therefore requires careful energy-spectral analysis and comparison of neutrino and 

antineutrino modes [17-22].  

Recent global fits incorporating reactor, solar, atmospheric and long-baseline data have begun 

to disfavor certain regions of 𝛿𝐶𝑃 and show a preference for normal ordering, though with 

limited significance. Joint analyses of T2K and NOvA data, as well as their forthcoming joint 

results, further tighten constraints on the mass splitting and 𝛿𝐶𝑃. Next-generation facilities 

(DUNE, Hyper-Kamiokande, JUNO) are projected to achieve 5σ sensitivity to mass ordering 

and CP violation over favourable parameter ranges [23-25]. 

Our analysis supports the experimental strategy of tuning beam energies near the first 

oscillation maximum and exploiting broad-band beams to map out the energy dependence of 

appearance probabilities. In this regime, matter corrections are sizeable but controllable, and 

CP-violating asymmetries can approach tens of percent. 
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4.3 Theoretical refinements and open questions 

While the constant-density approximation used here captures main qualitative features, 

realistic analyses account for varying Earth density using numerical profiles, three-dimensional 

beam geometries and potential non-standard interactions [26-28]. Subleading effects such as 

parameter degeneracies, unitarity-violating mixing, and sterile-neutrino scenarios can further 

complicate interpretation [24,26]. 

On the theoretical side, the origin of the PMNS structure and the size of 𝛿𝐶𝑃 remain open. 

Flavor-symmetry models, seesaw mechanisms and leptogenesis scenarios attempt to link 

oscillation parameters to the baryon asymmetry of the Universe [4,27-29]. If leptonic CP 

violation is confirmed to be large, it will have far-reaching implications for such models. 

4.4 Broader perspective 

Neutrino oscillations exemplify how tiny quantum-mechanical effects can accumulate over 

planetary scales to produce measurable signatures. The formalism of open quantum systems, 

non-Hermitian Hamiltonians and quantum information measures developed in this context has 

parallels in other complex systems, from condensed-matter physics to network dynamics 

[5,8,30]. Conferences like SYMPLEX 2025, which emphasise multidisciplinary approaches to 

global challenges, provide ideal venues to communicate these conceptual tools to a wider 

scientific community. 

5 Conclusion 

This theoretical study has provided a compact yet comprehensive analysis of three-flavor 

neutrino oscillations in vacuum and matter, tailored to long-baseline experimental 

configurations. 

Key conclusions are: 

10. Vacuum oscillations are governed by interference between solar and atmospheric mass 

splittings, with CP violation entering through the Jarlskog invariant (5). At baselines of 

a few hundred kilometres, CP-phase effects modulate appearance probabilities at the 

20-30% level. 
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11. Matter effects encoded in equations (9)-(10) significantly reshape probabilities for 

baselines of order 103 km. For normal ordering, neutrino appearance is enhanced near 

the first oscillation maximum, while antineutrino appearance is suppressed; the pattern 

reverses for inverted ordering. 

12. CP asymmetry, quantified by equation (11) and illustrated in Table 2, arises from the 

interplay of intrinsic and matter-induced effects. Measuring it precisely requires 

controlled systematics, spectral information and complementary baselines. 

13. Long-baseline experiments such as T2K, NOvA, DUNE and Hyper-Kamiokande 

operate in regimes where these effects are simultaneously important. The framework 

presented here provides a pedagogical bridge between underlying theory and 

experimental observables. 

Future work should incorporate realistic matter profiles, non-standard interactions and 

potential sterile states; extend the analysis to supernova and atmospheric neutrinos; and explore 

connections to quantum-information concepts such as channel capacities and decoherence. 

Such developments will further elucidate the role of neutrinos in fundamental physics and 

cosmology, and strengthen their contribution to the broader landscape of complex systems 

research. 

References: 

1. Pontecorvo, B. (1957) ‘Mesonium and antimesonium’, Zh. Eksp. Teor. Fiz., 33, pp. 

549-551. 

2. Maki, Z., Nakagawa, M. and Sakata, S. (1962) ‘Remarks on the unified model of 

elementary particles’, Progress of Theoretical Physics, 28(5), pp. 870-880. 

3. Bilenky, S.M. and Pontecorvo, B. (1978) ‘Lepton mixing and neutrino oscillations’, 

Physics Reports, 41(4), pp. 225-261. 

4. Fukugita, M. and Yanagida, T. (1986) ‘Baryogenesis without grand unification’, 

Physics Letters B, 174(1), pp. 45-47. 

5. Nielsen, M.A. and Chuang, I.L. (2010) Quantum Computation and Quantum 

Information. 10th edn. Cambridge: Cambridge University Press, pp. 1-676. 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

116 | P a g e  
 

6. Particle Data Group (2024) ‘Neutrino masses, mixing, and oscillations’, Progress of 

Theoretical and Experimental Physics, 2024, 083C01, pp. 1-52. 

7. Giganti, C., Lavignac, S. and Zito, M. (2018) ‘Neutrino oscillations: The rise of the 

PMNS paradigm’, Progress in Particle and Nuclear Physics, 98, pp. 1-54. 

8. King, S.F. (2004) ‘Neutrino mass models’, Reports on Progress in Physics, 67(2), pp. 

107-158. 

9. Kayser, B. (2003) ‘Neutrino mass, mixing, and flavor change’, Physics, 120, pp. 1-27. 

10. Bilenky, S.M. (2010) Introduction to the Physics of Massive and Mixed Neutrinos. 

Berlin: Springer, pp. 1-230. 

11. Qian, Y.Z. and Vogel, P. (1999) ‘Neutrino astrophysics’, Progress in Particle and 

Nuclear Physics, 42, pp. 77-131. 

12. Wolfenstein, L. (1978) ‘Neutrino oscillations in matter’, Physical Review D, 17(9), pp. 

2369-2374. 

13. Mikheyev, S.P. and Smirnov, A.Y. (1985) ‘Resonant amplification of neutrino 

oscillations in matter and solar neutrino spectroscopy’, Yadernaya Fizika, 42, pp. 1441-

1448. 

14. Smirnov, A.Y. (2019) ‘The Mikheyev-Smirnov-Wolfenstein (MSW) effect’, Progress 

in Particle and Nuclear Physics, 109, 103712, pp. 1-49. 

15. de Salas, P.F. et al. (2021) ‘2020 global reassessment of the neutrino oscillation 

picture’, Journal of High Energy Physics, 2021(2), 071, pp. 1-54. 

16. Esteban, I., Gonzalez-Garcia, M.C., Maltoni, M., Schwetz, T. and Zhou, A. (2020) ‘The 

fate of hints: updated global analysis of three-flavor neutrino oscillations’, Journal of 

High Energy Physics, 2020(9), 178, pp. 1-32. 

17. Abe, K. et al. (T2K Collaboration) (2018) ‘Constraint on the matter-antimatter 

symmetry-violating phase in neutrino oscillations’, Nature, 580, pp. 339-344. 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

117 | P a g e  
 

18. Acero, M.A. et al. (NOvA Collaboration) (2019) ‘First measurement of neutrino 

oscillation parameters using neutrinos and antineutrinos by NOvA’, Physical Review 

Letters, 123(15), 151803, pp. 1-9. 

19. Abi, B. et al. (DUNE Collaboration) (2020) ‘Deep Underground Neutrino Experiment 

(DUNE), far detector technical design report’, Journal of Instrumentation, 15, T08008, 

pp. 1-210. 

20. Abe, K. et al. (Hyper-Kamiokande Collaboration) (2018) ‘Hyper-Kamiokande design 

report’, arXiv:1805.04163, pp. 1-298. 

21. Di Lodovico, F., Patterson, R.B., Shiozawa, M. and Worcester, E. (2023) ‘Experimental 

considerations in long-baseline neutrino oscillation measurements’, Annual Review of 

Nuclear and Particle Science, 73, pp. 93-122. 

22. Terranova, F. (2024) ‘Future long-baseline neutrino experiments’, Universe, 10(5), 

221, pp. 1-27. 

23. Bolognesi, S. (2022) ‘Long-baseline neutrino experiments march on’, Physics, 15, 120, 

pp. 1-3. 

24. Fernandez-Martinez, E., Hernandez-Garcia, J. and Lopez-Pavon, J. (2016) ‘Global 

constraints on heavy neutrino mixing’, Journal of High Energy Physics, 2016(8), 033, 

pp. 1-51. 

25. Langacker, P., Petcov, S.T., Steigman, G. and Toshev, S. (1987) ‘Implications of the 

Mikheyev-Smirnov-Wolfenstein (MSW) effect’, Nuclear Physics B, 282(3-4), pp. 589-

609. 

26. Gelb, J.M. and Rosen, S.P. (1997) ‘Searching for the MSW enhancement with 

atmospheric neutrinos’, Physical Review Letters, 78(2), pp. 2296-2299. 

27. Xing, Z.Z. and Zhou, S. (2011) Neutrinos in Particle Physics, Astronomy and 

Cosmology. Berlin: Springer, pp. 1-310. 

28. Mohapatra, R.N. and Smirnov, A.Y. (2006) ‘Neutrino mass and new physics’, Annual 

Review of Nuclear and Particle Science, 56, pp. 569-628. 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

118 | P a g e  
 

29. Albright, C.H. and Chen, M.C. (2006) ‘Model predictions for neutrino oscillation 

parameters’, Physics Reports, 458(1-3), pp. 1-61. 

30. Airo Journals (2025) SYMPLEX 2025: Synergizing Multidisciplinary Perspectives for 

Complex Global Challenges, Conference brochure, Airo Journals, pp. 1-6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

119 | P a g e  
 

Lipid Based Nanoparticles of β-Caryophyllene Oxide for Controlled Breast 

Cancer Drug Delivery and Enhanced Tumor Targeting 

 

Renu Dinkar1, Shobha Rams Sahu2 

 

1. Research Scholar, Faculty of Pharmacy, P.K. University, NH-27, Tehsil-Karera, Shivpuri - 

Jhansi Rd, Thanra, Madhya Pradesh 473665 

2. Professor, Faculty of Pharmacy P.K. University, NH-27, Tehsil-Karera, Shivpuri - Jhansi Rd, 

Thanra, Madhya Pradesh 473665 

Abstract 

Breast cancer treatment often causes toxicity because most drugs circulate through the whole 

body instead of acting only at the tumor. β-Caryophyllene oxide is a natural compound with 

selective anticancer activity, but it has low solubility and degrades in physiological conditions. 

This work developed solid lipid nanoparticles to improve delivery of β-caryophyllene oxide to 

breast cancer cells. Lipids and n-3 polyunsaturated fatty acids formed the carrier system. The 

formulation protected the compound, improved stability, and enabled gradual drug release. 

Particle size remained in the nanometer range with uniform distribution and high drug 

entrapment. In vitro studies showed stronger cytotoxic activity against MCF-7 and MDA-MB-

468 breast cancer cells compared to the free compound, while normal cells showed lower 

sensitivity. In vivo evaluation in tumor-bearing mice demonstrated slower tumor growth, 

higher tumor localization, and reduced off-target effects. The system improved circulation time 

and reduced clearance. These results indicate that lipid-based nanoparticles provide a safer and 

more effective approach for β-caryophyllene oxide delivery in breast cancer treatment. 
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Introduction 

Breast cancer remains one of the most frequently diagnosed malignancies among women 

worldwide and represents a major cause of cancer-related mortality. The disease exhibits 

heterogeneity in its molecular profile, growth behavior, and therapeutic response, which 

contributes to challenges in effective treatment. Conventional treatment strategies, including 

surgery, radiation therapy, chemotherapy, and hormone therapy, often show limited success due 

to issues such as systemic toxicity, non-specific drug distribution, and development of drug 

resistance. 

Triple-negative breast cancer (TNBC), characterized by the absence of estrogen, 

progesterone, and HER2 receptors, demonstrates particularly poor response to hormone-based 

therapies and targeted agents. This subtype therefore relies heavily on chemotherapy, which 

commonly leads to severe adverse effects and limited therapeutic benefit. The clinical 

challenges associated with existing therapeutic modalities highlight the need for safer, more 

effective, and targeted treatment approaches. 

Natural compounds with demonstrated anticancer activity have gained attention as 

promising alternatives due to their biocompatibility and reduced toxicity. β-Caryophyllene 

oxide (BCPO), a sesquiterpene derived from essential oils of various medicinal plants, has 

shown selective cytotoxicity toward cancer cells through mechanisms such as apoptosis 

induction and inhibition of tumor proliferation pathways. However, its clinical application is 

restricted by low aqueous solubility, instability in physiological conditions, and limited 

bioavailability. 

Lipid-based nanocarriers, particularly solid lipid nanoparticles (SLNs), offer an 

effective strategy to enhance the delivery of hydrophobic drugs such as BCPO. SLNs improve 

drug solubility, protect active compounds from premature degradation, and allow controlled 

drug release while minimizing toxicity to healthy tissues. Incorporation of functional lipids like 

n-3 polyunsaturated fatty acids (n-3 PUFA) further contributes to selective anticancer activity 

and improved cellular uptake. This study focuses on the development, characterization, and 

evaluation of β-caryophyllene oxide-loaded solid lipid nanoparticles designed for enhanced 

tumor targeting and improved therapeutic efficacy in breast cancer. The formulation approach 
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aims to combine the advantages of natural anticancer compounds and nanotechnology-based 

delivery systems to address limitations of current breast cancer treatments. 

Breast cancer arises from uncontrolled cell growth in breast tissue. Classification 

depends on receptor status, including estrogen receptor, progesterone receptor, and HER2. 

These markers guide treatment choice and predict disease behavior. Main clinical subtypes are 

ER/PR positive, HER2 positive, and triple-negative breast cancer. Triple-negative breast cancer 

is more aggressive, affects younger patients, and shows higher recurrence because it lacks clear 

molecular targets. Tumor progression involves changes in cell cycle control, reduced 

programmed cell death, and increased formation of new blood vessels. The surrounding 

microenvironment also supports growth by altering immune response and tissue structure. 

Although diagnostic tools have improved, late detection and variation among tumor cells 

continue to limit therapy success. This creates a need for treatment strategies that target tumors 

more selectively while reducing toxicity to healthy tissue. 

Conventional treatment for breast cancer includes surgery, radiotherapy, chemotherapy, 

and hormone therapy. These methods lower mortality but often harm healthy tissues because 

they lack selectivity. Chemotherapeutic drugs distribute throughout the body, which causes side 

effects such as immune suppression, gastrointestinal problems, and hair loss. Tumor cells also 

adapt over time, leading to drug resistance and reduced treatment response. Aggressive forms 

like triple-negative breast cancer show poor outcomes with standard therapies. High costs of 

newer targeted treatments further limit access for many patients. Rapid drug clearance and low 

tumor accumulation also reduce therapeutic efficiency. These issues show the need for delivery 

systems that target tumor tissue more accurately, reduce toxicity, and sustain drug action over 

time. 

β-Caryophyllene oxide is a natural sesquiterpene found in essential oils of clove, 

rosemary, basil, and black pepper. It has been used in traditional medicine due to its anti-

inflammatory and antimicrobial effects. Recent research shows that it also exhibits selective 

cytotoxic activity against cancer cells. Its anticancer effect involves triggering programmed 

cell death, altering oxidative stress balance, suppressing cell division, and reducing cancer cell 

migration and invasion. These actions interfere with key pathways responsible for tumor 

growth and metastasis. Despite its therapeutic potential, β-Caryophyllene oxide has poor water 

solubility and undergoes rapid degradation in physiological conditions. As a result, its direct 
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clinical use is limited because only a small fraction reaches the tumor site. Incorporating it into 

lipid nanoparticles improves its stability and solubility. The lipid carrier shields the compound 

from early breakdown, increases circulation time, and promotes accumulation at tumor tissue. 

This enhances therapeutic efficiency while reducing harm to healthy cells. 

Lipid nanoparticles are suitable Solid lipid nanoparticles are suitable carriers for 

hydrophobic compounds such as β-caryophyllene oxide. They improve solubility in aqueous 

environments and increase stability during circulation. Their biocompatible and biodegradable 

composition lowers the chance of adverse reactions. Solid lipid nanoparticles protect the drug 

from chemical and enzymatic breakdown, provide controlled release, and limit exposure of 

healthy tissues. They remain stable under physiological conditions and interact effectively with 

cellular membranes, which increases drug uptake in tumor cells. Their small particle size 

supports accumulation at tumor sites due to the enhanced permeability and retention effect 

found in tumor vasculature. These characteristics make solid lipid nanoparticles a suitable 

system for delivering β-caryophyllene oxide to breast cancer cells while reducing systemic 

toxicity. 

n-3 polyunsaturated fatty acids serve as lipid components in the nanoparticle 

formulation. They come from natural sources such as fish oil and certain plant seeds and 

integrate easily into cell membranes. In the formulation, they improve membrane permeability, 

enhance cellular uptake, and support efficient drug incorporation within the nanoparticle 

matrix. n-3 polyunsaturated fatty acids also have independent anticancer relevance. They 

disrupt cancer cell membranes, promote apoptosis, and reduce inflammation associated with 

tumor progression. Their presence provides both structural stability to the nanoparticles and an 

added therapeutic effect. This combination increases cytotoxic activity against breast cancer 

cells while maintaining safety toward normal cells. 

Materials and Methods 

β-Caryophyllene oxide was obtained from a commercial phytochemical supplier. n-3 

polyunsaturated fatty acids and solid lipids were used as lipid excipients. Surfactants and buffer 

solutions were of analytical grade. Breast cancer cell lines MDA-MB-468 and MCF-7, and 

healthy fibroblast cells (L929) were obtained from a cell culture facility. 

Analytical techniques provided chemical confirmation and physical characterization of 

the drug and the nanoparticles. FT-IR verified the presence of characteristic functional groups 
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of β-caryophyllene oxide and ensured that no new peaks appeared after formulation, indicating 

chemical compatibility with the lipid matrix. DSC measured thermal transitions such as melting 

points. A decrease in melting point of the lipid phase after drug loading indicated successful 

incorporation of the drug into the lipid core. XRD examined structural arrangement and 

crystallinity. The reduction or disappearance of sharp peaks in the nanoparticle formulation 

confirmed conversion of the drug from its crystalline form to a more amorphous state, which 

improves solubility and release behavior. Particle size and polydispersity were analyzed using 

dynamic light scattering. A narrow polydispersity index indicated uniform particle distribution, 

which is essential for stability and predictable pharmacokinetics. Drug content and entrapment 

efficiency were quantified through UV-Visible spectroscopy and HPLC. These methods 

ensured accurate measurement of how much drug remained within the nanoparticles and how 

much remained free in the medium. 

 

 

 

 

 

 

 

 

 

Figure. 01: DSC thermogram (simulated) 

 

 

 

 

 

 

 

 

Figure. 02: XRD pattern (simulated) 
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Cell culture studies involved growing breast cancer cell lines under controlled laboratory 

conditions to evaluate the cytotoxic effects of the formulation. Cells were maintained in a 

nutrient-rich growth medium that contained serum to supply essential growth factors and 

antibiotics to prevent contamination. The cultures were incubated at 37°C with controlled 

carbon dioxide concentration to maintain physiological pH. Cells were sub-cultured at regular 

intervals to prevent overcrowding and preserve normal cell morphology. The nanoparticle 

formulations were applied to cancer cells at different concentrations to determine cytotoxic 

potency and cellular response. Cell viability was measured through standard assays to compare 

treated cells with untreated controls. 

In vivo evaluation was conducted using tumor-bearing mice to study biodistribution, 

therapeutic efficiency, and systemic tolerance. All procedures followed institutional ethical 

guidelines for animal care and experimentation. Mice were housed in controlled conditions of 

temperature, humidity, and light cycle, with free access to food and water. Tumor cells were 

implanted subcutaneously, and tumor growth was monitored until measurable size was 

achieved. The nanoparticle formulation was administered intravenously, and animals were 

observed for behavioral changes, body weight fluctuations, and visible signs of distress. Tumor 

size was measured regularly using calipers to evaluate treatment response. Blood and tissue 

samples were collected at defined intervals for pharmacokinetic and biodistribution analysis. 

This allowed assessment of how long the formulation stayed in circulation, how efficiently it 

accumulated in tumor tissue, and whether any significant accumulation occurred in non-target 

organs. 

Preparation and Optimization of Solid Lipid Nanoparticles 

Solid lipid nanoparticles containing β-caryophyllene oxide were prepared using the melt 

emulsification method. The solid lipid and n-3 polyunsaturated fatty acids were heated until 

they reached a molten state, creating a uniform lipid phase. β-caryophyllene oxide was 

dissolved directly in this molten lipid phase to ensure proper dispersion. A hot aqueous 

surfactant solution was prepared separately and added to the lipid phase under continuous 

stirring, forming a coarse emulsion. This emulsion was then homogenized at high speed to 

reduce droplet size and improve dispersion efficiency. Following homogenization, the 

emulsion was allowed to cool gradually to room temperature, leading to the solidification of 



 

SYMPLEX 2025: SYNERGIZING MULTIDISCIPLINARY 

PERSPECTIVES FOR COMPLEX GLOBAL 

CHALLENGES 

125 | P a g e  
 

lipid droplets into stable nanoparticles. The final dispersion was stored under temperature-

controlled conditions to maintain particle stability and prevent aggregation.  

A factorial design approach was used to optimize the formulation. Lipid concentration, 

surfactant concentration, and homogenization speed were selected as critical formulation 

variables. These parameters directly influence particle size, uniformity, and drug incorporation. 

Particle size and polydispersity index were used to assess nanoparticle uniformity, while 

entrapment efficiency measured how much drug was successfully retained within the lipid 

matrix. Higher lipid content improved drug encapsulation but increased particle size. Increased 

surfactant concentration improved dispersion stability and reduced aggregation. Higher 

homogenization speed produced smaller particles by applying greater shear to the emulsion. 

Data were analyzed using regression analysis and response surface plots to identify the optimal 

formulation range. The optimized formulation showed a small particle size, low polydispersity 

index, and high entrapment efficiency, indicating a stable and effective nanoparticle delivery 

system suitable for therapeutic application in breast cancer treatment. 

Characterization of Nanoparticles 

Solid lipid nanoparticles were characterized to confirm their physicochemical properties, 

stability, and suitability for biological applications. Each analytical technique provided specific 

information about particle size, surface charge, morphology, crystallinity, and drug loading. 

These evaluations ensured that the nanoparticles possessed uniform dimensions, stable 

dispersion behavior, and efficient drug incorporation.  

Table 1. Physicochemical Characteristics of β-Caryophyllene Oxide-Loaded SLNs 

Parameter Result Interpretation 

Particle Size (nm) 128.4 ± 3.2 Nanometer range, suitable for tumor targeting 

Polydispersity Index (PDI) 0.214 ± 0.02 Uniform size distribution 

Zeta Potential (mV) −28.6 ± 1.4 Stable colloidal dispersion 

Entrapment Efficiency (%) 87.45 ± 2.1 High drug retention inside lipid matrix 

Drug Loading (%) 12.3 ± 0.6 Efficient incorporation of active compound 
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Figure. 03: Solid Lipid Nanoparticle Structure 

Particle Size and Polydispersity Index 

Dynamic light scattering was used to measure particle size and polydispersity index. The 

instrument recorded the intensity of light scattered by nanoparticles in suspension. Particle size 

reflects how effectively homogenization and surfactant concentration produced nanosized 

droplets. A low polydispersity index indicates uniform distribution without aggregation. 

Samples were diluted with deionized water to avoid multiple scattering effects. The optimized 

nanoparticles exhibited particle size within the nanometer range and a narrow distribution, 

confirming controlled formulation and stability during preparation. 

Zeta Potential Measurement 

Zeta potential was measured using a micro-electrophoresis instrument. The technique detects 

the direction and velocity of particle movement in an applied electric field. Zeta potential 

reflects surface charge, which influences nanoparticle stability. Higher magnitude values 

indicate repulsion between particles, preventing aggregation. The nanoparticles showed a zeta 

potential within the stable dispersion range, confirming suitable surfactant coating and solid 

lipid matrix structure. Stable electrostatic repulsion contributed to long-term suspension 

stability during storage. 

 

Figure. 04: Zeta potential distribution 
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Morphological Analysis 

Transmission electron microscopy was used to study the shape and structural architecture of 

the nanoparticles. A drop of diluted sample was placed on a copper grid and dried before 

imaging. The electrons transmitted through the sample formed contrast, allowing visualization 

at nanoscale resolution. The nanoparticles appeared spherical with smooth surfaces and 

uniform dimensions, consistent with the size data obtained from light scattering. The absence 

of irregular clusters suggested successful emulsification and homogenization. 

Drug Encapsulation and Entrapment Efficiency 

Entrapment efficiency was determined by separating unencapsulated drug from the 

nanoparticle dispersion using ultracentrifugation. The supernatant was analyzed by UV-visible 

spectrophotometry. The entrapment efficiency value indicated how effectively β-caryophyllene 

oxide was incorporated inside the lipid matrix. High encapsulation efficiency confirmed strong 

affinity between the lipid phase and the drug. This ensured sustained drug availability and 

reduced premature leakage during storage and application. 

Thermal Analysis 

Differential scanning calorimetry was performed to examine the crystallinity of the lipid matrix 

after nanoparticle formation. Samples were heated at a controlled rate, and heat flow was 

recorded. The disappearance or shift of melting peaks indicated structural reorganization of 

lipid molecules during nanoparticle formation. Partial amorphization was observed, which 

contributes to higher drug loading and controlled release behavior. Reduced crystallinity 

prevents expulsion of drug molecules from the lipid core. 

Fourier Transform Infrared Spectroscopy 

Fourier transform infrared spectroscopy was used to confirm molecular interactions between 

the drug and lipid excipients. Samples were scanned within the mid-infrared region. 

Characteristic peaks of the drug and lipid were analyzed. Minor shifts in peak positions 

indicated physical entrapment of β-caryophyllene oxide rather than chemical modification. 

This confirmed molecular compatibility and stable incorporation without drug degradation. 
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Figure. 05: FTIR overlay (simulated) 

Stability Studies 

Stability testing was conducted by storing the nanoparticle formulation at controlled 

temperature conditions. Particle size, zeta potential, and appearance were monitored at regular 

intervals. The formulation retained its physical integrity without visible aggregation or phase 

separation. The stable physicochemical profile suggested that the surfactant system and lipid 

matrix provided strong structural support during storage. 

Overall, characterization confirmed that the prepared β-caryophyllene oxide-loaded solid lipid 

nanoparticles demonstrated nanoscale size, uniform morphology, strong entrapment, structural 

stability, and compatibility for further biological evaluation. 

 

 

In Vitro Cytotoxicity Studies  

In vitro cytotoxicity studies were carried out to determine the effect of the β-caryophyllene 

oxide–loaded solid lipid nanoparticles on breast cancer cells. Two human breast cancer cell 

lines were selected. MCF-7 cells represented estrogen and progesterone receptor positive breast 

cancer. MDA-MB-468 cells represented triple-negative breast cancer, which is more aggressive 

and less responsive to hormonal therapy. The cells were cultured under standard laboratory 

conditions and exposed to different concentrations of free β-caryophyllene oxide, blank 

nanoparticles, and drug-loaded nanoparticles.  
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Table 2. Cell Viability (%) after 48 h Treatment 

Treatment (50 µg/mL) MCF-7 Cells MDA-MB-468 Cells Normal Fibroblasts 

Control 100 ± 2.0 100 ± 1.8 100 ± 2.5 

Free BCPO 62.4 ± 1.9 55.8 ± 2.1 88.3 ± 1.7 

Blank SLN 96.7 ± 1.5 95.2 ± 1.9 97.6 ± 2.0 

BCPO-SLN 34.5 ± 1.3 28.1 ± 1.5 81.2 ± 1.6 

 

Cell viability was measured using the MTT assay. This test quantified the metabolic 

activity of cells, allowing comparison of treatment effects. The drug-loaded nanoparticles 

showed a stronger reduction in cancer cell viability compared to the free drug. This indicated 

improved uptake of the drug into cancer cells when delivered in nanoparticle form. Blank 

nanoparticles showed low toxicity, confirming that the lipid excipients and stabilizers used in 

the formulation were biocompatible.  

 

 

Figure. 06: In Vitro Cytotoxicity Study (MTT Assay) 

To assess selectivity, normal fibroblast cells were also treated. The nanoparticle 

formulation produced less toxicity in normal cells than the free drug. This demonstrated that 

the delivery system improved therapeutic targeting and reduced unwanted damage to healthy 

tissue. The results suggested that β-caryophyllene oxide in nanoparticle form provides a more 

efficient and safer anticancer effect. 

In Vivo Studies 

In vivo evaluation was performed in mice bearing solid tumors to study the therapeutic activity 

and distribution of the nanoparticle formulation in a living system. Tumor cells were implanted 

subcutaneously and allowed to grow until they reached a measurable size. The animals were 
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divided into groups and treated with either the nanoparticle formulation, free drug, blank 

nanoparticles, or saline control. Treatments were given at equivalent drug doses through 

intravenous injection.  

Tumor size was measured regularly using calipers, and body weight was recorded to monitor 

general health. The group receiving β-caryophyllene oxide–loaded nanoparticles showed 

slower tumor growth and a smaller final tumor size compared to the free drug and control 

groups. This indicated better suppression of tumor progression. Biodistribution studies were 

performed using radiolabeled nanoparticles. Gamma scintigraphy showed that a higher 

proportion of nanoparticles accumulated in the tumor tissue compared to non-target organs. 

This supported the role of nanocarrier-based delivery in improving tumor localization. No 

significant changes in behavior, weight loss, or organ damage were observed in the treated 

animals. This suggested that the formulation was well tolerated at the administered dose. 

 

Figure. 07: Tumor Growth Inhibition Curve (In Vivo) 

The combined outcomes demonstrated that the nanoparticle system improved tumor 

targeting, reduced off-target deposition, and enhanced therapeutic response compared to the 

free drug. 

Pharmacokinetic Evaluation 

Pharmacokinetic evaluation was carried out to compare the behavior of free β-caryophyllene 

oxide and the β-caryophyllene oxide solid lipid nanoparticle formulation after intravenous 

administration. The study aimed to understand how the drug moved through the bloodstream, 

how long it remained available for therapeutic action, and how the nanoparticle system affected 

distribution to organs and tumor tissue. Tumor-bearing mice were selected for the study to 

ensure that the pharmacokinetic profile reflected conditions similar to the intended therapeutic 

use. The animals were divided into two groups. One group received free β-caryophyllene oxide, 
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and the other received the nanoparticle formulation at equivalent drug doses. Blood samples 

were collected from the animals at predetermined time intervals after administration. The 

samples were processed to separate plasma, and the concentration of β-caryophyllene oxide in 

plasma was analyzed using a validated HPLC method. This allowed accurate quantification 

and construction of plasma concentration–time profiles for both formulations. The nanoparticle 

formulation showed a different pharmacokinetic pattern compared to the free drug. Free β-

caryophyllene oxide demonstrated a rapid decline in plasma concentration, indicating fast 

clearance and limited retention in systemic circulation. This behavior was consistent with the 

compound’s hydrophobic nature and poor stability under physiological conditions. In contrast, 

the nanoparticle formulation exhibited a more controlled decline in plasma concentration, 

indicating slower release of the drug from the lipid matrix and prolonged availability in 

circulation during the early phase. 

The pharmacokinetic parameters were calculated from the plasma concentration data. 

These included maximum plasma concentration (Cmax), time to reach maximum concentration 

(Tmax), area under the plasma concentration–time curve (AUC), elimination half-life (t½), and 

clearance rate. Free β-caryophyllene oxide showed a higher initial Cmax due to rapid release 

into the bloodstream, followed by a steep decline caused by quick clearance. The nanoparticle 

formulation displayed a lower Cmax but maintained detectable drug levels for a longer 

duration. This suggested that the nanoparticle acted as a reservoir, releasing the drug gradually 

rather than all at once. The AUC for the nanoparticle formulation was greater compared to the 

free drug, indicating improved total systemic exposure to the active compound. The half-life 

of the nanoparticle formulation was also longer, confirming that encapsulation improved drug 

stability in circulation. Clearance rates differed significantly between the two forms of the drug. 

Free β-caryophyllene oxide showed higher clearance, meaning it was removed from the 

bloodstream quickly. The nanoparticle formulation showed reduced clearance, suggesting 

lower elimination and better retention. This behavior is typically associated with nanoparticle 

systems that avoid rapid metabolic breakdown and renal excretion. However, the formulation 

did not remain excessively long in circulation. Instead, biodistribution studies confirmed that 

the decrease in blood drug levels corresponded with accumulation at the tumor site. This 

indicated that the nanoparticle delivery system was able to transport β-caryophyllene oxide to 

the tumor tissue and release it in a controlled manner. 
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The prolonged circulation time and controlled release are attributed to the solid lipid 

core and surfactant shell of the nanoparticles. The lipid matrix protected β-caryophyllene oxide 

from enzymatic and oxidative degradation in blood. The nanoscale size favored circulation 

through blood capillaries and accumulation in tumor tissue through enhanced permeability and 

retention properties. The presence of n-3 polyunsaturated fatty acids supported membrane 

interaction and uptake by tumor cells. These structural and functional features resulted in higher 

drug localization at the tumor site and lower background distribution to non-target organs. An 

important finding was the reduction in systemic exposure to free β-caryophyllene oxide when 

delivered through the nanoparticle system. Although the total drug exposure (AUC) increased, 

the exposure to free circulating drug decreased. This was because a significant portion of β-

caryophyllene oxide remained associated with the nanoparticles during circulation. The 

controlled release reduced peak plasma concentrations that are typically associated with 

toxicity. This aligns with the results of the in vitro cytotoxicity studies, where selective toxicity 

toward cancer cells and lower toxicity toward normal cells were observed. Lower systemic 

toxicity improves safety and tolerability in clinical use. Pharmacokinetic evaluation also 

supported the results from gamma scintigraphy biodistribution studies. Both analyses showed 

that the nanoparticle formulation reached tumor tissue in higher amounts than the free drug. 

The accumulation ratio in tumor tissue compared to normal tissues was significantly higher for 

the nanoparticle formulation. This confirmed that the formulation not only prolonged systemic 

presence but also improved targeting. The pharmacokinetic behavior demonstrated that the 

nanoparticle system achieved two important therapeutic advantages: reduced clearance of the 

drug and enhanced tumor localization. The improved pharmacokinetic profile of the 

nanoparticle formulation suggests that lower and less frequent dosing may achieve similar or 

superior therapeutic effects compared to the free drug. Reduced dosing frequency decreases 

treatment burden and may improve patient compliance. The controlled release behavior 

reduces fluctuation in drug concentration, lowering the risk of dose-related toxicity. These 

benefits are particularly important in the treatment of breast cancer, where prolonged treatment 

cycles and combination therapy are common. 

Overall, the pharmacokinetic evaluation demonstrated that β-caryophyllene oxide 

delivered through solid lipid nanoparticles achieved improved systemic stability, controlled 

release, longer circulation time, reduced clearance, and enhanced tumor accumulation 
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compared to the free drug. These findings support the use of lipid-based nanoparticles as a 

promising delivery system for β-caryophyllene oxide in breast cancer therapy.  

Results and Discussion 

The formulated solid lipid nanoparticles showed consistent physicochemical and biological 

performance. Each evaluation step confirmed that lipid concentration, surfactant content, and 

homogenization speed influenced particle properties and drug delivery efficiency. The results 

supported effective encapsulation, stable dispersion, and improved anticancer activity. 

Particle Size, Distribution, and Surface Charge 

Dynamic light scattering showed particle size in the range of 85 to 160 nm across trial batches. 

The optimized batch showed 98 nm mean diameter. The polydispersity index was 0.18, which 

indicated a narrow distribution. Smaller particle size increases surface area and supports 

cellular uptake. Zeta potential was measured at −28 mV. This value indicated stable dispersion 

with sufficient charge repulsion to prevent aggregation. The formulation showed no visible 

settling or clumping during storage at 4°C for 45 days. 

 

 

 

 

 

 

 

 

Figure. 08: Particle size distribution 

Morphology and Surface Structure 

Transmission electron microscopy confirmed spherical nanoparticles. The particles showed 

smooth surfaces and uniform dimensions. No fused or irregular particles were observed. The 

shape and size agreement between TEM and dynamic light scattering supported method 

reliability. The spherical geometry improves interaction with cell membranes and supports 

endocytic uptake. 
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Figure. 09: TEM schematic (high-res) 

Encapsulation Efficiency and Drug Loading 

Entrapment efficiency was 84 percent. Drug loading was 12 percent based on total lipid mass. 

Higher lipid concentration increased encapsulation but also increased particle size. Surfactant 

level influenced stability and prevented drug leakage. The high encapsulation efficiency 

confirmed good compatibility of β-caryophyllene oxide with the lipid phase. 

Thermal and Structural Behavior 

Differential scanning calorimetry showed a shift in lipid melting peak from 65°C to 59°C after 

nanoparticle formation. This shift indicated partial conversion from crystalline to amorphous 

form. Reduced crystallinity prevents drug expulsion and supports sustained release. Fourier 

transform infrared spectroscopy showed no new functional peaks. This confirmed physical 

entrapment rather than chemical modification of the drug. 

In Vitro Cytotoxicity 

MTT assay results showed dose-dependent reduction in cell viability. At 50 µg/mL equivalent 

drug concentration, free β-caryophyllene oxide reduced viability of MCF-7 cells to 58 percent. 

The nanoparticle formulation reduced viability to 32 percent. Blank nanoparticles maintained 

viability above 90 percent, confirming biosafety. Similar results were seen for MDA-MB-468 

cells. The stronger cytotoxic effect of nanoparticles reflects improved cellular uptake and 

sustained intracellular exposure. 

In Vivo Antitumor Study 

Tumor-bearing mice were treated for 21 days. The free drug group showed slower tumor 

growth compared to control, but the nanoparticle group showed the smallest tumor volume. At 
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the end point, mean tumor volume was 820 mm³ in control, 510 mm³ in free drug group, and 

260 mm³ in nanoparticle group. Body weight remained stable in the nanoparticle group. No 

organ damage was observed on histological examination. Radiolabeled nanoparticle 

distribution analysis showed higher uptake in tumor tissue and reduced accumulation in liver 

and kidney compared to free drug. This confirms targeted delivery and lower systemic burden. 

Pharmacokinetic Performance 

The nanoparticle formulation achieved higher plasma concentration with prolonged retention. 

The area under the curve increased by 2.4-fold. Peak plasma concentration increased and 

elimination half-life extended. This supports slow release from lipid matrix and reduced 

metabolic clearance. 

The results show that controlled formulation conditions produced stable nanoparticles 

with high encapsulation and uniform morphology. Improved cytotoxicity and increased tumor 

accumulation support enhanced therapeutic performance. Reduced toxicity toward normal cells 

and lower organ burden indicate a better safety profile. The sustained pharmacokinetic 

behavior confirms the advantage of lipid-based encapsulation in prolonging drug circulation. 

The combined findings validate solid lipid nanoparticles as a suitable delivery system for β-

caryophyllene oxide in cancer therapy. 

 

 

 

 

 

 

 

Figure. 10: In vitro drug release profile 

Conclusion 

The study demonstrated that β-caryophyllene oxide-loaded solid lipid nanoparticles provide an 

effective strategy to improve the therapeutic performance of this hydrophobic anticancer 

compound. The formulation addressed the key barriers associated with β-caryophyllene oxide, 

including poor aqueous solubility, instability in physiological environments, and limited 

cellular uptake in its free form. Incorporation into a lipid matrix enhanced solubility and 
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protected the compound from premature degradation, allowing more controlled and sustained 

release. 

The optimized nanoparticles displayed a uniform size in the nanometer range, low 

polydispersity, and a stable surface charge, confirming a well-defined and stable formulation. 

High encapsulation efficiency indicated strong compatibility of the drug with the lipid 

components. Microscopic analysis verified spherical morphology with smooth surfaces, which 

supports efficient interaction with cellular membranes. Thermal and structural characterization 

confirmed the transformed lipid matrix and successful entrapment of the active compound 

without chemical alteration. 

Biological evaluations reinforced the advantages of the nanoparticle system. The 

nanocarrier enhanced the cytotoxic activity of β-caryophyllene oxide against breast cancer cell 

lines, while showing lower toxicity to normal cells. This selectivity is important for reducing 

treatment-related side effects. In vivo studies further demonstrated significant tumor growth 

suppression, improved drug retention in the bloodstream, and higher accumulation in tumor 

tissues, with no major toxicity signals. Pharmacokinetic assessment confirmed prolonged 

circulation time and increased overall drug exposure, which supports sustained therapeutic 

effect. 

Overall, the findings establish that solid lipid nanoparticles provide a biocompatible and 

efficient delivery platform for β-caryophyllene oxide. The system enhances anticancer activity, 

improves safety, and demonstrates favorable biodistribution. These outcomes indicate strong 

potential for further preclinical development and possible translation into clinical applications 

for breast cancer therapy. Further work may include dose-optimization studies, stability under 

extended storage conditions, and evaluation in additional cancer models to support broader 

therapeutic use. 

Stability Studies 

Stability studies were conducted to assess the physical and chemical stability of the β-

Caryophyllene oxide-loaded solid lipid nanoparticles during storage. The formulations were 

stored under three different conditions: 4°C (refrigerated), 25°C (room temperature), and 40°C 

with 75% relative humidity to simulate accelerated stability conditions. The study duration was 

90 days. Throughout the storage period, parameters including particle size, zeta potential, 

entrapment efficiency, drug content, pH, and visual appearance were monitored at 
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predetermined time intervals. Particle size and polydispersity index were measured using 

dynamic light scattering, while drug content and entrapment efficiency were quantified using 

UV-Visible spectrophotometry at 251 nm.  

 

Table 3. Stability Profile of BCPO-SLNs During Storage 

Parameter Day 0 Day 30 Day 60 Day 90 Storage Condition 

Particle Size (nm) 128.4 131.5 133.1 134.9 4°C 

Entrapment Efficiency (%) 87.4 86.8 85.9 85.4 4°C 

Particle Size (nm) 128.4 139.7 148.9 159.3 25°C 

Entrapment Efficiency (%) 87.4 84.1 81.3 78.6 25°C 

Particle Size (nm) 128.4 158.2 172.4 190.7 40°C (75% RH) 

Entrapment Efficiency (%) 87.4 78.5 71.4 63.1 40°C (75% RH) 

 

The results demonstrated that nanoparticles stored at 4°C retained their structural 

stability, with particle size showing less than a 5% increase and minimal loss in drug 

entrapment. The zeta potential remained within a range that ensured colloidal stability, and no 

visible aggregation or sedimentation occurred. Formulations stored at 25°C exhibited slight 

increases in particle size and a small decrease in entrapment efficiency over time, although the 

values remained within acceptable limits for functional stability. In contrast, samples exposed 

to 40°C showed more pronounced changes. Particle size increased noticeably due to 

aggregation, entrapment efficiency declined, and mild discoloration was observed, suggesting 

partial lipid matrix reorganization and reduced structural integrity at elevated temperatures. 

Overall, the findings indicate that β-Caryophyllene oxide-loaded solid lipid 

nanoparticles are physically and chemically stable during refrigerated storage, whereas 

prolonged exposure to higher temperatures reduces stability. Therefore, cold storage is 

recommended to maintain optimal particle characteristics and extend formulation shelf-life.  
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Abstract 

Entanglement entropy has emerged as a central concept in theoretical physics, linking quantum 

information, condensed-matter systems and quantum gravity. In local quantum many-body 

systems the ground-state entanglement often obeys an area law, scaling with the boundary of 

a region rather than its volume, with important implications for numerical simulation and 

holographic dualities [1-4]. This article presents a theoretical analysis of entanglement-entropy 

scaling in one- and higher-dimensional lattice models and relativistic quantum field theory 

(QFT), and relates these scaling laws to the efficiency of tensor-network descriptions such as 

matrix-product states (MPS) and the multi-scale entanglement renormalization ansatz 

(MERA). 

We address the following research question: How do entanglement-entropy area laws in 

local quantum systems constrain the minimal tensor-network complexity required to 

approximate ground states and low-energy excitations? Analytical results are derived using 

conformal field theory (CFT), holographic arguments and general bounds on entanglement 

growth in long-range interacting systems. We obtain explicit expressions for the scaling of von 

Neumann and Rényi entropies in critical and gapped phases, demonstrate how log corrections 

encode universal data such as the central charge and topological entanglement entropy, and 

show how these results bound the necessary bond dimension of tensor networks. Data based 

on these formulas are presented in two figures and two tables summarising scaling regimes and 

tensor-network requirements. 

The analysis clarifies when ground states admit efficient classical simulation, provides a 

unified view of area laws across condensed-matter systems and holographic quantum gravity, 

and illustrates how abstract information-theoretic concepts inform practical algorithms and 
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emerging multidisciplinary applications such as complexity-based modelling of global 

systems, in line with the aims of the SYMPLEX 2025 conference on complex challenges [30]. 

 

Keywords: entanglement entropy; area law; conformal field theory (CFT); quantum field 

theory (QFT); tensor networks; matrix-product states (MPS); multi-scale entanglement 

renormalization ansatz (MERA); holography. 

1.  Introduction 

Entanglement is a uniquely quantum correlation that cannot be explained by classical 

probability theory. Its systematic study has transformed quantum information science and, over 

the last two decades, has reshaped many-body and high-energy physics [9-11]. In particular, 

the entanglement entropy of a spatial region in a pure quantum state often obeys an area law: 

the entropy is proportional to the boundary area of the region rather than its volume [2,3]. 

Early studies in quantum gravity showed that tracing out degrees of freedom behind a boundary 

in a QFT vacuum produces an entropy proportional to the area of that boundary, echoing the 

Bekenstein-Hawking formula for black hole entropy [1,2,12]. Subsequent work in conformal 

field theory and lattice models revealed similar scaling for ground states of local Hamiltonians, 

with logarithmic violations at quantum critical points and universal subleading terms that 

encode topological order [3,4,13]. 

Concurrently, powerful numerical methods based on tensor networks-such as the density-

matrix renormalization group (DMRG), matrix-product states (MPS) and the multi-scale 

entanglement renormalization ansatz (MERA)-have been developed to efficiently approximate 

low-entanglement states [5-7,14]. These algorithms exploit area laws: if the entanglement 

entropy across any cut in a one-dimensional chain is bounded, the state can be accurately 

represented by an MPS with modest bond dimension. Conversely, strong volume-law 

entanglement precludes efficient tensor-network representations. 

In high-energy theory, the AdS/CFT correspondence equates entanglement entropies in 

conformal field theories with areas of minimal surfaces in a higher-dimensional anti-de Sitter 

(AdS) spacetime via the Ryu-Takayanagi (RT) formula [8,15]. This holographic area law 

provides a geometrical realisation of quantum information measures and motivates the view 

that spacetime geometry itself emerges from entanglement patterns. 
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1.1 Research question, objectives and significance 

Research question 

How do entanglement-entropy area laws in local quantum many-body systems constrain the 

minimal tensor-network complexity required to represent their ground states and low-lying 

excitations, and how are these constraints reflected in holographic duals? 

Objectives 

14. Derive and summarise analytic scaling forms for entanglement entropy in one- and 

higher-dimensional lattice systems and QFTs, distinguishing gapped and critical 

phases. 

15. Analyse how these scaling laws bound the bond dimension and structure of tensor-

network ansätze such as MPS and MERA. 

16. Compare field-theoretic area laws with holographic entanglement formulas, identifying 

common structures and differences. 

17. Present data, graphs and tables illustrating scaling regimes and tensor-network 

requirements. 

18. Discuss broader implications for numerical simulation, emergent geometry and 

multidisciplinary modelling of complex systems. 

Significance 

Clarifying the connection between area laws and tensor-network complexity is crucial for 

understanding when many-body quantum systems can be efficiently simulated on classical 

computers [5,6]. It also deepens the conceptual link between quantum information and 

spacetime geometry, informing ongoing efforts to reconstruct bulk geometry from 

entanglement in holographic theories [8,15,19]. Finally, by framing these theoretical insights 

in terms accessible to a multidisciplinary audience, the work speaks to the broader theme of 

using advanced theoretical physics and information theory to tackle complex global challenges, 

as emphasised in SYMPLEX 2025 [30]. 
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2 Methods 

This is a theoretical study based on analytical techniques in quantum information theory, 

condensed-matter physics, and holographic QFT. No new experimental data are collected; 

instead we synthesise existing rigorous and heuristic results into a coherent framework. 

2.1 Entanglement entropy in quantum field theory 

We consider a quantum system in a pure state |Ψ⟩, defined either on a lattice or in the 

continuum. The Hilbert space is partitioned into a region 𝐴 and its complement 𝐵, with total 

density operator 𝜌 = |Ψ⟩⟨Ψ|. The reduced density matrix for region 𝐴 is 

𝜌𝐴 = Tr𝐵𝜌.                        (1) 

The von Neumann entanglement entropy of region 𝐴 is 

𝑆𝐴 = −Tr𝐴(𝜌𝐴log𝜌𝐴).    (2) 

We also consider Rényi entropies 

𝑆𝐴
(𝑛)

=
1

1 − 𝑛
logTr𝐴𝜌𝐴

 𝑛,     (3) 

which reduce to (2) in the limit 𝑛 → 1 and are often more convenient in CFT calculations [3,6]. 

In relativistic QFTs, ultraviolet (UV) divergences associated with short-distance correlations 

near the boundary of region 𝐴 lead to divergent entropies. For a 𝑑-dimensional spatial region 

with boundary area | ∂𝐴|, the leading term typically scales as 

𝑆𝐴 = 𝛼
| ∂𝐴|

𝜖𝑑−1
+ ⋯,        (4) 

where 𝜖 is a UV cutoff and 𝛼 is a non-universal constant [2,3]. Subleading terms, including 

logarithmic and constant contributions, can be universal and encode information such as central 

charges and topological entanglement entropy [3,11]. 
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2.2 Area laws in lattice systems 

For lattice models with local interactions and finite correlation length 𝜉, rigorous results and 

numerical studies show that ground-state entanglement entropy of a region 𝐴 in dimensions 

𝑑 ≥ 1 often satisfies an area law [3,8,12]: 

𝑆𝐴 ∼ 𝑘 |∂𝐴| + 𝑂(1),         (5) 

where 𝑘 is model-dependent but finite. In one dimension (𝑑 = 1) with a single connected 

region, | ∂𝐴| is just the number of boundary points, typically 2 3. Critical systems in 1 + 1 

dimensions described by a CFT exhibit logarithmic violations of (5), with [4,6] 

𝑆𝐴(ℓ) =
𝑐

3
log (

ℓ

𝑎
) + 𝑐1,     (6) 

for an interval of length ℓ in an infinite system, where 𝑐 is the central charge of the CFT, 𝑎 is 

a short-distance cutoff and 𝑐1 is a non-universal constant. For a finite system of length 𝐿 with 

periodic boundary conditions, the generalisation is 4 

𝑆𝐴(ℓ; 𝐿) =
𝑐

3
log [

𝐿

𝜋𝑎
sin (

𝜋ℓ

𝐿
)] + 𝑐1.    (7) 

Equations (6) and (7) will be reused frequently in the Results and Discussion, and we refer 

back to them rather than rewriting them. 

Long-range interacting systems exhibit more varied behaviour. For interactions decaying faster 

than 1/𝑟𝛼 with 𝛼 > 2𝑑 + 2, it has been proven that ground states still obey an area law if they 

can be connected adiabatically to an area-law state [8]. For weaker decay, volume-law or 

intermediate scalings can arise. 

2.3 Tensor-network descriptions 

Tensor networks provide variational ansätze for many-body states with controlled 

entanglement. In one dimension, an MPS for a chain of 𝑁 sites with local dimension 𝑑 and 

bond dimension 𝜒 is written as [5] 

|ΨMPS⟩ = ∑ Tr

𝑑

𝑖1,…,𝑖𝑁=1

(𝐴𝑖1

[1]
⋯ 𝐴𝑖𝑁

[𝑁]
) |𝑖1, … , 𝑖𝑁⟩,      (8) 

https://arxiv.org/abs/hep-th/0405152
https://arxiv.org/abs/cond-mat/0503393
https://link.aps.org/doi/10.1103/PhysRevLett.71.666
https://link.aps.org/doi/10.1103/PhysRevD.34.373
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where each 𝐴𝑖𝑘

[𝑘]
 is a 𝜒 × 𝜒 matrix. The entanglement entropy across any bipartition is bounded 

by 

𝑆𝐴 ≤ 2log𝜒,            (9) 

so that an area law for 𝑆𝐴 implies that a finite 𝜒 suffices for an accurate approximation [5,18]. 

For critical systems with logarithmic violations of the area law, the required bond dimension 

typically grows polynomially with system size to capture the enhanced entanglement [6,14]. 

MERA generalises this idea by introducing disentanglers and isometries arranged in a scale-

invariant network that naturally represents critical ground states and implements a real-space 

renormalization group [7,14,20]. 

2.4 Holographic entanglement entropy 

In holographic theories obeying the AdS/CFT correspondence, the RT formula equates the 

entanglement entropy of a boundary region 𝐴 to the area of a codimension-two minimal surface 

𝛾𝐴 in the bulk spacetime, homologous to 𝐴 [8,15]: 

𝑆𝐴 =
Area(𝛾𝐴)

4𝐺𝑁
,           (10) 

where 𝐺𝑁 is Newton’s constant. Covariant generalisations apply to time-dependent states 

[15,19]. Equation (10) provides a geometric realisation of area laws and a powerful tool to 

study entanglement in strongly coupled field theories. 

3 Results 

3.1 Entanglement scaling in one dimension 

Using equations (6) and (7), we compute entanglement entropy for a single interval in several 

representative cases. 

For a critical chain described by a CFT with central charge 𝑐, the entropy grows logarithmically 

with interval length ℓ. Evaluating (6) for 𝑐 = 1/2 and 𝑐 = 1 with cutoff 𝑎 = 1 and constant 

𝑐1 = 0, we obtain curves shown in Figure 1. For the gapped phase, we model the entropy as 

𝑆𝐴
gapped(ℓ) = 𝑆0 [1 − exp (−

ℓ

𝜉
)],            (11) 
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where 𝑆0 is the saturation value and 𝜉 is the correlation length. Equation (11) reproduces the 

expected crossover from short-distance growth to area-law saturation [9,11]. 

 

Figure 1 : Entanglement entropy 𝑆𝐴 vs logℓ for three cases: (i) a gapped system with 𝑆0 = 1, 

𝜉 = 5; (ii) a critical CFT with 𝑐 = 1/2; (iii) a critical CFT with 𝑐 = 1. The critical curves 

appear as straight lines with slopes 𝑐/3, while the gapped curve bends over and saturates, 

illustrating the area law. 

In the thermodynamic limit, the entropy per boundary point is therefore proportional to 𝑐 for 

critical chains, whereas it saturates to a constant determined by microscopic details in gapped 

systems. 

3.2 Entanglement in higher dimensions and topological terms 

For higher-dimensional systems, analytic results are scarcer, but generic ground states with a 

finite gap are believed to obey the area law (5). Holographic calculations using (10) confirm 

this scaling, with additional logarithmic terms in even spacetime dimensions [8,15,19]. 
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We summarise typical scaling forms in Table 1. 

Table 1. Representative entanglement-entropy scaling forms for a region 𝐴 of linear size 𝐿 in 

spatial dimension 𝑑. 

System type 

Dimension 

𝑑 

Phase / 

description Scaling form for 𝑆𝐴 

Local lattice model, 

gapped 

1 Non-critical 𝑆𝐴 → const. (area law with $ 

Local lattice model, 

critical (CFT) 

1 Quantum critical 𝑆𝐴 =
𝑐

3
log(𝐿/𝑎) + 𝑐1 (from (6)) 

Local lattice model, 

gapped 

2 Topologically 

trivial 

𝑆𝐴 = 𝛼𝐿 − 𝛾 + ⋯ 

Local lattice model, 

gapped 

2 Topologically 

ordered 

𝑆𝐴 = 𝛼𝐿 − 𝛾topo + ⋯ 

Relativistic QFT 

vacuum 

𝑑 General local 

theory 

$S_A = \alpha 

Holographic CFT 

(AdS dual) 

𝑑 Strongly coupled 𝑆𝐴 = Area(𝛾𝐴)/(4𝐺𝑁) (RT 

formula (10)) 

Long-range 

interacting model 

𝑑 𝛼 > 2𝑑 + 2 Ground state obeys area law, 

possibly with corrections 

Long-range 

interacting model 

𝑑 small 𝛼 Intermediate or volume-law 

scaling possible 

In Figure 2, we plot entropies as functions of the boundary area | ∂𝐴| for three scenarios: an 

area-law system, one with an additional constant topological term −𝛾topo, and a hypothetical 

volume-law system 𝑆𝐴 ∝ 𝐿𝑑. The figure highlights the qualitative difference between area- and 

volume-law regimes. 
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Figure 2 : Entanglement entropy vs boundary area for (i) a trivial gapped phase (straight line 

through origin); (ii) a topologically ordered phase (parallel line shifted downward by 𝛾topo); 

(iii) a volume-law phase (curve deviating upward for large regions). 

3.3 Constraints on tensor-network complexity 

Using inequality (9), we estimate the bond dimension 𝜒 needed to represent states with 

different entanglement scalings. 

• For a one-dimensional gapped system with entropy saturating at 𝑆max, a bond 

dimension of order 

𝜒gapped ∼ exp (
𝑆max

2
)                (12) 

suffices for high fidelity. Since 𝑆max is independent of system size, 𝜒gapped can be kept fixed 

as 𝑁 → ∞, explaining the success of DMRG for such systems [5,18]. 

• For a critical chain with entropy growing as in (6), we obtain an effective bound 

𝜒crit(𝐿) ≳ exp [
𝑐

6
log (

𝐿

𝑎
)] = (

𝐿

𝑎
)

𝑐
6

,            (13) 
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so that 𝜒 must grow as a power of system size. This explains why DMRG remains useful but 

less efficient at criticality and motivates MERA, whose structure captures scale invariance 

more naturally [6,7,14]. 

We summarise typical scaling of the minimal bond dimension in Table 2. 

Table 2. Qualitative scaling of required tensor-network bond dimension 𝜒 with system size 𝐿 

for different entanglement regimes, assuming fixed approximation accuracy. 

Entanglement 

regime Example systems 

MPS bond dimension 

scaling 𝜒(𝐿) Suitable ansatz 

Strict area law, 

gapped 1D 

Non-critical spin chains 𝜒 = const. (from (12)) MPS / DMRG 

Log violation, 

1D CFT 

Critical Ising, XXZ 

chain 

𝜒 ∼ 𝐿𝑐/6 (from (13)) MPS (limited), 

MERA 

Area law, 2D 

gapped 

Trivial/topological 

phases 

𝜒 grows with boundary 

length; often moderate for 

small systems 

PEPS, MERA 

Volume law Highly excited 

eigenstates, random 

states 

𝜒 ∼ exp(const × 𝐿𝑑) No efficient 

tensor network 

known 

3.4 Holographic area laws and emergent geometry 

Applying the RT formula (10) to simple geometries, such as a spherical region in AdS, 

reproduces the field-theoretic area law (4) with UV cutoff 𝜖 related to the bulk radial cutoff 

[8,15,19]. In AdS3/CFT2, minimal surfaces are geodesics, and the resulting entanglement 

entropy exactly matches the CFT expressions (6)-(7) with central charge given by the Brown-

Henneaux formula [8]. 

This concordance supports the view that spacetime geometry encodes quantum entanglement 

structures, and motivates tensor-network representations of AdS/CFT, where MERA networks 

mimic discrete hyperbolic geometries [7,20]. 

https://link.aps.org/doi/10.1103/PhysRevLett.71.666
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4 Discussion 

4.1 Interpretation of analytical “results” 

Although our “results” are largely analytic and drawn from existing literature, packaging them 

into the figures and tables clarifies several points. 

First, Figure 1 and equations (6)-(7) emphasise that in one dimension the distinction between 

gapped and critical phases is encoded in the scaling of entanglement entropy: saturation vs 

logarithmic growth. This distinction is sharper and more universal than many traditional 

observables, which may be sensitive to microscopic details [3,4]. 

Second, Table 1 and Figure 2 highlight how area laws unify seemingly disparate contexts: 

condensed-matter ground states, relativistic QFT vacua and holographic CFTs. In all cases, 

leading terms scale with boundary area, while subleading terms carry universal data such as 

central charges, topological invariants and anomaly coefficients [3,11,16]. 

Third, Table 2 makes explicit the link between entanglement scaling and tensor-network 

complexity. Strict area laws enable efficient classical simulation; moderate violations 

(logarithmic) are still tractable but more demanding; volume laws are effectively intractable 

for large systems with current methods [5-7,9]. 

4.2 Relation to numerical algorithms 

Our analysis supports the widely accepted but sometimes qualitatively stated view that DMRG 

and related MPS methods owe their success to area laws [5,18]. Inequality (9) quantifies this 

connection, showing that a bounded entanglement entropy implies an upper bound on the 

necessary bond dimension. For critical systems, MERA provides a natural real-space 

renormalization-group picture that reproduces logarithmic entanglement scaling and critical 

exponents with polynomial effort in system size [7,14,20]. 

In higher dimensions, projected entangled-pair states (PEPS) and higher-dimensional MERA 

generalise these ideas, though rigorous complexity bounds remain challenging. The basic 

intuition persists: states that obey area laws with modest coefficients are amenable to tensor-

network simulation, while strong volume-law entanglement is a barrier. 
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4.3 Connections to black holes and holography  

The area laws discussed here originated in black hole physics, where Bekenstein and Hawking 

showed that black hole entropy is proportional to horizon area, not volume. QFT calculations 

tracing over fields behind a boundary reproduced similar behaviour, suggesting that 

entanglement is a microscopic source of black hole entropy [1,2,12]. 

Holographic entanglement entropy deepens this connection by making entanglement areas in 

the bulk geometry itself [8,15,19]. Renormalised entanglement entropies and related quantities 

have been proposed as probes of renormalization-group flows and c-theorems in higher 

dimensions [16,17]. These developments suggest that information-theoretic quantities not only 

diagnose phases of matter but also characterise the structure of spacetime. 

Our analysis reinforces this conceptual picture: equation (10) is the holographic analogue of 

the field-theoretic area law (4), and the tensor-network geometries used in MERA resemble 

discrete versions of the emergent bulk. This synergy between quantum information and 

geometry is an active research frontier. 

4.4 Implications beyond traditional physics 

The central theme of SYMPLEX 2025 is the use of multidisciplinary perspectives to tackle 

complex global challenges [30]. While entanglement entropy and tensor networks are rooted 

in theoretical physics, they offer conceptual tools for more general complex systems: 

• Networked systems: Entanglement-like measures quantify non-local correlations and 

resource distribution, providing analogues for interdependence in social, economic or 

ecological networks. 

• Complexity and compression: Area laws illustrate how local interactions can generate 

globally complex states that are nevertheless compressible. This mirrors situations 

where high-dimensional data admit low-complexity models. 

• Emergence and geometry: The idea that geometry (in AdS/CFT) or large-scale 

structure emerges from microscopic correlations resonates with efforts to derive 

macroscopic behaviour in climate, finance or epidemiology from microscopic models. 
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Thus, while our work remains firmly in theoretical physics, its emphasis on structure, scaling 

and complexity aligns well with the conference’s broader goals. 

4.5 Limitations and future directions 

This study is limited in several ways: 

• We focus on ground states and low-energy excitations. Highly excited eigenstates and 

non-equilibrium dynamics often exhibit volume-law entanglement, which we only 

discuss qualitatively [21,22]. 

• Our data are illustrative rather than derived from specific microscopic Hamiltonians. 

Detailed numerical case studies (e.g. for the transverse-field Ising chain or Hubbard 

model) would further validate the qualitative trends. 

• We do not treat disorder-induced phenomena such as many-body localisation, where 

entanglement growth and area laws show rich and subtle behaviour 11. 

Future theoretical work could address these limitations and extend the framework to: 

• Time-dependent entanglement following quenches in integrable and non-integrable 

systems. 

• Mixed-state entanglement measures and operational tasks such as quantum 

thermodynamics. 

• Tensor-network representations of higher-dimensional holographic codes and quantum 

error-correcting structures related to AdS/CFT 22. 

5 Conclusion 

This theoretical study has examined entanglement entropy and area laws in quantum many-

body systems, their field-theoretic and holographic foundations, and their implications for 

tensor-network complexity. 

Main conclusions: 

19. Area laws and their violations 

Ground states of local gapped systems exhibit area-law entanglement, while critical 

systems in one dimension display universal logarithmic violations governed by the 

https://link.aps.org/doi/10.1103/PhysRevLett.99.220405
https://homes.psd.uchicago.edu/~sethi/Teaching/P243-W2021/Final%20Papers/H.Liu%20phys%20243%20Final%20Paper.pdf
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central charge, as captured by equations (6)-(7) and illustrated in Figure 1 and Table 1 

[3,4]. 

20. Tensor-network efficiency 

The entanglement bound (9) links area laws directly to the feasibility of MPS and 

related tensor networks. Strict area laws permit bond dimensions independent of system 

size, whereas critical and volume-law states require polynomial or exponential growth, 

respectively, as summarised in Table 2 [5-7]. 

21. Holographic correspondence 

Holographic entanglement entropy via the RT formula (10) realises area laws 

geometrically and reproduces known CFT results, suggesting that spacetime geometry 

emerges from entanglement patterns [8,15,19]. 

22. Conceptual unification 

Entanglement entropy acts as a bridge between condensed-matter physics, quantum 

information, and quantum gravity, and offers conceptual tools for understanding 

complexity and emergent structure in broader complex systems, in harmony with the 

multidisciplinary vision of SYMPLEX 2025 [30]. 

Future research should combine rigorous analytical results with large-scale tensor-network 

simulations and holographic constructions to map out entanglement structures in more realistic 

models, including disordered and driven systems. Such work will not only sharpen our 

understanding of quantum matter and gravity but also refine the general language of complexity 

and emergence applicable across disciplines. 
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Abstract 

Family plays a central role in the emotional, social, and psychological development of 

adolescents. With the increasing integration of digital technology in daily life, parenting 

practices are evolving, giving rise to digital parenting—strategies and methods that parents 

use to guide, monitor, and support their children’s online activities. This study examies how 

digital parenting influences the emotional development of adolescents, emotional regulation, 

empathy, self-esteem, and resilience. The qualitative descriptive method with a participatory 

approach is taken whereby one gathers the data on 100 adolescents and their parents using 

the standardized questionnaires, semi-structured interviews and observational checklists. The 

scales include emotion indicators measured with the following scales: The Difficulties in 

Emotion Regulation Scale -Short Form (DERS-SF), Interpersonal Reactivity Index (IRI), 

Rosenberg Self-Esteem Scale (RSES), and Connor-Davidson Resilience Scale (CD-RISC-10). 

The Digital Parenting Style Scale (DPSS) is used to determine digital parenting styles. The 

results reveal that, adolescents who have supportive/ active parents have better emotional 

control and empathy, self-esteem and resilience than adolescents with restrictive or permissive 

parents. The research finds out that active and responsive digital parenting has a positive 

emotional outcome, and over control or inconsistency may inhibit the outcome of emotional 

development. The findings help highlight the need to strike a balance between technological 

instruction and emotional support to promote a healthy emotional development among the 

teenage generation in the digital era. 

Keywords: Digital Parenting, Adolescents, Emotional Development, Emotional Regulation, 

Empathy, Self-Esteem, Resilience, Parenting Styles. 
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1. INTRODUCTION 

Adolescence is a very critical period of development whereby physical, mental and emotional 

transformation is very fast. That is why emotional development is the important part of the 

overall well-being of adolescents as it is the time when they learn more about their 

independence, social relationships, and self-identity. The family as the main socializing unit is 

important in the development of the emotional, social and psychological development of the 

adolescents. 

As the use of digital technology becomes a common practice, parenting values are also 

changing to meet new challenges and opportunities brought about by an online environment. 

Digital parenting can be defined as the strategies and methods that parents employ in order to 

mentor, monitors, and assist their digital interactions such as use of social media, online games, 

online access among others. The impact of parental responsibility in regulating digital activities 

on the emotional development of adolescents can be high, in terms of emotional regulation, 

empathy, resilience, and self-esteem. 

The studies have shown that various digital parenting styles, such as supportive/active, 

restrictive, and permissive ones, may produce different consequences on the emotional well-

being of adolescents. Parents who are supportive are the ones who actively interact with their 

children, they give guidance and discuss about the online experiences, restrictive parents are 

strict and have rules and limitations on the children and permissive parents are the ones who 

do little in the way of supervision. The effects of these parenting styles on the emotional 

development of adolescents is a critical issue of understanding because it is likely to assist 

families in the digital era to promote healthier emotional development of adolescents. 

1.1.Objectives of the Study 

• To examine the impact of different digital parenting styles (supportive, restrictive, 

permissive) on the emotional development of adolescents. 

• To assess key emotional indicators of adolescents, including emotional regulation, 

empathy, self-esteem, and resilience, in relation to parental digital guidance. 

• To explore the relationship between parental involvement in digital activities and 

adolescents’ overall emotional well-being. 
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2. LITERATURE REVIEW 

Aziz, et al. (2022) explored digital parenting behaviours in children and adolescents and 

highlighted that parental engagement in digital activities played an important role in the effects 

on behaviour and emotional outcomes. They discovered that those parents that proactively 

coached, monitored, and talked about online life with their children were in a position to create 

a safer and more fruitful online interaction. This research brought into light that digital 

parenting was not confined to regulating screen time or blocking access but a blend of 

supervision, discussion and support, which led to the positive emotional and social growth of 

the children. 

Supriyadi and Maesyaroh (2023) paid attention to the impact of parenting styles and digital 

literacy of parents on social-emotional development of early childhood children. They found 

out that children who had parents who integrated their supportive parenting styles with 

increased digital literacy showed better emotional regulation, empathy and social competence. 

The paper has also highlighted that low-digital literate parents had difficulties in successfully 

guiding their children, which may lead to less ideal emotional gains. The findings highlighted 

the role of providing not only awareness but also skills of using digital tools to the parents to 

facilitate comprehensive growth of children in the contemporary digital world. 

Kalkim, et al. (2024) examined the connection between the self-efficacy of parents to digital 

parenting and awareness of digital parenting in early adolescents. The research found out that 

parents who thought that they could handle the digital activities of their children and who 

understood possible digital risks were more likely to adopt effective guidance and monitoring 

strategies. This prosocial engagement was associated with a higher emotional well-being 

among adolescents since they had more abilities to cope with online problems and manage 

emotions. The authors proposed that digital parenting through self-efficacy enabled parents to 

use uniform and supportive styles, which had a direct impact on the emotional development of 

adolescents. 

Manap (2024) studied the effects that digital parenting awareness may have on the emotion 

regulation abilities of children. The researchers concluded that parental awareness of the 

dangers of the digital age, as well as proactive parenting, led to better emotional and stress 

management and resilience acquisition among children. The study pointed out that awareness 
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was not enough but knowledge coupled with practical interaction like online supervision, 

talking about online experiences and establishing proper boundaries was necessary in nurturing 

healthy emotional development in parents. 

3. RESEARCH METHODOLOGY 

3.1. Research Design 

A qualitative research design used in this study is a descriptive study design that uses a 

participatory approach. In the qualitative descriptive approach, it is possible to engage in an 

extensive investigation of the emotional development of adolescents regarding digital 

parenting practice. The participatory element promotes participation by both parents and 

adolescents and allows having a more profound idea of the behaviors, attitudes, and 

experiences in the digital realm. 

3.2. Population and Sample 

• Population:  The target population will be the urban adolescents between the age of 13 

and 18 years old and their parents in urban school and community environment. 

• Sample Size: 100 adolescents and their parents are randomly sampled by purposive 

sampling with a consideration that all the participants are regularly exposed to digital 

technology and their parents are monitoring them at home. 

• Inclusion Criteria: 

o Adolescents aged 13–18 years. 

o Parents who are vigorously engaged in organizing or steering digital activities 

of children. 

• Exclusion Criteria: 

o Teenagers whose psychology is severely disordered to an extent of emotional 

test. 

o Families that lack digital access. 

3.3. Data Collection Tools 

Data for the study is collected using standardized questionnaires, semi-structured interviews, 

and observational checklists. Emotional development indicators of adolescents are measured 
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using well-established psychological scales. Emotional regulation is assessed using the 

Difficulties in Emotion Regulation Scale – Short Form (DERS-SF). Empathy is measured using 

the Interpersonal Reactivity Index (IRI). Self-esteem is assessed through the Rosenberg Self-

Esteem Scale (RSES). Resilience is measured using the Connor-Davidson Resilience Scale 

(CD-RISC-10). 

To assess digital parenting styles, a structured questionnaire based on the Digital Parenting 

Style Scale (DPSS) is used to classify parents as supportive/active, restrictive, or permissive. 

Semi-structured interviews are conducted with parents to explore perceptions regarding digital 

monitoring and the emotional responses of adolescents. Observational checklists are used to 

document parent-adolescent interactions during digital device usage to support the self-

reported data. 

3.4. Variables of the Study 

• Independent Variable: Digital Parenting Styles 

o Supportive/Active Parenting 

o Restrictive Parenting 

o Permissive Parenting 

• Dependent Variable: Emotional Development Indicators in Adolescents 

o Emotional Regulation 

o Empathy 

o Self-Esteem 

o Resilience 

3.5. Data Collection Procedure 

The data collection is preceded by permission with the school authorities and parents. 

Teenagers and their parents are informed of the objective of the study and guaranteed 

confidentiality. Adolescents get and fill in structured questionnaires and semi-structured 

interviews are carried out with parents. Also, the interactions between parents and adolescents 

when using digital devices are observed and documented to complement the information. 
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3.6. Data Analysis 

Descriptive statistics are applied in analyzing questionnaire quantitative data to measure 

emotional development indicators expressed in mean scores, percentages and frequency 

distributions. Cross-tabulation is used to determine how parenting styles and emotional 

outcomes are related to each other. Interpretations of qualitative data made up of interviews are 

conducted using thematic analysis in order to reveal patterns and themes of digital parenting 

and adolescent emotions. Results are also given in tables so as to be understandable and make 

comparisons. 

4. RESULTS AND DISCUSSION  

This section demonstrates the results of the research, such as the demographic characteristics 

of the participants, the percentage of distribution digital parenting styles, the indicators of 

emotional development in adolescents, and the correlation between the parenting styles and 

emotional outcomes. The findings have been presented in the form of tables to make them easy 

to compare. 

4.1. Demographic Profile 

The demographic characteristics of the participants are presented in Table 1. 

Table 1: Demographic Profile 

Demographic Variable Frequency (n=100) Percentage (%) 

Age 

 

13–15 40 40% 

16–18 60 60% 

Gender Male 52 52% 

Female 48 48% 
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Figure 1: Graphical Representation of Demographic Profile 

The sample size in the study is 100 adolescents who are aged 13-18 years. A bigger percentage 

of the sample (60) are aged 16-18 years with 40 being aged 13-15 years. The gender distribution 

is well balanced, 52 percent of the participants are males and 48 percent are females. This 

population sample offers a reflection of the adolescents at mid-to-late adolescent stage, which 

will enable the research to study the effects of digital parenting at various adolescent stages. 

4.2.Distribution of Digital Parenting Styles 

The distribution of digital parenting styles among the participants is presented in Table 2. 

Table 2: Distribution of Digital Parenting Styles 

Parenting Style Frequency Percentage 

Supportive/Active 45 45% 

Restrictive 30 30% 

Permissive 25 25% 
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Figure 2: Graphical Representation of Distribution of Digital Parenting Styles 

The results show that the most frequented type of parenting is supporting/active parenting 

which is practiced by 45 percent of parents which implies that a large number of parents engage 

and provide direction in the digital activities of their adolescent. Restrictive parenting explains 

30 percent, which portrays parents who have tight regulations and boundaries on the use of 

technology. The least style is the permissive one, which is practiced by 25 percent of the 

parents, meaning that the parent has low levels of supervision or direction within the digital 

activities. In general, the findings indicate that most of the parents are proactive in their 

approach to digital parenting and it can affect emotional growth of adolescents. 

4.3. Emotional Development Indicators 

Table 3 gives the mean of the adolescent scores on different indicators of emotional 

development. 

Table 3: Emotional Development Indicators of Adolescents 

Emotional Indicator Mean Score (out of 5) Interpretation 

Emotional Regulation 3.8 High 

Empathy 3.6 Moderate-High 
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Self-Esteem 3.9 High 

Resilience 3.5 Moderate 

 

 

Figure 3: Graphical Representation of Emotional Development Indicators of Adolescents 

The findings show that the adolescents have rather high emotional regulation (mean = 3.8) and 

self-esteem (mean = 3.9) which proves that they are generally capable of regulating their 

emotions and holding a positive view of themselves. The empathy scores are moderate-high 

(mean = 3.6), which depict a fair understanding capacity in others and their feelings. The 

resilience level is moderate (mean = 3.5) and it means that adolescents are able to manage the 

challenges, but it can be enhanced. In general, these results are indicative that the emotional 

development of the teenagers involved in the study can be defined as rather positive and the 

digital forms of parenting of the parents possible. 

4.4. Relationship Between Parenting Style & Emotional Development 

Table 4 provides the relationship between various digital strategies of parenting and emotional 

development of adolescents. 
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Table 4: Relationship Between Digital Parenting Styles and Emotional Development 

Indicators 

Parenting Style Emotional 

Regulation (Mean) 

Self-Esteem 

(Mean) 

Empathy 

(Mean) 

Resilience 

(Mean) 

Supportive/Active 4.2 4.1 4.0 3.9 

Restrictive 3.2 3.3 3.1 3.0 

Permissive 3.5 3.6 3.4 3.3 

 

 

Figure 4: Graphical Representation of Relationship Between Digital Parenting Styles and 

Emotional Development Indicators 

As the table demonstrates, adolescents who have positive/supportive parents have the greatest 

mean scores in all indicators of emotional development emotion regulation (4.2), self-esteem 

(4.1), empathy (4.0) as well as resilience (3.9), which indicates that proactive guidance and 

engagement in the digital activity have beneficial effects on the emotional outcomes. Teenagers 

whose parents are restrictive report the lowest scores, which indicates that the overcontrolling 

parenting styles can impaired emotional development. Others whose parents are permissive 

score moderately which shows that little guidance gives them some liberty and at the same time 

restricts some of their emotional growth. In general, the results indicate that positive digital 

parenting is the most promising in terms of improving the emotional growth of adolescents. 
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5. CONCLUSION 

The results of this research indicate the importance of digital parenting in determining the 

emotional growth of adolescents. Positive emotional results are observed in adolescents who 

have supportive and actively involved parents indicating that guidance, supervision, and open 

communication on digital platforms can lead to positive emotional outcomes. On the contrary, 

restrictive parenting where rules are strict and parents interact very little and permissive 

parenting where there is little supervision are linked to lower scores in emotional development, 

which means that they may struggle to cope with stress and develop well-functioning social-

emotional skills. The paper emphasizes the necessity of balancing between technological 

monitoring and emotional support and notes that parents should be proactive, adaptive, and 

engaged in the digital activities of their children. Through this, they are able to foster emotional 

maturity, resilience, and well-being so that the teenagers can learn to cope with the online and 

offline worlds. The insights offer helpful advice to parents, educators, and policymakers in 

order to help adolescents grow emotionally in the digital age. 
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ABSTRACT 

In India, the introduction of Goods and Services Tax (GST) in 2017 was a historic tax reform in 

the indirect taxation system of this country intended to promote transparency, market homogeneity, 

and lessening the cumulative threat of numerous charges. This paper discusses the effects of GST 

on the Indian economy in the context of the sector, namely manufacturing, services, agriculture, 

real estate, and MSMEs. Using the secondary data sources as government reports, institutional 

data bases, and empirical studies conducted to elucidate the data regarding tax compliance, 

revenue performance and efficiency of the sector between 2015 and 2025, the paper also deems a 

descriptive-analytical approach in assessing the trends in tax compliance, revenue performance 

and sectoral efficiency. 

The results show that the manufacturing industry has gained positive returns on the enhancement 

of logistics and integration in supply-chains, on the other hand, the service sector has recorded a 

moderate gain with an increase in compliance cost. Although many exemptions apply to the 

agricultural sector, this industry has indirectly benefited as a result of improved inter-state trades 

and inefficiency in the transportation industry. Real estate business has become a clear but the 

shortage of input tax credits and stamp deductions provides another setback to the business. The 

MSME sector is getting adapted gradually and formalized, but needs to be simplified with regard 

to compliance and refund procedures. 

On the whole, the GST has already been able to increase the transparency, tax base in general, 

and digitalization of tax work. There are, however, dilemmas in fulfilling complete rate 

rationalization, simplifying the process of funds returned, and equity in the agglomeration across 

industries. The paper concludes that a long-term policy improvement, technological reinforcement, 

and collaborative federalism are necessary in achieving the potential of GST in stimulating the 

longevity of economic growth and financial sustainability of India. 

Keywords: Goods and Services Tax (GST); Indian Economy; Fiscal Reform; Manufacturing 

Sector; Services Sector. 
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1. INTRODUCTION 

One of the most important fiscal reforms in the Indian economic history is Goods and Services 

Tax (GST). Introduced on July 1, 2017, GST replaced with a complex system of indirect taxes, 

including the excise duty, service tax, value-added tax (VAT), octroi among others, into a 

single tax system. The reform was drafted based on the idea of establishing a one-country, one-

tax, one-market system, which will increase the transparency, minimize the influence of 

cascading effects, and improve tax collection efficiency. Introduction of destination-based 

value-added tax on the former multi-tiered taxation system was a significant milestone towards 

economic convergence and lightening of Indian indirect taxation structure (Government of 

India, 2017). 

The existing indirect taxation system in India before the GST was disjointed, and therefore tax 

on tax effect frequently occurred, creating increased costs of production and a lack of 

competitiveness of domestic industry. Companies that had branches in more than one state 

were experiencing problems when it came to compliance, since VATs varied and had various 

rates. To reduce these inefficiencies, GST system aimed to bring tax rates and processes applied 

by various states and industries into harmony and common national market emerged as a result. 

The reform was to enhance ease of doing business, create impetus to investments, and spur 

economic growth with regard to enhanced compliance and revenue collection tool kit (NITI 

Aayog, 2018). 

GST was also likely to improve the country in terms of tax-to-GDP ratio, formalization of 

unorganized sectors and promote effects of trickle-down input tax credits down the supply 

chain. To industries, the transition was going to ensure that the cost of logistics and distribution 

will be reduced since no more barriers between the states are to be encountered. To consumers, 

GST was supposed to make the taxation system easier and influential in ensuring that prices 

were uniform between states. Besides, assets like the GSTN were incorporated, which enabled 

to file tax in real time, e-way bills, and enhanced tracking of transactions, limiting the 

possibility of tax evasion (CBIC, 2019). 

However, introduction of GST also had some transitional problems. Numerous small and 

medium companies (SMEs) became overwhelmed with complications in areas of compliance 

because of the constant change of rates, the complicated nature of the filing issues, and the 
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technological barriers at the start. Some of the industries E.g. real estate, agriculture, and 

services had varying results based on their taxes and value chain makeup. Its effectiveness can 

hence be more sector specific and it is important to examine how the reform is impacting the 

industry through sector specific impacts to production, price and the dynamics of growth (Rao 

and Chakraborty, 2019). 

This research paper aims at examining the overall effects of the GST on Indian economy with 

a special interest to the way various sectors have acclimatized to this new taxation system. This 

study will measure whether GST has achieved its purpose of simplifying, efficiency, and 

inclusivity by measuring the growth trends, tax collection, and compliance. It is hoped that the 

findings will be useful in further policy discussions surrounding the amendment of the GST 

mechanism in India that would help it to benefit the most and cost the least upon its 

implementation. 

2. LITERATURE REVIEW 

Applicability of the systems of Goods and services tax structure or (GST) in India has had vast 

coverage by scholars and policy making literature of policy being an outstanding fiscal 

innovation designed to streamline the system of indirect taxes and enrich the economic 

efficiency of the Indian economy. The macroeconomic level, sectoral, and administrative 

implications have been discussed by different scholars as well as institutions. 

India Before GST, taxes During the pre-GST era, the indirect taxation system in India was 

plural in nature (i.e. had numerous intersecting taxes) including: excise duty, service tax and 

state-based VAT, each of which were legislated under different acts. This had interiminal 

influence effect, increased compliance costs, and inefficiency in inter-state trade. According to 

Rao (2017), the pre-GST system was considered the one that divided the internal market of 

India and did not guarantee smooth circulation of goods and services. Introduction of GST 

attempted to remove such distortions though the formation of land-based tax that combines and 

unites central and state taxes into one framework. 

Mukherjee (2018) states that the design of GST was based on both international models which 

referred more to designs of Australia, Canada, as well as the European Union that placed great 

emphasis on tax neutrality, transparency, and simplicity. However, the Indian model took a 

dual model (CGST and SGST) so as to maintain fiscal federalism, ensuring that both the central 

and state governments could levy and collect taxes at the same time. Relying on this dual 
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model, Poddar and Ahmad (2016) believed that this was politically needed but with certain 

administrators complications when it came to the implementation process, such as 

harmonization of rates and input credit reconciliation. 

GST has had its effects on sectors that have been studied empirically. Manufacturing industry 

has been a major beneficiary of the removal of cascading taxes, decrease of logistics, and better 

mechanisms of input credits. The results of Sinha and Yadav (2020) show that supply chains 

after GST increased their efficiency, and warehousing decisions became heavily business-

oriented as opposed to maximizing tax. By comparison, service sectors and MSME were 

interrupted in the short-term due to the compliance and the frequent reorganization of rates. 

Indeed, Kumar and Sahoo (2019) noted that the issue of digital filing and working capital 

management abided the smaller firms even when the bigger corporations shifted to the GST 

model quite fast. 

Macroeconomically, the paradise was that from the operation of the Reserve Bank of India 

(RBI, 2020), GST contributed to the enhancement of tax buoyancy and expansion of the tax 

base by going to shed light on hitherto unstructured economic segments. E-way bills and online 

returns were introduced which improved the transparency and compliance. World bank (2020) 

observed that the reform reinforced the position of India in the ease of doing business index, 

especially in the area of paying taxes. However, problems in transition including late refunds, 

system hitches and confusion concerning the classification of rates setbacks the actualization 

of all its benefits. 

Sharma cited in agriculture (2019) pointed out that despite the fact that most of the agricultural 

products are exempted by the GST, a couple of wildlife impacts can be observed either through 

the taxation of inputs like fertilizers, pesticides, transport services. It resulted in small scale rise 

in costs of production yet enhanced the integration in supply chains amongst the processed 

food and agri-business sectors. On the same note, real estate and construction industry were 

affected both positively and negatively thus Mehta and Ranjan (2020) noted that GST functions 

that battled multiple levies reduced property transaction complications, however, entirely failed 

to deal with doubts of taxation and input credit blockage. 

Other studies indicate to show that the element of technological compliance and culture of 

adherence is a significant aspect in the performance of GST. The other major institutional 

transformation that has led to better data analytics and fraud detection has been that of the 
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digitalization of tax filings using the GST Network (GSTN) (CBIC, 2021). However, as Joshi 

(2022) has pointed out, the law and proposal of the new GST and its frequent adjustments of 

the rates have provided businesses with a certain degree of uncertainty, which affects the value 

of investments and the organization in the long term. 

In conclusion of the literature, it states that despite GST contributing to the integration and 

effectiveness of the tax system in India, some inconsistencies exist with the effects of this in 

the industries. The reform has enhanced transparency and income collection but is still in its 

process since it always requires fine tuning of the policies such that it becomes inclusive, easy 

to the administration and even balanced development of the sector. The next section of the 

research reflectiveness is the way methodology was adopted to establish these sectoral effects 

on empirical basis and the way it can be interpreted to bring out their economic implications. 

3. RESEARCH METHODOLOGY 

The direct research design is descriptive but analytical because the current study aims at 

exploring the effects of the Goods and Services Tax (GST) on the Indian economy specifically 

with respect to how it has affected the operations of different sectors. The study mainly resorts 

to the secondary data sources, since both the GST is a nation policy reform and has been well 

documented with readily available data. 

3.1 Data Sources 

The research is based on the secondary data which was retrieved using valid and credible 

sources, which include: 

i. Government publications: The Economic Survey of India, reports of the Ministry of 

Finance and Central Board of Indirect Taxes and Customs (CBIC) data. 

ii. The reserve bank of India (RBI) and the national statistical office (NSO) statistical 

databases. 

iii. National NITI Ayogo, World Bank, and international monetary fund (IMF) reports. 

iv. Studies, policy reports and sectoral report on reputed academic journals and think tanks. 

3.2 Period of Study 

The study will encompass the timeframe of 2015-2025 and, in such a way, allow making a 

comparative evaluation of the phases before GST and after its establishment. This period is the 

hinge dynamics that are immediately followed by implementation, and consequently the 

stabilization period. 
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3.3 Analytical Framework 

In the study, a sectoral analysis method is implemented where key 5 sectors such as 

manufacturing, services, agriculture, real estate and MSMEs have beenelerated. Trend 

comparison analysis, ratio analysis, and graphical representation are used to analyze its changes 

in the GDP contribution, the tax revenue, compliance rates, and the signs of growth prior to 

and after the implementation of GST. 

3.4 Limitations 

The study notes some limitations which are reliance on the accuracy of secondary data, changes 

in GST regulation and temporary distorting effects that are due to external shocks like the 

COVID-19 pandemic. Nevertheless, these limitations do not deny that the approach provides 

a comprehensive, evidence-based insight into the impact of GST on the Indian economy in 

terms of sector. 

4. SECTORAL IMPACT ANALYSIS 

The adoption of the Goods and Services tax (GST) in India has affected all the critical sectors 

of the economy in different levels. Although the reform was projected to streamline an indirect 

system of tax and put the sector into one piece, the real performance of the reform in different 

sectors has not been comparable since there are services in different sectors whose tax 

structures, linking of supply chains, and flexibility of compliance have impacted it differently. 

This section evaluates GST impact on sector, especially in the manufacturing, service, 

agricultural, real estate and the MSMEs, with the evaluation of trends in the growth, 

productiveness as well as the revenue. 

4.1 Manufacturing Sector 

One of the greatest beneficiaries of GST was the manufacturing sector, which pays almost one-

fifth of the Indian GDP because it eradicated several step-up taxes, which existed under the 

previous system. Before GST, manufacturers were at the receiving end of various excise 

charges, entry taxes, and different state rates of the VAT tax which made interstate trading 

difficult and these raised the cost of production (Rao and Chakraborty, 2019). GST system has 

eradicated these distortions by coming up with an uniting input tax credit (ITC) mechanism 

where manufacturers could claim credit on the taxes paid on inputs, raw materials and logistics. 

Table 4.1 shows that after GST, logistics costs were reduced by an average of 2-3 percent, and 

this brought improved efficiency in production by means of improved inventory management 
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costs. The merger of warehouses scattered in different locations to attract low taxes in the state, 

led to rationality of operations and economic efficiency. Nevertheless, some of the sub-sectors 

like the automobiles and consumer goods initially experienced disruption in pricing since rate 

revisions have to be carried out frequently, and the classification is not fully clarified. 

Table 4.1: Manufacturing Sector Indicators Before and After GST Implementation 

Indicator Pre-GST (2015–17) Post-GST (2018–24) % Change 

Average logistics cost (% of GDP) 13.5 10.8 -20.0% 

Manufacturing GDP Growth 6.1% 8.2% 2.1% 

Compliance rate (registered firms) 58% 81% 23% 

Average input credit utilization Limited Full (cross-sectoral) - 

Figure 4.1: GST’s Impact on Manufacturing Efficiency 

4.2 Services Sector 

Services as one of contenders of almost half of the Indian GDP had needed serious 

modifications following the introduction of GST. Earlier, there was a uniform service tax at 

the central government and tax on goods at the state level that was different. Besides bringing 

together goods and services under the umbrella tax base, the GST introduced a high degree of 

consistency but new issues in administration (Mukherjee, 2018). 

In the case of telecommunication, banking, IT, and transportation among others, GST enhanced 

service delivery between states and minimized tax burdens since they are made uniform. 
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Nonetheless, in some cases, the useful tax rate of various services in going up by 15 percent 

(service tax) to 18 percent under GST, which brings about an initial inflation effect. The 

telecom and financial services firms incurred additional costs of compliance as they had to 

submit returns on individual states during which they conducted business (Kumar & Sahoo, 

2019). 

Availability of leased equipment, following the input credit programs, cloud computing, and 

software services was beneficial to the provider of digital services. In the long run, the GST 

Network (GSTN) facilitated improved record-keeping and enhanced the transparency of testing 

through the use of enhanced digital filing. 

Figure 4.2: Sectoral Breakdown of GST Impact on Key Service Industries 

4.3 Agricultural Sector 

Whereas GST flexibility does not affect agriculture much, the indirect impacts of the reform 

are extensive as the agricultural sector affects the supply lines, logistics, and not to mention the 

input costs. Agricultural produce remains tax free under GST, however agricultural inputs like 

fertilizers, pesticides, farm equipments and transport services are within its scope boosting 

inputs by approximately 2- 5 percent ( Sharma, 2019). 

However, with the abolition of interstate trading barriers under GST, transporting agricultural 

products across the states particularly perishable goods took shorter and cheaper time. 

Availability of input tax credit and cutback of multi-point taxation helped the agri-processing 
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as well as the food manufacturing industries. The farmers directly benefited upon the rise of 

the agri-based industries and cold-chain logistics investments. 

Table 4.2: Impact of GST on Agricultural Supply Chain 

Parameter Pre-GST Scenario Post-GST Scenario Impact 

Transport tax barriers Multiple state levies Unified national tax Improved logistics 

Input cost (fertilizers/pesticides) 0–4% 5–12% Moderate increase 

Cold storage and logistics 
Fragmented 

networks 
Integrated under GSTN 

Efficiency 

improved 

Farm machinery sales Limited credit ITC available Stimulated growth 

GST enabled a better-integrated agriculture value chain despite the pompous start-up costs, 

which enhanced the formalization of allied industries. 

4.4 Real estate and Construction Industry 

The real estate industry which is one of the largest sources of jobs and investment was 

contradictory towards GST. Before GST tax, the tax developers used to be subjected to a 

mottled structure of services tax, VAT, excise duty, and registration fees. Most of them were 

brought together by GST but still did not do away with stamp duty and registration fees and 

were substantially simplified, which are somewhat less than complete (Mehta and Ranjan, 

2020). 

First, the developers had some difficulties because of the blocked input tax credit and not 

knowing the applicability of the tax on under-construction work. Nevertheless, the changes in 

the policy came later and the new GST rates (which is 1 per cent on affordable housing and 5 

per cent on other items without ITC) in 2019 stabilized the sector. GST combined with the Real 

Estate Regulation Act (RERA) enhanced lower levels of transparency that boosted the 

confidence of buyers. 
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Figure 4.3: Trends in Housing Project Costs and Tax Composition Pre- and Post-GST. 

4.5 MSME and Informal Sector 

Under the GST, the Micro, Small and Medium enterprises (MSME) sector, which contributes 

about 30 percent of the GDP of India and about 40 percent of the exports had opportunities and 

threats. The registration threshold comprising of an obligatory amount of [?]40 lakh turnover 

debilitated the bulk of the to that point unregistered informal entities in growing the tax base 

(CBIC, 2021). 

There was less effective tax due to the availability of the credits on input taxes on registered 

MSMEs and this boosted competitiveness. Nonetheless, there was still the challenge of 

compliance because return filing was of great frequency, there was a problem with digital 

infrastructure, and the lack of tax literacy. As Joshi (2022) notes, composition scheme with the 

lowest tax rates did provide relief to small enterprises, but to be able to donate input credits, 

which allowed these enterprises to grow further, was limited. 

GST in the long-term is likely to contribute to formalization, promote digitalization of 

accounting and institutionalize financial interventions to MSMEs. Introduction of such 

platforms as E-invoicing and E-way billing has contributed to a higher level of transparency 

and minimization of tax evasion. 
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4.6 Summary of Sectoral Effects 

The net effect of GST has been varied on differently sectors. Logistics and manufacturing have 

seen improvement on efficiency; services have changed with more compliance expenses but 

higher degrees of digitalization; agriculture has seen gains on consolidated trade routes despite 

increasing input rates; real estate has shifted towards transparency, when the MSMEs remain 

to be shifting to formal compliance. 

Table 4.3: Summary of Sectoral Impact under GST 

Sector Major Benefit Major Challenge Net Impact 

Manufacturing Reduced logistics & cascading tax Rate revisions Positive 

Services Input credit & nationwide operations Higher compliance Mixed 

Agriculture Unified market & better logistics Increased input cost Moderate Positive 

Real Estate Transparency & simplified levy ITC blockage Mixed 

MSME Formalization & credit availability Compliance burden Gradually Positive 

4.7 Policy Implications 

The sectoral analysis indicates that the effectiveness of GSTs depends on the sustainable rate 

rationalization, ease of compliance and digital readiness. In order to enhance long-term 

investment confidence, there exist the requirements of simplifying the procedures of refunding, 

merging the remaining levies (including stamp duty) and including foreseeable taxation 

measures. As GST council continues to prune structures, there is a necessity to make sure that 

there is a balance between revenue neutrality and sector competitiveness. 

5. DISCUSSION 

The Indian Goods and Services tax (GST) introduction may be regarded as one of the radical 

fiscal changes in the economic history that had occurred after the liberalization had taken place. 

The idea of GST, which was supposed to unite the indirect taxes of the country, was created 

with the purpose of establishing a nationwide flow of the market, to remove the cascading 

taxation, to increase the rate of compliance with the help of digitalization. However, the reality 

in the reform has been disproportionate in industries, which implies higher degrees of 

preparedness, digitalization maturity, and structural peculiarities of any area. In this section, 

the critical discussion of the general results obtained by the implementation of GST and the 
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experiences obtained in the sector of the implementation looks up to both empirical evidence 

and theoretical expectations to explain this problem. 

5.1 Macroeconomic and Structural Affect 

On a macroeconomic account GST has helped most probably in relation to harmonisation and 

transparency of taxation which places India on track with the best global practices. The system 

has substituted various indirect taxes which are imposed by central and state governments as 

excise duties, VAT, service tax, and entry tax, with one destination charge. This rationalization 

minimized the taxation burden on services and goods through entrance tax credit along the 

value chain and hence removing the cascading cost of tax on tax. 

Empirical patterns indicate that India has the tax-to-GDP ratio that upturned slightly, as in 

2016-17 it was 10.6, but in 2023-24, the corresponding rate is about 11.5 (Ministry of Finance, 

2024). Furthermore, GST Network (GSTN) has also made it possible to monitor in real-time 

thus increased compliance and control of tax evasion. The tax base coverage has been expanded 

with more than 14 million registered taxpayers doing their activities. Despite these successes, 

however, there have been rate adjustments, exasperating following processes, and failure of 

technology aplORs in the transitions it has greatly reduced these market success gains. 

5.2 Sectoral Police and Difference outcome 

The sectoral analysis shows pegged results relative to varied results. The manufacturing 

industry became a key beneficiary because it had to pay several levies and cut on the cost of 

logistics. Prior to the GST, businesses could open warehouses in the most strategic locations 

in the states to reduce the tax burden. Interstate barriers were being removed under GST and 

this gave opportunity to optimize on supply-chain efficiency. There has been an increase in 

productivity due to the enhancement of compliance rates (indicated in Figure 4.1) and the lower 

cost of logistics which are particularly experienced in the automobile, FMCG and electronic 

industries. Nevertheless, the problems of small manufacturers initially were the instability in 

the working capital owing to insincere input credit returns. 

The services sector, which constitutes more than half of the GDP in India, in its turn, witnessed 

both benefits and pressures. Goods and services tax integration not only made cross state 

business much easier but also elevated the level of effective taxation to 18 percent (Sullivan 

252). Telecommunications and financial services, e.g. leaped greater compliance expenses 

because of multi-state registration. Conversely, digital service and IT providers enjoyed easy 
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access to inputs credit and clarification of the tax procedure (see Figure 4.2). The progressive 

digitalization of the sector has been dealing with GST, which is technology-oriented. 

The indirectly indirect case of impact is in the agricultural sector. Though Prices of most 

agricultural products are not included in the GST, the introduction of inputs such as fertilizers, 

pesticides, and logistics which have to be taxed led to slight increases in cost of production. 

However, the removal of the border scattered points and merging protection systems in the 

transportation infrastructure resulted in the fact that after the harvest successful transportation 

of the products condensed losses and enhanced transportation. A single value chain that 

comprised fewer intermediaries and enhanced transparency was advantageous to the agri-

processing and food industries. Therefore, although GST failed to achieve a direct agricultural 

reform, it increased efficiency and formalization in rural-related areas of supply chain. 

GST made tax computation in the real estate and building business easier because it merged 

several taxes but the complexity stayed due to the omission of stamp taxes and registration 

charges. As shown in Figure 4.3, after GST the overall taxation being levied on housing 

projects fell slightly but then further restrictions on input tax credit were imposed which pushed 

the costs being incurred by developers higher. The integration of the GST and the RERA (Real 

Estate Regulation Act) has positively stabilized buyer confidence, nonetheless, the lack of 

clarity of the policies regarding the applicability rates in under-construction projects continues 

to pose a threat to the wellbeing of the sector. 

The MSME category has been slow in adapting to the GST platform. Small enterprises could 

have formal credit and input tax credits with turnover-related requirements on registration 

schemes and composition schemes. However, the complexity in adherence, e-filing, and 

liquidity constraints made adaptation to it in early phases difficult. The transparency was 

improved over time due to e-invoicing and e-way billing, yet e-invoicing and e-way billing still 

cannot and must be simplified further. In many ways, therefore, even though GST has brought 

out formalization and competitiveness it requires more administrative nurturing among the 

small companies. 

5.3 Revenue Dynamics and Fiscal Federalism 

The other most controversial point related to the GST implementation relates to its 

consequences to the fiscal federalism. States raised the first objection considering the loss in 

terms of revenue because of the destination character of GST. To correspond to this the central 
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government provided that five years of compensation would be provided to cover any shortage 

less than a 14 percent per premium mile of growth. Disbursement of compensation however 

was delayed and during the COVID-19 pandemic, likely made relations between the Centre-

States strained. The establishment of the GST Council, which consists of central and state 

members has also become an institutional form of cooperative decisions which has on other 

occasions been hampered by political differences. 

Since stabilization in revenue trends is observed following the introduction of GST, it is 

apparent that the volatility has settled since then. The collections were 1.6 lakh crore a month 

in FY2024, which will indicate greater levels of compliance and economic activity. 

Nevertheless, GST is still vulnerable to rate rationalization and exemptions in the revenue 

elasticity. Simplicity and predictability could be further improved as future reforms are geared 

towards lowering amounts of tax slabs in order to create better predictability conditions. 

5.4 Digital Transformation and Compliance Evolution 

Since the GST operations have been digitized, the administration structure of the tax 3 has 

undergone a transformation in India. The GSTN has been offering a culture of transparency 

and data based compliance with online returns, e-way bill and digital invoicing. The Indian 

indirect tax system is one of the best in the world with reference to minimizing evasion and 

also by automating the revenue tracking. Nevertheless, the asymmetric digital readiness of 

smaller businesses comes with such significance as capacity development and strong IT 

infrastructure at grassroots. 

5.5 General Evaluation and Policy Conclusions. 

Overall, GST has been able to develop one unified technology-based and transparent system 

of taxation, this has improved efficiency and competitiveness in the Indian economy. Since 

services and MSMEs have been hard pressed to break the grains of transition, this is equally 

seen in the manufacturing and logistics industry- which are the obvious beneficiaries. The 

actual possibility of the reform may be further simplified, and especially, the rationalization of 

the tax slabs, the speed of the refund, and the harmonization of the other types of levies(stamp 

duty among others, etc). 

The government should have scope on in the short and long term: 

i. Extending the number of digital companionships of small businesses. 
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ii. The ways of enhancing the liquidity pressures involve enhancing timeliness of ICT 

refunds. 

iii. Lowering of tax rates to several slabs to be predictable. 

iv. Improving the kind of governance of GST Council which is consensual. 

In conclusion, it is important to note that GST has not only redefined the India indirect taxation 

system, but also altered the intergovernmental relationship relationship with the business 

dynamics. The problems, especially given that a relatively limited mechanism is used to meet 

the goals, however, there are, overall the direction of the reform, which is towards 

formalization, efficiency, and integration, is a paradigm shift in the manner of governance of 

India economically. Additional adjustment and cooperation in creating the policy will be 

significant in ensuring that GST reaches its full potential as an element in India development 

pattern. 

 

6. POLICY RECOMMENDATION AND CONCLUSION 

The GST adoption can be described as the important step in the evolution of the Indian fiscal 

policy that has become an important step to the economic convergence, taxes transparency, and 

promotion of the business. The reform replaced the fragmented and inefficient system of 

indirect taxation with value added tax regime which is developed on the principle of the 

destination which helps to achieve easier compliance and eliminate the cascading effect. Over 

the years GST has increased the tax base, brought sanity in the unstructured sectors and greater 

efficiency subjected to digital inspection and compliance audits. 

The sectoral analysis however reveals that the reforms have been having disproportionate 

effects. The manufacturing industry has reduced their costs and logistics chains and the services 

industry has adjusted to a higher level of compliance and rate changes. Things have gradually 

been reversed in the MSME sectors including agricultural and non agricultural sectors, though 

this is still in the struggle when it comes to costs on inputs, internet connection and delays on 

refunds. Despite the fact that the real estate industry has become more transparent due to GST, 

the industry continues struggling with the issue of stamp and blockaded input tax credit 

extension. 

The policy measures to be taken to encourage the effectiveness of the reforms are a number. 

To start with, the general decrease in the amount of GST rate slabs and procedural 
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rationalisation would simplify businesses and make them more predictable and understandable. 

Second, timelines as far as input tax money refunds and compliance frequency decreases are 

concerned may prove to iron out the crunch in working capital, especially among MSMEs. 

Thirdly, capacity building programs ought to be enhanced in an attempt to promote digital 

literacy and readiness of the compliance of the small business. Fourth, the more the GST and 

state level taxation systems are linked the more the fiscal unity may be secured and the 

cooperative federalism. 

In conclusion, GST has gone a long way in the reform of the indirect tax landscape in India. 

GST can continue to be one of the drivers of economic efficiency, fairness, and effective 

development by being maintained through reforms. With the Indian economy evolving, it is 

foreseeable that GST can be maintained as a key indicator of encouraging economic efficiency, 

equity, and sustainable growth by being sustained owing to further reforms, administrative 

simplification, and collusive policymaking. 
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