International Journal of Science and Engineering Science Research
Volume 1 | Issue 3 | July-September 2025 | ISSN 3049-2793
Peer Reviewed (Referred Journal)

Mathematical Modelling of India's
Population Dynamics: A Comprehensive
Analysis of Projection Methodologies and
their Socio-Economic Implications

Ramesh Singh

Research Scholar, P.G. College Ghazipur (U.P.), Veer Bahadur Singh Purvanchal University,

Jaunpur, U.P, India

ramesh563c@gmail.com

Dr. Pratima Singh

Assistant Professor, P.G. College Ghazipur (U.P.), Veer Bahadur Singh Purvanchal University,
Jaunpur, U.P, India

pratima234340@gmail.com

Abstract

This paper provides a comprehensive analysis of mathematical modeling techniques for
projecting India's population, which has recently become the world's largest, making accurate
forecasting a critical prerequisite for national planning. The study undertakes a comparative
evaluation of two primary classes of projection methodologies. First, it examines non-age-
structured models, including the exponential and logistic growth curves. An application of
these models to India's historical census data reveals their inherent inadequacy for reliable,
long-term forecasting, primarily due to their simplifying assumptions of homogenous
populations and static environmental carrying capacities, which fail to capture the complexities

of human demographic transition.

In contrast, the paper details the robust, age-structured cohort-component method, which is
the standard employed by official bodies such as the Registrar General of India (RGI). By
incorporating age- and sex-specific rates of fertility, mortality, and migration, this method

accurately models the crucial dynamics of population momentum and population aging. The
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analysis discusses the practical application of this method through computational tools like the

Spectrum-DemProj module, which allows for dynamic policy simulation.

The study critically analyzes the official projections from the RGI, which forecast India's
population to reach 1.52 billion by 2036. Beyond this headline figure, the projections reveal a
nation undergoing a profound demographic shift, characterized by a rapidly closing window of
opportunity for a "demographic dividend," significant population aging with the elderly cohort
(60+) expected to more than double, and accelerating urbanization that will account for nearly

three-quarters of all population growth.

The socio-economic and environmental implications of this trajectory are explored in depth.
The paper investigates the dual challenge of capitalizing on the demographic dividend through
strategic investments in education, skill development, and job creation, while simultaneously
managing the escalating environmental stress on critical resources, including land, water, and
air, driven by both absolute population numbers and rising consumption patterns. The paper
concludes by synthesizing these findings, affirming the superiority of age-structured models
for policy formulation, and advocating for an integrated, rights-based policy framework. This
framework must move from a paradigm of "control” to one of empowerment through choice
and reproductive health, while proactively planning for an aging society and promoting

sustainable development to ensure a resilient and equitable future.
Keywords

Mathematical modelling, Environmental pressures, Sustainable development, Demographic,

Resources.
1. Introduction: India's Demographic Trajectory and the Imperative for Modelling

India stands as a colossus in the global demographic landscape. As the world's largest
democracy and its second-most populous nation, its demographic trajectory carries profound
implications not only for its development but for the world at large (Singh, 2022). According to
United Nations estimates from 2011, India was home to over 17% of the global population, a
figure made all the more stark by the fact that this population resides on less than 2.5% of the
planet's total land area (Singh, 2022). This fundamental imbalance between population size

and resource base forms the central conundrum of India's development story. Projections
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suggest this trend will continue, with India expected to surpass China and become the world's
most populous country by 2025 (Singh, 2022). This demographic weight presents both a
monumental challenge and a potential opportunity, making the scientific study of its population

dynamics an urgent national priority.

A nuanced analysis of India's demographic data reveals a critical paradox: while the rate of
population growth is slowing, the absolute increase in numbers remains staggering. Data from
the decennial Census of India shows a clear trend of demographic transition. The decadal
growth rate, which reached a peak of 24.80% during the 1961-71 period, has steadily declined
to 17.7% for the 2001-2011 period (Paul, 2024; Population Foundation of India, 2021; Singh,
2022). However, this slowing percentage growth masks the sheer scale of the absolute increase.
Due to the enormous existing population base, a 17.7% decadal growth rate translated into an
addition of approximately 181.6 million people between the 2001 and 2011 censuses (Singh,
2022). This phenomenon is a direct consequence of "population momentum,” where a large
cohort of young people from past periods of high fertility enters reproductive age, ensuring

continued growth for decades (UNFPA, n.d.).

The immense scale and momentum of India's population growth make accurate forecasting not
merely an academic exercise but a critical tool for national planning (Singh, 2022). Every aspect
of national development, from ensuring food security and managing water resources to
providing healthcare, education, and employment, is contingent upon a clear understanding of
the future population's size, composition, and distribution (Cassen, 1999). An increasing
population places escalating demands on natural resources and generates greater quantities of
waste and pollution (Singh, 2022). The objective to "study the qualitative and quantitative
features of future population" is therefore the core rationale for the application of mathematical

modelling (Singh, 2022).
2. A Mathematical Exposition of Non-Age-Structured Population Models

The study of population dynamics begins with fundamental mathematical concepts that
describe how populations change over time. These models, while simplistic, provide a crucial

foundation for understanding more complex systems.

2.1. Arithmetic and Geometric Increase Models
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Among the most basic methods for population forecasting are the arithmetic and geometric
increase models. The Arithmetic Increase Method assumes that the population increases by a

constant absolute amount in each period, analogous to simple interest. It is best suited for large,

established regions where growth has stabilised (APS&ED, n.d.). The projection formula is:
P, =P, +n.x

Where P, is the last known Population, Pnis the population (predicted) after 'n' number of
decades, n - number of decades between P, and Pn and, X - the rate of population growth.

(American Mathematical Society, n.d.; APS&ED, n.d.).

The Geometric Increase Method assumes a constant percentage increase per period, making it
more suitable for rapidly growing populations (APS&ED, n.d.). This is analogous to compound

interest, and its formula is:
Pn = Po(l + r)n

Where r is the constant per capita growth rate (Donovan, 2020; APS&ED, n.d.; Lumen Learning,
n.d.).

2.2. The Malthusian (Exponential) Growth Model

The first formal population model, proposed by Thomas Malthus in 1798, posits that a
population will grow exponentially if unchecked (Singh, 2022). The differential equation
represents this model:

apP

— = kP
dt

Where P(t) is the population at time t and k is the constant per capita growth rate (Augustus et
al,, 2021; Hathout, 2021; Pilkington, n.d.). The solution is the exponential function:

P(t) = poe**

where Po is the initial population (Augustus et al., 2021; OpenStax, 2016; Pilkington, n.d.). The
model's assumption of unlimited resources makes it unrealistic for long-term projections

(Shilpa & Srinidhi, 2014).
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2.3. The Verhulst (Logistic) Growth Model

In 1838, Pierre-Francois Verhulst refined the exponential model by introducing the concept of
carrying capacity ($K$), the maximum population size an environment can sustain (Hathout,
2021; Khan Academy, n.d.; OpenStax, 2016; Windarto et al.,, 2018). The logistic differential

equation incorporates this limit:

dpP kP (1 P>
dt k

The term (1 - P/K) acts as a braking mechanism, slowing growth as the population P
approaches K (Augustus et al., 2021; Hathout, 2021; Stewart, n.d.; Tsoularis & Wallace, 2002).
The solution is the sigmoid or S-shaped curve:

P(t) = 1+ Aekt

Where A is a constant determined by the initial population (Augustus et al., 2021; OpenStax,
2016; Tsoularis & Wallace, 2002; Expii, n.d.), while more realistic, its predictive power is limited
by the difficulty of estimating a stable carrying capacity for a dynamic human society (Ausubel

etal,, n.d.).
3. Advanced Age-Structured Projections: The Cohort-Component Method

To overcome the deficiencies of non-structured models, demographers universally employ the
cohort-component method. This approach represents a fundamental shift, viewing the
population not as a homogenous mass but as a structured collection of age- and sex-specific

cohorts.
3.1. The Cohort-Component Method Explained

The cohort-component method is the standard for national and global population projections,
used by institutions like the United Nations and the Registrar General of India (National
Commission on Population, 2019; Stover et al.,, 2012). The core principle is to project the
population forward in time, one age cohort at a time, by applying assumptions for the three

components of population change:
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Survival: The population in each age-sex cohort is "survived" to the next age group by applying

an age- and sex-specific survival rate derived from mortality data.

Fertility: The number of births is calculated by applying age-specific fertility rates to the female

population in each reproductive age cohort.

Migration: The net number of international migrants is added to or subtracted from each age-

sex cohort.

This iterative process allows for a detailed and realistic simulation of how the population's size
and structure will evolve, accurately capturing phenomena like population momentum and

ageing (Donovan, 2020; Stover et al., 2012).
3.2. The Spectrum-DemProj Module: A Practical Tool

While the cohort-component method provides the theoretical framework, its practical
application requires robust software tools. The Spectrum-DemProj module is a widely used
computational model for this purpose (Singh, 2022). Developed by Avenir Health, Spectrum is
a modular software suite used by organisations like UNAIDS, WHO, and UNICEF (Avenir Health,
n.d.-a; Stover et al.,, 2010; UNAIDS, 2005).

DemProj is a full-featured implementation of the cohort-component model, projecting a
country's population by single year of age and sex (Avenir Health, n.d.-a; Stover et al., 2010). Its
key data inputs include a base year population, assumptions about future Total Fertility Rates
(TFR), life expectancy, and migration (Stover et al., 2010; Stover et al,, 2012). The module can
generate a wide array of standard demographic indicators, including population pyramids,
crude birth and death rates, and dependency ratios (Avenir Health, n.d.-b; Singh, 2022). The

true strength of Spectrum lies in its integration with other modules like

FamPlan (Family Planning) and AIM (AIDS Impact Model), which allows for the simulation of
complex feedback loops between health policies and demographic outcomes (Avenir Health,

n.d.-b; Stover et al,, 2012).
4. Official Projections and the Future of India's Population

The benchmark for any population projection of India is the official report produced by the

Technical Group on Population Projections, chaired by the Registrar General of India (RGI). The
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most recent report, "Population Projections for India and States 2011-2036," provides the

official forecast (National Commission on Population, 2019).
4.1. Methodology and Key Assumptions

The RGI report employs the Cohort-Component Method for 22 central states and territories,
using smoothed 2011 Census data as its base. Its key assumptions include a decline in the
national Total Fertility Rate (TFR) to 1.72 by 2031-2035, a gradual increase in life expectancy,

and negligible international migration (National Commission on Population, 2019).
4.2. Headline Projections for India (2011-2036)

The RGI report projects a future characterised by continued (but slowing) growth, rapid

urbanisation, and significant population ageing.

e Total Population: India's population is projected to increase from 1.211 billion in 2011
to 1.518 billion in 2036 (National Commission on Population, 2019).

e Demographic Shift: The median age is expected to rise from 24.9 to 34.7 years. The
proportion of the elderly population (60+) is set to increase substantially from 8.4% to
14.9%, while the youth population (0-14 years) will decline from 30.9% to 19.8%
(MOSPI, 2022; National Commission on Population, 2019).

e Urbanisation: The share of the urban population is expected to rise from 31.8% to
38.6%, accounting for nearly three-quarters (73%) of the total population increase

during the period (National Commission on Population, 2019).

Table 1: Key Demographic Indicators from RGI Projections (2011-2036)

Indicator 2011 (Actual) 2021 (Projected) 2036 (Projected)
Total Population | 1.211 1.363 1.518

(billions)

Urban  Population | 31.8 34.7 38.6

(%)

Sex Ratio | 943 951 957
(females/1000

males)
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Total Fertility Rate | 2.34 2.08 1.72
(TFR)*
Crude Birth Rate | 20.1 17.2 13.1
(CBR)**
Crude Death Rate | 7.2 7.2 7.3
(CDR)**

*Note: TFR figures are for 5-year periods ending in the year shown. *Note: CBR and CDR are
per 1,000 population for 5-year periods.

Sources: National Commission on Population (2019); MOSPI (2022)
5. The Socio-Economic Implications of India's Demographic Transition

The demographic shifts projected by the RGI report have profound socio-economic
implications. The most widely discussed concept is the "demographic dividend"—a period of
accelerated economic growth fueled by a favourable age structure. However, this dividend is
not a certainty; it is a window of opportunity that can be realised only through effective policy

action.
5.1. The Demographic Dividend: A Window of Opportunity

The demographic dividend is the economic growth potential that arises when a country's
working-age population grows faster than its dependent population (Bloom, 2011). The
dependency ratio tracks this shift. India is currently in the midst of this transition, with a falling
youth dependency ratio creating a window for accelerated growth that is expected to peak in

the early 2030s.

However, the dividend is not automatic. A large working-age population is only an asset if it is
healthy, educated, and productively employed. Without the right policies, this "dividend" can
easily turn into a "demographic disaster," characterised by mass unemployment and social
unrest (Bloom, 2011). Realising the dividend hinges on strategic investments in education, job

creation, healthcare, and governance (Bhargava, 2023; Bloom, 2011).

5.2. The Looming Challenge of an Ageing Population
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The same demographic forces that create the dividend—falling fertility and rising life
expectancy—inevitably lead to population ageing. As the RGI projections show, the number of
Indians over the age of 60 is set to more than double by 2036 (MOSPI, 2022). This rapid ageing
will present a new set of challenges, including increased strain on healthcare systems and the
need to build robust social security and pension systems to support a much larger retired

population (Cassen, 1999; Bloom, 2011).
6. The Environmental Nexus: Population Growth and Ecological Stress

The projected increase in India's population, coupled with economic development, will place
unprecedented stress on the country's natural environment. As India's economy grows, rising
per capita consumption will amplify the environmental footprint of each individual,

compounding the pressure from absolute population growth (Nagdeve, 2007; UNFPA, n.d.).

e Key environmental pressures include:

1. Land and Water: Population pressure contributes to land degradation, soil erosion, and
deforestation (Nagdeve, 2007). Per capita availability of both agricultural land and
water has been steadily declining. A staggering 70% of India's freshwater sources are
estimated to be contaminated by untreated sewage and industrial effluents (Nagdeve,
2007; Roy, 2023).

2. Air Pollution and Waste: Rapid industrialisation and vehicular growth have made India's
cities among the most polluted in the world, with air pollution responsible for over a
million premature deaths annually (Dabelko, 2024). A growing consumerist population
also generates enormous quantities of solid waste, leading to land and water
degradation (Roy, 2023).

3. Climate Change: As the world's third-largest emitter of greenhouse gases, India's
demographicand economic trajectory has significant global implications (Singh & Singh,
2021). The country is also highly vulnerable to the impacts of climate change, which

threaten agriculture, water security, and human settlements.
7. Synthesis and Policy Recommendations

This analysis reveals that India is at a critical juncture, facing the interconnected challenges of

population momentum, a time-limited demographic dividend, rapid ageing, and escalating
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environmental pressure. Navigating this complex landscape requires a nuanced, integrated,

and rights-based policy approach.

The evaluation of projection models shows that while non-age-structured models are valuable

pedagogical tools, the cohort-component method is the only approach suitable for robust policy

analysis. The evolution of population policy has rightly shifted from a focus on "control" to one

centred on individual health, rights, and empowerment (Visaria, 2008). Coercive measures are

less effective and have adverse consequences compared to strategies that expand access to

education and voluntary family planning services (UNFPA, n.d.).

e Based on this synthesis, the following integrated policy recommendations are proposed:

1.

Leverage the Demographic Dividend: Prioritise investments in quality education, skill
development, and economic policies that foster robust job creation, with a particular
focus on increasing female labour force participation (Bhargava, 2023; Bloom, 2011).
Empowerment through Reproductive Health and Choice: Focus on addressing the
unmet need for modern contraception by strengthening the public health system to
provide a full range of high-quality, voluntary family planning services and
comprehensive sexuality education (Bhargava, 2023; UNFPA, n.d.).

Prepare for an Ageing Society: Begin planning for the inevitable challenges of an ageing
population by strengthening the healthcare system to manage non-communicable
diseases and creating fiscally sustainable social security and pension systems (Cassen,
1999; Bloom, 2011).

Promote Sustainable Development: With the majority of future population growth
occurring in urban areas, sustainable urban planning is paramount. This requires
investment in green infrastructure and a transition to a circular economy to decouple
economic growth from environmental degradation (Dabelko, 2024; Roy, 2023).
Address Regional Disparities: Tailor policies to the specific demographic stage of each
state. States with high fertility require intensified efforts in female education and
reproductive health, while ageing states need to focus on geriatric care and social

security (Bloom, 2011; National Commission on Population, 2019).
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