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A B S T R A C T

Hunger remains one of the most persistent barriers to human development, with progress uneven across regions 
and increasingly exposed to economic instability, climate pressure and structural vulnerabilities. This study 
investigates the key drivers of cross-country variation in hunger severity and develops forward looking pro
jections to support evidence based global policy planning. Using a comprehensive global panel dataset covering 
146 countries over the period, 1992 to 2024 the analysis identifies the socio-economic and environmental factors 
more strongly associated with changes in hunger outcomes over time. The results reveal that hunger severity is 
not shaped by a single pathway but by a combination of development related conditions, demographic pressures, 
and external shocks with substantial heterogeneity across country groups. Building on the estimated relation
ships the study generates projections from 2025 to 2029, highlighting regions where hunger risks may remain 
elevated or worsened in the absence of targeted interventions. The findings underscore that substantial progress 
in hunger reduction requires integrated methods that extend beyond food supply alone including strengthening 
resilience, improving social protection and supporting inverse growth by combining long run global evidence 
with near turn projections. This study contributes to the literature on hunger dynamics and offers timely insights 
for international organisations and national policymakers working towards the achievement of food security and 
related Sustainable Development Goals.

1. Introduction

Food security remains one of the most urgent and multidimensional 
global challenges of the 21st century (FAO, 2003; Mumah et al., 2025; 
Food Security Information Network, 2025; FAO, 2011; Shreya, 2025). 
Despite notable progress in areas such as exclusive breastfeeding, 713 
million people remain undernourished (World Health Organization, 
2024), while 2.33 billion experience moderate to severe food insecurity 
(Crispian, 2024), including 151 million stunted children under five, 613 
million women and girls aged 15 to 49, and 2 billion adults with obesity 
(Intergovernmental Panel Climate Change, 2025). If unaddressed, global 
malnutrition could reach 512 million people by 2030 (FAO and UNICEF, 
2025).

This ongoing problem stems from a complex web of interrelated 
factors, with Greenhouse Gas (GHG) emissions being a key driver of 
climate change, which disrupts global food systems (Environmental 
Protection Agency, 2025; FAO, 2015; Saleem et al., 2025; Hong et al., 

2025; Bibi and Rahman, 2023). GHG emissions indicate a negative as
sociation with food security (Rahman et al., 2025; Xiong and Yu, 2025; 
Gobezie and Boka, 2023) with a percent rise in GHG emissions leading to 
a 0.2 percentage larger decline in food security (Gobezie and Boka, 
2023; Mirzabaev et al., 2023). Climate change and extreme tempera
tures are major consequences of GHG emissions (The World Bank Group, 
2022), thus undermining the affordability, availability, quality of nat
ural resources in food (Yiadom et al., 2023). This is further worsened 
with long run food production identified as a negative contributor to 
GHG emissions (Kibria et al., 2023; Gao et al., 2026; Su et al., 2024; UN, 
2021; FAO and Greenhouse gas emissions from, 2000; Time
sofagriculture.org, 2025). Renewable energy emerges as a critical 
pathway to mitigate these impacts by promoting sustainable food pro
duction and reducing energy poverty (FAO, 2021; WFP, 2025; World 
Economic Forum, 2023; Irfeey et al., 2024; Atlas, 2023). However, the 
impact of on food production may vary across long and short run 
(Rehman et al., 2024; Li et al., 2024; Batool et al., 2024). Higher initial 

* Corresponding author.
E-mail addresses: nirmakavi054@gmail.com (N. Pulle), sampath.lokuliyanage1@gmail.com (P. Sampath), dinulijayodya@gmail.com (D. Wijayaweera), 

sarahperera90@gmail.com (S. Perera), ruwan.j@sliit.lk (R. Jayathilaka). 

Contents lists available at ScienceDirect

Environmental and Sustainability Indicators

journal homepage: www.sciencedirect.com/journal/environmental-and-sustainability-indicators

https://doi.org/10.1016/j.indic.2026.101216
Received 13 January 2026; Received in revised form 2 March 2026; Accepted 9 March 2026  

Environmental and Sustainability Indicators 30 (2026) 101216 

Available online 10 March 2026 
2665-9727/© 2026 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

https://orcid.org/0009-0000-5140-5129
https://orcid.org/0009-0000-5140-5129
https://orcid.org/0009-0001-2106-2994
https://orcid.org/0009-0001-2106-2994
https://orcid.org/0009-0008-6324-0403
https://orcid.org/0009-0008-6324-0403
https://orcid.org/0009-0009-1898-1525
https://orcid.org/0009-0009-1898-1525
https://orcid.org/0000-0002-7679-4164
https://orcid.org/0000-0002-7679-4164
mailto:nirmakavi054@gmail.com
mailto:sampath.lokuliyanage1@gmail.com
mailto:dinulijayodya@gmail.com
mailto:sarahperera90@gmail.com
mailto:ruwan.j@sliit.lk
www.sciencedirect.com/science/journal/26659727
https://www.sciencedirect.com/journal/environmental-and-sustainability-indicators
https://doi.org/10.1016/j.indic.2026.101216
https://doi.org/10.1016/j.indic.2026.101216
http://creativecommons.org/licenses/by/4.0/


costs in the short run and increased opportunity cost of agricultural land 
in the long run would negatively impact the use of renewable energy on 
food production (Pulle et al., 2026). Opportunity cost created on insti
tutional investments and the overuse of agricultural resources such as 
water and land would boost food prices (Ujjayant et al., 2015; Hochman 
et al., 2012). In response the low-income families would be oppressed 
more with less affordable food, thus widening the disparity among the 
rich and the poor. In response it is important that renewable energy is 
implemented as such, that its benefits are maximised while the negative 
aspect of it is controlled, especially in the long run. Therefore, it is 
crucial that fragmented renewable energy systems are brought together 
for centralised and efficient renewable energy use (Islam et al., 2025a), 
backed by smart renewable energy storage (Tourang et al., 2026). The 
trade-off between GHG emission and renewable energy (Islam et al., 
2025b), expects countries to boost their food production in the long run.

However, food security outcomes are also shaped by demographic 
transitions, especially urbanisation (Ikudayisi, 2024; Lee et al., 2024; 
Abebe, 2024; Macalou et al., 2023), which reshapes food systems by 
shifting consumption from home-produced staples to market-based and 
processed foods (de Bruin et al., 2021; Pandey et al., 2020; FAO, 2023; 
Putra et al., 2020). Today, cities house 56% of the world's population, 
which is projected to reach 68% by 2050, particularly in Low Income 
Countries (LICs) and Lower Middle Income Countries (LMICs) (FAO, 
2023; UN and 68, 2018; UN and Peace, 2024). Hence, projections are 
made to free up 52 million hectares of arable land by 2025 in order to 
meet the rising demand (de Bruin et al., 2021; Wang et al., 2025). Proper 
urban planning could enhance resilience and sustainable food systems 
(Kamali et al., 2025; Opoku et al., 2024; Matooane et al., 2025), boost 
food production, reduce urban sprawl (Tabrez, 2025), boost gross in
come of urban community (Giyarsih et al., 2024; Gunapala et al., 2025) 
and assist in crop diversification (Gu et al., 2024). Proper urban plan
ning would likely be backed by government policies that ensure urban 
and peri-urban food security is maintained in the long term. Addition
ally, low-income households are more likely to be food secure 
(Ikudayisi, 2024), supported by direct access to staple food and gov
ernment subsidies that cushion their income baselines, enabling them to 
afford basic nutrition. Nevertheless, when combined with population 
growth, which has already surpassed 8 billion, the pressures on food 
systems intensify (UN, 2022; Conrad, 2022; Jain et al., 2023). Meeting 
this demand requires at least a 70% increase in food supply (FA O and 
2050, 2009). In addition to raising the demand for food and under
nourishment (Molotoks et al., 2021; Miladinov, 2023; Hall et al., 2017), 
growing populations also compete over limited resources, especially 
energy, water, and land (Pereira, 1993; Natalia, 2023; Connection, 
2025; Daniil, 2025). Additionally, population ageing especially in 
agriculture sector could lead to increased risks in food security (Liu 
et al., 2025), thus demanding significant policy reformations (Kinawy 

and Ahmed, 2024).
However, Gross Domestic Product (GDP) could offset these adver

sities by facilitating investment; both public and private, in agriculture 
and infrastructure (Kerrouche and Zehri, 2025; Reuveni, 2024; Fer
nandes and Samputra, 2022; Agro Momentum, 2025; True, 2024; The 
World Bank Group, 2018), creating job opportunities and increase 
disposable income, making staple food more affordable. Rising incomes 
lead to higher demand in locally produced products (Tinta et al., 2018), 
boosting food security (He et al., 2024; Abdi et al., 2024; Ceesay and Ben 
Omar Ndiaye, 2022; Farooq et al., 2024). In addition, improved re
mittances, human capital and boosted quality of institutions (Gnedeka 
and Wonyra, 2023), growing access to credit (Opportunity Interna
tional, 2025; The Independent, 2025; Bank of Ceylon, 2025), followed 
by improved agricultural infrastructure (Live to Plant, 2025; Edeme 
et al., 2020), and adaptation of technology assists in raising the food 
security levels of countries (IWMI, 2025; Raji et al., 2024). Therefore, 
while the use of financial and technological resources are optimised, it is 
essential to ensure necessary knowledge is shared to exploit the 
long-term benefits of economic growth. It is further crucial that all 
technological and digitalisation investments made as a response to 
boosted PGDP remains at controlled reach of negative digital footprint 
(Meinhold et al., 2025), which in the long run may distress food pro
duction systems. Along with PGDP, agricultural land also forms the 
backbone of food production (Arumugam, 2025; Pawlak and Kołod
ziejczak, 2020; Bonventure et al., 2025). Factors such as farm size, crop 
diversification index, digital innovation, gender, remittance income, 
education, land restoration, land use change, land accessibility and 
secure land increases land access and food security (Ayanwale and 
Kehinde, 2025; Orou and Guenther, 2025; Egerson et al., 2025). Further, 
improvements in land use efficiency in one region could encourage 
neighbouring regions to boost their efficiency (Chen et al., 2024). This 
indicates that strategic and sustainable farming practices must be uti
lised to make land usage more efficient and productive, thereby 
enhancing food security.

Acknowledging the variables identified in association to food secu
rity, this study can be anchored with the Amartya Sen's Entitlement 
Theory (Pulle et al., 2026), which emphasises access to food through 
entitlements that support access, such as production and trade, rather 
than just availability (Sohlberg, 2006; Rubin, 2009; Cui and Zhang, 
2025). Agricultural land followed by the food production index would 
be major contributors to production-based entitlements. Income per 
head boosted further through urbanisation contributes to trade based 
entitlements and rural population growth being greater than the urban 
population growth contributes to own labour entitlement. The subsidies 
and aids received in controlling GHG emissions and boosting controlled 
renewable energy production falls under transfer entitlement.

While numerous studies have evaluated the determinants of food 
security as identified above, in country or region-specific scope, there is 
a lack of empirical evidence examining how these variables jointly in
fluence food production at a global scale. This study aims to investigate 
the joint impact of renewable energy, GHG emissions, population 
growth, urbanisation, agricultural land, and GDP on food production 
globally and across income groups, uncovering both universal patterns 
and income-specific dynamics. To empirically examine these impacts, 
this study formulates nine hypotheses across the identified explanatory 
variables and the dummy variables. Adding to its novelty, this study 
predicts the likelihood of countries falling into these categories for the 
period 2025 to 2029, providing data-driven insights for decision- 
making. Second, the study offers a comprehensive overview of the 
final model's development using a forward stepwise approach. Across 
nine steps, it identifies the strongest predictors of FPI and highlights 
their significance levels throughout the process. Moreover, the inclusion 
of 146 countries enhances the model's generalisability across global and 
income group contexts. Third, the polar heatmap illustrates the pre
dicted probabilities of countries falling into low, moderate, and high 
food security categories for each income group. Fourth, this study aligns 

Table 1 
Data sources and variables.

Acronym Variable Measurement Unit Source

FPI Food security Food Production Index 
(2014-2016 = 100)

The World Bank 
Group (2024a)

UB Urbanisation Share of the population 
living in urban areas

Our World in 
Data (2024a)

RE Renewable Energy 
Consumption

Percentage of total final 
energy consumption

The World Bank 
Group (2024b)

GHG Greenhouse Gas 
Emissions

Tons of CO2 equivalent Our World in 
Data (2024b)

PG Population Growth Annual percentage 
change in population size

The World Bank 
Group (2024c)

GDP Gross Domestic 
Product per Capita

GDP per capita (constant 
2015 USD)

The World Bank 
Group (2024d)

AGRI Agricultural Land Land under cereal 
production (hectares)

The World Bank 
Group (2024e)

Source: Authors' compilation based on the data sources (The World Bank Group, 
2025a) and (Our World in Data, 2025).
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with the SDGs, providing insights into achieving SDG-2: Zero Hunger, 
and other SDGs. This analysis helps identify more vulnerable countries 
and provides clearer insights into the global distribution of food pro
duction levels. These insights are further supported by detailed heat
maps depicting the trends of key variables over the years.

2. Materials and methods

2.1. Data sources and sample selection

This study takes the initiative in providing a detailed analysis from 
1992 to 2024, including 33 years’ worth of data and covering 146 
countries, sourced from data sources such as “Our World in Data” and 
“World Bank.” Table 1 provides an overview of the data and their 
sources, while Appendix 1 contains the overall dataset. Cubic 

Table 2 
Variables and supporting articles.

Variables Supporting Research Articles

FPI (Kibria et al., 2023; Abdi et al., 2024; Obekpa et al., 2025; Applanaidu 
et al., 2014; Onwe et al., 2024; Tariq et al., 2023; Gyimah et al., 2023; 
Segbefia et al., 2023)

UB Gyimah et al. (2023)
RE (Li et al., 2024; He et al., 2024; Gyimah et al., 2023)
GHG Abdi et al. (2024)
PG (Abdi et al., 2024; Onwe et al., 2024; Gyimah et al., 2023; Devesh and 

Abdullah, 2020)
GDP Onwe et al. (2024)
AGRI Abdi et al. (2024)

Source: Authors' compilation.

Fig. 1. Data and methodology flow diagram.
Source: Authors' compilation.
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polynomial regression was used to fill in missing data up to 2024, which 
is approximately 4% of the total data available. Extrapolation was used 
in predictive modelling from 2025 to 2029, thus avoiding spurious 
trends and biases caused by cubic polynomial imputation. Later, pre
dicted probabilities from 1992 to 2029 were generated to gain a 
comprehensive understanding of the odds over time. The statistical 
analysis for the collected panel data was done using the Stata software 
(StataCorp LLC).

Table 2 provides supporting research articles for all the variables 
used in the study.

2.2. Research framework

After critical literature evaluation this study establishes its concep
tual framework in such way that the uni-directional impact of the 
identified independent variables on FPI is evaluated as depicted in 
Fig. 1. The empirical analysis of the study consists of a preliminary 
analysis that examines the correlations between the explanatory vari
ables to ensure that perfect multicollinearity is avoided (Studenmund, 
2016). In this case, the Variance Inflation Factor (VIF) test is used to 
assess this. Further heteroscedasticity tests are conducted to determine 
whether the variance of errors is consistent across the time range. Later 
the panel ordered probit model was employed using the forward step
wise method whereby the predicted probabilities generated later on 
were illustrated through heatmaps. The study was concluded with a 
comprehensive discussion followed by policy implications and 
limitations.

2.3. Econometric methodology

2.3.1. Panel ordered probit model
The basic probit model estimates equations with dummy variables to 

avoid the unboundedness problem of the linear probability model, using 
a variant of the cumulative normal distribution (Studenmund, 2016; 
Jayathilaka and Keembiyahetti, 2009; Hettiarachchi et al., 2025). 
Scaling the general probit model to a panel context allows unobserved 
heterogeneity across individuals to be accounted for (Studenmund, 
2016; Suliyanto and Fariz, 2024). Hence, to explain the determinants of 
FPI, this study utilises a stepwise panel ordered probit model. Inspired 
by previous studies (Macalou et al., 2023) FPI was categorised into three 
levels of food security: low, moderate and high. The authors took 
initiative in determining the thresholds. The study employs a forward 
stepwise method, setting the “pe” value at 0.15 to derive the final model.

Before delving into the final model Eq. (1) sets out the latent 
regression model with y*

it representing the latent dependent variable of 
the ith individual at the tth time, which will later be substituted by FPIC*

it . 
The deterministic part of the model is presented through βʹxit , where βʹ is 
the parameter vector and xit is the vector of the predictor variables of the 
ith individual at the tth time. ui Represents the random effect of the ith 

individual and vit represents the random error of the ith individual at the 
tth time. Where in Eq. (2), εit represents the generalised error term. In 
this case, N would equal 146, thus representing the number of countries 
used in the study, and T would be 33, explaining the number of years 
utilised in the study. 

y*
it = βʹxit + ui + vit, i = 1, .….,N; t = 1, .….,T (1) 

y*
it = βʹxit + εit (2) 

The decision to adopt a panel ordered probit model was driven by the 
lack of studies identified in the study areas, thus providing a new 
contribution. Simultaneously, the ability to predict the likelihood of 
falling into predetermined categories helps understand how the inde
pendent variables have collectively influenced the observed variable 
over time (Jayathilaka and Keembiyahetti, 2009; Hettiarachchi et al., 
2025; Jayathilaka and Udara, 2024; Kalansuriya and Jayathilaka, 

2025).
The initial thresholds μ1 and μ2 are set at 48 and 112, respectively 

adapting from (Pulle et al., 2026), to ensure that meaningful heteroge
neity across thresholds were defined. This led to the determination of the 
cut-off points between FPIC*

it , with FPIC*
it representing the latent variable 

as presented through Eq. (3). 

FPICit =

⎧
⎪⎪⎨

⎪⎪⎩

1 if FPIC*
it ≤ μ1

2 if μ1 < FPIC*
it ≤ μ2

3 if FPIC*
it > μ2

(3) 

The above equation is further elaborated on, showing how it is built 
around the cumulative distribution function (Φ), thus representing the 
probability of each outcome. In the case of probit functions, it is always 
assumed that εit follows a normal distribution and is independent of Х it. 
Eqs. (4)–(6) substitutes the latent variable function to FPIC*

it thus 
deriving the respective functions, with probability of εit being 
substituted by Φ. 

• Category 1: Low food secure:

P(FPICit =1|Xit)=Φ(μ1 − βʹХ it) (4) 

• Category 2: Moderate food secure:

P(FPICit= 2 | Х it)=Φ(μ2 − βʹХ it) − Φ(μ1 − βʹХ it) (5) 

• Category 3: High food secure:

P(FPICit =3 | Х it)=1 − Φ(μ2 − βʹХ it) (6) 

The elaborated equation of the model is presented as shown in Eq. 
(7); 

FPICit(1,2,3)=Х i (β1UBit +β2REit +β3GHGit +β4PGit +β5AGRIit
+β6GDPit +β7LIit +β8LMIit +β9UMIit)+εit,εit ∼N (0,1)

(7) 

where.

FPICit (1,2,3) The latent dependent variable together with the defined category 
levels

β1,2,..6 Coefficients of the independent variables
UB Urbanisation
RE Renewable Energy
GHG Greenhouse Gas Emissions
PG Population Growth
AGRI Agricultural Land
GDP Gross Domestic Product per Capita
LI Low-Income (Dummy variable)
LMI Lower Middle-Income (Dummy variable)
UMI Upper Middle-Income (Dummy variable)
ε Standard error term

2.3.2. Parameter sensitivity
To ensure the parameter sensitivity, a panel ordered logit model is 

expected to be employed.
Panel ordered logit models follow a variant of the cumulative logistic 

function (Studenmund, 2016). In the instance of a logit model, 
acknowledging that the probability may range from 0 to 1, the logit 
function would range from -∞ to +∞, thus signalling the unbounded
ness of logit and (STATA 17, 2025; Damodar, 2015). Hence, the logistic 
cumulative distribution function would be as shown in Eq. (8); 

Λ(z)=
1

1 + e− z (8) 

Here, Λ represents the logistic cumulative distribution function, z rep
resents the log odds, and e represents the natural logarithm, hence, -z 
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could be substituted with the basic linear function. Since the study is 
restricted from running fixed effects, the ordered logit model was 
employed for further confirmation due to the existence of heterogeneous 
panels.

A Spearman's rank correlation is further carried out in validating the 
monotonic relationship between the predicted values of the two models 
(Samuel et al., 2024; Geeks for Geeks, 2025). The formula for this is set 
out as shown in Eq. (9); 

p=1 −
6
∑

d2

n(n2 − 1)
(9) 

Further, Ranked Probability Sore (RPS) is utilised in evaluating the 
predictive performance of the model. Lower RPS values indicate better 
predictive accuracy. Model performance is assed both in-sample and 

out-of-sample to evaluate generalisation and potential overfitting.

2.3.3. Hypothesis testing approach
This study follows a two-tailed hypothesis testing approach, ensuring 

that the leading hypotheses are set against the variables, resulting in 9 
main hypotheses. Hypotheses are tested at a 5% significance level, 
resulting in the final hypotheses being set as follows. 

H1. Urbanisation has a significant impact on the likelihood of being 
categorised as food secure.

H2. Renewable energy consumption has a significant impact on the 
likelihood of being categorised as food secure.

H3. Agricultural land has a significant impact on the likelihood of 
being categorised as food secure.

Fig. 2. Urbanisation, GHG emissions, and population growth from 1992 to 2024.
Source: Authors' compilation using (OriginLab Corporation and OriginPro [software], 2024) and (Kosiński et al., 2025).
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H4. GHG emissions have a significant impact on the likelihood of 
being categorised as food secure.

H5. Being a LIC has a significant impact on being categorised as food 
secure, compared to a High-Income Country (HIC).

H6. Being a LMIC has a significant impact on being categorised as food 
secure, compared to a HIC.

H7. Population growth has no significant impact on the likelihood of 
being categorised as food secure.

H8. Being an Upper Middle-Income Country (UMIC) has a significant 
impact on being categorised as food secure, compared to a HIC.

H9. GDP has no significant impact on the likelihood of being cat
egorised as food secure.

3. Results

3.1. Temporal and spatial variations of global food production security

Analysing the explanatory variables as depicted in Fig. 2, urbanisa
tion remains high in HICs and UMICs. At the same time, most LICs and 
LMICs show rising urbanisation, except for Burundi and Papua New 
Guinea, which indicate a slight change. Grenada, Mauritius, Antigua, 
and Barbados present declining levels of urbanisation. GHG emissions 
show extreme disparity across income groups, with countries such as 
India, Brazil, China, Indonesia, the United States, and Saudi Arabia 
making significant contributions over the years. The yearly percentage 
change of population throughout the world remains moderate. Rwanda 
signals the lowest percentage change amongst LICs over the years. 

Fig. 3. Renewable energy, PGDP, and agricultural land from 1992 to 2024.
Source: Authors' compilation using (OriginLab Corporation and OriginPro [software], 2024) and (Kosiński et al., 2025).
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Angola, Senegal, and Solomon Islands indicate a decline in population 
growth around the 2020s. The Maldives indicate a rise in population 
growth around the early 2010s, followed by a decrease later in the 
decade. Qatar indicates a varying but comparatively high population 
growth, with the significant impact of COVID-19 being signalled by a 
steep decline in 2021.

Fig. 3, on the other hand, presents the yearly statistics for renewable 
energy, PGDP and agricultural land. Syria and Yemen indicate constant 
low adoption of renewable energy across LICs. Most LMICs show a 
decline in the adoption of renewable energy, while Zimbabwe shows the 
opposite trend. Paraguay, Gabon, and Guatemala show the highest 
adaptation over the years among UMICs, while Uruguay, Sweden, 
Norway, and Finland demonstrate significantly rising adaptation of 
renewable energy across HICs. On the contrary, PGDP presents income 
inequality across the world attractively, showing how LICs to HICs 
evenly distribute income from red to green, with the latter being the 
highest. Niger and Mali indicate increasing agricultural land in the case 
of LICs. While Bangladesh, India, Nigeria, Pakistan, and Vietnam 
signalled larger agrarian lands, they show a slight decline in these areas 
over the years. China, Brazil and Argentina indicate the highest amongst 
UMICs, while the United States and Saudi Arabia take the lead amongst 
HICs.

3.2. Driving mechanisms of global food production security

Prior delving to the probit regression a VIF test conducted revealed, 
that data was free from multicollinearity. Diagnostic tests on hetero
scedasticity revealed the data were heteroscedastic as presented through 
Appendix 2. The results for the panel ordered probit model is presented 
through Table 3. Here the three categories of food security simply sug
gests that any country categorised as low food secure indicates very low 
food production capacity, followed by higher reliance on food imports 
and greater vulnerability to external food supply shocks. Moderate food 
security implies functioning but heterogeneous agricultural systems and 
high food security exhibiting expanding agricultural capacity backed by 
advanced technology, better irrigation systems, and potential export 
capacity. Sensitivity of the adapted thresholds were further evaluated 
using thresholds 50/110, 45/115, and 55/115 which derived same signs 
of coefficients, thus indicating insensitiveness as presented through 

Appendix 3.
In addition, the parameter sensitivity test conducted through panel 

ordered logit regression revealed that coefficients remained the same 
with the marginal effects varying only to the second decimal place. This 
consistency validated that the results are robust to the choice of link 
function. Extensive results on both models are presented in Appendix 4. 
Further to address endogeneity, panel ordered probit model was re-run 
with lagged variables, where it was identified that the signs remained 
the same with slight variations in coefficients as presented through 
Appendix 5.

The study summarises the central hypothesis set with respect to each 
variable over the panel ordered probit model, thus elaborating on nine 
hypotheses, set as follows:

Hypothesis 1 indicates that urbanisation has a significant positive 
impact on FPI. A 1% rise in urbanisation reduces the likelihood of a 
country being categorised as low and moderate food secure by 1.0% and 
0.3% respectively, while the likelihood of a country being classified as 
high food secure rises by 1.3%. This improvement is led by factors such 
as increased agricultural land availability (Bodirsky et al., 2020; Ramdé 
et al., 2025), improved infrastructure, encouraged urban and peri-urban 
farming and increased dietary diversity (Alene and Aga, 2025; Sriniva
san and Yadav, 2023; Cockx and Boti, 2025). In addition, most countries 
focus on planned urbanisation (Wijeya Newspapers Ltd, 2023; UN, 
2025), ensuring optimised sustainability, which leads to the achieve
ment of SDG 11: Sustainable Cities and Communities.

Hypothesis 2 suggests that the likelihood of being food secure is 
significantly impacted by renewable energy consumption. A 1% rise in 
renewable energy consumption reduces the odds of being categorised as 
highly food secure by 5.8%, while the odds of being low and moderately 
food secure increase by 4.6% and 1.3%, respectively. In the long run, 
agricultural land displacement due to renewable energy installations, 
increased opportunity costs for hydro power resources (Shivaprakash, 
2022; Directory, 2025), and rising costs of crop production (Asamoah, 
2020) would raise food prices. This signals unplanned renewable energy 
consumption, where rather than optimising its vast benefits, excessive 
usage may counteract food security levels causing hunger. However, it is 
important to acknowledge that current coefficient depicts average 
global association of renewable energy, and many vary across countries 
depending on the country specific contexts.

Table 3 
Panel ordered probit and logit results.

Variables Panel Ordered Probit Results Panel Ordered Logit Results

Estimate Robust 
SE

Marginal Effects Estimate Robust 
SE

Marginal Effects

Low Food 
Secure

Moderate Food 
Secure

High Food 
Secure

Low Food 
Secure

Moderate Food 
Secure

High Food 
Secure

UB 0.097*** 0.021 − 0.010*** − 0.003* 0.013*** 0.189*** 0.039 − 0.009*** − 0.005 0.014***
RE − 0.425*** 0.102 0.046*** 0.013* − 0.058*** − 0.850*** 0.209 0.043*** 0.022 − 0.064***
AGRI 0.008** 0.004 − 0.001** − 0.0002 0.001** 0.016** 0.008 − 0.001** − 0.0004 0.001*
GHG − 0.315** 0.142 0.034** 0.009 − 0.043** − 0.595** 0.271 0.030*** 0.015 − 0.045**
LI 7.019*** 1.344 − 0.755*** − 0.210* 0.965*** 13.666*** 2.607 − 0.686*** − 0.351 1.037***
LMI 4.805*** 0.951 − 0.517*** − 0.144* 0.661*** 9.326*** 1.858 − 0.468*** − 0.240 0.708***
PG − 0.564* 0.319 0.061* 0.017 − 0.077* − 1.004* 0.584 0.05 0.026 − 0.076*
UMI 1.823*** 0.504 − 0.196*** − 0.055* 0.251*** 3.479*** 0.973 − 0.175*** − 0.089 0.264***
GDP 0.023* 0.013 − 0.003* − 0.001 0.003* 0.043* 0.026 − 0.002* − 0.001 0.003
Ancillary Parameters
Ŷ1 4.885 1.525 ​ ​ ​ 9.508 2.901 ​ ​ ​

Ŷ2 8.568 1.619 ​ ​ ​ 16.374 3.112 ​ ​ ​
χ2 63.410 ​ ​ ​ ​ 69.48 ​ ​ ​ ​
ln L̂p − 2361.107 ​ ​ ​ ​ − 2350.03 ​ ​ ​ ​

Note: Ŷ1 represents cut 1, Ŷ2 represents cut 2, χ2 represents chi-squared, ln L̂p represents log pseudolikelihood, Obs. represents number of observations, Obs. = 5548, 
the coefficients and marginal effects presented above represent significant levels as follows: * significant at 10%, ** significant at 5%, and *** significant at 1%. SE 
represents the standard error.
Source: Authors' compilation using StataCorp LLC (2021).
Source: Authors' compilation using (StataCorp LLC).
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Hypothesis 3 elaborated that agricultural land significantly and 
positively impacts food security. Rising agricultural efficiency, with 
greater allocations of Agri-tech investments by governments, growing 
urban agricultural prospects such as vertical farming, hydroponics, 
rooftop farming, and concessional loans in encouraging young farming 
enthusiasts (Economynext, 2025), act as significant boosts in improving 
the food production levels. Therefore, as agricultural land increases by a 
percent, the likelihood of a country being categorised as highly food 
secure rises by 0.1% while the probability of being low food secure falls 
by 0.1%.

Hypothesis 4 suggests that GHG has a significant and negative impact 
on FPI, whereby when GHG rises by 1%, the odds of a country being 
highly food secure fall by 4.3%, and the odds of the same country being 
low food secure rise by 3.4%. Worsening climatic conditions across the 
world, with rising unique and unexpected natural catastrophes led by 
primary GHG emissions, play a key role in deteriorating food security. 
Parallelly, agricultural production itself acts as a contributor to GHG 

emissions (Hasan et al., 2025), especially in the long run. Hence, gov
ernments and institutions must strengthen their policies and precautions 
against GHG emissions to optimise these emissions.

Hypothesis 5 elaborates that a country categorised as LIC has 96.5% 
odds of being classed as high food security, while the same country being 
classified as low and moderate food security would fall approximately 
by 76% and 21%, respectively. This can be supported by the fact that the 
majority of employment in LICs is accounted for in the agriculture sector 
(The Global Economy, 2025). While women's employment in LICs is 
gradually increasing, women play a key role in agriculture and food 
security (Visser and Wangu, 2021), thereby boosting food security. 
However, these countries may be challenged by improper allocation of 
resources, which counteract the food security levels.

Hypothesis 6 claims that being an LMIC strongly and significantly 
impacts the likelihood of it being categorised as food secure. When a 
country is classified as LMIC, the possibility of it being categorised as 
highly food secure rises by 66%, while the probability of being low and 

Fig. 4. Predicted probabilities of being low food secure (ordered probit model, 1992-2029).
Source: Authors' compilation using (Python and Python, 2025).
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moderate food secure falls by 52% and 14%, respectively. These coun
tries consist of faster-growing economies, leading to improved standards 
of living. However, they may be challenged by increasing food price 
inflation (The World Bank Group, 2025b), leading to hunger. However, 
consistent support from governments and institutions in strengthening 
food security has led to an increase in overall food production levels and 
security.

Hypothesis 7 highlights that population growth negatively but 
significantly impacts food security. Increasing pressure on food systems, 
rising pollution levels, growing households encroaching on agricultural 
lands, rising prices, and higher vulnerability to economic and environ
mental shocks may lead to a fall in food security levels. As results sug
gest, when population growth increases by a percentage, the likelihood 
of a country being categorised as low food secure increases by approx
imately 6%, while the possibility of being moderately food secure rises 
by about 2%. Complementing this, the odds of being highly food secure 
would fall by approximately 8%.

Hypothesis 8 indicates that UMICs have a significant impact on food 
security. Hence, when a country is categorised as UMIC, the probability 

of being highly food secure rises by 25.1%, while the probabilities of 
being low and moderate food secure fall by 19.6% and 5.5%, respec
tively. This is because these countries might experience rapid but 
controlled urbanisation, improved food systems and policies, quicker 
adaptations to new Agri-technologies, and optimised government 
spending, thus complementing food security levels.

Hypothesis 9 elaborates on the significance of GDP, highlighting its 
impact on food security at a 10% significance level. Thus, as the prob
ability of a country being categorised as highly food secure rises by 3% 
the likelihood of being classified as low food secure would fall by the 
same percentage. Rising GDP signals, higher purchasing power, better 
economic conditions, improved infrastructure, greater agricultural in
vestments and research (Rabbi et al., 2025) would boost food security 
levels.

3.3. Future projections of global food production security

The predicted probabilities from 1992 to 2029 across both models 
are visualised below for further comparison. Green indicates a higher 

Fig. 5. Predicted probabilities of being low food secure (ordered logit model, 1992-2029).
Source: Authors' compilation using (Python and Python, 2025).
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likelihood, while red indicates lower odds, with detailed statistics pro
vided in Appendix 6. Figs. 4 and 5 present the odds of being low food 
secure, generated for all 146 countries through the ordered probit model 
and ordered logit model, respectively.

The country rankings remain mostly consistent across the two 
models. Countries such as Antigua and Barbuda, Barbados, Papua New 
Guinea, Zimbabwe, Croatia and Moldova rank the highest in both 
models. However, minor shifts occur among the remaining countries; for 
instance, Guyana drops from 7th to 9th place, and Grenada falls from 
10th to 12th place, as they move from the panel ordered probit model to 
the panel ordered logit model.

Figs. 6 and 7 display that the majority of the countries fall into the 
moderate food secure category. In 2029, Micronesia indicates the 
highest likelihood of being categorised as moderately food secure under 
both the panel ordered probit model and the panel ordered logit model, 
while Myanmar shows the highest likelihood under the panel ordered 
logit model. Micronesia, when presented at the panel, instructed the 
logit model to drop to 6th in the rankings.

When considering the odds of belonging to the highly food secure 
category, India, China, and Jordan rank at the top, amongst both 

models. This is elaborately depicted through Figs. 8 and 9.
The Spearman's rank correlation run on the predicted probabilities 

for further validation indicated a 99.9% powerful monotonic relation
ship, reasoning the small to no variations in the country rankings and 
further validating that country-specific heterogeneity has no profound 
impact on the model variation. In addition, Table 4 depicts the predic
tive accuracy under the panel ordered probit model, where the in- 
sample indicates an RPS score of 2.78 and out-of-sample RPS score of 
2.48. The in-sample scores were predicted by fitting years, 1992 to 2019, 
while predictions were made for the next five years ending 2024. The 
slightly improved out-of-sample performance indicates stable predictive 
ability and limited overfitting. The difference is consistent with het
erogeneity across panels and with the utilisation of population-mean 
predictive probabilities obtained by integrating over the random ef
fects distribution. Despite RPS indicating a strong predictive perfor
mance, it is important to understand that long term projections carry 
major uncertainties mainly driven by unforeseen external shocks, 
structural and technological shifts and policy changes.

Further analysing into the geographic maps presented through Ap
pendix 7, it could be identified that the likelihoods of being categorised 

Fig. 6. Predicted probabilities of being moderate food secure (ordered probit model, 1992-2029).
Source: Authors' compilation using (Python and Python, 2025).

N. Pulle et al.                                                                                                                                                                                                                                    Environmental and Sustainability Indicators 30 (2026) 101216 

10 



as low food secure has reduced slightly over the years. This could be as a 
response to the initiatives taken by governments and institutions to 
reduce it. However, it can be significantly noticed that many countries in 
the Sub-Saharan Africa and Southeast Aisa, indicates higher likelihood 
of being low food secure throughout the years, thus hinting the con
cerned parties to take actions in avoiding hunger.

4. Discussion

4.1. Cross country comparison

The cross-country comparison reveals that food self-reliance varies 
from country to country, regardless of the income group. However, the 
results indicate that LICs and LMICs are the most vulnerable due to 
economic and social instability, driven by weaker and outdated policies.

Antigua and Barbuda, Barbados, and Croatia, despite being HICs, 
indicate a higher likelihood of hunger. This is primarily due to over- 
reliance on imports, declining urbanisation rates, shifting economic fo
cuses, fragmented arable land, and increased climate vulnerability, all of 
which put overall negative pressure on food production. Papua New 

Guinea and Zimbabwe face fewer urban developments and investments, 
followed by weakening agricultural modernisation. Hence, the policy
makers in these countries must delve deeper into their self-reliance on 
food, ensuring that the policies set are aligned with long-term food 
availability. On the contrary, HICs' and UMICs’ such as China and United 
States, driven by appropriate investments in technology and agricultural 
mechanisms, backed by larger and diverse land resources and contin
uous research has assisted them in maintaining their food productivity 
in the long run. Policymakers in countries such as Antigua and Barbuda, 
Barbados and Croatia could adapt from the contexts of China and United 
States to develop their long run agricultural productivity and maintain 
their food self-reliance and food availability.

Micronesia and Myanmar are countries with small land areas; agri
culture is a key part of their economy. For context, Micronesia mainly 
produces breadfruit, bananas, taro, and yams (The Borgen Project and 
Farmer training promoting sustainable agriculture in Micronesia, 2025), 
while relying on rice in the long run (Sandeep and Emihner, 2025). 
Myanmar mainly depends on rice (FAO, 2025), while pulses, beans, and 
groundnuts also play a role. However, both these countries face chal
lenges from unprecedented climatic shocks, social factors like income 

Fig. 7. Predicted probabilities of being moderate food secure (ordered logit model, 1992-2029).
Source: Authors' compilation using (Python and Python, 2025).
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and gender inequality, and political instability, all of which undermine 
their food productivity. Conversely, India's reduced dependency on 
imports and standardised food distribution systems, along with China's 
grain reserves and technological investments, further supported by in
ternational aid in the context of Jordan, rank them at the top. While 
policy makers in LICs' and LMICs' would be constrained in following the 
current strategies devised by these top-ranking countries, due to lack of 
resources to invest, they indefinitely can strategize their long-term food 
availability by referring to the past of top-ranking countries and making 
sure the use of existing resources such as land and labour are optimised.

4.2. Policy implications

Globally, addressing food availability requires coordinated action to 
bridge disparities among nations and income groups. Establishing a 
global food-energy-climate alliance could promote joint investments 
and technology transfer across borders. Moreover, expanding access to 
climate finance mechanisms, promoting open data sharing, and resilient 

trade frameworks would support global coordination and advance to
wards sustainable improvement in food systems.

In LICs, such as Papua New Guinea and Zimbabwe, hunger is ex
pected to persist through 2029 due to continued dependency on rain-fed 
agriculture, weak infrastructure, and climatic shocks. Hence it is 
advisable to prioritise low-cost safety nets like food-for-work programs 
in the short term. Given the negative impact of GHG on FPI, it is rec
ommended to implement donor-backed initiatives focusing on climate- 
smart agriculture and to invest in long-term small-scale irrigation, as 
demonstrated in Ethiopia and Myanmar. Such measures directly 
advance SDG 2 by enhancing food access, SDG 6 by increasing water 
supply, and SDG 13 via climate-adaptive agricultural practices. When it 
comes to LMICs, Nepal and Sri Lanka are seen as highly exposed, with 
their vulnerability worsened by their reliance on imports, inadequate 
storage capacities, and fragile rural economies. Short term actions such 
as seed and fertiliser access programmes backed by microfinance, and 
investments in affordable solar-powered cold storages ensuring land 
efficiency and food sensitivity, are recommended in the long run 

Fig. 8. Predicted probabilities of being high food secure (ordered probit model, 1992-2029).
Source: Authors' compilation using (Python and Python, 2025).
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adapting from the best practices from Senegal, Kenya and Benin. These 
actions align with SDG 1 by improving livelihoods, SDG 7 through 
renewable-powered storage, and SDG 12 by reducing the reliance on 
imports.

In the case of UMICs, Moldova and Grenada were noted to face 
vulnerabilities due to smallholder-dominated agriculture, climate vari
ability and declining rural development. In response, strengthening 
women-led cooperatives for rural development and given the positive 

association of urbanisation and FPI, expanding peri-urban farming, such 
as rooftop gardening, which India, Mexico, and Brazil often adopt as best 
practices are recommended. In the long term, they should foster regional 
cooperation for cross-border food supply. These strategies advance SDG 
5 by empowering female workers, SDG 11 by integrating urban agri
culture and SDG 17 through regional collaboration.

Shifting to HICs, Antigua and Barbuda, Barbados, and Croatia rank 
the highest among other food-insecure countries, due to their over- 
reliance on imports, declining agricultural modernisation, and sensi
tivity to external shocks. It is crucial that these countries diversify into 
niche industries like horticulture in the short term for improved do
mestic food production, while digitalising food supply chains to reduce 
vulnerability to external disruptions in the long term, as adapted in 
Mexico and Malaysia. These initiatives would contribute towards SDG 9 
by modernising supply chains and SDG 12 by reducing reliance on 
imports.

Fig. 9. Predicted probabilities of being high food secure (ordered logit model, 1992-2029).
Source: Authors' compilation using (Python and Python, 2025).

Table 4 
Model predictive accuracy.

RPS Obs. Mean SD. Min. Max.

Out-of-sample 5548 2.480 1.279 0 4.905
In-sample 4818 2.781 1.167 0.004 4.835

Note: Obs. Represents number of observations, SD. Represents standard devia
tion, Min represents minimum value, while Max. represents maximum value.

N. Pulle et al.                                                                                                                                                                                                                                    Environmental and Sustainability Indicators 30 (2026) 101216 

13 



4.3. Limitations and future research

The limitation of this study revolves around the variables and 
methodology. While FPI is used as a proxy to measure food security, it 
does not capture all four of its pillars, despite prior research supporting 
its use hence providing future researchers the possibility to construct a 
more complex secondary use variable. Moreover, the analysis does not 
explore the components of GHG emissions and renewable energy leaving 
potential for in-depth analysis. Computational constraints in estimating 
ordered probit and logit models with fixed effects limit the ability to 
capture country-specific effects. To cushion this drawback's impacts, 
income groups were introduced as dummy variables, though these may 
not represent all qualitative factors influencing FPI. Additionally, the 
study focuses only on the unidirectional impacts of explanatory vari
ables on FPI, though previous literature had identified possible bidi
rectional relationships.

5. Conclusion

This study employed a panel ordered probit model to examine the 
determinants of food security across 146 countries from 1992 to 2029. 
The results reveal that urbanisation, agricultural land, and GDP have a 
positive and significant impact on food security, while renewable en
ergy, GHG emissions, and population growth have an adverse effect. The 
panel ordered a logit model to validate the above results, which indi
cated the same. This research adds to the existing literature by pre
senting a global assessment of food security across income groups. By 
considering environmental, demographic and economic variables into a 
single empirical framework, it bridges the gap between sector-specific 
and macro-level analysis. Methodology-wise, this study introduces a 
predictive analysis for 2025 – 2029, offering a forward-looking 
approach for policy design.

From a policy perspective, the findings inform both policymakers 
and development agencies on how tailored interventions, such as 
renewable energy integration, land-use optimisation, and urban plan
ning, can jointly enhance food system resilience. The results directly 
support progress toward multiple SDGs.
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