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ABSTRACT :- Modern society faces a critical trilemma: 

energy security, economic growth, and climate stability. 

Here we analyse 2015-2026 data from 42 nations to 

quantify how solar PV (Solar Photovoltaic), wind, 

hydrogen, and SMR (Small Moduler reactor) nuclear 

impact GDP (Gross domestic product), employment, and 

CO₂ intensity. Using panel regression and life¬cycle 

assessment, we show renewable-dominated grids 

increase GDP by 0.8-1.2% per 10% penetration while 

reducing CO₂/kWh by 68% vs fossil baselines. 

Hydrogen shows highest job creation potential: 12.3 

jobs/TWh vs 2.1 for coal. However, rare-earth 

dependencies and grid inertia pose transition risks. We 

propose a “F-Tech Framework” - Flexible, Fair, Fast 

Tech deployment model that reduces transition 

inequality by 41%. Results suggest achieving net-zero by 

2050 requires $4.7T/year global investment but yields 

$9.3T/year in avoided climate damage by 2070. 

 

KEYWORDS:- Energy transition, Socio-economic 

impact, Hydrogen, F-Tech Framework, Net-zero. 

 

INTRODUCTION:- 

Energy is the cornerstone of modern civilization. From 

the Industrial Revolution to the Digital Age, the 

availability and type of energy sources have dictated the 

trajectory of economic development, geopolitical power, 

and societal well-being. The year 2026 marks a critical 

inflection point. Global primary energy consumption has 

reached 645 EJ, a 25-fold increase since 1850, and is 

projected to grow another 18% by 2040 under current 

policies. Yet this growth occurs under the dual 

constraints of the Paris Agreement’s 1.5°C target and 

rising energy inequality, with 675 million people still 

lacking electricity access. 

 

Historical Context: Energy Transitions and Society- 

Human society has undergone three major energy 

transitions. The first transition from biomass to coal 

during 1760-1900 enabled mechanization, urbanization, 

and the rise of the factory system. Coal’s energy density 

of 24 MJ/kg was 1.5× that of wood, fundamentally 

altering labour productivity and GDP per capita. The 

second transition to oil and natural gas post-1900 created 

modern mobility, globalization, and petrochemical-based 

consumer economies.  Oil’s transportability gave rise to 

geopolitical structures that persist today. The third 

transition, now underway, is qualitatively different. 

Unlike previous shifts driven by energy density and cost 

alone, the current transition is driven by a trilemma: 

energy security, climate mitigation, and social equity. 

Renewable sources such as solar photovoltaic and wind 

accounted for 33.2% of global electricity generation in 

2026 compared to 19.1% in 2010. Simultaneously, 

emerging technologies like green hydrogen and Small 

Modular Reactors are redefining base load concepts. 

This transition is not merely technological but deeply 

socio-economic.  

 

The Modern Energy-Society Nexus: Energy systems 

in 2026 are embedded in every facet of society: 

1. Economic Foundation: Energy expenditure 

constitutes 6-12% of global GDP. The International 

Monetary Fund estimates that a 10% increase in 

energy prices reduces global GDP growth by 0.3-0.5 

percentage points. Conversely, the renewable energy 

sector employed 16.2 million people globally in 

2025, with growth rates of 8.1% per year outpacing 

fossil jobs by 4:1. 

2. Health and Environment: The World Health 

Organization attributes 6.7 million premature deaths 

annually to air pollution, of which 85% are linked to 
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fossil fuel combustion. Coal power emits 820-950 g 

CO₂/kWh versus 11-40 g CO₂/kWh for wind and 

solar across life cycles. PM2.5 exposures alone 

reduces average life expectancy by 2.2 years in 

South Asia. 

3. Geopolitical Stability: The 2022-2025 energy crisis 

demonstrated how fossil fuel dependencies create 

systemic risk. Europe’s gas prices rose 400% 

following supply shocks, triggering inflation and 

industrial curtailment. In contrast, countries with 

>40% renewable electricity, such as Denmark and 

Uruguay, experienced 60% lower price volatility. 

4. Digital Society: The modern economy is electricity-

intensive. A single Chat GPT query consumes 2.9 

Wh, and global data centres used 460 TWh in 2025, 

equivalent to the entire electricity consumption of 

France. AI, EVs, and desalination will add 8,500 

TWh of demand by 2035. This demand cannot be 

met without rethinking energy sources. 

 

Research Gaps and Motivation Despite extensive techno-

economic analysis, three critical gaps remain in 

literature:Gap 1: Socio-Economic Quantification. Most 

Integrated Assessment Models focus on cost-optimized 

pathways to net-zero. They underrepresent distributed 

benefits like job quality, energy poverty reduction, and 

public health co-benefits. For instance, IRENA reports 

job numbers but not wage distribution or skill 

transferability.Gap 2: Systemic Risk of New 

Dependencies. The shift from fossil import dependence 

to mineral import dependence is under-studied. The IEA 

notes that a typical EV requires 6× the mineral inputs of 

a conventional car, and solar PV is 80% wafer-

dependent on China. No framework yet integrates energy 

security with supply chain resilience. Gap 3: Speed vs 

Equity Trade-off. Rapid deployment often exacerbates 

inequality. Utility-scale solar in India achieved 

$30/MWh but land acquisition displaced 12,000 families 

from 2020-2024. There is no validated model that 

optimizes for Flexible, Fair, and Fast deployment 

simultaneously. 

 

 

 

 

This Study: The F-Tech Framework: 

To address these gaps, we introduce the F-Tech 

Framework and apply it to 42 countries from 2015-2026.  

 

Our study makes three contributions: 

Causal Evidence: Using panel regression with 

instrumental variables, we quantify how 1% shifts in 

energy mix causally affect GDP growth, employment 

structure, and mortality. This moves beyond correlation 

studies common in the field. 

 

New Metrics: We develop the F-Tech Index that 

measures transition quality across three pillars. Flexible 

captures grid resilience through storage and 

interconnection. Fair measures distributional outcomes 

via energy poverty and cost burden on bottom 40% 

income groups. Fast quantifies institutional efficiency 

through permitting time and capital mobilization rate. 

 

Policy Synthesis: We model two pathways to 2050: 

Stated Policies vs F-Tech Pathway. We show that 

achieving net-zero requires $4.7 trillion per year in 

investment but yields $9.3 trillion per year in avoided 

damages by 2070. Crucially, the F-Tech pathway 

reduces energy inequality by 41% compared to cost-only 

optimization. 

 

Structure of the Paper: The remainder of this paper is 

organized as follows. Section 2 details data sources and 

the econometric, LCA, and index methods. Section 3 

presents results on economic, employment, and health 

impacts, plus F-Tech Index rankings. Section 4 discusses 

implications for energy justice, mineral security, and 

digital growth. Section 5 concludes with policy 

recommendations for achieving a transition that is not 

only low-carbon but also high-equity. 

 

METHODS:- 

Data Collection & Sources Temporal Scope: Jan 2015 – 

Sept 2026 monthly data. 

Geographic Scope: 42 countries covering 60% global 

GDP + 73% CO₂ emissions. Split: 14 High-income, 18 

Middle-income, 10 Low-income per World Bank 2026. 

Datasets Used: 
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Energy: IEA World Energy Balances 2026, IRENA 

Renewable Capacity Statistics, Ember Global Electricity 

Review. 

Economic: World Bank WDI - GDP per capita, Gini 

index, Employment by sector. IMF WEO Oct 2026. 

Environmental: EDGAR v8.0 GHG, WHO Air Quality 

Database, Climate Watch. 

Technology: BNEF LCOE 2026 H1, Hydrogen Council 

Insights, IEA SMR Tracker. 

Quality Control: All datasets normalized to 2026 USD. 

Missing data <4% handled via Kalman filter imputation. 

Outliers beyond 3σ winsorized. 

Econometric Model - Panel Regression: 

To isolate causal impact of energy mix on socio-

economic outcomes, we use country & year fixed-

effects:    

Yit=α+j=1∑5βjREjit+γXit+μi+λt+ϵit 

Where: 

Yit = Outcome: GDP/capita growth, Jobs/TWh, PM2.5 

deaths/100k, Energy Access Index 

REjit = % share of energy source j: Solar, Wind, Hydro, 

Nuclear, H₂ in electricity mix 

Xit = Controls: Gross capital formation, Tertiary 

education %, Urbanization, Governance index 

μi = Country fixed effect, λt = Year fixed effect 

ϵit = Clustered SE at country level 

 

Identification: We use IV approach for endogeneity. 

Instruments: Lagged renewable policy score from 

REN21 + Solar irradiance IV for solar share. 

Life Cycle Assessment (LCA): 

Boundary: Cradle-to-gate + Operation. Functional unit: 

1 MWh delivered to grid. 

Method: IPCC 2021 GWP100. Software: Sima Pro 10 + 

Ecoinvent 3.10. 

Sources Assessed: Coal SC, Gas CCGT, Nuclear LWR 

& SMR, Solar c-Si + Perovskite, Wind onshore/offshore, 

Green H₂ via PEM. 

F-Tech Framework Quantification 

We constructed F-Tech Index 0-100 with 3 pillars: 

Flexible (40%): Grid storage GW/GDP, Interconnection 

%, Demand response capacity Fair (35%): Energy 

poverty %, Rural vs Urban access gap, Energy cost % of 

income B40 Fast (25%): Avg permitting years, Project 

pipeline GW/year, Investment/GDP Index validated via 

PCA. Cronbach’s α = 0.82..  

 

RESULTS :- 

Energy Mix vs GDP & Emissions - Regression 

Result.

 
Variable GDP/cap Growth % CO2 Intensity kg/$ PM 2.5 Deaths/ 100k 

Solar % share 0.089* (0.021) -0.031* (0.005) -0.22* (0.04) 

Wind % share 0.117* (0.025) -0.042* (0.006) -0.31* (0.05) 

Green  H₂ % 0.068* (0.033) -0.025** (0.009) -0.18** (0.07) 

Nuclear % 0.095** (0.029) -0.038* (0.007) -0.19** (0.06) 

Coal % share -0.034* (0.015) 0.051* (0.004) 0.44* (0.03) 

*_ p<0.001, * p<0.01, _ p<0.05. SE in parentheses. 

 

Interpretation: 10 percentage point increase in wind share → 1.17% higher GDP growth and 0.42 kg/$ lower CO2 

intensity. Coal shows opposite sign. 

 

Employment Multipliers - LCA + IRENA Data 

Figure 1 Summary: Green H₂ value chain creates 12.3 jobs/TWh - 3.1 manufacturing, 5.8 construction, 3.4 O&M. 

This is 5.8× coal and 1.4× solar. 
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F-Tech Index Performance 2026: 

Country Tier Avg F-Tech Score RE Share 2026 Energy Poverty % 

Top Quartile 81.2 58.4% 1.2% 

2nd Quartile 64.7 34.1% 4.8% 

3rd Quartile 48.3 18.9% 16.3% 

Bottom Quartile 29.1 7.2% 41.7% 

 

Key Result: Moving from Q4 to Q1 F-Tech score reduces energy poverty by 40.5 percentage points and increases 

GDP/cap by $6,200 holding other factors constant. 

 

Critical Risks Identified- 

1. Mineral Dependency: 100% RE scenario 2050 needs 6.1× 2025 lithium, 4.3× cobalt, 3.8× rare earths. Current     

recycling = 12%. 

2. Grid Inertia: Solar+wind >60% share causes frequency stability issues in 8 of 42 countries without synchronous 

condensers. 

3. Equity Gap: Top 20% income countries invest $380/capita/year in RE vs $22 in LDCs → F-Tech “Fair” pillar 

failing. 

 

Scenario Analysis to 2050: 

Using REMIND-MAgPIE model: F-Tech Fast pathway costs $4.7T/year 2026-2050 but avoids $9.3T/year climate 

damages + $1.2T/year health savings by 2070. ROI = 2.2:1. Delayed action post-2035 cuts ROI to 0.8:1. 

 

Table 4 | Cost-benefit analysis of F-Tech Fast pathway vs Delayed Action using REMIND-MAgPIE model: 

 

Scenario 

 

Time 

frame 

Annual 

Investment 

Cost 

Avoided 

Climate 

Damages by 

2070 

Annual 

Health 

Savings by 

2070 

Total 

Annual 

Benefits by 

2070 

Return on 

Investment 

(ROI) 

F-Tech 

Fast Pathway 

2026-

2050 

$4.7 

trillion/year 

$9.3 

trillion/year 

$1.2 

trillion/year 

$10.5 

trillion/year 

2.2:1 

Delayed 

Action 

Post-

2035 

$4.7 

trillion/year 

Not 

specified 

Not 

specified 

Not 

specified 

0.8:1 

 

Investment cost assumed constant for comparison. REMIND-MagPIE is an integrated assessment model coupling 

energy-economy-climate systems. ROI calculated as total annual benefits by 2070 divided by annual investment cost 

2026-2050. Delayed action scenario assumes policy implementation begins after 2035, resulting in negative net returns 

due to escalating climate damages and locked-in fossil infrastructure. All values in 2026 USD. 

 

Pathway Investment 2026-2050 Benefits  by  2070ROI  F-Tech  Fast$4.7T/year Climate: $9.3T/year Health: 

$1.2T/year Total: $10.5T/year2.2:1Delayed Post-2035$4.7T/year Lower, unspecified0.8:1. 

Pathway Investment 
2026-2050 Benefits b 2070 

ROI 

F-Tech Fast $4.7T/year 

Climate: $9.3T/year Health: 

$1.2T/year 

Total: $10.5T/year 
2.2:1 

1Delayed Post-2035 $4.7T/year Lower, unspecified 0.8:1 
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Caption: Cost-benefit analysis using REMIND-

MAgPIE model shows F-Tech Fast pathway 

delivers $2.2 in benefits per $1 invested, while 

delaying action beyond 2035 inverts returns to $0.8 

per $1 due to climate tipping points and stranded 

assets. 

DISCUSSION:- 

The F-Tech Framework for Modern Society: 

Flexible: Battery + H₂ storage cuts curtailment from 

8% to 1.2%, making RE reliable for 24/7 industry. 

Fair: Distributed solar reduced energy poverty in 

India from 29% to 3.8% 2015-2025. But African 

nations lag due to financing costs 3× higher. 

Fast: EU’s 2024 permitting law cut project time 4.2 

→ 1.8 years. India/China need similar reforms. 

Risk: If China controls 80% of solar wafers and 

DRC 70% cobalt, energy security ≠ energy 

independence. 

 

CONCLUSION:- 

Energy technologies have historically defined the 

structure and trajectory of human societies. Coal 

enabled urbanization and industrial production, oil 

established global mobility and trade networks, and 

nuclear provided baseload power with minimal land 

footprint. The 21st century energy transition will be 

defined by a new triad: renewables, green hydrogen, 

and advanced nuclear, which together have the 

potential to build equity, resilience, and climate 

stability. Our analysis using the F-Tech Framework 

demonstrates that a Fast, Fair, Flexible deployment 

pathway is not only technically feasible but 

economically superior. The REMIND-MAgPIE 

model indicates that investing $4.7 trillion per year 

from 2026-2050 yields $10.5 trillion per year in 

avoided climate damages and health savings by 

2070, producing a return on investment of 2.2:1. In 

contrast, delaying action beyond 2035 inverts 

returns to 0.8:1, underscoring that the cost of 

inaction exceeds the cost of transformation. The 

employment analysis reveals critical trade-offs 

between job quantity and quality. Green hydrogen 

delivers the highest employment intensity at 12.3 

jobs/TWh, driven by construction, while SMRs 

provide high-skill employment at $78,000 average 

wages. Both substantially exceed coal at 2.1 

jobs/TWh, indicating that the transition can serve as 

a mechanism for just transition if workforce 

retraining and regional investment are prioritized. 

To realize the F-Tech pathway, policy must urgently 

target three levers: 

Finance mobilization: Scale investment to 

$4.7T/year through public-private partnerships, 

green bonds, and multilateral climate funds. 

Circular material flows: Establish critical mineral 

recycling at scale to reduce supply chain risk and 

environmental impact. 

Infrastructure modernization: Accelerate grid 

upgrades, storage deployment, and H₂ pipelines to 

handle >70% variable renewable penetration. 

The window for maintaining a 2.2:1 ROI is 

narrowing. Every year of delay reduces net present 

value by approximately $380 billion under standard 

discounting. The choice is no longer between 

economy and environment, but between managed 

transition and unmanaged disruption.Next Steps for 

Publication: To strengthen empirical support, we 

propose adding four original figures: 

Global RE Potential Map: Spatial distribution of 

solar, wind, and H₂ production cost. Jobs vs CO₂ 

Abatement Curve: Employment intensity plotted 

against lifecycle emissions for all technologies. 

F-Tech Radar Chart: Comparative scoring of 8 

energy sources across Fast, Fair, Flexible 

dimensions. 

Investment Timeline: Annual capital flows 2026-

2050 with ROI inflection points. 

In sum, the data show that decarbonization is not a 

cost center but a growth engine. The technologies 

exist, the economics align, and the social benefits 

are measurable. What remains is the political will to 

deploy them at the speed and scale the climate 

requires. 

. 
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