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MOTIVATION

The International Energy Agency projects hydrogen demand reaching 530 million tonnes by 2050 under net-
zero conditions. Pakistan presents a compelling case with exceptional solar resources (Global Horizontal
Irradiance >2,000 kWh/m?/year), current grey hydrogen demand (600,000 tonnes/year), and renewable energy
targets (60% by 2030). However, challenges include limited fiscal space, underdeveloped infrastructure, and
global competition.

Existing hydrogen literature focuses on techno-economic optimization assuming perfect foresight and rational
actors, missing behavioral dynamics and path dependencies. This study develops the first agent-based model
of a developing country’s hydrogen economy, representing heterogeneous actors, bounded rationality, and
emergent behavior.

METHODOLOGY

We construct a spatially explicit agent-based model with five agent types simulating monthly interactions over
2025-2040 covering Sindh and Balochistan provinces: Producer Agents (N=50) making NPV-based investment
decisions with herd behavior adjustments, Consumer Agents (N=40) representing industrial/transport/export
sectors with price-elastic demand (elasticity=0.30), Market Agent clearing via uniform-price auction, Poli-
cymaker Agent implementing CAPEX subsidies (0-50%), production subsidies (USD 0-2/kg), and tax credits
(0-30%), and Infrastructure Agent managing storage/pipelines/export facilities.

The model incorporates technology learning (15% rate), spatial transport costs, and financial constraints (15%
down payment). Parameters are calibrated against Germany, Australia, and Chile projects, achieving 80%
validation. Monte Carlo analysis (100 runs) quantifies uncertainty across 12 parameters. Key mechanisms
include real options theory (investment threshold -5% NPV), herd behavior, and financial constraints.

RESULTS

Pakistan can achieve 21.5-33.5 GW electrolyzer capacity and 645,000-1.04 million tonnes/year production
by 2040, mobilizing USD 17-27 billion investment. Baseline scenario (no policy) yields 21.5 GW, 645,000
tonnes/year, USD 17.2 billion, hydrogen cost USD 3.91/kg. Policy support (30% CAPEX subsidy + 20% tax
credit + USD 1.5/kg production subsidy) achieves 33.5 GW, 1.04 million tonnes/year, USD 26.8 billion, cost
USD 3.94/kg.

ANOVA confirms policy effectiveness (F=45.2, p<0.001) with 1.55x capacity growth versus baseline (Cohen’s
d=1.52). Cost-effectiveness is high: USD 5-8 billion subsidy mobilizes USD 26.8 billion investment (3.4-5.4x
leverage). CAPEX subsidies are most effective, followed by tax credits and production subsidies. Combined
packages show synergies.

Investment dynamics reveal 35-40% of investments occur despite negative NPV (real options theory), cluster-
ing in 2027-2029 and 2033-2035 (investment waves), and herd behavior increasing investment probability 50%.
Hydrogen costs (USD 3.86-3.94/kg) are competitive domestically but higher than Chile (USD 1.50-2.50/kg) and
Australia (USD 1.40-2.85/kg), suggesting Pakistan should prioritize import substitution. Monte Carlo analysis
shows moderate uncertainty (coefficient of variation 7-9%), with investment threshold (r=0.68) and market
growth (r=0.54) most influential.



PRACTICAL IMPLICATIONS

Pakistan should implement: (1) 30% CAPEX subsidy, (2) 20% tax credit, (3) USD 1.5/kg production subsidy
for 5 years, and (4) long-term contracts with USD 4.50/kg floor price. This achieves 33.5 GW, 1.04 million
tonnes/year, USD 26.8 billion investment with fiscal cost USD 5-8 billion over 15 years. Start with CAPEX
support (highest impact), add tax credits (leverage private capital), use production subsidies selectively, and
establish long-term contracts. Leverage international finance to supplement domestic resources.

Pakistan’s cost (USD 3.86-3.94/kg) positions it as a regional player. Domestic market focus (replacing 600,000
tonnes/year grey hydrogen) provides foundation. Regional exports possible but long-distance exports face
challenges. Lessons for developing countries: (1) Strong case with large domestic demand, (2) CAPEX support
most effective for capital-constrained countries, (3) Realistic expectations (domestic focus first, 15-20 year
timelines, 5-8% CAGR).

ORIGINALITY

This study makes three contributions: (1) Methodological: First agent-based model of a developing country’s
hydrogen economy, demonstrating how behavioral economics enhances policy analysis, (2) Empirical: Sys-
tematic calibration against international projects with 80% validation, (3) Policy: Quantitative comparison of
policy instruments with clear recommendations for resource-constrained governments. The agent-based ap-
proach complements existing optimization and scenario analysis by representing behavioral dynamics, path
dependencies, and coordination failures in developing country contexts.
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