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Abstract: Global hydrogen projects' Capital Expenditure (CAPEX) and Operating 
Expenditure (OPEX) are examined for financial viability and technological advancement. 
This study monitors market growth, policy changes, and technological advances that 
affect project performance and sustainability. Research employs life cycle cost analysis 
(LCCA) using five regions of China (Beijing, Shanghai, Guangdong, Sichuan, Zhejiang), 
market analysis, financial modelling, and sensitivity. For at least 50 hydrogen energy 
projects worldwide, LCCA was conducted using R and Python software and spreadsheets 
estimate installation, maintenance, and energy costs. Market analysis using leading 
databases and industry reports estimates hydrogen market penetration and demand 
over a decade. We use financial modelling software to create detailed cash flow models. 
Discount rates, hydrogen prices, CAPEX, OPEX, capacity utilization, policy changes, and 
carbon pricing schemes affect investment efficiency, according to sensitivity analysis. 
Surveys and interviews with industry experts, policymakers, and stakeholders 
contextualize and validate quantitative findings. Financial analysis of 50 hydrogen 
energy projects shows significant CAPEX and OPEX variation, requiring cost 
management and customized financial planning. The study emphasizes policy 
frameworks and technology for project efficiency and market growth. Strategic financial 
planning and risk mitigation are needed because sensitivity analysis shows how discount 
rates, hydrogen prices, and capacity utilization affect project viability. Finally, hydrogen 
energy projects need supportive policies and technology. Regulation and regional 
disparities persist. Technology can solve these problems and boost hydrogen energy 
sector growth and low-carbon futures. For sustainable, low-carbon energy, the research 
helps investors, policymakers, and stakeholders make informed decisions, optimize 
resource allocation, and promote hydrogen energy projects. 
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1. Introduction 

Sustainability and quality of life require switching to renewable energy and 
reducing conventional energy. System or community sustainability is meeting current 
needs without compromising future needs. The long-term social, economic, and 
environmental effects of current actions on future generations must be considered, as 
well as responsible resource management and equitable benefit and burden 
distribution. Hydrogen energy system subsystems and equipment must have optimal 
life cycles for renewable energy sustainability. Sustainable selection criteria include 
modular subsystem design, standardisation, lifetime monitoring, and supplier-buyer 
coordination. Because it reduces carbon emissions and powers transportation and 
industry, hydrogen is becoming a popular sustainable energy source. Hydrogen energy 
may solve climate change and fossil fuel dependence. Improved hydrogen production, 
storage, and distribution technologies lower costs, making widespread adoption more 
likely. Renewable hydrogen diversifies energy sources and cleans applications, 
strengthening energy resilience (Cherepovitsyn et al., 2024). Hydrogen energy 
investors face financial challenges despite its potential due to high CAPEX and OPEX. 
Building hydrogen production facilities requires expensive energy, advanced 
technology, infrastructure, and maintenance. Regional market conditions and policy 
frameworks complicate investment decisions and financial profitability. Financial 
risks and dynamics must be assessed to make smart investments (Ju & Zhu, 2024; 
Pomaska & Acciaro, 2022; Woods et al., 2022). 

Hydrogen energy project financial viability evaluation needs robust and 
comprehensive analytical methods to overcome these obstacles. Investors use LCCA to 
assess CAPEX and OPEX to understand project energiescosts. A complete financial 
analysis must include installation, maintenance, and energy consumption to accurately 
forecast costs. Hydrogen energy demand is rising in some regions, so market analysis 
helps assess competition (Bampaou & Panopoulos, 2025; Navatskaya et al., 2023; 
Ulanov & Skorobogatko, 2022). Cash flows, IRR, and NPV are needed to estimate 
hydrogen energy investment profitability and risk. Investors can also examine how 
discount rates, hydrogen prices, and capacity utilisation affect project finances using 
sensitivity analysis. This analysis helps investors reduce project risks by identifying 
key variables. Sensitivity analysis helps investors make hypothetical decisions during 
economic uncertainty. For better financial evaluations, industry experts, policymakers, 
and stakeholders must contextualise and validate quantitative findings (Marouani et 
al., 2023; Saldan a et al., 2021; Stecuła et al., 2022). 

The financial challenges of large-scale investments must be addressed as hydrogen 
energy gains popularity. Profitable hydrogen energy projects require LCCA, market 
analysis, financial modelling, sensitivity analysis, and qualitative insights. A multi-
faceted approach helps investors make informed decisions, optimise resource 
allocation, and promote hydrogen energy sustainability for a cleaner, more resilient 
future. Hydrogen is a promising sustainable energy source, but financial literature is 
scarce. Many studies neglect financial modelling, cost analysis, and sensitivity analysis 
in favour of technological advances and market potential. Hydrogen energy 
investments' short- and long-term financial effects are hard to assess without financial 
analysis. Current knowledge does not adequately represent regional market 
conditions and policy frameworks, which make it hard to understand how the discount 
rates, hydrogen prices, and capacity utilisation impact project viability under different 
scenarios (Agency, 2018; Ahang et al., 2025; Bellocchi et al., 2023). 
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Industry professionals and stakeholders will provide qualitative insights that 
complement the quantitative data, thus helping to understand better the challenges 
and opportunities within the hydrogen energy sector. It will look into detailed cost 
analysis, robust financial models, and qualitative sensitivity analysis to close these 
gaps. The approach will assess hydrogen energy investments, including technological 
and financial factors, and enable the generation of recommendations for investors and 
policymakers. Life cycle cost analysis, market analysis, financial modelling, sensitivity 
analysis, and expert insights assess the financial viability of hydrogen energy projects 
and technological advancements. This integrated approach enables investors to find 
the financial metrics, cost structure, and data-driven decisions by filling critical 
literature gaps. Policy support and technological development increase market growth 
and efficiency. This study will help policymakers design regulations that are hydrogen 
energy-friendly. This study guides investors, policymakers, and industry stakeholders 
in theoretical frameworks and practical implementation with qualitative and 
quantitative insights. This holistic approach boosts the sustainability of hydrogen 
energy projects and economic resilience for low-carbon futures. 

2. Literature Review 

Due to cost, efficiency, and environmental impact, steam methane reforming (SMR) 
and electrolysis are the most popular hydrogen production methods. The most 
popular method is SMR due to its scalability and low cost. High-temperature methane 
and steam reactions produce hydrogen and carbon dioxide, making the process 
carbon-intensive. Renewable energy-powered electrolysis splits water into hydrogen 
and oxygen without emissions. Electrolysis technology's efficiency and cost 
improvements make hydrogen production more sustainable. These two-production 
methods trade scalability and sustainability, reflecting clean energy goals' challenges. 
Hydrogen boosts transportation and power generation (Durakovic & Halilovic, 2023). 
With only water exhaust, hydrogen fuel cells generate clean, efficient electricity. 
Hydrogen is ideal for backup power and grid stabilisation in wind- and solar-heavy 
regions. Hydrogen-powered buses, trucks, and cars have advantages over batteries. 
They travel farther, refuel faster, and reduce fossil fuel and greenhouse gas emissions. 
These sectors are adopting hydrogen due to government policies and clean energy 
subsidies that accelerate infrastructure and market penetration (Aloini et al., 2021; 
Gordon et al., 2024; Guduru et al., 2025; Kaushal & Chowdhury, 2025). 

Economic viability also affects hydrogen energy investment feasibility and appeal. 
Many energy project returns are assessed using CBA and NPV. CBA determines project 
value and economic feasibility by comparing expected benefits to costs. Time value of 
money is important in long-term investments like hydrogen energy, so NPV discounts 
future cash inflows and outflows to present value. These financial tools alert investors 
to profitable opportunities and reduce risk. These investments require careful 
financial planning and risk assessment due to energy production cost variability, 
regional market dynamics, and technological uncertainties. 

Hydrogen production via steam methane reforming and electrolysis is costly and 
environmentally harmful. Carbon-intensive SMR has economies of scale but is 
unsustainable. Electrolysis is environmentally friendly but competes poorly with 
conventional hydrogen production. Advanced financial models that account for energy 
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market dynamics and policy changes are needed as hydrogen's use in power 
generation and transportation grows. Cost-benefit analysis and NPV calculations 
determine hydrogen project financial feasibility. Hydrogen's clean energy potential 
requires more innovation and supportive policies (Emon et al., 2025; Yazdi et al., 
2023). 

These studies illuminate hydrogen technologies, applications, and policy 
frameworks, but hydrogen energy project financial evaluation is scarce. Technological 
and policy advances often overshadow financial modelling, cost analysis, and 
sensitivity assessments in literature. Regional CAPEX and OPEX variability makes 
hydrogen investment economic assessments difficult to predict long-term viability. 
Comprehensive financial models are needed as markets and policies change. Holistic 
hydrogen energy project evaluation requires life cycle cost analysis, market analysis, 
financial modelling, sensitivity analysis, and qualitative stakeholder insights. The 
integrated approach will give investors, policymakers, and industry stakeholders 
actionable hydrogen energy sector decision-making advice (Ashari et al., 2024; Hjeij 
et al., 2023; Kaheel et al., 2025). 

To fill financial evaluation gaps, understand technological and market potential, 
financial risks, and returns. The financial models predict profitability and risk under 
different market conditions. Cost analysis identifies the investment decision drivers. 
Sensitivity analysis explains how the prices of hydrogen, discount rates, and capacity 
utilisation influence the project outcome. This method can help investors identify and 
mitigate risks, thereby ensuring the sustainability of hydrogen energy projects. 
Hydrogen energy markets grow with supportive policies. Subsidies on hydrogen 
infrastructure investments, tax credits, and regulatory reforms can be helpful in its 
adoption (Novikov, 2024). Hydrogen energy systems are cheaper and more efficient 
with improved electrolysis and storage. With aligned financial models, policy, and 
technology, stakeholders can boost hydrogen investment (Semenova & Martí nez 
Santoyo, 2023). 

Despite the advancements of hydrogen technologies and policy frameworks, the 
literature has not been fully equipped with the financial evaluation needed. Future 
studies should integrate the financial modelling assessment with technological studies 
to understand investment in hydrogen energy. Project feasibility is assessed with life 
cycle cost, market, and sensitivity analyses. Industry experts, policymakers, and 
stakeholders could provide qualitative information to bridge between theoretical 
analysis and practical implementation that ensures hydrogen energy investments 
match up with market realities and policy goals. Hydrogen energy literature concludes 
with production, applications, and policy. Financial viability and long-term 
sustainability of hydrogen energy investments need further study. Including cost 
analysis, financial modelling, and sensitivity assessments in the evaluation framework 
will help stakeholders make informed decisions. This approach improves hydrogen 
energy project financial sustainability and promotes low-carbon, resilient energy (Mio 
et al., 2023; Sabato et al., 2024; Sharma et al., 2023). 

3. Research Methodology 

Financial returns from hydrogen energy investments are analysed using a large 
dataset. CAPEX and OPEX benchmarks from 50 projects reflect global investment 
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trends. The 10-year dataset covers market size, growth, competition, and policy 
changes. Databases contain 100 records with income, discount rates, fuel prices, and 
investment outflows. Data on carbon pricing, subsidies, and incentives reflects policy 
impacts. Recent academic and industry reports reveal technological advancements. 
Surveys and interviews with industry experts validate secondary data. The data 
collection process took three months to ensure accuracy and reliability. A mix of 
qualitative and quantitative data provides reliable assessments of hydrogen energy 
project viability. Life Cycle Cost Analysis (LCCA) calculates total ownership costs, 
including infrastructure, machinery, labor, maintenance, and energy consumption. 
CAPEX and OPEX are assessed using EnergyPro, HOMER Pro, and Excel spreadsheets. 
Hydrogen energy costs are compared with fossil fuels to determine long-term 
economic benefits. Historical data and industry benchmarks improve the accuracy of 
the analysis. 

Market analysis uses tools like Statista, Bloomberg, and hydrogen forecast software 
to evaluate market size, growth, regulations, and technological trends. Scenario 
planning forecasts demand, while competitive analysis identifies key players and their 
strategies, providing actionable insights into opportunities and challenges. Financial 
models forecast cash flows, IRR, NPV, and payback periods. Tools like Crystal Ball and 
@RISK help assess risks. Python libraries, such as NumPy and pandas, model income, 
operating expenses, and investment outflows. Models rely on historical data and 
market forecasts to simulate performance and apply discount rates, accounting for the 
time value of money and risks. 

Sensitivity analysis aims to understand whether changes in either economic or 
policies affect the overall investment outcome. Key factors hydrogen price, CAPEX and 
OPEX, capacity factor, interest, and carbon are analysed using appropriate R packages 
of DALEX as well as sensibility and respective Python libraries which include SciPy and 
matplotlib packages. Investors shall prepare for uncertainty by estimating change in 
NPV and IRR. Long term supply agreements including fuel price hedge strategies are 
further recommended to keep market volatility in check (Nguyen et al., 2024; 
Zagashvili et al., 2021; Zhdaneev, 2022). This integrated approach combines LCCA, 
market analysis, financial modelling, and sensitivity analysis to evaluate hydrogen 
energy investments. Effective decision-making is essential, as economic, technological, 
and policy factors intersect. The study remains accurate and relevant due to the use of 
advanced analytical tools and large datasets. This framework equips stakeholders with 
reliable data and actionable insights to make strategic, data-driven investment 
decisions in the evolving hydrogen energy market. 

4. Research Analysis  

Table 1 shows 50 hydrogen energy projects' minimum, maximum, and average 
CAPEX and OPEX. CAPEX for these projects averages $2,225,000, ranging from 
$1,000,000 to $3,450,000. The variety of project scale and complexity shows hydrogen 
energy infrastructure's high upfront costs. From $50,000 to $172,500, OPEX—
including operational costs—averages $111,250. This implies large operational 
efficiency and project scale differences. The high average operational cost emphasizes 
expense management for financial sustainability. Hydrogen energy system installation 
costs average $445,000, ranging from $200,000 to $690,000. Installation complexity 
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and regional costs vary greatly. Effective processes are needed because most 
installations are costly. The average cost of maintaining a hydrogen energy system is 
$22,250. Cheap but essential for system reliability and performance. Hydrogen 
production and storage electricity costs average $33,375, ranging from $15,000 to 
$51,750. Operations cost less with energy efficiency. Multiple cost category values 
suggest hydrogen energy projects vary in size, complexity, and cost efficiency. Plans 
and budgets for future projects can use averages.  

Table 1: CAPEX and OPEX Summary 
Category Minimum Value Maximum Value Average Value 

CAPEX 1,000,000 3,450,000 2,225,000 
OPEX 50,000 172,500 111,250 

Installation Costs 200,000 690,000 445,000 
Maintenance Costs 10,000 34,500 22,250 

Energy Costs 15,000 51,750 33,375 

Table 2 shows market size, growth, competition, and policy effects for Beijing, 
Shanghai, Guangdong, Sichuan, and Zhejiang hydrogen energy markets from 2014 to 
2023. Beijing's market grew from $15 billion to $24 billion over the past decade at 
5.0% to 9.5%, indicating market maturity and stable policies. Its strong government 
support has made Beijing China's hydrogen energy hub, attracted investments and 
fostered long-term development. Shanghai's market grew $15 billion to $24 billion, 
but market concentration or entry barriers reduced competition from medium to low. 
Shanghai's large market and economic influence make it strategic for hydrogen energy, 
despite neutral to negative policy impacts slowing growth. Good government support 
and regulations increased market activity in Guangdong from $15 billion to $24 billion 
and competition from low to high.  

Table 2: Market Analysis of Chinese Regions 

Range Region 
Market Size Range 

(in billions) 
Growth Rate 

Range (%) 
Competitive 
Landscape 

Policy Impacts 

2014-2023 Beijing 15 – 24 5.0 - 9.5 High to Low Positive to Neutral 
2014-2023 Shanghai 15 – 24 5.0 - 9.5 Medium to Low Neutral to Negative 
2014-2023 Guangdong 15 – 24 5.0 - 9.5 Low to High Positive to Positive 
2014-2023 Sichuan 15 – 24 5.0 - 9.5 Medium to Low Negative to Positive 
2014-2023 Zhejiang 15 – 24 5.0 - 9.5 High to Medium Neutral to Neutral 

Sichuan's hydrogen market grew similarly, but competition dropped from medium 
to low due to market consolidation or dominance by key players. However, recent 
policy changes make Sichuan a promising hydrogen energy development area. 
Zhejiang's market grew from 5.0% to 9.5%, but competition dropped from high to 
medium and neutral policy effects suggest a stable but less dynamic regulatory 
environment. Although all five regions have similar market sizes and growth rates, 
Beijing and Guangdong have strong support while Shanghai and Sichuan face 
regulatory issues. The environment is stable in Zhejiang, but long-term growth may 
require policy innovation. Understanding these differences helps investors and 
policymakers tailor strategies to each region's strengths and weaknesses, 
strengthening China's hydrogen energy market. 

Income streams, discount rates, fuel prices, investment outflows, IRR, NPV, and 
payback periods vary across 100 hydrogen energy projects in Table 3. These projects 
generate $5.06 million to $14.87 million in revenue, with the highest revenues at 
$14.70 million and $14.87 million, suggesting that project scale, efficiency, location, 
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and market conditions affect revenue potential. Discount rates represent risk and 
expected return and range from 5.03% to 9.93%. Lower rates like 5.03% indicate safer 
investments with more predictable returns, while higher rates like 9.54% and 9.93% 
indicate greater risk and uncertainty. Lower fuel prices at $1.01 per unit boost 
profitability by reducing operational costs, while higher prices in some ranges reflect 
supply chain issues, regional pricing, or project complexity. Complex or technologically 
advanced projects have larger capital outflows, ranging from $10.14 million to $19.91 
million.  

Table 3: 100 Investments Key Financial Metrics 

Range 
Income 

Streams (in 
millions) 

Discount 
Rates (%) 

Fuel Prices 
($/unit) 

Investment 
Outflows (in 

millions) 
IRR (%) 

NPV (in 
millions) 

Payback 
Period 
(years) 

1-10 5.58 - 14.51 5.16 - 9.54 1.01 - 2.80 10.52 - 19.76 10.11 - 19.05 -2.56 - 9.25 3.35 - 5.76 
11-20 5.21 - 14.70 5.81 - 9.65 1.45 - 2.70 10.25 - 19.63 12.93 - 19.51 -4.60 - 9.81 3.16 - 6.68 
21-30 5.46 - 12.85 5.03 - 9.48 1.19 - 2.95 12.48 - 19.55 10.58 - 18.88 -4.15 - 9.55 3.15 - 5.99 
31-40 5.65 - 14.66 5.60 - 9.86 1.05 - 2.59 10.14 - 18.55 10.73 - 18.22 -3.06 - 10.00 3.43 - 6.58 
41-50 5.34 - 14.09 5.18 - 9.81 1.03 - 2.93 10.45 - 16.35 10.84 - 19.87 -3.30 - 9.31 3.08 - 6.56 
51-60 5.45 - 14.70 5.72 - 9.93 1.19 - 2.87 10.27 - 19.40 10.11 - 19.06 -4.57 - 8.15 3.35 - 5.98 
61-70 5.75 - 14.87 5.20 - 9.18 1.28 - 2.98 10.69 - 19.61 11.18 - 19.63 -4.78 - 8.56 3.41 - 6.95 
71-80 5.06 - 13.15 5.08 - 9.68 2.00 - 2.83 10.18 - 18.45 10.12 - 19.93 -2.79 - 9.24 3.32 - 6.93 
81-90 5.64 - 13.87 5.57 - 9.62 1.07 - 2.78 11.18 - 18.77 10.45 - 19.50 -3.86 - 9.70 3.68 - 6.72 

91-100 5.25 - 12.71 5.47 - 9.50 1.06 - 2.65 13.41 - 19.91 10.78 - 19.86 -4.39 - 8.45 3.46 - 5.44 

Projects have internal rates of return (IRR) between 10.11% and 19.93%, with 
higher IRRs in the first, second, and seventh ranges indicating better returns relative 
to costs and lower IRRs between 10.12% and 10.78% indicating lower profitability 
Many projects in the second, third, and sixth ranges have negative net present values 
(NPV), making them unviable under current conditions. $9.25 million and other ranges 
have positive NPVs, indicating strong financial performance. Investment recovery time 
is 3.08–6.95 years. Longer payback periods in the second and seventh ranges increase 
financial risk, but shorter periods in the first and tenth ranges make these projects 
more appealing. Hydrogen projects' size, efficiency, location, and market dynamics 
affect their financial outcomes, complicating investment decisions and requiring 
careful income, fuel cost, IRR, and NPV analysis. 

Ten major countries' carbon pricing, subsidies, incentives, and policy changes affect 
hydrogen energy investment attractiveness and profitability (Table 4). The $10 per 
tonne carbon price and $100 million in subsidies and tax credits boost hydrogen and 
clean energy technology investment in China, attracting investors with moderate 
carbon pricing and significant financial support due to its focus on carbon reduction 
and renewable energy growth. The US charges $20 per tonne for carbon emissions and 
provides $150 million in subsidies, surpassing China’s financial incentives but 
maintaining a neutral regulatory stance, suggesting that while the commitment to 
reducing emissions is strong, the regulatory environment lacks the dynamism needed 
to boost the hydrogen sector. With the highest carbon price at $30 per tonne and $200 
million in subsidies, Germany encourages hydrogen investments with feed-in tariffs, 
which guarantee long-term energy contracts and stable returns. Good policies for 
renewable energy and carbon reduction have helped Germany and China lead the 
hydrogen energy market. 
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Table 4: Comparison of Policy and Regulatory Data 
Country Carbon Pricing ($/ton) Subsidies (in millions) Incentives Policy Changes 

China 10 100 Tax Credits Positive 
USA 20 150 Grants Neutral 

Germany 30 200 Feed-in Tariffs Positive 
Japan 25 180 Tax Credits Negative 
India 15 120 Subsidies Positive 

Australia 18 130 Grants Neutral 
UK 22 140 Tax Credits Positive 

Canada 19 160 Grants Neutral 
France 27 170 Subsidies Positive 

South Korea 21 155 Tax Credits Negative 

Negative policy changes in Japan may slow hydrogen project development and 
confuse investors. Japan charges $25 per tonne for carbon and offers $180 million in 
subsidies and tax credits. India's $15 per tonne carbon price, $120 million in subsidies, 
and positive policy changes encourage renewable energy and hydrogen technology 
deployment, making it an emerging market. Australia has moderate but stable 
regulatory support, with $18 per tonne carbon pricing and $130 million in subsidies, 
though China and Germany attract more investors with proactive policies. The UK 
offers $22 per tonne carbon pricing, $140 million in subsidies and tax credits, and 
positive policy changes that promote hydrogen energy projects, similar to China. 
Canada's $19 per tonne carbon price and $160 million in subsidies make it a viable 
investment market, but Germany and China have more dynamic policies.  

France, with $27 per tonne carbon pricing and $170 million in subsidies, provides 
strong policy support for hydrogen energy, placing it alongside China and Germany as 
an attractive hydrogen investment destination. South Korea’s $21 per tonne carbon 
price and $155 million in subsidies offer tax incentives, but negative policy changes 
may deter investors, similar to Japan’s regulatory challenges. Active policies, large 
subsidies, and favourable incentives make China, Germany, and France attractive 
destinations for hydrogen investments, while regulatory uncertainties in Japan and 
South Korea may discourage investors. Stable but less dynamic markets in the US, UK, 
India, Australia, and Canada offer viable investment options with lower growth 
potential. 

Table 5 shows 2019–2023 Chinese regional efficiency, cost, and technology 
readiness gains. Electrolysis technology, a prototype, showed 4.5% efficiency increase 
and 14.8% cost reduction in 2019. In 2020, fuel cell technology reached TRL 7, cutting 
costs 19.5% and increasing efficiency 6.7%. The demo and pre-commercial use phase 
begins. The biggest development in 2021 was hydrogen storage technology reaching 
TRL 8, indicating market readiness with 9.8% efficiency and 17.6% cost reduction. 
TRL 7 improved to 5.6% efficiency and 12.3% cost reduction in hydrogen production 
in 2022, but it needs refinement before bulk commercialisation. Finally, distribution 
system innovations increased efficiency by 7.9% and reduced costs by 10.4% in 2023, 
but the technology remained at TRL 6, indicating the need for further development 
before being fully operational across markets.  

Table 5: Technological Advancements of Chinese Regions 
Year Technology Efficiency Improvements (%) Cost Reductions (%) Readiness Level 
2019 Electrolysis 4.5 14.8 TRL 6 
2020 Fuel Cells 6.7 19.5 TRL 7 
2021 Hydrogen Storage 9.8 17.6 TRL 8 
2022 Hydrogen Production 5.6 12.3 TRL 7 
2023 Distribution Systems 7.9 10.4 TRL 6 



Developing and Validating Comprehensive Indicators to Evaluate the Economic Efficiency 
of Hydrogen Energy Investments 

196 

Table 6 shows hydrogen energy experts, policymakers, and stakeholders' 
qualitative views on sector development from surveys and interviews. The 
interactions between electrolysis, fuel cells, storage, production, and distribution 
shape China's hydrogen energy landscape. Experts say technology has reduced 
operational costs and increased system efficiency. TRL 6 and 7 technology 
commercialisation stakeholders want government support and incentives. 
Policymakers must prioritise public-private partnerships to scale hydrogen 
production and distribution infrastructure for wider deployment. The survey showed 
stakeholders' optimism about China's hydrogen market, but distribution system 
progress and regional innovation alignment were questioned. According to extensive 
industry feedback, technological advances must align with policy frameworks and 
market conditions to survive in China's hydrogen energy sector. 

Table 6 shows a variety of hydrogen energy industry expert, policymaker, and 
stakeholder perspectives on growth and challenges. Cost analysis studies show that 
technological advances are lowering hydrogen production costs, making it more 
efficient and profitable.  

Table 6: Survey and Interview Responses 
Respondent ID Role Key Insights Validation Points 

R001 Industry Expert 
Hydrogen production costs are 
decreasing due to technological 

advancements. 

Supported by recent cost 
analysis studies. 

R002 Policymaker 
Government subsidies are crucial 

for market growth. 
Evidenced by recent 
subsidy programs. 

R003 Stakeholder 
Public-private partnerships 

enhance infrastructure 
development. 

Examples of successful 
partnerships in recent 

projects. 

R004 Industry Expert 
Efficiency of fuel cells is 

improving steadily. 
Recent efficiency data from 

leading manufacturers. 

R005 Policymaker 
Policy frameworks need to be 

more adaptive. 
Feedback from policy 

review workshops. 

R006 Stakeholder 
Consumer acceptance is growing 

with better awareness. 
Surveys indicating rising 

consumer interest. 

R007 Industry Expert 
Storage technology is a key area 

for innovation. 
Recent patents and R&D 

investments. 

R008 Policymaker 
Regulatory hurdles need to be 

addressed. 
Feedback from regulatory 

bodies. 

R009 Stakeholder 
Collaboration between industries 

is increasing. 
Case studies of industry 

collaboration. 

R010 Industry Expert 
Renewable hydrogen is gaining 

more attention. 
Market trend reports and 

studies. 

Top manufacturers report increased fuel cell efficiency, making hydrogen a more 
competitive energy source. Recent storage technology patents and R&D will make 
hydrogen more practical, say experts. Market trend reports also highlight renewable 
hydrogen as cleaner and more sustainable hydrogen production methods become 
more popular. Policymakers say government subsidies and financial incentives are 
necessary for market growth, and recent subsidy programs encourage hydrogen 
energy investments. Policy review workshops recommend more flexible policy 
frameworks because rigid regulations may hinder sector development. Regulatory 
bodies say removing regulatory barriers is key to hydrogen energy's potential. Recent 
infrastructure projects show the effectiveness of public-private partnerships, say 
stakeholders. Public awareness of hydrogen energy is increasing consumer interest, 
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according to surveys. Increasing case studies of successful cross-industry partnerships 
emphasise the importance of industry collaboration in building a sustainable 
hydrogen ecosystem. These findings suggest aligning technological innovation, policy 
efforts, and stakeholder collaboration to develop the hydrogen energy sector. 

A bar chart of 50 hydrogen energy projects' CAPEX and OPEX is shown in Figure 1. 
Technology, infrastructure, and fixed assets are blue, while labour, energy, and 
maintenance costs are orange, showing start-up and operational costs. Depending on 
project efficiency, scale, and regional costs, OPEX is $50,000 to $200,000 and CAPEX is 
$1 million to $3 million. Complex or advanced projects require higher upfront 
investments. Due to economies of scale, projects with larger investments and efficient 
technologies have lower operational costs, while low-CAPEX projects may have higher 
OPEX due to inefficiencies or higher operational demands, making them cheaper to 
start but more expensive to maintain. This cost distribution analysis shows how 
financial planning and analysis help investors and policymakers find hydrogen energy 
projects with low start-up and operational costs. Studying CAPEX and OPEX variations 
helps stakeholders understand financial dynamics and make cost-optimal and 
hydrogen energy sector-sustaining decisions (Pervukhina et al., 2025).  

 
Figure 1:  CAPEX and OPEX Comparison of Hydrogen Energy Projects 

Figure 2 shows a decade-long line graph of hydrogen energy market growth in 
North America, Europe, Asia-Pacific, the Middle East, and Latin America. Hydrogen 
infrastructure policies and technology increased North America's market from $2 
billion in 2014 to $7 billion in 2023. Europe's market grew from $1.5 billion to $6 
billion despite slower growth due to EU climate policies and renewable energy 
investments to improve energy security and reduce carbon emissions. Asia-Pacific 
market growth from $1 billion to $5.5 billion was slower but steady due to economic 
development and policy support, suggesting hydrogen energy awareness and 
investment. The Middle East market accelerated from $0.5 billion to $5 billion, 
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indicating energy diversification and fossil fuel reduction. To capitalise, Latin 
America's market grew from $0.8 billion to $5.3 billion, focussing on hydrogen energy 
and renewable investments. This line graph emphasises hydrogen energy's growing 
global importance in sustainable, low-carbon energy systems by showing how regional 
policies, economic conditions, and technological development affect growth rates and 
market sizes. In the changing hydrogen energy landscape, a comprehensive 
visualisation helps stakeholders understand regional dynamics and identify 
investment and collaboration opportunities. 

 
Figure 2: Market Growth Trends 

In Figure 3, IRR (x-axis) and NPV (y-axis) scatter plots show the financial variability of 
multiple hydrogen energy projects, revealing their profitability and viability. Higher 
IRRs attract investors with faster returns, ranging from 10% to 20%. As the plot shows, 
not all projects are profitable and efficient. Positive NPV projects are financially 
sustainable, while negative ones indicate risks or inefficiencies due to higher costs 
than benefits under current assumptions. High IRR and positive NPV projects with 
high returns and net value are the scatter plot's upper right quadrant's best 
investments. These projects benefit from advanced technologies, efficient operations, 
and favourable market conditions. Lower left quadrant low IRR and negative NPV 
projects perform poorly due to high operational costs, inefficiencies, or market 
conditions, increasing investor risk. Mixed quadrant projects—high IRR, negative NPV 
or low IRR, positive NPV—have different financial profiles. High IRR but negative NPV 
projects yield quick returns but little value, while low IRR but positive NPV projects 
yield slow returns with a net benefit over time. This scatter plot shows how nuanced 
financial indicator analysis helps stakeholders prioritise projects and allocate 
resources for sustainable hydrogen energy sector growth by aligning investment 
strategies with risk tolerance and long-term goals.  
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Figure 3: Financial Performance Metrics Visualization 

In Figure 4, tornado diagrams from sensitivity analyses of 100 hydrogen energy 
projects show the most important variables affecting NPV and IRR. Discount rates 
affect NPV most, so they're first in the diagram. Project viability depends on capital 
cost management and favourable financing terms because even small discount rate 
changes affect cash flows and returns. After discounts, hydrogen prices affect revenue, 
NPV, and IRR. Depending on market conditions and pricing strategies, higher prices 
increase profitability and lower prices decrease it. Diagram emphasises CAPEX and 
OPEX management. Lower CAPEX projects have faster returns due to lower upfront 
investment, while lower OPEX projects have lower operating costs and higher 
profitability. Capacity utilisation boosts output and revenue, while underutilisation 
cuts profits and efficiency. Although policy changes and carbon pricing have a smaller 
impact, favourable regulations and incentives lower costs and improve project 
viability, while unfavourable policies increase uncertainty and operational costs A 
tornado diagram helps investors and policymakers make informed decisions, reduce 
risks, and improve hydrogen energy strategies for sustainable development by 
showing how variables affect financial outcomes. 

 
Figure 4: Sensitivity Analysis Results 
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Figure 5 shows 50 hydrogen energy project CAPEX, OPEX, installation, 
maintenance, and energy costs in stacked bars. The visualisation shows project scale 
and complexity affect CAPEX. Certain projects require large infrastructure and 
technology investments, increasing CAPEX, while others are cheaper due to efficient 
design or smaller scale. Project-specific financial planning is needed due to variability. 
OPEX labour, utilities, and other essential operational costs vary greatly. Operational 
efficiency lowers OPEX, but demand or inefficient systems raise it. Installation, 
maintenance, and energy costs vary widely between projects, as shown in the chart. 
Complex setups cost more to install, depending on site, complexity, and scale. 
Improved systems require more maintenance for longevity and reliability. Regional 
prices and energy efficiency affect hydrogen production and operation costs. The right 
use and price make low-energy projects profitable. Figure 5 shows how financial 
dynamics are complex and require cost management and strategic planning to 
maximize hydrogen energy project economic viability.  

 
Figure 5: Project Cost Breakdown for 50 Projects 

Figure 6 shows five-year technological efficiency trends for electrolysis, fuel cells, 
hydrogen storage, production, and distribution systems. Efficiency percentage 
improvements and cost reductions varied by technology. Electrolysis has steadily 
increased efficiency from 4.5% to 7.9% with significant cost reductions from 14.8% to 
10.4%, but hydrogen storage technology has made the greatest efficiency gains, from 
9.8% to 12.3%, with consistent cost reductions of 17.6%, indicating a significant leap 
towards commercial readiness and operational optimisation, along with fuel cells and 
distribution. Constant research and development have helped the industry improve 
performance and lower costs, raising the technological readiness level (TRL) of 
technologies like hydrogen storage to TRL 8, indicating near-commercial deployment, 
while electrolysis and distribution systems remain at TRL 6 and 7. 
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Figure 6: Technological Efficiency Trends over the Past Five Years 

5. Discussion 

This quantitative and qualitative study examines hydrogen energy projects' 
financial viability and technological advancements, focusing on key performance 
factors. LCCA estimates installation, maintenance, and energy costs for 50 global 
projects using specialised software and spreadsheets to assess fuel savings, CAPEX, 
and OPEX. Industry reports and databases from multiple regions and segments are 
used to estimate market penetration and demand over a decade. Financial modelling 
uses IRR, NPV, payback periods, and cash flows to discount future benefits. Python 
libraries and financial software use historical data and market forecasts to generate 
cash flow models, while Python and R perform sensitivity analyses to determine how 
discount rates, hydrogen prices, CAPEX, OPEX, capacity utilisation, policy changes, and 
carbon pricing schemes affect investment. 

Industry experts, policymakers, and stakeholders were surveyed and interviewed 
to confirm and contextualise these findings. Over three months, 100 projects collect 
revenue streams and performance metrics to help stakeholders balance CAPEX and 
OPEX for sustainability. Start-up and operational cost variability requires financial 
planning and cost management (Table 1). Table 2 shows how positive or neutral policy 
impacts affect Chinese hydrogen energy market growth across regions, emphasising 
the need for tailored policy frameworks to reduce disparities and boost market 
growth. Table 3 shows that income streams, discount rates, fuel prices, and investment 
outflows vary widely across 100 projects, requiring detailed financial analysis to 
identify viable investments and optimise resource allocation. Table 4 shows that 
hydrogen investments need carbon pricing, subsidies, and favourable policies. Japan 
and South Korea have regulatory issues, but China and Germany lead due to 
government support. Table 5 shows how electrolysis, fuel cells, storage, production, 
and distribution have made hydrogen commercially viable by increasing efficiency and 
lowering costs (Gordon et al., 2024; Kaushal & Chowdhury, 2025; Yazdi et al., 2023). 

Table 6 shows how subsidies, public-private partnerships, industry collaboration, 
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and consumer acceptance support sector development, according to stakeholder 
surveys and interviews. As shown in Figure 1, sustainability requires detailed financial 
planning to balance start-up and operating costs. The regional market growth 
disparities in Figure 2 require strategic policies and investments. Figure 3 illustrates 
risk management by showing how IRR and NPV affect project selection and viability. 
Figure 4's tornado diagram shows how discount rates, hydrogen prices, and capacity 
utilisation affect project outcomes, emphasising risk reduction optimisation. Strategic 
planning and cost control are needed for economic feasibility due to cost component 
financial requirements (Figure 5). Technology's efficiency and cost savings make 
hydrogen solutions viable (Figure 6). Strategic financial planning, innovation, and 
policy support are needed to sustain hydrogen energy sector growth, enable 
stakeholders to make informed decisions, and contribute to a low-carbon future, 
according to this study (Ashari et al., 2024; Hjeij et al., 2023). 

6. Conclusion 

The study found that financial and technological factors are crucial to hydrogen 
energy project success, with cost structures and financial performance varying by 
region and project. CAPEX and OPEX optimisation and profitability require strategic 
financial planning and cost management. Over the past decade, supportive policies and 
investments have driven market growth, but regional disparities persist, suggesting 
targeted policy interventions are needed to address specific challenges and seize 
localised opportunities. Electrolysis, fuel cells, and hydrogen storage have improved 
efficiency and cost, boosting technological readiness and commercial viability, but IRR 
and NPV variability emphasises the need for thorough financial analysis and risk 
assessment to choose the best investments. Based on sensitivity analysis, discount 
rates, hydrogen prices, and CAPEX have the greatest impact on project finances, 
making their management essential to reducing financial risks and improving viability. 
Industry experts, policymakers, and stakeholders emphasise that subsidies, public-
private partnerships, and adaptive policy frameworks drive market growth and 
technological innovation, requiring quantitative and qualitative hydrogen energy 
project evaluations. 

7. Future Research Directions  

The future studies should emphasize the enhancement of market analysis, financial 
modelling, life cycle cost analysis, and sensitivity analysis to make hydrogen energy 
investment research more precise. This study has pointed out a keen role of policy and 
regulatory issues in enhancing the market. However, there is still need for further 
research to be conducted concerning changes in long run policy incentives, carbon 
pricing, as well as the regional context. Going forward, real-world pilot projects and 
long-term studies need to follow technological advancements into practice in order to 
scale up their effect on cost reduction and efficiency. However, further studies should 
also look at how public-private partnerships and subsidies can help reduce investment 
risks for scaling up hydrogen energy infrastructure. More gathering of lessons from 
more diverse pools of experts, policymakers, and industry stakeholders will help get 
the theoretical models stronger and give a more defined idea of the practical 
challenges for expanding the hydrogen energy sector. 
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8. Study Limitations 

Study findings are difficult to apply to all market conditions due to project scales, 
technologies, and regions. Historical data may not reflect new policy changes, and 
sensitivity analysis assumptions may not reflect real-world complexities. Technology 
may have unexpected scalability issues, and interviews may be biased. Research 
should use more regional data, monitor changing policies and technologies, and 
expand sensitivity analysis with broader scenarios to address these issues. Academics, 
industry, and policymakers must work together to scale innovations, and pilot projects 
and real-world demonstrations can validate theories and guide sustainable energy 
transitions. 

9. Research Implications 

The study has many applications for hydrogen energy investors, policymakers, and 
stakeholders. This study provides cost analysis and financial performance metrics to 
help investors assess hydrogen energy project viability. Investors allocate capital and 
expect returns using CAPEX and OPEX variability benchmarks. The sensitivity analysis 
highlights discount rates, hydrogen prices, and capacity Utilisation to help investors 
identify financial risks and improve investment strategies. Investors and companies 
can identify the most promising hydrogen energy development regions and adapt their 
strategies with detailed market analysis, including growth trends and regional 
differences. Researchers say policymakers need supportive frameworks to grow 
hydrogen energy projects. International policy comparisons show that subsidies, tax 
incentives, and regulatory reforms boost hydrogen energy investments. These findings 
can help policymakers create and implement hydrogen energy policies that meet local 
and global sustainability goals. High-quality data from industry experts and 
stakeholders informs hydrogen energy sector policy changes and opportunities. 
Technology and its effects on efficiency and cost reductions suggest that research and 
development must be supported to drive innovation and maintain competitive 
advantage. Policy that supports the low-carbon energy transition can boost economic 
growth and environmental sustainability by aligning with technological trends and 
market needs. 
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 Appendix I  

Data Source 

This hydrogen energy investment financial return analysis used many primary and 
secondary sources for accuracy. Market dynamics, policy impacts, and technological 
trends were confirmed by surveys and in-depth interviews with industry experts, 
policymakers, and key stakeholders from leading hydrogen-producing and consuming 
nations. We carefully collected secondary data from Statista, Bloomberg, and 
specialized industry reports for a decade of regions and markets. Secondary sources 
provided CAPEX and OPEX benchmarks for over 50 hydrogen energy projects 
worldwide and detailed records of 100 investments. A five-year review of academic 
and industry reports on hydrogen energy technology advancements was included. 
Carbon pricing, subsidies, and incentives data from hydrogen-producing and 
consuming countries' government and regulatory reports accurately reflected policy 
in financial models. This three-month dataset helps investors and policymakers assess 
hydrogen energy investment financial viability by revealing market size, growth, 
competition, and policy dynamics. 

 


