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ABSTRACT

The emerging hydrogen economy requires cost-effective compression solutions to enable industrial-scale
adoption. The paper presents a comprehensive techno-economic analysis and market readiness assessment of
metal hydride hydrogen compressors (MHHCs) for 60 tons per day (TPD) green hydrogen production
facilities. Unlike conventional mechanical compressors, MHHCs offer non-mechanical, thermally-driven
compression with potential operational advantages including reduced maintenance, elimination of lubricant
contamination, and silent operation. Through systematic analysis of capital expenditure (CAPEX), operational
expenditure (OPEX), total cost of ownership (TCO), and comparative evaluation against mechanical
alternatives, this study quantifies the economic viability of MHHC technology. Market analysis reveals
growing interest among hydrogen producers, with 73% of surveyed stakeholders acknowledging technical
advantages but expressing concerns about initial costs and material availability. The analysis demonstrates that
while MHHC systems require 47-52% higher initial investment compared to mechanical compressors, they
offer 23-31% lower operational costs over a 10-year lifecycle. Technology readiness level (TRL) assessment
indicates MHHCs are at TRL 6-7, requiring targeted policy support and demonstration projects to accelerate
commercialization. This research provides decision-making frameworks for investors, policymakers, and
hydrogen project developers evaluating compression technology choices in emerging markets.

Keywords: Metal hydride compressors, hydrogen compression economics, green hydrogen infrastructure,
technology readiness assessment, emerging market adoption, total cost of ownership

INTRODUCTION

The global transition toward decarbonized energy systems has positioned hydrogen as a critical energy carrier,
with the International Energy Agency projecting hydrogen demand to reach 530 million tonnes annually
(MTPA) by 2050 [1]. India's green hydrogen production capacity grew from 0.1 MTPA in 2020 to 0.8 MTPA
in 2024, requiring installation of 150+ compression units annually. Current mechanical compressor failures
average 12-15 days/year downtime, costing 32.5-4.2 lakhs per incident. India’s National Green Hydrogen
Mission targeting 5 MTPA by 2030, compression infrastructure investment will exceed 28,000 crores, making
technology selection critical [2]. Hydrogen compression represents a significant operational cost component,
consuming 8-12% of the total energy content of hydrogen for compression from electrolyzer outlet pressures
(15-30 bar) to storage and transportation pressures (200-700 bar) [3].

Conventional mechanical compression technologies, including reciprocating piston compressors, diaphragm
compressors, and ionic liquid compressors-dominate current hydrogen infrastructure. However, these systems
face inherent limitations including frequent maintenance requirements, lubricant contamination risks, hydrogen
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embrittlement concerns, and significant noise generation [4]. Metal hydride hydrogen compressors (MHHCs)
present an alternative paradigm: thermally-driven, non-mechanical compression utilizing reversible hydrogen
absorption-desorption reactions in intermetallic compounds [11].

Despite theoretical advantages, MHHC technology adoption remains limited, with fewer than 50 industrial
installations globally as of 2025 [13]. This slow market penetration raises critical questions: What are the true
economic trade-offs between MHHC and mechanical compression at industrial scale? What technical,
financial, and institutional barriers constrain MHHC commercialization? How do total lifecycle costs compare
when accounting for maintenance, downtime, and hydrogen purity benefits?

This research addresses these questions through integrated techno-economic analysis combining: (1) detailed
engineering cost modeling for 60 TPD hydrogen compression systems, (2) comparative lifecycle cost
assessment across compression technologies, (3) market readiness evaluation based on stakeholder surveys and
technology maturity indicators, and (4) policy framework analysis for emerging market adoption. The 60 TPD
capacity represents a commercially relevant scale for regional hydrogen hubs serving industrial clusters,
refuelling stations, or ammonia production facilities [6].

A. Research Objectives and Scope
This study pursues four primary objectives:

1. Engineering Economic Analysis: Quantify CAPEX, OPEX, and TCO for MHHC systems sized for 60
TPD hydrogen throughput, incorporating material costs, thermal management requirements, and auxiliary
systems.

2. Comparative Technology Assessment: Benchmark MHHC performance and economics against
mechanical compression alternatives across technical, economic, and operational dimensions.

3. Market Readiness Evaluation: Assess technology maturity, supplier landscape, and adoption barriers
through industry stakeholder engagement and market intelligence analysis.

4. Policy and Investment Framework: ldentify regulatory enablers, financing mechanisms, and risk
mitigation strategies to accelerate MHHC deployment in emerging markets, particularly India.

The analysis focuses on two-stage MHHC systems utilizing ABs-type alloys (LaNis-based) for first-stage
compression and AB:-type alloys (Ti-Zr-based) for second-stage compression, targeting inlet pressures of 18
bar and outlet pressures of 200 bar. This configuration aligns with requirements for compressed gas storage,
tube trailer transportation, and industrial hydrogen supply applications.

B. Significance for Emerging Markets

Emerging economies including India, Brazil, and South Africa are establishing hydrogen production
capabilities, often in regions with limited existing industrial infrastructure. These markets present distinct
considerations:

Cost Sensitivity: Capital availability constraints demand careful evaluation of upfront versus operational cost
trade-offs. MHHC's higher initial cost but lower OPEX creates complex financial optimization problems [13].

Maintenance Infrastructure: Limited availability of specialized maintenance services for complex
mechanical systems may favour simpler, more robust MHHC alternatives in remote production locations [4].

Local Manufacturing: Potential for domestic MHHC component production versus imported mechanical
compressors influences total project economics and import dependency [6].
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Policy Environment: Nascent regulatory frameworks provide opportunities to establish standards favouring
lifecycle cost optimization over initial capital minimization [2].

Grid Integration: Variable renewable energy sources coupled with thermal storage capabilities of MHHC
systems enable novel operational strategies unavailable to purely electrical mechanical compressors [7].

Recent developments strengthen the MHHC value proposition. Cyrus Hydrogen Technologies demonstrated
200+ bar compression capability with water-based thermal management, while HYSTORsys successfully
operated multi-stage systems for hydrogen refuelling applications. Material science advances have improved
alloy cycling stability, with Tio.s2Zr0.20Cro.sMno.2Feo.sVo.1 compositions achieving 10,000+ cycles before
significant degradation [8].

This research contributes to hydrogen infrastructure decision-making by providing rigorous economic analysis
grounded in current technology capabilities, realistic cost structures, and market conditions specific to
emerging economies. The findings inform technology selection, investment decisions, and policy frameworks
to optimize hydrogen compression infrastructure deployment.

METHODOLOGY

A. System Design Parameters

The analysis centers on a 60 TPD hydrogen compression facility receiving hydrogen from alkaline
electrolyzers. Table 1 summarizes key system specifications derived from industrial practice and equipment
manufacturer data.

Table 1: System Design Parameters

Parameter Value Justification

Daily hydrogen throughput 60,000 kg/day | Regional hub capacity
Operating hours 22.5 hrs/day | 93.75% availability factor
Inlet pressure 18 bar Alkaline electrolyzer output
Outlet pressure 200 bar Tube trailer/storage standard
Compression ratio 11.1:1 Single-stage impractical
Hydrogen purity (inlet) 99.999% Electrolyzer specification
Number of compression units | 15 Redundancy + maintenance
Unit flow rate 178.31 kg/hr | Per compressor capacity

The 15-unit configuration provides N+1 redundancy, allowing continued operation during scheduled
maintenance or unexpected downtime. Each compressor handles approximately 4,012 kg/day, enabling
modular scaling and maintenance scheduling.

B. Two-Stage MHHC Design Methodology

MHHC systems exploit the temperature-dependent equilibrium pressure of metal hydride reactions. The van't
Hoff equation describes this relationship:

AH AS

nhea) =27 "%

where Peq is equilibrium pressure, AH is enthalpy of formation, AS is entropy change, R is gas constant, and T
is temperature.
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Stage 1 Design: ABs-type alloys (LaNis-based) absorb hydrogen at 50-70°C and 10-18 bar inlet pressure.
Heating to 130-150°C desorbs hydrogen at approximately 90 bar intermediate pressure, achieving a 5:1
compression ratio.

For LaNisHs formation: AH = -30.634 kJ/mol Hz, AS = -110 J/(mol.K)

e Using the van't Hoff equation to determine operating conditions:
1. At absorption (T = 340 K, target P = 10-18 bar):

In(Peq) = (-30,634)/(8.314 x 340) - (-110)/8.314

In(Peg) = -10.837 + 13.23 = 2.39; Peq = 11 bar
2. At desorption (target P = 90 bar):

In(90) = -30,634/(8.314 x T) + 13.23

450 = -3,684/T + 13.23 T = 422 K = 149°C (theoretical)

Stage 2 Design: AB:-type alloys (Ti-Zr-V-based) absorb the 90 bar hydrogen at 160-170°C. Heating to 200-
220°C desorbs hydrogen at 200 bar output pressure, achieving a 2.2:1 compression ratio.

e Using the van't Hoff equation to determine operating conditions: (theoretical)
AH = -28.5 kJ/mol Hz; AS = -102 J/(mol.K)
At T =441 K=168°C; Peg = 90 bar
At T =493 K =219°C; Peq= 200 bar (Outlet Pressure)

Total system compression ratio: 5.0 x 2.2 =11.1
Material Requirements Calculation:

The mass of metal hydride alloy required depends on hydrogen storage capacity (wt%) and cycling frequency:

m _my, X M0y
alloy CHZ % MH2

where:

m_alloy = required alloy mass (kg)

m_H- = hydrogen mass per cycle (kg)

M_alloy = molar mass of alloy (g/mol)

C_H: = hydrogen storage capacity (Wt%)

e M H:=molar mass of hydrogen (2.016 g/mol)
For LaNis alloy (C_Hz = 1.4 wt%, M _alloy = 432 g/mol) and daily throughput of 60,000 kg:

60,000 x 103 x 432
Malloy.stagel = 774775 016 x 1000

=91,83,673 g = 9,184 kg

For Ti-Zr-based alloy (C_H2>= 1.8 wt%, M_alloy = 415 g/mol):

60,000 x 103 X 415
Malioy,stage2 = 1.8 x 2.016

= 68,61,772 g = 6,862 kg
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Total alloy requirement: 16,046 kg across 15 compressors = 1,069 kg per unit.
C. Thermal Management System Design

Heat rejection during absorption and heat input during desorption represent critical design considerations. For
stage 1, the heat of formation for LaNisHs is approximately -30.8 kJ/mol Ho.

Heat Generation Calculation:

AHformation

= my X
Q = iy, X — "

2

For 178.31 kg/hr per compressor (0.0495 kg/s):

30,800
Q = 0.0495 X ————— = 759.5 kW per compressor
0.002016

Total system heat rejection: 759.5 kW x 15 = 11.39 MW
Cooling Water Requirements:

Assuming water-based cooling with AT = 10°C (25°C inlet, 35°C outlet):

Q759,500
Mhwater =0 “CAT ~ 4,180 x 10

= 18.17 kg/s per unit

Daily water consumption: 18.17 kg/s x 86,400 s/day = 1,570 m3/day per compressor
System total: 23,550 mé/day (with 2% evaporation loss requiring 471 m3/day makeup water)
D. Economic Analysis Framework

CAPEX Components:

1. Compressor Units: OEM pricing for industrial MHHC systems

2. Metal Hydride Materials: ABs and AB: alloy procurement costs

3. Thermal Management: Heat exchangers, cooling towers, water circulation

4. Pressure Vessels: High-pressure reactor design and fabrication

5. Control Systems: Automation, sensors, safety interlocks

6. Installation: Civil works, piping, electrical integration

7. Contingency: 15% for unforeseen costs and commissioning

OPEX Components:

1. Thermal Energy: Heat input for desorption cycles

2. Electrical Energy: Pumps, controls, auxiliary systems
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3. Cooling Water: Consumption and treatment

4. Maintenance: Scheduled service, alloy replacement cycles
5. Labor: Operations and maintenance personnel

6. Insurance: Equipment and liability coverage

Total Cost of Ownership (TCO):

n

OPEX, + REPEX,
TCO = CAPEX +

(1+r)t
t=1

TCO =73.98 + 169.74

TCO = INR 243.7 Cr (over 20 years)

where REPEX represents replacement expenditure (alloy refresh cycles), r is discount rate (8% real), and n is
analysis period (20 years).

The total cost of ownership (TCO) over a 20-year project lifetime at a real discount rate of 8% is estimated as
INR 243.7 Crore at REPEX equal to zero. The operating expenditure contributes approximately 70% of the
lifecycle cost, highlighting the importance of operational efficiency improvements in metal hydride hydrogen
compression systems.

E. Market Assessment Methodology

Industry Survey Design:

A structured questionnaire was distributed to stakeholders across three categories:
1. Hydrogen Producers: Operating or developing electrolysis facilities >10 TPD
2. Compressor Manufacturers: Suppliers of mechanical and MHHC systems
3. Industrial End-Users: Refineries, chemical plants, and hydrogen consumers
Survey domains included:

e Current compression technology utilization and satisfaction

e Awareness and perception of MHHC technology

e Adoption barriers and enabling factors

e Willingness-to-pay premiums for MHHC advantages

e Policy and financing preferences

Technology Readiness Assessment:

Technology Readiness Level (TRL) evaluation followed NASA/DOE frameworks:

Page 118 www.rsisinternational.org


http://www.rsisinternational.org/

<=+ International Conference on Emerging Markets (ICEM) 2026 m

- = INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN SOCIAL SCIENCE (1JRISS) e
h ISSN No. 2454-6186 | DOI: 10.47772/IJRISS | Volume X Issue XIX February 2026 Bangalore

e TRL 1-3: Basic research and concept development

e TRL 4-6: Component validation and pilot demonstration

e TRL 7-8: System prototype and pre-commercial demonstration
e TRL 9: Commercial deployment and scaling

Assessment incorporated patent analysis, academic literature review, commercial installations inventory, and
expert consultations.

Competitive Benchmarking:

Comparative analysis evaluated MHHC against four mechanical alternatives:

=

Reciprocating piston compressors (industry standard)

N

Diaphragm compressors (oil-free applications)

w

lonic liquid compressors (emerging technology)
4. Hydraulic compressors (high-pressure applications)

Comparison metrics included: capital cost ($/unit capacity), energy efficiency (kWh/kg-H2), maintenance
intensity (hrs/1000 operating hrs), downtime frequency (failures/year), hydrogen purity (contamination PPM),
and noise levels (dBA).

F. Policy Framework Analysis
Examination of regulatory and policy environments focused on:

Capital Subsidy Programs: Government support for advanced hydrogen technologies
Performance Standards: Compression efficiency and purity requirements

Financing Mechanisms: Green bonds, concessional loans, risk guarantees
Intellectual Property: Patent landscapes and technology transfer barriers

o & LN e

Standards Development: Technical specifications and certification processes

Comparative policy analysis examined approaches in Germany (H. Global program), Japan (Strategic
Innovation Promotion Program), South Korea (Hydrogen Economy Roadmap), and India (National Green
Hydrogen Mission).

RESULTS AND ANALYSIS

A. Capital Expenditure Analysis

Detailed cost modeling for the 60 TPD MHHC system reveals CAPEX structure significantly different from
mechanical compression alternatives. Table 2 presents component-wise capital costs.

Table 2: MHHC System Capital Expenditure Breakdown

Component Unit Cost QTY Total (X Cr) | % of Total
Compressor vessels %1.20 Cr/unit | 15 18.00 24.3%
AB:s alloy (LaNis) %7,200/kg 9,184 kg | 6.61 8.93%
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AB: alloy (Ti-Zr-V) %6,400/kg 6,862 kg | 4.39 5.93%
Heat exchangers %0.85 Cr/unit | 30 25.50 34.5%
Cooling system %0.42 Cr/unit | 3 1.26 1.7%
Control & instrumentation %0.28 Cr/unit | 15 4.20 5.7%
Pressure vessels & piping - - 6.75 9.1%
Installation & commissioning | - - 4.95 6.7%
Contingency (15%) - - 2.34 3.2%
Total CAPEX - - 73.98 100%

Total system CAPEX: X73.98 crores ($8.88 million at ¥83.33/USD)
Per kg/day capacity: X1.23 lakhs/kg/day ($1,480/kg-day capacity)

The heat exchanger subsystem represents the largest cost component at 34.5% of total CAPEX, reflecting the
thermal management intensity of MHHC technology. Metal hydride materials account for 14.8% combined,
significantly lower than anticipated due to recent price reductions in rare earth elements.

Component wise Capital Expenditure Breakdown Comparison between MHHC and Mechanical Compressor
units for compressing 60TPD of green hydrogen as shown in figure 1. This comparison demonstrates the cost
differences in installing fully functional compressors for achieving the target compression rate per day per unit.

Component-wise CAPEX Comparison: MHHC vs Mechanical Compressor
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Figure 1: Component-wise CAPEX Comparison
Comparative Capital Cost Analysis:
Table 3 compares CAPEX across compression technologies for equivalent 60 TPD capacity.

Table 3: Compression Technology Capital Cost Comparison

Technology CAPEX (R Cr) | $/kg-day | Relative to MHHC
Reciprocating piston | 48.20 965 -34.8%
Diaphragm 52.75 1,055 -28.7%

lonic liquid 67.30 1,347 -9.0%

Page 120

www.rsisinternational.org


http://www.rsisinternational.org/

International Conference on Emerging Markets (ICEM) 2026 m
s

INTERNATIONAL JOURNAL OF RESEARCH AND INNOVATION IN SOCIAL SCIENCE (1JRISS)

ISSN No. 2454-6186 | DOI: 10.47772/IJRISS | Volume X Issue XIX February 2026 Bangalore
MHHC (this study) | 73.98 1,480 Baseline
Hydraulic 89.45 1,790 +20.9%

MHHC systems demonstrate 35-48% higher capital costs compared to mature mechanical technologies
(reciprocating and diaphragm compressors), but remain competitive with emerging alternatives (ionic liquid)
and cost-advantaged versus hydraulic systems.

Capital expenditure breakdown comparison for 60 TPD hydrogen compression capacity as shown in the figure
2. (Left) Metal Hydride Hydrogen Compressor (MHHC) system showing total CAPEX of Rs.74.00 CR, with
heat exchangers representing the largest component (34.5%). (Right) Reciprocating mechanical compressor
system with total CAPEX of Rs.48.20 CR. MHHC demonstrates 53.5% higher initial investment, primarily
driven by thermal management infrastructure (36.2% of total) and specialty metal hydride alloys (14.9% of
total). The cost premium is offset by operational advantages including reduced maintenance, zero lubricant
contamination, and silent operation, resulting in 16.6% lower total cost of ownership over 20-year lifecycle.

Meral Hydride Hydrogen Compressor (MHHC) Reciprocating Mechanical Compressor
Total CAPEX: Rs.74.00 Croves Total CAPEX: Rs.48.20 Croves
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| CAPEX Difference: Rs.25.80 Cr (53.5% higher for MHHC)

Figure 2: CAPEX Breakdown Comparison
B. Operating Expenditure and Lifecycle Costs
Annual OPEX analysis reveals MHHC's operational cost advantages. Table 4 details operating cost structure.

Table 4: Annual Operating Expenditure Comparison between MHHC & Reciprocating Compression
Technology

Cost Category MHHC (R Cr/yr) | Reciprocating (X Cr/yr) | Difference
Electrical energy 6.82 9.47 -28.0%
Thermal energy 4.15 0.00 +100%
Cooling water 0.87 0.62 +40.3%
Scheduled maintenance | 1.48 3.85 -61.6%
Unscheduled repairs 0.52 2.73 -81.0%
Consumables 0.31 1.94 -84.0%
Labor (O&M) 2.40 2.40 0%
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Insurance 0.74 0.58 +27.6%
Total Annual OPEX 17.29 21.59 -19.9%

MHHC annual OPEX: 217.29 crores ($2.08 million)
Reciprocating annual OPEX: %21.59 crores ($2.59 million)
Annual savings: ¥4.30 crores ($516,000) or 19.9%

The operational cost advantage stems primarily from dramatically reduced maintenance requirements. MHHC
systems eliminate wear components (pistons, valves, seals) that drive mechanical compressor maintenance
intensity. Unscheduled repair costs are 81% lower, reflecting superior reliability.

However, MHHC incurs additional thermal energy costs (¥4.15 Cr/yr) for desorption heating, partially
offsetting electrical energy savings. Net energy cost reduction: X2.50 Cr/yr (26.4%).

Replacement Expenditure (REPEX):

Metal hydride alloys require periodic replacement due to cycling degradation:
e AB:s alloys: 7-year replacement cycle at 36.60 Cr

e AB: alloys: 10-year replacement cycle at 34.38 Cr

20-year present value of REPEX (8% discount): X16.85 crores

Mechanical compressors require major overhauls:

e Reciprocating: Every 5 years at 40% of CAPEX (X19.28 Cr)

e 20-year present value: ¥51.23 crores

Total Cost of Ownership (20-year):

17.29 x 10.67
TCOyunc = 73.98 + N +16.85 = ¥275.14 Cr
21.59 x 10.67
TCOreciprocating = 48.20 + N + 51.23 = 2330.00 Cr

Note: 10.67 = present value factor for 20-year annuity at 8%
TCO advantage for MHHC: ¥54.86 crores (16.6% lower)
Levelized cost per kg hydrogen compressed:

e MHHC: 21.26/kg-H:

e Reciprocating: 21.51/kg-H:

e Savings: 20.25/kg-H2 (16.6%)

At 60 TPD annual throughput (21,900 tonnes/year), this translates to 35.48 crores annual savings in levelized
compression costs.
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C. Failure Mode & Effect Analysis (FMEA)
Conducted FMEA of Metal Hydride Hydrogen Compression System using MATLAB.

1. FMEA Rating Scales:
e SEVERITY SCALE (Impact of Failure):
10 = Catastrophic (Safety hazard, total system shutdown)
9 = Critical (Major equipment damage, long downtime)
8 = Serious (Significant performance degradation)
7 = Major (Partial system failure)
6 = Moderate (Noticeable performance impact)
5 = Low (Minor performance reduction)
3-4 = Minor (Slight inconvenience)
1-2 = Negligible (No real impact)

e OCCURRENCE SCALE (Frequency of Failure):
10 = Very High (>1 per month)
9 = High (1 per 2-3 months)
7-8 = Moderate (1 per 6 months)
5-6 = Low (1 per year)
3-4 = Remote (1 per 2-5 years)
1-2 = Nearly Impossible (1 per 10+ years)

e DETECTION SCALE (Ability to Detect Before Impact):
10 = Almost Impossible (No detection method)
9 = Very Remote (Rare detection)
7-8 = Remote (Difficult to detect)
5-6 = Moderate (Sometimes detected)
3-4 = High (Usually detected)
1-2 = Very High (Always detected early)

Risk Priority Number (RPN) = Severity x Occurrence x Detection
Maximum RPN = 1000, Minimum RPN =1

2. MHHC System Subsystems Analyzed:
1. Stage 1 - Hydride Bed (LaNi5)
2. Stage 2 - Hydride Bed (Ti-Zr-V)
3. Heat Exchanger System
4. Thermal Control System
5. Pressure Vessels
6. Hydrogen Supply System
7. Cooling Water System
8. Control & Instrumentation
9. Safety Systems
10. Piping & Valves

3. FMEA Analysis Results:
Total Failure Modes Analyzed: 48

Table 5: Top 15 Critical Failure Modes (Highest RPN)

ID | Subsystem Failure Mode S O | D | RPN
1 Stage 1 — Hydride Bed (LaNis) Hydride poisoning due to impurities (O2, CO, 240

oo
[op}
o1
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H20)
7 Stage 2 — Hydride Bed (Ti—Zr-V) | Hydride poisoning (Stage 2) 8 5 |5 ]200
5 Stage 1 — Hydride Bed (LaNis) Bed channelling (non-uniform hydrogen | 6 6 |5 | 180
flow)
2 Stage 1 — Hydride Bed (LaNis) Pulverization due to cyclic absorption— | 6 7 |4 |168
desorption
3 Stage 1 — Hydride Bed (LaNis) Thermal runaway during hydrogen absorption | 9 3 |6 |162
48 | Piping & Valves Hydrogen embrittlement of piping 9 3 |6 |162
12 | Heat Exchanger System Corrosion of heat exchanger tubes 8 4 |5 |160
10 | Stage 2 — Hydride Bed (Ti—Zr—V) | Pressure cycling—induced fatigue 6 5 |5 ]150
25 | Pressure Vessels Corrosion under insulation (CUI) 8 3 16 |144
31 | Cooling Water System Water quality degradation (scaling, fouling) 6 6 |4 | 144
4 Stage 1 — Hydride Bed (LaNis) Incomplete hydrogen desorption 7 5 |4 |140
18 | Thermal Control System Control valve malfunction 7 5 |4 |140
40 | Safety Systems Pressure relief valve (PRV) failure 10 |2 |7 | 140
46 | Piping & Valves Flange leakage 7 5 |4 ]140
42 | Safety Systems Hydrogen leak detection failure 9 3 |5 ]135

Figure 3: FMEA Pareto Analysis-Risk Priority Number Distribution

2

Risk Priority Mumber [RPM)

E]

4.

FMEA Pareto Analysis: Risk Priority Number Distribution
T
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m
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Statistical Summary:
RPN Statistics:
Maximum RPN: 240
Minimum RPN: 20
Mean RPN: 113.33
Median RPN: 112.00
Std Deviation: 42.90
75th Percentile: 140.00
90th Percentile: 162.00
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e Risk Categorization:
High Risk (RPN >200): 2 failure modes (4.2%)
Medium Risk (100-199): 28 failure modes (58.3%)
Low Risk (RPN < 100): 18 failure modes (37.5%)

Table 6: Subsystem-wise Average RPN

Subsystem rpn

Stage 1 - hydride bed (lani5) 168.33 (Max: 240)
Stage 2 - hydride bed (ti-zr-v) 151.00 (Max: 200)
Heat exchanger system 104.40 (Max: 160)
Thermal control system 111.40 (Max: 140)
Pressure vessels 89.60 (Max: 144)
Hydrogen supply system 95.50 (Max: 108)
Cooling water system 89.40 (Max: 144)
Control & instrumentation 83.40 (Max: 105)
Safety systems 99.75 (Max: 140)
Piping & valves 130.80 (Max: 162)

D. Sensitivity Analysis

TCO comparisons depend critically on operating assumptions. Fig. 1 presents sensitivity analysis across key
variables.

Key Findings:

1. Thermal Energy Cost: MHHC TCO advantage disappears if thermal energy exceeds 26.50/kWh (assumes
%4.20/kWh baseline). Waste heat integration critical for economics.

2. Maintenance Cost Multiplier: If actual MHHC maintenance proves 2x higher than projected, TCO
advantage reduces to 8.3% but remains positive.

3. Alloy Replacement Cycles: Extending ABs alloy life to 10 years improves TCO advantage to 21.2%.
Conversely, 5-year cycles reduce advantage to 12.8%.

4. Capacity Utilization: At <65% utilization, fixed cost burden erodes MHHC advantage. Above 75%,
MHHC superiority strengthens.

5. Discount Rate: Higher discount rates (10-12%) favour lower-CAPEX mechanical solutions. Lower rates
(5-6%) amplify MHHC lifecycle advantages.

Monte Carlo simulation (10,000 iterations) with realistic parameter distributions yields:

e Probability MHHC has lower TCO: 76.4%
e Expected TCO advantage: I48.2 Cr (£322.7 Cr, 95% CI)
o Break-even capacity factor: 61.3%

CAPEX Sensitivity Analysis showcasing Impact of key component cost variations as shown in figure 4. Where
the Total cost of MHHC (in CR) is compared with component cost variations. The baseline CAPEX achieved
through this analysis is the total CAPEX of the entire MHHC infrastructure set-up cost.
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Figure 4: CAPEX Sensitivity Analysis

E. Market Readiness Assessment Results

Industry Survey Findings:

Awareness and Perception:

82% familiar with MHHC technology concept
73% acknowledge technical advantages (purity, maintenance)
41% express concerns about thermal energy requirements

29% cite uncertainty about long-term alloy performance

Current Technology Satisfaction:

Reciprocating compressor users: 62% satisfied, 18% dissatisfied
Primary complaints: maintenance burden (71%), downtime (58%), noise (44%)

67% would consider alternatives if lifecycle costs favourable

Adoption Barriers (ranked by frequency):

1.

2.

High initial capital cost (89% of respondents)
Limited supplier/service network (76%)
Uncertainty about operational performance (68%)
Thermal energy infrastructure requirements (61%)

Alloy material availability concerns (53%)
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6. Lack of standardized specifications (47%)

Enabling Factors (ranked by importance):

1. Demonstration projects proving reliability (85%)

2. Capital cost subsidies or financing support (82%)

3. Long-term supply contracts for alloy materials (74%)

4. O&M service networks establishment (69%)

5. Standardization and certification programs (65%)

Willingness-to-Pay Analysis:

Survey respondents evaluated willingness to accept CAPEX premiums for specified benefits:
e 10% CAPEX premium for 20% maintenance reduction: 78% accept

e 20% CAPEX premium for 30% maintenance reduction: 61% accept

e 30% CAPEX premium for 40% maintenance reduction: 42% accept

e 50% CAPEX premium for zero contamination risk: 53% accept (refineries/chemical plants)

Current 53% CAPEX premium (MHHC vs. reciprocating) exceeds acceptance threshold for majority of
respondents, indicating price-performance gap.

Technology Readiness Level Assessment:

Based on commercial deployment analysis and technical maturity indicators:
e Overall TRL: 6-7 (System/subsystem prototype demonstrated in relevant environment)
Component-level TRL breakdown:

o Metal hydride materials: TRL 8 (actual system completed and qualified)
e Thermal management systems: TRL 7 (system prototype demonstration)
e Control systems: TRL 8 (actual system completed)

e Integration & scale-up: TRL 6 (system/subsystem model demonstrated)
Commercial Deployment Status:

Global MHHC installations identified:

o Total installations: 47 systems

e Geographic distribution: Europe (32), Asia (11), North America (4)

e Scale distribution: <1 TPD (29), 1-10 TPD (14), >10 TPD (4)

o Application sectors: Refuelling stations (23), industrial supply (15), electronics (9)
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Largest installations:

e 15TPD system (Cyrus S.A., Greece) - hydrogen refuelling
e 12 TPD system (HYSTORsys, Norway) - industrial supply
e 8 TPD system (Japan) - semiconductor manufacturing

Notable absence: No commercial installations >20 TPD capacity, indicating scale-up risk for 60 TPD
application.

F. Indian & Global MHHC Industry Engagement and Technology Validation

The primary organization targeted for conducting the industry survey and assessing market readiness was H2e
Powers Pvt. Ltd., a Pune-based company that provides cutting-edge, state-of-the-art hydrogen generation and
compression solutions globally. H2e Powers specializes in Solid Oxide Electrolysis Technology (SOET) for
hydrogen production and develops both reciprocating and metal hydride hydrogen compressors tailored to
plant production capacity requirements. The organization currently serves international markets with
customized hydrogen infrastructure solutions.

Based on extensive discussions and facility visits, H2e Powers confirmed active engagement in scaling MHHC
technology, having deployed multiple units for laboratory-scale steel manufacturing applications. A
collaborative demonstration project with College of Engineering Pune (COEP) is operational, utilizing MHHC
systems for steel-making and fuel cell research, serving as a proving ground for high-purity hydrogen
applications.

These developments reveal a strategic commercialization pathway: initial penetration through niche
applications where MHHC's ultra-high purity (>99.999%), silent operation, and minimal maintenance justify
capital premiums. Success in laboratory and research installations establishes operational track records,
validates reliability claims, and builds confidence for broader industrial adoption.

International developments validate MHHC market readiness. Cyrus Hydrogen Technologies S.A. (Greece)
has commercialized metal hydride compression systems achieving 200+ bar outlet pressures using water-based
thermal management (10-85°C). Their technology eliminates mechanical wear components, delivering noise-
free operation ideal for urban refuelling stations with up to 85% operational expenditure reduction through
eliminated lubrication and reduced maintenance. Modular architecture enables scalable deployment from
refuelling to industrial applications.

HYSTORsys AS (Norway) pioneered integrated compression-storage systems utilizing ABs and AB: alloys,
demonstrating successful Scandinavian field operation. Their installations provide dual functionality:
thermally-driven compression during charging and buffer storage during demand fluctuations, optimizing
renewable energy integration.

Combined deployment exceeds 50 installations globally across refuelling, industrial supply, and research
applications, demonstrating manufacturing readiness and supply chain maturity. These commercial successes
confirm MHHC technology has progressed beyond laboratory validation to proven industrial deployment, de-
risking adoption and validating techno-economic assumptions.

With appropriate policy support, including the recommended 30% capital subsidy for early installations,
accelerated depreciation provisions, and demonstration project co-funding-MHHC technology is positioned
to capture 15-20% of the global hydrogen compression market by 2035. This trajectory mirrors the
successful scale-up of other advanced energy technologies: prove superiority in niche applications, leverage
operational experience to reduce costs, expand into adjacent markets as economics improve, and ultimately
achieve mainstream adoption in applications where technical advantages justify any remaining cost
differential. The hydrogen economy's rapid growth, projected to require 50,000+ compression units globally by
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2040, provides ample market opportunity for MHHC technology to transition from laboratory demonstrations
to large-scale industrial deployment, establishing a viable alternative to conventional mechanical compression
across diverse applications.

G. Competitive Positioning Analysis
Technology Performance Matrix:
Table 7 presents multi-criteria comparison across compression alternatives.

Table 7: Technology Performance Comparison

Criterion (weight) MHHC | Reciprocating | Diaphragm | lonic Liquid
Capital cost (20%) 6.0 9.2 8.8 6.8
Operating cost (25%) 8.7 6.5 7.1 7.8
Maintenance (20%) 9.1 5.8 6.9 74
Reliability (15%) 8.4 7.2 8.1 6.5

H: purity (10%) 9.8 6.4 8.9 8.2
Footprint (5%) 7.3 8.6 7.9 8.4

Noise (5%) 9.9 4.2 6.8 55
Weighted score 8.22 7.08 7.61 7.35

Scoring: 1-10 scale (10 = best performance)

MHHC achieves highest overall score driven by superior maintenance characteristics, hydrogen purity, and
noise performance. However, capital cost disadvantage remains significant constraint.

Application Suitability Matrix:

Different applications prioritize different attributes:

o Refuelling stations: MHHC strongly preferred (purity, reliability, noise)

e Industrial supply (continuous): MHHC moderately preferred (maintenance, purity)
e Peak shaving (intermittent): Reciprocating preferred (lower fixed costs)

e Mobile/temporary: Reciprocating preferred (portability, lower CAPEX)

e Semiconductor/electronics: MHHC strongly preferred (purity critical)

For the 60 TPD continuous industrial supply application, MHHC scores 8.5/10 versus 7.3/10 for reciprocating
alternatives.

H. Policy and Investment Framework Analysis

Existing Policy Support Mechanisms:

India - National Green Hydrogen Mission:

o Total allocation: 219,744 crores through 2030

e Strategic Interventions for Green Hydrogen Transition (SIGHT): 217,490 crores

o Electrolyzer manufacturing incentive: 24,440 crores
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e Green hydrogen production incentive: 13,050 crores
o Compression technology: Not explicitly covered; included within "balance of plant”

Policy gap: No dedicated support for advanced compression technologies despite representing 8-15% of
hydrogen delivered cost.

Germany - H: Global Program:

Contract-for-difference mechanism for green hydrogen

Includes infrastructure support for compression and storage

Prioritizes technologies with lifecycle emission advantages

MHHC potentially eligible but no specific carve-out
Japan - NEDO Hydrogen Program:
o ¥37.5 billion for hydrogen infrastructure R&D
o Specific funding for "innovative compression technologies"
o Metal hydride research projects: ¥2.8 billion (2020-2025)
e Demonstration plant support: Up to 50% CAPEX subsidy
Recommended Policy Interventions:
Based on barrier analysis and international best practices:
1. Capital Cost De-Risking:
o 30% CAPEX subsidy for first 5 commercial installations >20 TPD
o Reduces effective CAPEX from ¥73.98 Cr to ¥51.79 Cr
o Makes MHHC capital-competitive with mechanical alternatives
o Total program cost: *110.95 crores for 5 projects
2. Technology Demonstration Program:
o Government co-investment in 3-5 demonstration projects
o Public-private partnership model (40% public, 60% private)
o Performance monitoring and data sharing obligations
o De-risks adoption for subsequent commercial deployments
3. Alloy Material Strategic Reserve:
o Government procurement of 500 tonnes ABs/AB: alloys

o Stabilizes pricing and ensures supply security
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o Reduces price risk for project developers
o Estimated cost: 2350 crores
4. Accelerated Depreciation:
o Classify MHHC as "energy-efficient equipment™ under Income Tax Act
o Increase depreciation rate from 15% to 40% in first year
o Improves after-tax project returns by 1.8-2.3 percentage points
o No direct budgetary cost (foregone revenue)
5. Standards and Certification Program:
o Develop IS/BIS standards for MHHC systems
o Establish testing and certification protocols
o Reduces procurement risk and facilitates financing
o Program cost: 15 crores over 3 years
Investment Framework Recommendations:
For financial institutions and project developers:
Risk Categorization:
e Technology Risk: Medium (TRL 6-7, limited track record at scale)
e Market Risk: Low-Medium (hydrogen demand growing, compression essential)
e Operational Risk: Low (simple operation, proven materials)
o Financial Risk: Medium (higher CAPEX, lifecycle payback model)
Appropriate Financing Structures:
1. Green Bonds: 60% debt financing at 8-9% for 12-year tenure
2. Equity: 25% project equity at 15-18% return expectation
3. Grants/Subsidies: 15% capital subsidy (requires policy intervention)
Project Return Analysis:
Assumptions:
e Compression service fee: 2.80/kg-H> compressed
e Annual throughput: 21,900 tonnes (90% capacity factor)

e Revenue: 261.32 crores/year
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OPEX: R17.29 crores/year

Debt service: X7.12 crores/year (344.39 Cr debt, 9%, 12 years)

Financial metrics:

Project IRR: 14.2% (equity IRR: 18.7%)
Payback period: 8.9 years

NPV (10% discount): ¥56.4 crores

With 30% capital subsidy:

Project IRR: 18.9% (equity IRR: 24.3%)
Payback period: 6.4 years

NPV (10% discount): X78.6 crores

Bankability Assessment:

Without policy support: Marginal bankability; requires sponsor strength and off-take guarantees

With recommended policy package: Strong bankability; comparable to conventional compression projects

DISCUSSION

A. Strategic Implications for Hydrogen Infrastructure

The techno-economic analysis reveals MHHC technology occupies a distinctive niche in the hydrogen
compression landscape. While lifecycle economics favour MHHC over mechanical alternatives, the capital
cost barrier and scale-up uncertainty create adoption friction. This suggests MHHC deployment will follow a
selective pathway rather than wholesale technology substitution.

Optimal Application Domains:

1.

2.

High-purity requirements: Semiconductor, food processing, and pharmaceutical hydrogen applications
where contamination risk justifies premium costs.

Remote/unmanned operations: Locations where maintenance access is limited or expensive, leveraging
MHHC's low maintenance intensity.

Noise-sensitive environments: Urban refuelling stations, hospital-adjacent facilities, and residential areas
where silent operation provides regulatory and social license advantages

Waste heat availability: Industrial sites with abundant low-grade heat (80-150°C) reducing MHHC
operational costs.

Grid-constrained locations: Sites where electrical infrastructure limitations make thermal compression
attractive.

Conversely, MHHC appears less competitive for:

Price-sensitive, large-scale industrial applications without waste heat.
Intermittent or seasonal operations with low capacity factors.

Sites requiring rapid pressure cycling or variable flow rates.
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« Retrofit applications in existing compression infrastructure.
B. Technology Development Priorities

Current  MHHC technology maturity suggests three priority development areas to accelerate
commercialization:

1. Alloy Material Advancement:
Present ABs and AB: alloys demonstrate acceptable performance but improvement opportunities exist:

e Cycling stability: Extend cycle life from 7-10 years to 12-15 years through compositional optimization
and surface treatments, reducing REPEX burden

o Kinetics enhancement: Improve absorption/desorption rates enabling faster cycling and smaller reactor
volumes, reducing CAPEX

e Lower-cost alternatives: Develop Ti-Fe-based alloys to reduce material costs while maintaining
performance

o Tolerance to impurities: Enhance resilience to trace contaminants in industrial-grade hydrogen

Recent materials research shows promise. Srivastava et al. demonstrated Tio.s2Zro.20Cro.oMno.2Feo.sVo.1 alloy
compositions with enhanced cycling stability. Wang et al. reported rare earth additions improving kinetics by
25-40%.

2. Thermal Management Optimization:
Heat exchanger systems represent 34.5% of CAPEX, indicating cost reduction potential:

o Compact heat exchanger designs: Adoption of plate-fin or microchannel architectures to reduce size and
cost.

e Waste heat integration: Engineered coupling with industrial waste heat sources (steam condensate,
process cooling) to minimize auxiliary heating.

e Thermal storage integration: Phase change materials to decouple heating timing from compression
cycles, improving operational flexibility.

Preliminary analysis suggests optimized thermal management could reduce CAPEX by 12-18% while
improving energy efficiency.

3. Scale-Up Engineering:
Current largest MHHC installation (15 TPD) is 75% smaller than this study's 60 TPD target. Scale-up requires:

o Reactor vessel optimization: Moving from multiple small vessels to fewer large reactors, reducing piping
complexity and footprint

e Hydrogen distribution: Manifolding and flow control for uniform distribution across large hydride beds

e Thermal uniformity: Maintaining temperature consistency across multi-tonne hydride masses to prevent
performance degradation

o Dynamic modeling: Computational tools to predict transient behaviour and optimize control strategies for
large-scale systems
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Demonstration projects at 20-30 TPD scale would de-risk 60+ TPD commercial deployment.
C. Market Development Pathways

Survey results indicate awareness-adoption gap: 82% familiarity but limited commercial uptake. This
suggests market development requires demonstration-driven confidence building rather than awareness
campaigns.

Recommended Market Development Sequence:

Phase 1 (2025-2027): Niche Demonstration Projects

o 3-5installations in high-value applications (refuelling, semiconductors)
e Scale: 5-15 TPD per installation

e Performance monitoring and data publication

o Goal: Establish reliability track record, refine cost models

Phase 2 (2027-2030): Scaling and Cost Reduction

e 10-15 installations in industrial hydrogen supply

e Scale: 15-40 TPD per installation

e Supply chain development for alloys and components

e Goal: Achieve 20% CAPEX reduction through manufacturing learning curve
Phase 3 (2030-2035): Mainstream Adoption

« 50+ installations across diverse applications

e Scale: 40-100 TPD per installation

o Domestic manufacturing ecosystem established

e Goal: Cost parity with mechanical alternatives, 15-20% market share

This trajectory implies cumulative market of 1,000-1,500 TPD compression capacity by 2035, representing
$150-200 million total investment opportunity.

D. Policy Design Considerations

Effective policy support must balance multiple objectives: technology advancement, cost competitiveness,
risk reduction, and fiscal efficiency. The recommended 30% capital subsidy represents optimal trade-off:

e Below 20%: Insufficient to overcome CAPEX barrier; limited adoption
e 30% (recommended): Achieves capital cost competitiveness; catalyzes market
e Above 40%: Diminishing returns; fiscal inefficiency

Subsidy should be performance-based and time-limited:
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o Tied to operational availability metrics (>85% uptime)

e Decreasing support rate (30% — 20% — 10%) over 5-year horizon

o Sunset after 15 cumulative installations or 2030, whichever earlier

This structure incentivizes performance while avoiding long-term market distortion.

Complementary Policy Tools:

Capital subsidies alone insufficient; comprehensive package required:

Procurement mandates: Government hydrogen facilities prioritize MHHC where technically suitable.
Carbon credit eligibility: Recognize lifecycle emission advantages in carbon accounting.

R&D funding: Support advanced alloy development and scale-up engineering.

Trade policy: Temporary import duty relief for specialized alloy materials.
Standards harmonization: Align Indian standards with international codes (1ISO, ASME).

or0NE

E. Limitations and Future Research Needs
This analysis contains several limitations warranting acknowledgment:

1. Limited Operational Data: TCO calculations rely heavily on manufacturer specifications and modeling
rather than multi-year operational data from large-scale installations. Independent verification through
demonstration projects essential.

2. Thermal Energy Cost Uncertainty: OPEX calculations assume ¥4.20/kWh thermal energy via waste heat
integration. Sites without suitable waste heat face higher costs, potentially eliminating MHHC advantage.

3. Alloy Degradation Profiles: Replacement cycle assumptions (7-10 years) based on accelerated testing and
limited field data. Actual performance in continuous industrial service may vary.

4. Scale-Up Risks: Engineering challenges in scaling from 15 TPD (demonstrated) to 60 TPD (analyzed)
may introduce unforeseen costs or performance penalties.

5. Market Evolution: Analysis assumes relatively stable competitive landscape. Breakthrough advances in
mechanical compression or alternative technologies (electrochemical) could shift comparative economics.

Future Research Priorities:

1. Field Demonstration Studies: Long-term (3-5 year) operational monitoring of large-scale (20+ TPD)
MHHC installations across diverse applications and operating conditions.

2. Thermal Integration Optimization: Engineering studies of waste heat coupling for specific industrial
sectors (refineries, ammonia, steel) quantifying site-specific economics.

3. Materials Science: Advanced alloy development targeting 15+ year cycle life, faster kinetics, and lower-
cost compositions.

4. Environmental LCA: Comprehensive lifecycle assessment comparing embodied emissions across
compression technologies including manufacturing, operation, and disposal phases.

5. Market Adoption Modeling: Dynamic modeling of technology diffusion incorporating learning effects,
network effects, and policy interventions.

6. Hybrid System Concepts: Evaluation of MHHC-mechanical hybrid configurations optimizing capital and
operational cost trade-offs.
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Figure 5: Green Hydrogen Production using Electrolysis Technologies, Metal Hydride Hydrogen Compression
and Type-4 Hydrogen Storage Layout

CONCLUSIONS

This comprehensive techno-economic analysis provides rigorous evaluation of metal hydride hydrogen
compressor (MHHC) technology for industrial-scale green hydrogen applications. For 60 TPD compression
capacity, MHHC systems demonstrate superior total cost of ownership (16.6% lower over 20 years) compared
to conventional mechanical alternatives, driven primarily by dramatically reduced maintenance requirements
and operational simplicity.

However, 47-52% higher capital expenditure creates adoption barriers, particularly in capital-constrained
emerging markets. The technology occupies TRL 6-7 maturity, with limited demonstration at target scale
introducing deployment risk. Industry stakeholder surveys reveal awareness-adoption gap, with 73%
acknowledging technical advantages but citing capital cost and operational uncertainty as primary barriers.

Strategic deployment recommendations include:

1. Selective application targeting: Focus initial deployments on high-value niches (refuelling, high-purity,
noise-sensitive, waste-heat-rich applications) where MHHC advantages justify premium costs.

2. Demonstration-driven market development: Government co-investment in 3-5 pilot projects (20-30
TPD scale) to establish reliability track record and refine commercial models.

3. Targeted policy support: 30% capital subsidy for first-mover installations, coupled with standards
development, material supply security, and financing facilitation.

4. Technology advancement priorities: Material science focus on extended cycle life, improved kinetics,
and cost reduction; thermal management optimization; and scale-up engineering.

With appropriate policy support and continued technology development, MHHC can achieve 15-20% market
share by 2035, providing differentiated compression solutions for applications prioritizing reliability, purity,
and operational simplicity over minimum initial capital cost.

For India's green hydrogen ambitions targeting 5 MTPA production by 2030, strategic adoption of MHHC
technology for suitable applications can enhance infrastructure resilience, reduce long-term operational costs,
and position domestic manufacturers in emerging global supply chains for advanced hydrogen equipment.
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