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Electrolysis Systems Design, Modeling, and Hydrogen Production
Technologies

Course Overview

This course equips advanced-level TVET learners with practical and analytical competencies
in hydrogen production using electrolysis technologies. It focuses on electrolysis principles,
system design, performance evaluation, renewable energy integration, techno-economic
assessment, and industrial applications. The course combines theoretical learning with practical

laboratory activities, simulation exercises, and project-based applications.

Course Learning Outcomes
By the end of this course, learners will be able to:
e Explain the operating principles of hydrogen electrolysis systems.
o Compare different electrolysis technologies and their applications.
e Design and size electrolysis systems for hydrogen production.
e Analyze electrolysis system performance and efficiency.
e Integrate electrolysis systems with renewable energy sources.
e Conduct basic techno-economic evaluation of hydrogen production systems.

e Apply industrial safety standards and operational procedures.
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Fundamentals of Hydrogen Energy and Electrolysis Technologies

Estimated Time: 22 hours total

- Theory / Classroom: 8 hours

- Hands-on Lab / Workshop / Simulation: 10 hours
- Independent Practice & Assessment: 4 hours
Learning Objectives

By the end of this chapter, learners will be able to:

e Identify green, blue, and grey hydrogen production routes and recommend the most
suitable route for a given industrial site based on local renewable resources and

carbon targets.



Calculate the theoretical and actual electrical current required to produce a specified
daily hydrogen output using Faraday’s laws.

Select the most appropriate electrolysis technology (AEL, PEMEL, SOEC, or AEM)
for a real application, justifying the choice with operating parameters and cost
considerations.

Interpret a manufacturer’s electrolyzer datasheet and polarization curve to determine
safe operating limits (current density, temperature, pressure).

Draw and label the basic internal structure of an alkaline and a PEM electrolyzer cell,
identifying critical components that require regular inspection.

Perform a basic comparison of electrolysis technologies and estimate stack sizing for a
small pilot plant (50—-500 Nm?*/h).

List key safety hazards and prepare a basic pre-startup safety checklist for an
electrolysis system.

Explain how electrolysis fits into a renewable hydrogen plant and identify integration

points with renewable power sources.

Key Terminology

Current Density (A/cm?): Amps per active electrode area — determines production rate
and heat generation.

Faradaic Efficiency: Percentage of electrons that actually produce hydrogen (typical 95—
99%).

Cell Voltage: Voltage across one cell (practical 1.6-2.2 V).

Stack: Multiple cells connected in series.

BOP (Balance of Plant): All supporting systems (water treatment, power supply, gas
separation, cooling).

Rectifier: Converts AC to DC for the electrolyzer.

Polarization Curve: Graph showing voltage vs. current density — used for performance
diagnosis.

LOHC: Liquid Organic Hydrogen Carrier (emerging storage method).

Specific Energy Consumption: kWh per Nm® or per kg of H: (key performance

indicator).

1.1. Hydrogen Economy and Energy Transition

The world is currently undergoing a major transformation in the way energy is produced,

stored, transported, and utilized. This transformation is commonly known as the energy



transition, which refers to the gradual movement away from fossil-fuel-based energy systems
such as coal, oil, and natural gas toward cleaner, more sustainable, and low-carbon energy
technologies. One of the most important technologies emerging in this transition is the
hydrogen economy.

Hydrogen is increasingly viewed as a strategic energy carrier because it can store energy,
transport energy over long distances, and provide fuel for sectors that are difficult to electrify
directly, such as heavy industries, aviation, shipping, fertilizer production, and long-distance
transportation. However, the environmental impact of hydrogen depends heavily on how it is
produced. Therefore, engineers and technicians must clearly understand the different hydrogen

production pathways before making technical, economic, or safety decisions.

The hydrogen economy is an energy system in which hydrogen is widely produced,
distributed, stored, and used as a major source of energy for industrial processes, transportation,
power generation, and energy storage applications. Hydrogen is not a primary energy source
like coal or sunlight. Instead, it is an energy carrier, meaning energy must first be used to
produce hydrogen. Once produced, hydrogen can store that energy and release it later through

combustion or fuel cells.

Hydrogen can play a major role in modern energy systems. It can be used for:
o Electricity generation
o Fuel cell electric vehicles
o Industrial heating
o Steel manufacturing
e Chemical and fertilizer production
e Long-term renewable energy storage
e Backup power systems
e Maritime and aviation fuels

Hydrogen is particularly valuable because it can help integrate intermittent renewable energy

sources such as solar and wind into the electrical grid. Figure 1.1 shows a hydrogen production

pathway, in which the bars show the carbon emissions bar for each route.
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Figure 1.1 Hydrogen Production Pathways

1.2. Fundamentals of Water Electrolysis

Water electrolysis is one of the most important technologies used in modern green hydrogen
production systems. In this process, electrical energy is used to split water into hydrogen and
oxygen gases. When the electricity comes from renewable sources such as solar, wind, or

hydropower, the produced hydrogen is called green hydrogen.

Electrolysis is widely applied in:

o Hydrogen refueling stations

e Renewable energy storage systems

e Industrial hydrogen production plants

o Power-to-gas systems

e Fuel cell energy applications
Understanding the operational principles of electrolysis is essential because technicians and
engineers working in hydrogen plants must continuously monitor production efficiency,

electrical performance, gas purity, and safety conditions.

1.2.1. Principle of Water Electrolysis

Water electrolysis works by passing direct current (DC) electricity through water using an
electrolyzer.

The electrolyzer contains:

e An anode (positive electrode)



e A cathode (negative electrode)
e An electrolyte or membrane
e External DC power supply
During operation:
e Hydrogen gas is generated at the cathode
e Oxygen gas is generated at the anode
Overall Electrolysis Reaction:
2H,0(1l) - 2H,(g) + 0,(9)
This reaction requires electrical energy because water molecules are chemically stable and do

not naturally split under normal conditions.

1.2.2. Electrochemical Reactions in the Electrolyzer
Cathode Reaction (Hydrogen Production): Atthe cathode, water gains electrons and produces
hydrogen gas.

2H,0 +2e~ - 2H, + 20H™
Anode Reaction (Oxygen Production): At the anode, hydroxide ions release electrons and form

oxygen gas.

40H™ » 0, + 2H,0 + 4e”
These electrochemical reactions are the foundation of hydrogen production in alkaline and

many industrial electrolyzer systems.

1.2.3. Types of Water Electrolyzers

Modern hydrogen plants use different types of electrolyzers depending on cost, efficiency,

operating temperature, and application requirements.

A. Alkaline Electrolyzer
e Uses liquid alkaline electrolyte such as potassium hydroxide (KOH)
e Mature and widely used technology
o Lower cost

o Suitable for large industrial plants

B. PEM (Proton Exchange Membrane) Electrolyzer
e Uses solid polymer membrane
o Faster response to fluctuating renewable energy

e Produces high-purity hydrogen



e Higher capital cost

C. Solid Oxide Electrolyzer
e Operates at very high temperatures
« High efficiency potential

e Mostly under advanced development and research

1.2.4. Faraday’s Laws in Hydrogen Production
One of the most important engineering concepts in electrolysis is Faradays Law of
Electrolysis. Faraday’s laws explain the relationship between:

e Electric current supplied to the electrolyzer

e Time of operation

e Amount of hydrogen produced
In real industrial plants, Faraday’s laws are used daily to:

e Verify hydrogen production performance

e Monitor system efficiency

e Detect abnormal operating conditions

e Design and size new hydrogen plants

o [Estimate electrical energy requirements

e Optimize plant operation
Technicians frequently compare the actual hydrogen output with the theoretical value predicted
using Faraday’s law. i.e., Faraday’s laws are used daily to verify whether a system is producing
the expected amount of hydrogen or to size new plants.

Hydrogen production rate (QH2 ):
Qu, = I X Negyg X 1 % 0.000418

Where I is current (A), N, 1s umber of electrolyzer cells, nr = Faradaic efficiency and

0.000418 is conversion constant.
Activity

A 500 kW PEM stack operates at 1000 A per cell with 120 cells in series and 97% Faradaic
efficiency. Calculate daily H2 production.

What is Faradaic Efficiency?



Faradaic efficiency represents how effectively electrical charge is converted into hydrogen
production.
In an ideal system:
e Allelectrical current would produce hydrogen
o Faradaic efficiency would be 100%
However, real systems experience losses due to:
e Internal resistance
e (Qas crossover
e Heat generation
e Side reactions
e Leakage currents
Therefore, actual Faradaic efficiency is usually slightly lower than 100%.
Practical Importance
Low Faradaic efficiency may indicate:
e Membrane damage
e Poor electrode condition
e Electrical losses
o QGas leakage
e Operational malfunction
For this reason, monitoring Faradaic efficiency is an important maintenance and
troubleshooting task in hydrogen plants.
e Commercial systems are usually rated in Nm*/h or kg/h. Learn to convert quickly: 1 kg H>
~11.1 Nm?.
1.3.Types of Electrolysis Technologies
Electrolysis technologies are classified based on the electrolyte material, operating
temperature, efficiency, cost, and application area. For technicians and system designers,
selecting the correct electrolyzer technology is important during:
e Feasibility studies
o Plant expansion
e Equipment replacement
e Renewable energy integration

e Hydrogen fueling station design
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Figure 1.1 Basic Water Electrolysis Process

The most common electrolysis technologies are:
1. Alkaline Electrolysis (AEL)
2. Proton Exchange Membrane Electrolysis (PEMEL)
3. Solid Oxide Electrolysis (SOEL)
1.3.1. Alkaline Electrolysis (AEL)
Basic Principle: Alkaline electrolysis uses a liquid alkaline electrolyte such as:
o Potassium Hydroxide (KOH)
e Sodium Hydroxide (NaOH)

Two electrodes are separated by a diaphragm that allows ion transfer while preventing gas

mixing.
Table 1.1 Operating Characteristics AEL
Parameter Typical Value
Electrolyte KOH or NaOH solution
Operating Temperature 60-90°C
Efficiency 60—-70%
Hydrogen Purity Medium to high
Cost Low
Technology Maturity Very mature
Advantages

e Low capital cost

e Proven industrial technology



Long operating life
Suitable for large hydrogen production plants

Limitations

Slow response to changing power input
Larger physical size

Corrosive liquid electrolyte handling required

Practical Applications

Fertilizer industries
Chemical plants

Continuous hydrogen production systems

Technician’s Practical Notes

1.3.2.

Basic Principle: PEM electrolyzers use a solid polymer membrane instead of liquid electrolyte.

The membrane conducts protons (H* ions) from anode to cathode.

Regularly check electrolyte concentration

Inspect corrosion on pipes and electrodes

Monitor gas leakage and diaphragm condition

Suitable where electricity supply is stable

Proton Exchange Membrane Electrolysis (PEMEL)

Advantages

Compact design
High hydrogen purity
Fast start and stop operation

Excellent for solar and wind integration

Limitations

Higher initial cost
Uses expensive catalyst materials (platinum, iridium)

Sensitive to water quality

Practical Applications

Renewable energy systems
Hydrogen fueling stations
Research laboratories

Smart microgrids



Table 1.2 Operating Characteristics

Parameter Typical Value

Electrolyte Solid polymer membrane
Operating Temperature 50-80°C

Efficiency 65-80%

Hydrogen Purity Very high

Cost High

Dynamic Response Very fast

Practical Notes:
e Use deionized or purified water
e Avoid membrane contamination
e Monitor cooling and pressure systems

e Bestoption for intermittent renewable energy sources

1.3.3. Solid Oxide Electrolysis (SOEL)
Basic Principle: Solid oxide electrolysis uses a ceramic electrolyte operating at very high
temperatures.
Part of the required energy is supplied as heat, reducing electrical energy demand.
Advantages
e Very high efficiency
e Lower electrical energy consumption
o Can utilize industrial waste heat
Limitations
e Very high operating temperature
e Complex thermal management
o Expensive materials
e Shorter component life
Practical Applications
e Industrial hydrogen plants
e Nuclear and thermal power integration

o Large-scale energy storage systems



Table 1.3 Operating Characteristics

Parameter

Typical Value

Electrolyte

Ceramic solid oxide

Operating Temperature 600—-850°C

Efficiency
Hydrogen Purity

Cost

Technology Status

80-90%
Very high
Very high

Emerging

Practical Notes:

e Thermal insulation is critical

e Careful startup and shutdown procedures required

« Continuous temperature monitoring needed

e Suitable mainly for industrial-scale operation

1.3.3. Comparison of Electrolysis Technologies

Table 1.4 Comparison on various electrolysis technologies

) Solid Oxide
Feature Alkaline (AEL) PEM
(SOEL)
Technology Maturity Very mature Commercially growing  Emerging

Electrolyte Type Liquid alkaline

Operating Temperature Low

Efficiency Medium
Capital Cost Low
Renewable Energy

Moderate

Compatibility
Maintenance Complexity Medium

Continuous
Best Use

Polymer membrane
Low
High
High

Excellent

Medium

Renewable-integrated

industrial operation systems

Ceramic oxide
Very high
Very high
Very high

Moderate

High
Large industrial

systems

1.3.5. Technology Selection Guidelines

During feasibility studies or system design, the factors listed in Table 1.5 must be evaluated.

Table 1.5 Factors that must be evaluated during feasibility studies and design



Design Consideration Recommended Technology

Lowest installation cost Alkaline
Solar/wind integration PEM
Highest efficiency SOEL
Small compact system PEM
Large continuous hydrogen production Alkaline
Industrial waste heat availability SOEL

Hands-on Activities
Activity 1 — Technology Selection Workshop (3 hours)

Given three project scenarios (steady chemical plant, solar-powered remote station, offshore
wind), select technology and justify with a one-page decision matrix.

Activity 2 — Datasheet Interpretation (2 hours)

Provide real (anonymized) datasheets from Nel, ITM Power, or Sunfire. Students must
extract rated power, efficiency, operating range, and maintenance intervals.

Activity 3 — Basic Sizing Exercise (Lab)
Calculate number of cells and power requirement for 100 Nm?/h hydrogen production using

AEL and PEMEL.

1.4.Chapter Summary

This chapter introduced the fundamentals of water electrolysis and its role in clean hydrogen
production. The operating principles of electrolysis cells, electrode reactions, electrolytes, and
hydrogen production calculations based on Faraday’s laws were discussed from a practical

technical perspective. The chapter also presented the three major electrolysis technologies:

e Alkaline Electrolysis (AEL)

e Proton Exchange Membrane Electrolysis (PEMEL)

e Solid Oxide Electrolysis (SOEL)
Their operating conditions, efficiency, cost, advantages, limitations, and practical applications
were compared. Alkaline electrolysis is suitable for large-scale and low-cost industrial
hydrogen production, PEM electrolysis is highly suitable for renewable energy integration due
to its fast response and compact design, while SOEL provides very high efficiency for advanced
industrial applications. However, no single electrolyzer technology is best for all applications.

Technology selection depends on factors such as:



o Energy source availability

o Budget

e Required hydrogen purity

o System size

e Operating conditions

e Maintenance capability
For modern renewable-energy-based hydrogen systems, PEM electrolysis is becoming
increasingly preferred because of its compatibility with solar PV and wind power systems.
Proper technology selection is therefore essential for safe, efficient, and economical hydrogen

production systems.

1.5.End of chapter review questions

1) A system must produce 200 kg H2 per day. Calculate minimum current required at 98%
Faradaic efficiency (show conversion steps).

2) If a stack consumes 55 kWh per kg H2, how much electricity is needed monthly for 500
kg/day production?

3) Recommend technology for a 2 MW solar plant in Ethiopia. Give three technical reasons.

4) Hydrogen production is 25% lower than expected at the same current. List four probable

causes in order of likelihood and inspection steps.
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Electrolysis System Components and Operating Principles
Learning Objectives
By the end of this chapter, you will be able to:
o Identify and inspect the major components of AEL and PEM electrolyzer cells, stacks,
and Balance of Plant (BoP) systems.
o Read and interpret electrolyzer datasheets, polarization curves, and basic P&ID
diagrams for system operation and design.
o Explain how operating parameters such as temperature, pressure, current density, and
water quality affect electrolyzer performance and efficiency.
e Select and size key auxiliary components including rectifiers, water purification units,
compressors, and cooling systems.
e Apply operational and safety procedures to start, monitor, troubleshoot, and maintain

electrolysis systems.

2.1. Electrolyzer Cell Components

An electrolyzer cell is made of several important components that work together to produce
hydrogen and oxygen safely and efficiently. As a technician, you must be able to identify these
components, understand their functions, and perform inspection, maintenance, and
replacement activities during operation and servicing. Figure 2.1 depicts the structure of a PEM
electrolyzer cell, in which the thin membrane in the centre and the gas flow channels should be

inspected during maintenance for blockage or corrosion.

During laboratory sessions or workshop practice, trainees should disassemble a training
electrolyzer cell or study cut-away models to physically identify the:

e« Anode

e Cathode

e Membrane or diaphragm

e Gas Diffusion Layer (GDL)

e Bipolar plates

o Gaskets and sealing materials
Understanding the location and function of each part helps technicians quickly detect faults

such as leakage, poor gas production, overheating, pressure drop, or voltage increase.



Table 2.1 Main Electrolyzer Cell Components

Component Main Function Practical Technician Notes
. ) Check for corrosion and
Anode Oxygen evolution reaction occurs here
catalyst damage
. ) Inspect for scaling and
Cathode Hydrogen evolution reaction occurs here o
contamination
Membrane / , :
) Separates gases and allows ion transfer Never touch with bare hands
Diaphragm
Gas Diffusion Layer Check for clogging or physical
Distributes gases and supports catalyst layer
(GDL) damage
) o Inspect flow channels for
Bipolar Plates Conduct current and distribute water/gases
blockage
Replace if cracked or
Gaskets / Seals Prevent gas and water leakage

compressed

Practical Workshop Activities
Technicians should practice the following:

o Identifying components from exploded diagrams and actual stacks

o Reassembling cells correctly after inspection

e Cleaning bipolar plate flow channels

e Checking sealing conditions

e Measuring cell voltage differences

e Detecting leakage points

Important Practical Guidelines

e Never touch PEM membranes with bare hands because oil and dirt contamination can
permanently damage the membrane.

e In PEM electrolyzers, the Membrane Electrode Assembly (MEA), especially the
iridium-coated anode catalyst, is one of the most expensive components and must be
handled carefully.

e Use only approved cleaning materials and deionized water during maintenance.

o Inspect bipolar plate channels regularly for scaling, corrosion, or blockage that can
reduce gas flow and efficiency.

o Replace damaged gaskets immediately to prevent hydrogen leakage and unsafe

operation.



Table 2.2 Common Fault Indicators

Observation Possible Cause

Increased cell voltage Membrane drying or blockage

Low hydrogen production Catalyst degradation or leakage

Uneven temperature Poor water circulation
Pressure drop Blocked flow channels
Gas contamination Membrane damage or seal failure

Proper understanding of electrolyzer cell components improves troubleshooting speed, system

reliability, operational safety, and equipment lifetime.
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Figure 2.1 Structure of a PEM Electrolyzer Cell

2.2. Electrochemical Reactions and Ion Transport

Electrochemical reactions inside the electrolyzer convert electrical energy into chemical energy
by splitting water into hydrogen and oxygen gases. For technicians and system operators,
understanding these reactions is important for monitoring system performance, diagnosing
faults, and operating the electrolyzer within safe limits.

During operation, ions move through the electrolyte or membrane while electrons flow through
the external electrical circuit. Any problem affecting ion transport or electron flow directly
reduces efficiency and hydrogen production.

2.2.1. Basic Electrochemical Reactions

a) PEM Electrolyzer Reactions



Anode Reaction (Oxygen Evolution)
2H,0 - 0, +4H* + 4e~

Water splits into oxygen gas, protons, and electrons at the anode.
Cathode Reaction (Hydrogen Evolution)

4H* + 4e~ - 2H,
Hydrogen gas is produced at the cathode.
Overall Reaction

2H,0 - 2H, + 0,

Table 2.3 Ton and Electron Transport

Process Direction

Proton (H") movement Through membrane from anode to cathode
Electron flow Through external electrical circuit

Water supply Toward anode side

Hydrogen gas formation At cathode

Oxygen gas formation At anode

Proper ion transport is essential for efficient electrolyzer operation. Poor membrane condition,
contamination, insufficient water supply, or overheating can increase resistance and reduce
hydrogen output.
b) Polarization Curve and Practical Diagnostics
One of the most important diagnostic tools for electrolyzer technicians is the polarization curve
(shown in Figure 2.2), which shows the relationship between:
e Cell voltage
e Current density
By reading the curve, technicians can determine:
e System efficiency
o Safe operating region
o Stack degradation condition
o Abnormal operating behavior
Main Regions of the Polarization Curve:
1. Activation Loss Region (Low Current)
This region occurs at low current density where extra voltage is needed to start electrochemical

reactions.



Practical Indicators
e Poor catalyst activity
e Slow startup behavior
o Catalyst degradation
Technician Actions
o Inspect catalyst condition
e Check operating temperature
o Verify proper water supply
2. Ohmic Loss Region (Linear Region)
This is the normal operating region where voltage increases almost linearly with current.
Practical Indicators
e Membrane resistance
e Electrical contact resistance
e Water quality problems
Technician Actions
e Check membrane hydration
o Inspect electrical connections
e Verify deionized water quality
3. Concentration Loss Region (High Current)
At very high current density, gas bubbles and mass transport limitations reduce performance
rapidly.
Practical Indicators
e Sudden voltage rise
e Reduced gas production efficiency
e Overheating risk
Technician Actions
o Reduce operating current
e Improve cooling and water circulation
o Check gas flow channels for blockage
Practical Workshop Activities
During laboratory or simulation sessions, trainees should practice:
e Plotting voltage-current data
o Identifying the three polarization regions

o Comparing healthy and degraded stack curves



Determining maximum safe operating current density

Diagnosing possible faults from abnormal curve behavior

Important Technician Guidelines

Operate the electrolyzer mainly within the linear (ohmic) region for stable performance.
Avoid prolonged operation in the concentration loss region because it accelerates
degradation and overheating.

Record voltage and current regularly to monitor stack health over time.

Sudden voltage increase at constant current often indicates membrane contamination,

scaling, or poor water circulation.

Understanding electrochemical reactions and polarization behavior helps technicians maintain

efficient hydrogen production, prevent equipment damage, and improve electrolyzer lifetime.

Figure 2.2 illustrates the polarization curve of an electrolyzer, which is used during operation.

If your measured points move upward (higher voltage), schedule inspection immediately.

Never exceed the current density where concentration losses begin (gas starvation risk).
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Figure 2.2 Polarization Curve of an Electrolyzer

Class Activity

A PEM stack shows 1.85 V per cell at 2 A/cm?. If voltage rises to 2.1 V at same current after

8,000 hours, calculate approximate degradation rate and decide next action.

2.3. Balance of Plant (BoP) Components

2.3 Balance of Plant (BoP) Components



The electrolyzer stack alone cannot produce hydrogen safely and continuously without
supporting subsystems called the Balance of Plant (BoP). In practical hydrogen plants, the stack
usually represents only 40—60% of the complete system, while most operational problems and

plant downtime are caused by poor BoP design, improper maintenance, or component failure.

As a technician or system designer, you must understand the function, operation, inspection,

and maintenance of BoP components because they directly affect:

o System efficiency
o Hydrogen purity
e Equipment lifetime
e Operational safety
o Plant reliability
Table 2.4 Main Balance of Plant (BoP) Components

Component Main Function Practical Technician Notes

. . o ) Monitor conductivity and filter
Water Purification System  Supplies high-purity water

condition
. . Converts AC to controlled DC . )
Rectifier / Power Electronics Check voltage stability and ripple
power
Pumps Circulate water and coolant Inspect flow rate and leakage
Compressors Increase hydrogen storage pressure Monitor oil level and vibration
Gas Dryers Remove moisture from hydrogen Check moisture indicators
Cooling System / Heat Verify coolant flow and
Removes excess heat
Exchanger temperature

2.3.1 Water Purification System

Electrolyzers, especially PEM systems, require highly purified water to prevent membrane

contamination and performance degradation.
Typical water treatment stages include:

e Reverse Osmosis (RO)
o Deionization (DI)
e Filtration

Practical Technician Tasks



e Measure water conductivity regularly

o Replace filters when pressure drop increases
e Inspect RO membranes for fouling

e Ensure continuous deionized water supply

Note: Poor water quality can permanently damage membranes and catalysts.

2.3.2 Rectifier and Power Electronics
The rectifier converts AC electrical power into stable DC power required by the electrolyzer
stack.

Main Functions

o Control operating current
e Maintain stable voltage

o Protect the stack from electrical fluctuations

Practical Technician Tasks

e Measure output voltage and current

« Inspect cooling fans and electrical terminals

e Monitor harmonic distortion and ripple
Important Operational Guideline
e Rectifier efficiency should normally be greater than 96%.
Excessive current ripple can:

e Overheat the stack

o Damage membranes

o Accelerate catalyst degradation

2.3.3 Pumps, Compressors, and Gas Dryers

These components support fluid circulation, gas transport, and hydrogen conditioning.
Pumps: Used for:

e Water circulation
e Cooling loops

e Electrolyte movement in AEL systems
Compressors: Used to:

o Increase hydrogen storage pressure



e Supply hydrogen to storage tanks or fuel systems
Gas Dryers: Used to:

e Remove moisture from hydrogen gas
e Improve gas purity
Practical Technician Tasks
e Check compressor oil level daily
e Monitor abnormal noise and vibration
e Inspect pipe leakage and pressure gauges

o Verify hydrogen purity levels

2.3.4. Cooling System and Heat Exchangers
Electrolysis produces heat during operation. Cooling systems maintain safe operating

temperature and improve efficiency.

Main Components
o Cooling pumps
e Heat exchangers
e Cooling fans
o Temperature sensors
Practical Technician Tasks
e Verify coolant flow rate before startup
e Check coolant leakage
e Monitor inlet and outlet temperatures
o Clean heat exchanger surfaces regularly
Important Operational Guideline: Insufficient cooling can cause:
o Stack overheating
e Reduced efficiency
e Membrane damage
o Emergency shutdown
Practical Workshop Activities: During laboratory or field practice, trainees should:
o Identify all major BoP components in a real or simulated system
e Trace water, gas, cooling, and electrical flow paths
e Measure pressure, temperature, and flow rate

e Perform pre-startup inspections



e Diagnose common BoP faults

o Read system P&ID diagrams
Safety and Operational Checklist: Before daily startup:

e Verify cooling system flow rate
o Check water purity level
o Inspect gas leakage points
e Confirm proper rectifier operation
e Check compressor oil level
o Verify sensor and alarm functionality
During operation:
e Monitor pressure and temperature continuously
e Observe unusual vibration or noise

e Record voltage and current readings

e Check hydrogen purity regularly

Table 2.5 Common BoP Fault Indicators

Observation Possible Cause

Stack overheating Cooling system failure

Low hydrogen purity Dryer or membrane problem
Pressure fluctuation =~ Compressor or leakage issue
High voltage variation Rectifier instability

Reduced water flow  Pump blockage or filter clogging

Proper understanding and maintenance of BoP systems greatly improve electrolyzer
performance, safety, operational stability, and equipment lifetime. Table 2.4 presents

operating parameters and their effects. You will adjust and monitor these parameters daily to

maintain efficiency and prevent damage.

Table 2.4 Operating Parameters and Their Effects

Parameter Effect on Performance Typical Value  Action You Take

Temperature Higher = better efficiency 60-80°C (PEM) Monitor and control cooling

Pressure Higher = better gas density ~ 1-30 bar Set according to storage needs




Parameter Effect on Performance Typical Value  Action You Take

Current Higher = more production, Stay in optimal zone of
: See technology .
Density more heat polarization curve
. . . <0.1 pS/cm Check conductivity meter every
Water Quality Poor quality = fast degradation (PEM) shift

Hands-on Activity

o Use a small lab electrolyzer: vary temperature and current, record voltage and H: output.

2.4. Safety and Operational Requirements

Hydrogen production systems involve electrical, chemical, thermal, and pressure-related
hazards. Safe operation is one of the most important responsibilities of electrolyzer technicians,
operators, and maintenance personnel. Failure to follow safety procedures can result in fire,

explosion, equipment damage, or serious injury.

Technicians must therefore understand system hazards, follow operational procedures

correctly, and respond quickly during abnormal conditions or emergencies.

Table 2.6 Major Hazards in Electrolysis Systems

Hazard Risk Practical Control Method

Hydrogen Leakage Fire or explosion Gas detection and ventilation

High DC Voltage Electric shock Electrical isolation and PPE

Caustic Electrolyte (AEL) Chemical burns Proper handling and protective
equipment

High Pressure Gas Pipe rupture or explosion Pressure relief and monitoring

Burns and overheating

High Temperature Cooling system monitoring

2.4.1. Hydrogen Leakage Hazard
Hydrogen is highly flammable and can form explosive mixtures in air.
e Explosive Range of Hydrogen in Air: 4% < H, < 75%

Because hydrogen gas is colorless and odorless, leaks may not be easily detected without

SE€Nsors.

Practical Technician Responsibilities
e Perform daily leakage inspections

o Check hydrogen detectors regularly



o Ensure ventilation systems are operating

o Tighten fittings and inspect pipe joints
Common Leakage Indicators

e Sudden pressure drop

e Sensor alarm activation

o Hissing sound near piping

e Abnormal gas concentration readings
2.4.2. Electrical Safety

Electrolyzers operate using high DC current and voltage supplied by rectifiers and power

electronics.

Electrical Hazards

o Electric shock

e Short circuit

e Arc flash

e Equipment damage
Practical Safety Procedures

o Isolate power before maintenance

e Use insulated tools and PPE

e Verify grounding connections

e Never touch energized terminals
Important Technician Guideline

Always follow Lockout/Tagout (LOTO) procedures before servicing electrical equipment.

2.4.3. Chemical Safety (AEL Systems)
Alkaline electrolyzers use caustic electrolytes such as:

e Potassium Hydroxide (KOH)

e Sodium Hydroxide (NaOH)
These chemicals can cause:

o Skin burns

e Eye damage

e Corrosion

Practical Safety Procedures



o Wear gloves, goggles, and protective clothing

e Neutralize spills immediately

e Wash exposed skin with large amounts of water
o Store chemicals in approved containers

2.4.4. High Pressure Safety

Hydrogen storage and compression systems operate at high pressure.

Risks

e Pipe or tank rupture

e Sudden gas release

o Explosion hazard
Practical Technician Tasks

o Inspect pressure gauges daily

e Verify pressure relief valve condition

e Check compressor operation

e Monitor abnormal vibration or overheating
Important Operational Guideline

e Never bypass or block pressure relief valves.

Daily Safety Walk and Operational Inspection

e Technicians should perform routine safety inspections before system startup and during

operation.

Daily Safety & Operational Checklist
Before startup:
e Test hydrogen sensors and alarm systems
e Verify ventilation fans are operational
e Check emergency shutdown (ESD) system
o Inspect pressure relief valves
o Confirm cooling system operation
o Check for gas or water leakage
e Verify proper grounding and electrical connections

During operation:



e Monitor pressure, temperature, and gas purity
o Observe abnormal noise or vibration

e Check alarm indicators

e Record operational data

After shutdown:
e Isolate electrical power safely
e Depressurize systems if required
o Inspect components for overheating or leakage

Table 2.7 Emergency Response Actions

Emergency Condition Immediate Action

Hydrogen leak detected Activate ESD and ventilate area
Fire or spark Isolate power and evacuate
Electrolyte spill Neutralize and clean safely

Stop compressor and inspect relief

Overpressure alarm
system

Cooling failure Reduce load or shut down system

Practical Workshop Activities: During laboratory and workshop sessions, trainees should
practice:

e Using hydrogen detectors

e Performing safety inspections

e Applying Lockout/Tagout procedures

e Responding to simulated alarms

o Identifying unsafe operating conditions

o Using fire extinguishers and PPE correctly

Proper safety practice is essential for reliable hydrogen production, equipment protection, and

safe working conditions in electrolysis plants.
Hands-on / Implementation Activities

a. Activity 1 — Component Identification & Inspection (4 hours)
Disassemble a training electrolyzer cell. Identify and measure wear on GDL, bipolar

plates, and seals.

b. Activity 2 — Polarization Curve Measurement (4 hours)



Connect a small electrolyzer, measure I-V curve at different temperatures, and plot

results.

¢. Activity 3 — Troubleshooting Scenario (3 hours)
“Stack voltage increased by 18% at same current. List probable causes and step-by-step

diagnostic procedure.”
2.5. Chapter Summary

This chapter discussed the main components, operation, and safety requirements of electrolysis
systems from a practical technician perspective. The structure and functions of electrolyzer cell
components such as the anode, cathode, membrane, gas diffusion layer, bipolar plates, and
sealing materials were explained together with their inspection and maintenance procedures.
The chapter also introduced electrochemical reactions, ion transport mechanisms, and the use
of polarization curves for monitoring stack performance, identifying operating regions, and
diagnosing system degradation. Practical interpretation ofactivation, ohmic, and concentration

losses was emphasized for safe and efficient operation.

Major Balance of Plant (BoP) components including water purification systems, rectifiers,
pumps, compressors, dryers, and cooling systems were presented with their operational
functions, maintenance requirements, and common fault indicators. The importance of proper
BoP design and maintenance for minimizing plant downtime was highlighted. Finally, the
chapter addressed key safety and operational requirements in hydrogen production systems.
Major hazards such as hydrogen leakage, high DC voltage, caustic electrolytes, and high-

pressure operation were discussed together with practical safety procedures, daily inspection

routines, emergency shutdown systems, and operational checklists.

Overall, the chapter emphasized that efficient electrolyzer operation depends not only on the
stack itself, but also on proper component maintenance, BoP reliability, performance

monitoring, and strict safety practices.
2.6. End-of-Chapter Review Questions

1. A 1MW PEM electrolyzer system operates at a current density of 2.0 A/cm?. Estimate

the total active electrode area required if each cell has an active area of 500 cm?.



. An electrolyzer system produces less hydrogen than expected while the stack voltage

becomes abnormally high. List four likely causes in order of probability and describe

the practical checks required for each case.

Explain the function of the Gas Diffusion Layer (GDL) in an electrolyzer cell. What

operational problems can occur if the GDL becomes clogged or damaged?

. Explain how temperature, pressure, and current density affect electrolyzer efficiency

and hydrogen production rate.

. Why is high-purity deionized water especially important in PEM electrolyzer systems?

What problems can occur if poor-quality water is used?
. Describe the functions of the following Balance of Plant (BoP) components:

o Rectifier

o Compressor

o Cooling system
o Gasdryer

. During a daily safety inspection of a hydrogen production plant, what important checks

should be performed before startup? List at least five items.

. Hydrogen gas has an explosive concentration range in air between 4% and 75%.
Explain the practical safety measures used in electrolyzer plants to reduce hydrogen

leakage and explosion risks.
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Electrolysis System Design, Modeling, and Performance Analysis

Estimated Time: 32 hours

- Theory / Guided Discussion: 10 hours

- Hands-on Lab / Workshop / Simulation: 18 hours

- Independent Practice & Assessment: 4 hours

Learning Objectives

By the end of this chapter, you will be able to:

Perform electrolyzer system sizing and calculations, including hydrogen production rate,
power requirements, and stack sizing based on demand and load profiles.

Design and configure electrolyzer systems, including standalone, grid-connected, and
renewable-powered setups, with appropriate selection of power electronics and balance-of-
plant components (cooling, heat recovery, and water circulation).

Model and predict system performance using simple current—voltage and efficiency models
(e.g., in Excel or Python), and interpret manufacturer performance curves for operational
decision-making.

Evaluate system performance and efficiency using key metrics such as Faradaic efficiency,
specific energy consumption, and hydrogen purity.

Analyze operation, degradation, and optimization strategies, including interpreting
degradation trends, planning preventive maintenance, and optimizing operating parameters

to balance production rate, efficiency, and stack lifetime.

3.1 Hydrogen Demand and System Sizing

Hydrogen production systems must be properly sized to meet client demand efficiently and

economically. Incorrect sizing can result in hydrogen shortages, excessive investment cost, low

efficiency, and reduced equipment lifetime.

Hydrogen systems are designed based on the required hydrogen demand and available power

source. A correctly sized system ensures:

e Reliable hydrogen production
« Efficient use of electrical energy
e Long electrolyzer stack lifetime

e Reduced operational cost



e Better integration with renewable energy sources

Table 3.1 Effects of Incorrect Sizing

Condition

Effect

Under-sized system
Over-sized system

Insufficient hydrogen production

Wasted capital and low utilization

Poor renewable matching Unstable operation and faster degradation

e Hydrogen Demand: Hydrogen demand refers to the quantity of hydrogen required

by the user within a given period. It is commonly expressed as kg/day, kg/hour or

Nm?3/hour.

Table 3.2 Examples of Hydrogen Demand

Application

Typical Demand

Laboratory use

Fuel cell backup

1-5 kg/day

5-20 kg/day

Hydrogen refueling station 50-500 kg/day

Industrial production

1000+ kg/day

Before sizing a system, the daily demand must first be converted into hourly production rate.

Figure 3.1 illustrates Hydrogen production rate versus current density, which is used to set upper

operating limits.
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Example
A client requires 24 kg of hydrogen per day. Hourly hydrogen demand: 1kg/h. Therefore, the

system must produce 1 kg of hydrogen per hour.

e Hydrogen Production Calculation

The hydrogen production rate of an electrolyzer stack is determined using the following
equation:

H,Production (kg/h) = I X N_,; X X 0.00001036

cel
Where I is Stack current (A), Neelisis Number of cells in the stack, nr is Faraday efficiency
(Decimal) and 0.00001036 is Conversion constant

e Power Requirement of the Stack

The electrical power consumed by the electrolyzer stack is calculated as:

Stack voltage X Current

Power (kW) = 1000

Where stack voltage is in volts and current is in Amper.

e Practical System Sizing Rule
In practical hydrogen systems, electrolyzer stacks should normally be sized to operate at 70—
85% of peak power capacity. This is important because renewable energy sources such as solar

PV and wind energy do not provide constant power output. Operating below maximum

capacity helps to:

e Extend stack lifetime

e Reduce overheating

o Improve efficiency

e Handle renewable power fluctuations
e Reduce maintenance frequency

Example

1. A hydrogen production system operates with the following parameters:

Parameter Value
Current 500 A
Number of cells 200

Faraday efficiency 0.95




Parameter Value

Stack voltage 420V

Step 1: Calculate Hydrogen Production
Using the hydrogen production formula:
H2=500 %200 x0.95 x0.00001036 =0.9842 kg/h
Therefore, the stack produces approximately 0.98 kg/h of hydrogen.
Step 2: Calculate Stack Power
Using the power formula:
Power= (420 x500)/1000 =210 kW
Therefore, the electrolyzer requires 210 kW electrical power.
2. Suppose a solar PV system provides 250 kW peak power.
Minimum recommended size is 0.70 X250=175 kW
Maximum recommended size is 0.85X250=212.5 kW
Therefore, the recommended electrolyzer size is 175-212.5 kW.
The previously calculated 210 kW stack is therefore suitable.
e Practical Design Considerations
When sizing hydrogen systems, technicians should consider:
e Future increase in hydrogen demand
o Renewable energy variability
e Operating temperature
o Water quality
o Daily operating hours
o Safety margins
Key Points to Remember
o Hydrogen demand determines system size.
e Proper sizing prevents under-production and wasted investment.
o Hydrogen production depends on current, number of cells and faraday
efficiency

o Power requirement depends on stack voltage and current

o Electrolyzer stacks should generally operate at 70—85% of peak power.



Activity

1. A fertilizer plant needs 1,000 kg H- per day (average load). Using a PEM electrolyzer
with 2.0 A/em?, 98% Faradaic efficiency, and 1.85 V/cell. Calculate required number
of cells, total power, and active area (assume 500 cm? per cell).

2. A stack operates at 450 A with 180 cells and n_F = 0.94. Calculate the hydrogen

production rate. Calculate the power consumed by a stack operating at 400 V and 500
A

3. Arenewable energy system produces 300 kW peak power. Determine the recommended

electrolyzer stack size using the 70-85% rule.

3.2 Electrolysis System Configurations
Electrolysis systems can be connected to different power sources depending on the application,
energy availability, reliability requirement, and operating environment. Selecting the correct

configuration is an important task during the feasibility and design stage of a hydrogen project.
Technicians and engineers are responsible for:

e Selecting suitable system configurations

« Connecting power sources to electrolyzers
e Configuring control systems

o Ensuring stable and safe operation

e Maintaining electrical interfaces

Improper configuration may result in:

o Unstable hydrogen production
e Equipment damage
e Low efficiency

e Increased operating cost

3.2.1. Main Electrolysis System Configurations

The three most common configurations used in hydrogen production systems are:

1. Standalone Configuration
2. Grid-Connected Configuration

3. Renewable-Powered Configuration

Each configuration has different components, advantages, and applications.



a. Standalone Electrolysis System

A standalone system operates independently from the electrical grid. It is commonly used in

remote areas where grid electricity is unavailable. Main Components include:

o Renewable power source or generator
e Battery bank

e« DC-DC converter

o Electrolyzer stack

e Charge controller

o Control system

Basic Configuration:
Power source — Battery buffer — DC-DC converter — Electrolyzer

Role of the Battery Buffer: The battery buffer stores electrical energy and stabilizes power
supplied to the electrolyzer.

Functions of Battery Buffer

e Maintains stable DC voltage

« Compensates for renewable power fluctuation

e Provides backup energy

o Protects electrolyzer from sudden shutdowns
Role of the DC-DC Converter: The DC-DC converter adjusts voltage and current levels
between the battery and electrolyzer.

Functions

o Voltage regulation
e Current control
o Power stabilization

e Protection against overvoltage

Table 3.3 Applications of Standalone Systems

Application Example

Remote villages Off-grid hydrogen production




Application Example
Telecom backup systems Fuel cell energy storage

Isolated research stations =~ Renewable hydrogen supply

Advantages

o Independent operation

o Suitable for remote locations

e Can operate fully on renewable energy
Limitations

e Requires large battery storage

o Higher initial cost

e Limited by available renewable energy

b. Grid-Connected Electrolysis System
A grid-connected system uses electrical power directly from the utility grid. This configuration

is widely used in industrial hydrogen production because it provides stable and continuous

electrical power.
Main Components

e AC utility grid

e Rectifier

e Power factor correction unit
o Electrolyzer stack

e Control system

Basic Configuration
AC Grid — Rectifier — DC Supply — Electrolyzer

Role of the Rectifier: Electrolyzers require DC power, while the electrical grid supplies AC

power. The rectifier converts:
AC power — DC power

Power Factor Correction (PFC): Industrial electrolyzers draw large electrical currents.
Without correction, the system may operate inefficiently and increase grid losses. Functions of

Power Factor Correction



o Improves electrical efficiency

e Reduces reactive power losses

o Stabilizes grid interaction

o Reduces electricity penalties from utilities

Table 3.4 Applications of Grid-Connected Systems

Application Example

Industrial hydrogen plants Chemical production
Refueling stations Hydrogen vehicles

Large-scale electrolysis  Steel and ammonia industries

Advantages
o Stable continuous power supply
e High hydrogen production capacity
o Lower operational interruption
Limitations
o Dependent on utility grid
e Electricity cost may be high
e Carbon emissions may increase if grid power is fossil-fuel-based
¢. Renewable-Powered Electrolysis System
Renewable-powered systems use renewable energy sources such as solar PV, wind turbines and
small hydro systems. These systems are important for green hydrogen production. Types of

Renewable-Powered Configurations are discussed in the subsequent sections.
A. Direct DC Coupling
In this method, DC power from solar PV is connected directly to the electrolyzer.

Basic Configuration

Solar PV — DC controller — Electrolyzer

Advantages of Direct DC Coupling
o Simple design
e High efficiency
o Fewer conversion losses
e Lower maintenance

Limitations



e Hydrogen production varies with sunlight
« Difficult to maintain stable operation

e No energy storage

B. Hybrid Renewable System with Battery

This system combines renewable energy with battery storage.
e Basic Configuration
Renewable Source — Battery — Converter — Electrolyzer
Functions of Hybrid System

o Stabilizes power output

e Allows night-time operation

o Improves hydrogen production consistency
e Protects electrolyzer from power fluctuation

Table 3.5 Applications of Renewable-Powered Systems

Application Example

Green hydrogen plants Renewable hydrogen production
Energy storage systems Excess solar utilization

Sustainable transport  Hydrogen fuel stations

Choosing the correct configuration is performed during the feasibility study phase. Table 3.6
presents factors must be evaluated to select correct configuration.

Table 3.6 Factors to be evaluated during choosing correct configuration

Factor Importance

Availability of grid power Determines connection method

Renewable energy resource Affects system type

Hydrogen demand Determines system capacity
Budget Influences technology choice
Reliability requirement Determines storage need

Environmental conditions Affects component selection




3.2.2. Control Logic in Electrolysis Systems

Control logic is used to ensure stable, safe, and efficient system operation. Technicians may
configure or maintain:
e Voltage control
e Current control
e Temperature monitoring
e Pressure control
e Battery charging control
o Emergency shutdown systems
Example of basic control logic in standalone renewable system:
* During High Solar Power: electrolyzer operates normally while excess energy charges
batteries.
* During Low Solar Power: battery supplies backup power and electrolyzer output may
reduce automatically.
* During Battery Low Condition: system initiates safe shutdown

Table 3.7 Comparison of Electrolysis Configurations

Feature Standalone Grid-Connected Renewable-Powered
Grid dependency No Yes Optional

Battery required Yes Usually no Sometimes

Power stability ~ Medium High Variable

Carbon emissions Low Depends on grid Very low
Complexity Medium Medium High

Typical use Remote systems Industry Green hydrogen

When designing or maintaining electrolysis configurations, always:
e Match voltage and current ratings
e Use proper protection devices
o Ensure stable DC supply
e Monitor temperature and pressure

o Configure emergency shutdown systems

But never:



Connect AC directly to electrolyzer stacks
Operate without proper voltage regulation
Ignore renewable power fluctuations

Bypass protection systems

Key Points to Remember

Electrolyzers require stable DC power.

System configuration depends on application and power source.

Standalone systems use batteries and DC-DC converters.

Grid-connected systems use rectifiers and power factor correction.
Renewable-powered systems may use direct DC coupling or hybrid battery systems.
Configuration selection is part of feasibility analysis.

Proper control logic improves safety, efficiency, and equipment lifetime.

Renewable
Energy Source

Electricity
Water '
Electricity Output (H20)

Hydrogen
Storage

Power Supply Electrolyzer Gas Separation
& Converter Stack & Purification

Electricity
Output

Hydrogen Oxygen

Hydrogen Oxygen
(H2) (02)

Monitoring & Control System

Figure 3.2 Electrolysis System Block Diagram

Practice Questions

1.

A I

Explain the function of a DC-DC converter in a standalone electrolysis system.
Why is a rectifier required in grid-connected electrolysis systems?

Compare direct DC coupling and hybrid renewable-powered electrolysis systems.
List three factors considered during configuration selection in the feasibility stage.

Explain why battery buffers are important in standalone systems.

3.3. Thermal and Water Management Design



Efficient thermal and water management is critical in electrochemical and energy systems such

as fuel cells, batteries, and cooling circuits. Poor management leads to overheating, reduced

efficiency, material degradation, and shortened system life.

A. Thermal Management Design
Thermal management controls heat generation and heat removal during operation.
Main Heat Sources

e Electrochemical reactions

o Electrical resistance losses

e Friction and mechanical losses
Effects of Poor Thermal Management

e Overheating of components

e Reduced energy efficiency

o Faster aging and degradation

e Thermal stress and material damage

e Safety risks and system shutdown

Table 3.8 Practical Thermal Control Methods

Method Practical Application

Air cooling Fans and ventilation ducts

. ) Coolant channels and heat
Liquid cooling

exchangers
) Dissipate heat from power
Heat sinks P ) P
electronics
Thermal insulation Prevent unwanted heat transfer

Temperature sensors Real-time monitoring and protection

Design Considerations
e Maintain uniform temperature distribution
e Avoid hot spots
o Select materials with good thermal conductivity
e Ensure adequate cooling capacity
e Integrate automatic thermal protection systems

B. Water Management Design



Water management controls water production, distribution, and removal inside the system.

Table 3.9 Problems Caused by Poor Water Management

Condition Effect

Excess water (flooding) Blocks gas flow and reduces performance
Insufficient water (drying) Damages membranes and reduces conductivity
Uneven water distribution Causes unstable operation

Practical Water Management Techniques
o Use drainage channels for water removal
e Maintain proper humidity levels
e Apply controlled humidification systems
e Design effective flow channels
e Install moisture and pressure sensors
Advanced Practical Guidelines
o Maintain optimal operating temperature and humidity simultaneously
o Use automated control systems for cooling and water balance
o Regularly inspect pumps, valves, and cooling passages
e Monitor thermal and water parameters using digital sensors and PLC systems

Good thermal and water management improves efficiency, reliability, safety, and service life

of'advanced energy systems.
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Figure 3.9 Electrolyzer Efficiency versus Temperature



Note: Higher temperature improves efficiency, but stay within manufacturer limits to avoid

membrane damage.

3.4 Electrolysis System Modeling
Electrolysis system modeling helps predict hydrogen production, energy consumption, and
operating efficiency before installing equipment. It also supports system optimization and cost

reduction.

» Purpose of Electrolysis Modeling
e Predict system output
o Estimate power consumption
o Select suitable equipment size
e Optimize operating conditions
e Reduce design and operational risks

Table 3.10 Key Parameters in Modeling

Parameter Purpose

Voltage (V) Determines electrical input

Current (A) Controls hydrogen production rate
Temperature Affects efficiency and reaction speed
Pressure Influences gas storage and flow

Electrolyte concentration  Affects conductivity

Efficiency (%) Measures system performance

Simple Practical Model: Hydrogen production is commonly estimated using Faraday’s Law.

_ItM

m=——
nkF

Where m is mass of hydrogen produced, I is current, t is time, M is molar mass, n is number of

electrons and F is Faraday constant.

» Practical Applications
e Predict daily hydrogen output
o Compare efficiency under different temperatures
e Optimize power usage

e Simulate operating conditions before installation



» Design and Optimization Tips

Use software tools or spreadsheets for calculations

Validate model results with real measurements

Monitor operating temperature and voltage continuously

Minimize energy losses during operation

System modeling improves design accuracy, operational efficiency, and investment decisions

in electrolysis plants.

3.5. Performance Evaluation and Optimization

Performance evaluation ensures the electrolysis plant operates efficiently, safely, and

economically during daily operation.

» Purpose of Performance Evaluation

Detect efficiency losses
Reduce operating costs
Improve hydrogen production
Prevent equipment failure

Maintain stable plant operation

Table 3.11 Key Performance Parameters

Parameter

Importance

Hydrogen production rate

Energy consumption (kWh/kg H>)
Cell voltage

Temperature

Pressure

Efficiency (%)

Measures system output
Indicates operating cost
Shows electrical performance
Prevents overheating
Ensures stable gas flow

Evaluates overall system performance

» Practical Optimization Methods

Maintain correct operating temperature
Use clean and properly treated water
Regularly calibrate sensors and instruments

Reduce electrical resistance in connections



e Perform preventive maintenance

o Monitor performance data every shift

Table 3.12 Common Operational Problems

Problem Effect

High temperature Reduced efficiency and faster degradation
Voltage increase Indicates internal losses

Gas leakage Safety hazard and production loss

Poor water quality Reduced conductivity and corrosion

» Shift-Level Monitoring Practice

Operators should record:

e Hydrogen output
e Power consumption
o Temperature readings
e Pressure values
e System alarms and faults
Trend analysis helps identify performance decline early. Continuous performance evaluation

and optimization increase efficiency, reduce downtime, and improve plant profitability.

3.6. Degradation and Lifetime Analysis
Degradation and lifetime analysis help predict equipment aging, schedule maintenance, and

estimate stack replacement costs in electrolysis systems.

Table 3.13 Common Signs of Degradation

Indicator

Meaning

Increased cell voltage

Higher internal resistance

Reduced hydrogen output Lower system efficiency

Overheating
Gas leakage

Corrosion marks

Poor thermal performance
Seal or membrane damage

Material degradation

» Purpose of Degradation Analysis

Monitor performance decline over time



e Prevent unexpected system failure
e Improve operational reliability
e Plan maintenance schedules

o Estimate stack replacement budget

Table 14 Common Degradation Causes and Corrective Actions

Degradation Cause Effect Corrective Action

Catalyst poisoning Reduced reaction efficiency Improve water and gas purity
Membrane drying/cracking Reduced conductivity and leakage Control temperature and humidity
Bipolar plate corrosion  Electrical losses and contamination Use corrosion-resistant materials

Maintain stable operating

Thermal stress Material fatigue and cracking
temperature

Impurities in water Scaling and corrosion Use deionized and filtered water

» Practical Monitoring Methods
e Measure cell voltage regularly
e Monitor hydrogen production trend
e Inspect membranes and plates during maintenance
o Use sensors for temperature and pressure monitoring
o Keep maintenance and operating records
» Lifetime Improvement Techniques
e Operate within recommended temperature range
e Avoid sudden load changes
e Maintain proper humidity and cooling
e Use high-purity water and gases
e Perform preventive maintenance regularly

Effective degradation monitoring extends system lifetime, improves reliability, and reduces

long-term operating costs.

Preventive Maintenance Strategy You Will Implement
- Weekly: Check voltage trend.

- Monthly: Purity and water quality analysis.

- Yearly: Full stack inspection.

Hands-on / Implementation Activities



Activity 1 — Full System Sizing Exercise: Given a solar profile and 500 kg/day H> demand,

size stack, rectifier, cooling system, and estimate annual production.

Activity 2 — Performance Modeling: Build and run a simple Excel model to plot efficiency and

production at different temperatures and currents.

Activity 3 — Degradation Diagnosis: Given voltage-over-time data, calculate degradation rate

and recommend maintenance actions.

3.7. Chapter summary

This chapter introduced the fundamental engineering concepts used in electrolysis system
operation and design. Thermal and water management were studied as critical factors for
maintaining system efficiency, preventing overheating, and reducing component degradation.

Proper cooling, humidity control, and water distribution improve operational stability and

equipment lifetime.

Electrolysis system modeling was discussed as a practical tool for predicting hydrogen
production, estimating energy consumption, selecting equipment, and optimizing operating
conditions before installation. Simple mathematical models and operational parameters help
engineers improve design accuracy and reduce operational risks. Performance evaluation and
optimization focused on monitoring key operational parameters such as hydrogen output,
temperature, voltage, pressure, and energy consumption. Continuous monitoring and
preventive maintenance help improve efficiency, reduce downtime, and maintain economical

plant operation.

Finally, degradation and lifetime analysis explained how electrolysis components deteriorate
over time due to catalyst poisoning, membrane damage, corrosion, and thermal stress.
Understanding degradation mechanisms helps technicians plan maintenance schedules,
improve reliability, and manage stack replacement costs effectively. Overall, the chapter
emphasized practical operational control, system monitoring, efficiency improvement, and

maintenance planning for advanced electrolysis systems.

End chapter review questions

1. Size a PEM electrolysis system to produce 800 kg H./day at 75% capacity factor.

Calculate the required power input, estimated number of cells, and cooling load.

2. Recommend a suitable configuration for a 3 MW wind-powered electrolysis plant and

justify your design choice.



10.

11

12.

13.

14.

15.

The stack temperature is increasing while system efficiency is decreasing. List the

probable causes and the checks you would perform.

Explain the importance of thermal management in electrolysis systems.

Describe two effects of poor water management on system performance.

Using Faraday’s Law, explain how hydrogen production rate is related to current.
List the main operational parameters monitored during electrolysis plant operation.
Explain how performance evaluation helps reduce operating costs.

Compare air cooling and liquid cooling methods used in electrolysis systems.

Identify common causes of electrolysis system degradation and suggest corrective

actions.

. Explain how membrane drying affects electrolysis performance and lifetime.

Describe the role of sensors and control systems in thermal and water management.
Why is high-purity water important in electrolysis systems?
Explain how trend analysis helps detect equipment degradation early.

Suggest practical methods for improving electrolysis system efficiency and reliability.
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- Theory / Guided Discussion: 10 hours
- Hands-on Lab / Workshop / Simulation: 16 hours
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Learning Objectives
By the end of this chapter, trainees will be able to:
1. Design and integrate solar PV, wind, and electrolyzer systems using suitable coupling
methods and power management strategies.
2. Select appropriate power electronics, control methods, and load-matching techniques
for handling intermittent renewable energy sources.
3. Design and draw the architecture of a basic solar—-wind—battery—hydrogen hybrid
energy system.
4. Integrate and manage hydrogen storage systems and apply real-time monitoring tools
for system control and performance optimization.
5. Perform a basic technical feasibility assessment of a renewable hydrogen plant,
including intermittency mitigation and operational reliability measures.
4.1. Solar-Powered Hydrogen Production Systems
Solar-powered hydrogen systems use solar photovoltaic (PV) energy to operate electrolyzers
for hydrogen production. These systems are important for clean and sustainable hydrogen
generation. Figure 4.1 illustrates the Solar PV-Hydrogen Integrated System which has the
following process:
Study the power flow from PV — converter — electrolyzer — storage
The main practical challenge is managing changing solar power during cloudy weather,

morning/evening hours, and nighttime operation.

A. Main Components of the System

Table 4.1 System components of solar PV-powered hydrogen system

Component Function
Solar PV array Generates electrical power from sunlight
Electrolyzer Produces hydrogen from water

Power converter/controller Regulates voltage and current




Component Function

Battery system Stores temporary electrical energy

Hydrogen storage tank  Stores produced hydrogen

B. DC and AC Coupling Methods
1. DC Coupling: The PV array directly feeds the electrolyzer using DC power.
Advantages
e Higher efficiency
o Fewer conversion losses
e Good for direct electrolyzer operation
Limitations
o Less flexible for grid integration
e More difficult power control

2. AC Coupling: PV power is converted to AC and connected through the grid or inverter
system.

Advantages
o Easier integration with existing power systems
e More flexible operation
e Easier expansion and control
Limitations
o Lower efficiency due to additional conversions
o Higher system complexity
C. Intermittency Problems in Solar Hydrogen Systems
Solar power changes with:
e Cloud cover
e Day and night cycle
e Seasonal weather conditions
This causes unstable electrolyzer operation and reduced hydrogen production.

D. Practical Intermittency Solutions



Table 4.2 Intermittency solutions in practical scenario

Solution Practical Purpose
Oversized PV array Maintains power during weak sunlight
Battery buffer system Stabilizes short-term power fluctuations

Wide operating range PEM electrolyzer Allows operation under variable power input

E. Practical Design Considerations

Match PV output with electrolyzer power requirement
Use proper controllers for voltage regulation

Monitor temperature, voltage, and hydrogen production
Provide safe hydrogen storage and ventilation

Install protection systems for overload and overvoltage

Proper solar-electrolyzer integration improves hydrogen production -efficiency, system

stability, and renewable energy utilization.
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Figure 4.1 Solar PV-Hydrogen Integrated System

4.2. Wind-Hydrogen Energy Systems

Wind-hydrogen systems use electricity generated from wind turbines to operate electrolyzers

for hydrogen production. Figure 4.2 shows the Wind-Hydrogen Power System in which the

electrolyzer acts as a flexible load. These systems help store excess wind energy as hydrogen



for later use and hence, reduce wind curtailment. The main operational challenge is handling

rapid wind speed changes while protecting the electrolyzer and maintaining stable operation.

A. Main Components of a Wind-Hydrogen System

Table 4.3 System components of wind-hydrogen system

Component Function

Wind turbine Generates electrical power from wind
Power controller Stabilizes voltage and power output
Electrolyzer Produces hydrogen from water
Hydrogen storage system Stores generated hydrogen

Monitoring and protection system Ensures safe operation
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Figure 4.2 Wind-Hydrogen Power System

B. Characteristics of Wind Power
Wind energy is:

e Variable

e Intermittent

« Difficult to predict continuously
This causes:

e Power fluctuations

o Voltage instability

e Sudden load changes in the electrolyzer



C. Practical System Controls
1. Power Smoothing Controls: Used to reduce sudden power variations from wind turbines.
Practical Methods
o Battery buffering
o Power converters
e Smart controllers and PLC systems
Benefits
o Stable electrolyzer operation
e Reduced equipment stress
e Improved hydrogen production consistency
2. Hydrogen as Long-Duration Energy Storage
Excess wind energy can be converted into hydrogen and stored for later use.
Advantages
e Supports wind farm stability
o Stores surplus renewable energy
e Provides backup energy during low wind periods

D. Safety and Operational Checklist

Safety Requirement Purpose

Safe electrolyzer shutdown system Protects equipment during sudden wind drops

Overvoltage protection Prevents electrical damage
Pressure monitoring Ensures safe hydrogen storage
Emergency stop system Improves operational safety
Continuous monitoring Detects abnormal conditions early

E. Practical Design Considerations
e Match turbine power with electrolyzer capacity
e Use fast-response control systems
e Maintain stable operating voltage and pressure
e Regularly inspect turbines, controllers, and storage systems
o Ensure proper grounding and electrical protection

Wind-hydrogen systems improve renewable energy utilization and provide efficient long-term

energy storage when properly controlled and protected.



4.3. Hybrid Renewable Hydrogen Systems
Hybrid renewable hydrogen systems combine multiple energy sources such as solar, wind,
batteries, and hydrogen storage to provide stable and continuous hydrogen production. Most

industrial hydrogen plants use hybrid systems to improve reliability, energy balance, and

overall system efficiency. Figure 4.3 Hybrid Renewable Hydrogen System Architecture
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Figure 4.3 Hybrid Renewable Hydrogen System Architecture
A. Main Components of a Hybrid System
Table 4.4 hybrid renewable hydrogen system

Component Function

Solar PV system
Wind turbine
Battery system
Electrolyzer

Hydrogen storage tank

Generates electricity during sunlight hours
Produces power from wind energy
Stores short-term electrical energy
Produces hydrogen from water

Stores hydrogen for long-term use

Energy management system Controls power flow and system operation

B. Purpose of Hybrid Systems

Hybrid systems are used to:

e reduce renewable power fluctuations



e 1improve system reliability
e increase hydrogen production time
e Dbalance energy supply and demand
e reduce dependence on one energy source
C. Practical System Operation
During high solar or wind power:
e excess electricity operates the electrolyzer
e batteries are charged
o additional hydrogen is stored
During low renewable power:
e batteries provide short-term backup power
o stored hydrogen can be used later for energy supply
D. Advantages of Hybrid Renewable Systems

Table 4.5 advantages and practical benefits of hybrid renewable systems

Advantage Practical Benefit

Better energy stability Continuous electrolyzer operation
Higher renewable utilization Reduced energy waste
Improved reliability Less shutdown during weather changes

Flexible operation Multiple energy sources available

E. Practical Design Considerations

e Properly size solar, wind, and battery systems
e Match electrolyzer capacity with renewable power availability
o Use automated energy management controls
o Monitor battery state, hydrogen storage level, and power flow
o Ensure safe integration of all energy sources

F. Common Operational Challenges

Table 4.5 Operational challenges and the suggested solutions

Challenge Solution
Power fluctuations Use batteries and smart controllers
Energy imbalance Apply load management strategies

Complex control systems  Use PLC and digital monitoring systems




Hybrid renewable hydrogen systems provide more stable, reliable, and efficient hydrogen

production by combining multiple renewable energy and storage technologies.

4.4. Energy Management and Control Systems
Energy Management Systems (EMS) control the operation of renewable hydrogen plants by
managing power flow between solar PV, wind turbines, batteries, electrolyzers, and hydrogen

storage systems. Table 4.6 presents the EMS functions and purpose of each function. The EMS

decides when to:

o start or stop the electrolyzer
e charge or discharge batteries
e store hydrogen

e reduce or curtail excess power

A. Purpose of Energy Management Systems
Table 4.6 EMS functions and purposes

Function Purpose

Power balancing Maintains stable system operation

Load management Matches power supply with demand
System protection Prevents overload and equipment damage

Performance optimization Maximizes hydrogen production efficiency

B. Common Control Strategies

1. Rule-Based Control: The system operates according to predefined conditions.

Example
e If PV power > required value — start electrolyzer
o If battery charge is low — reduce electrolyzer load
e If storage tank is full — stop hydrogen production
Advantages
e simple operation
e easy programming and maintenance
e suitable for industrial PLC systems
2. Real-Time Monitoring and Control: Sensors continuously monitor system parameters and

send data to the EMS.



Table 4.7 Parameters Commonly Monitored

Parameter Importance
Voltage Electrical stability
Current Power flow control

Hydrogen flow rate Production monitoring
Pressure Safe storage operation

Temperature Prevents overheating

C. Practical EMS Components

Table 4.8 Common practical EMS components along with their functions

Component Function
PLC/controller Executes control logic
Sensors Collect operating data

Human Machine Interface (HMI) Displays system status

Protection devices Prevent faults and overloads

D. Practical Design Considerations
e Ensure stable communication between devices
o Use automatic shutdown protection systems
e Maintain proper sensor calibration
e Record operational data for analysis and troubleshooting
e Use alarms for abnormal operating conditions

E. Common Operational Problems

Table 4.9 Common operational problems and suggested corrective actions

Problem Corrective Action

Sensor failure Inspect and recalibrate sensors
Power instability Improve load balancing control
Overheating Check cooling system operation

Communication etrors Inspect controller and wiring systems




Proper energy management and control systems improve efficiency, operational safety, and

reliability in renewable hydrogen plants.

Hands-on Activity:
Use simulation software (HOMER Pro or simple Python script) to test different control

strategies.

4.5. Hydrogen Storage Integration

Hydrogen storage integration involves selecting and managing suitable storage systems based
on the final application, storage duration, and safety requirements. Table 4.10 illustrates

common H> storage methods along with practical application of each method.

Table 4.10 Common H, storage methods

Storage Method Practical Application
Compressed gas storage Industrial and vehicle applications
Liquid hydrogen storage Large-scale energy storage

Metal hydride storage Small and portable systems

Practical Design Considerations

e Match storage type with end-use demand

o Ensure proper pressure and temperature control

o Install leak detection and safety systems

o Integrate storage with EMS and electrolyzer operation
Safety Requirements

e Use proper ventilation systems

e Monitor pressure continuously

e Install emergency shutdown devices

e Follow hydrogen handling safety standards
Proper hydrogen storage integration improves system reliability, operational safety, and energy

availability. Table 4.11 discusses the storage types along with specific parameter to be managed

and use cases.

Table 4.11 Storage types with their specific parameters to be managed and use cases.

Storage Type Pressure/Temp Best Use Case What You Will Manage




Compressed 200-700 bar  Transport, industrial Compressors, cylinders, leak

checks
Liquid -253°C Large volume, long Cryogenic tanks, boil-off
distance management
Metal Hydride  Low pressure  Stationary, safety- Heat management during charging

critical

Implementation Activities:

Activity 1 —Design a 2 MW solar + wind hybrid hydrogen plant for a remote Ethiopian site.

Draw block diagram, size main components, and choose coupling method.

Activity 2 — Using provided Excel or HOMER model, test different EMS strategies and

calculate annual hydrogen production and curtailment.

Activity 3 — Given three end-use scenarios, select storage method and prepare a basic

safety/inspection checklist.
4.6. Summary

This chapter discussed renewable hydrogen production systems powered by solar, wind, and
hybrid renewable energy sources. Solar-powered hydrogen systems use PV energy to operate
electrolyzers, while wind-hydrogen systems manage variable wind power through control and

storage methods. Hybrid systems combine solar, wind, batteries, and hydrogen storage to

improve reliability and continuous hydrogen production.

The chapter also explained the importance of energy management and control systems in
balancing power flow, operating electrolyzers, charging batteries, and monitoring system
performance. Finally, hydrogen storage integration was introduced, focusing on selecting
suitable storage methods, ensuring safe operation, and matching storage systems with end-use

requirements.
End-of-Chapter Review Questions

1. Draw a block diagram and specify the coupling method for a 1.5 MW solar PV + 0.8
MW wind hydrogen plant.

2. Estimate daily hydrogen production for a solar-powered system with 800 kW average

input and 58 kWh/kg specific energy consumption.



. An electrolyzer stops frequently during partly cloudy days. Suggest three practical

improvements.
. Compare DC coupling and AC coupling for renewable hydrogen systems.

. List the main functions of an Energy Management System (EMS) in a hybrid hydrogen
plant.

Explain how battery storage improves electrolyzer operation during solar or wind

power fluctuations.

. Compare compressed hydrogen, liquid hydrogen, and metal hydride storage based on

practical application.

Suggest optimization strategies for improving hydrogen production in a solar—wind—

battery hybrid system.



H2-A1-5

Techno-Economic Analysis, Industrial Applications, and Emerging Trends

Learning objectives of this chapter

By the end of this chapter, you will be able to:

1.

Analyze the economics of electrolysis plants: Break down and calculate the main cost
components (CAPEX, OPEX, electricity, water), calculate and interpret the Levelized Cost
of Hydrogen (LCOH) for different system configurations, and compare the economic
feasibility of AEL, PEMEL, and SOEC technologies.

Evaluate environmental sustainability and CO: impact: Perform a basic environmental
assessment and quantify CO: savings of a green hydrogen project.

Identify suitable applications and justify their use: Recommend suitable industrial
applications of hydrogen and justify them from both technical and economic perspectives.
Apply hydrogen safety principles and standards: Apply key hydrogen safety standards and
design basic safety zones for a plant.

Integrate knowledge for project planning and feasibility: Identify and evaluate emerging
technologies and trends, then develop a basic feasibility report that combines cost,

performance, safety, and sustainability aspects.

Key Terminology (Practical Glossary)

- CAPEX: Capital Expenditure (initial investment).

- OPEX: Operational Expenditure (running costs).

- LCOH: Levelized Cost of Hydrogen ($/kg) — the key economic indicator.
- Electricity Cost Contribution**: Usually 60—80% of total H> cost.

- LCA: Life Cycle Assessment.

- ATEX/IECEx: Explosion-proof standards for hydrogen areas.

- Boil-off Rate: Loss of liquid hydrogen due to evaporation.

5.1. Hydrogen Production Cost Analysis

Hydrogen production cost analysis helps technicians and engineers estimate plant expenses,

evaluate project feasibility, and identify areas for performance and cost optimization. Figure

5.1 Breakdown of Hydrogen Production Cost. This pie chart is used when presenting project

budgets. Electricity cost is mainly focused as this is where you can make the biggest savings

through renewable power purchase agreements (PPA). In renewable hydrogen plants,



electricity cost is the most important economic factor. Table 5.1 presents main cost components

of hydrogen production along with its practical importance.

Table 5.1 Main Cost Components of Hydrogen Production

Cost Component Practical Importance

Electricity cost Largest operating cost

CAPEX Initial plant investment

OPEX Daily operating expenses

Water cost Small but necessary operational input

A. Electricity Cost
Electricity represents about 60—80% of total hydrogen production cost.
Why it is important?

e Electrolyzers consume large amounts of electrical energy

o Hydrogen cost increases when electricity price rises

The practical cost reduction methods include use low-cost renewable energy, improve

electrolyzer efficiency, and operate during high renewable power availability.

B. Capital Expenditure (CAPEX)
CAPEX is the initial investment required to build the hydrogen plant. The main CAPEX

components are presented in table 5.2.

Table 5.2 Main CAPEX Components

Component Contribution

Electrolyzer stack Major equipment cost

Balance of Plant (BOP)  Pumps, cooling, piping, controls

CAPEX commonly represents 40—60% of total project investment.
C. Operational Expenditure (OPEX)
OPEX includes regular operational and maintenance costs i.e., running cost. The common
OPEX items include:
e maintenance and repairs
e water treatment

e labour cost



e replacement parts
e monitoring and control systems
D. Water Requirement
Electrolysis requires purified water for hydrogen production. Practical water consumption is
approximately 1-1.5 L of water per Nm? of H2. Some important considerations include:
e use clean and treated water
e monitor water quality regularly
e prevent scaling and contamination
E. Practical Cost Optimization Methods
o Improve energy efficiency
e Reduce system downtime
o Use preventive maintenance
o Integrate low-cost renewable power
e Optimize operating schedules
Proper cost analysis helps improve plant profitability, operational efficiency, and investment

planning in renewable hydrogen systems.
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Figure 5.1 Breakdown of Hydrogen Production Cost
5.2. Hydrogen Production Cost Analysis

Hydrogen production cost analysis is used to determine whether a hydrogen project is

economically viable. The main economic indicator used is the Levelized Cost of Hydrogen



(LCOH). LCOH shows the average cost of producing 1 kg of hydrogen over the plant lifetime.
Simple practical LCOH is expressed as:

$ Total annualized cost
LCOH [— | = -
kg Annual H, production (kg)

Table 5.3 Main Factors Affecting LCOH

Factor Effect on Cost

Electricity price Largest impact on LCOH
Electrolyzer efficiency Higher efficiency lowers cost
Plant operating hours More production reduces unit cost
Maintenance cost Increases operating expenses

Renewable energy availability Affects hydrogen output

C. Steps in Cost Analysis

1. Calculate annual operating cost

2. Estimate annual hydrogen production

3. Determine annualized capital cost

4. Apply the LCOH formula

5. Compare results with market hydrogen price
D. Practical Cost Reduction Methods

o Use low-cost renewable electricity

e Increase electrolyzer operating time

e Improve system efficiency

e Reduce maintenance downtime

e Optimize plant energy management
E. Importance of LCOH Analysis

e Supports investment decisions

o Helps compare different technologies

e Identifies cost reduction opportunities

o Evaluates project profitability

Lower LCOH indicates a more competitive and economically sustainable hydrogen production

system. Figure 5.2 shows comparison of Hydrogen production costs by technology.
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Figure 5.2 Comparison of Hydrogen Production Costs by Technology

Note: Green hydrogen has higher upfront cost but becomes competitive long-term with
renewable PPAs.

5.3. Environmental and Sustainability Assessment

Environmental and sustainability assessment is used to measure the environmental impact of
hydrogen production systems. It helps engineers and technicians prepare project reports, apply
for permits, and qualify for green financing programs. Green hydrogen produced from
renewable energy has very low carbon emissions compared to fossil-fuel-based hydrogen

production. Table 5.3 shows key environmental performance values of green and grey H> in

terms of CO2 emission level.

Hydrogen Type CO: Emission Level

Green hydrogen Approximately 0-2 kg CO>/kg H=
Grey hydrogen Approximately 9-12 kg CO~kg H>

Green hydrogen can avoid up to /0 fons of CO: emissions for every ton of hydrogen

produced compared to conventional methods.

Main environmental benefits of green hydrogen include:
o reduced greenhouse gas emissions
e lower dependence on fossil fuels
e improved renewable energy utilization
e support for clean energy transition goals

Practical considerations:



o Use renewable electricity sources
e Monitor system energy efficiency
e Minimize water and energy waste
e Maintain environmentally safe operation and storage systems
Environmental assessment helps demonstrate the sustainability and climate benefits of

renewable hydrogen projects.

5.4. Industrial Applications of Hydrogen
Hydrogen is widely used in transportation, power generation, and industrial manufacturing as
a clean energy source and industrial feedstock. Technicians and engineers support industries in

integrating hydrogen systems into their operations.

Table 5.4 Main industrial applications

Sector Practical Application

Transportation Fuel cell trucks, buses, and ships
Power generation Fuel cells and hydrogen blending for backup power
Chemical industries Production of ammonia, methanol, and refining processes

Steel industry Direct Reduced Iron (DRI) using green hydrogen

Practical Benefits of Hydrogen Use
o Reduces carbon emissions
o Supports renewable energy integration
e Improves industrial sustainability
e Provides clean alternative fuel solutions
Hydrogen plays an important role in decarbonizing transportation, energy systems, and heavy

industries.

5.5. Hydrogen Safety Standards and Regulations

Safety is non-negotiable. You will implement and audit safety systems.
Key Hazards You Must Control

- Wide flammability range (4—75% in air).

- High-pressure leaks.

- Invisible flame.

Practical Checklist You Will Use



- Install gas detectors at multiple heights.

- Ensure ATEX-rated equipment in hazardous zones.
- Test emergency shutdown systems monthly.

5.6. Emerging Trends and Future Technologies

You will evaluate new technologies for future upgrades or new projects. Figure 5.3 shows

future hydrogen economy ecosystem, which depicts how your plant fits into the bigger picture,

from production to end-use.

Trends You Should Monitor:

- High-temperature SOEC (very high efficiency).

- Offshore hydrogen production (wind + seawater electrolysis).
- Al for predictive maintenance and optimization.

- Large-scale LOHC and underground storage.
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Figure 5.3 Future Hydrogen Economy Ecosystem

Hands-on / Implementation Activities

Activity 1 — Calculate LCOH for three scenarios with different electricity prices and

technologies.

Activity 2 — Design safety zones for a 1 MW plant and practice leak detection procedures.



Activity 3 — Prepare a short report for a 10 MW green hydrogen project including cost,

applications, and safety.
5.5. Summary of the chapter

Chapter 5 discusses the economic, environmental, and technological aspects of hydrogen
energy systems. It explains the cost analysis of hydrogen production methods and highlights
how green hydrogen is becoming more competitive with advancements in renewable energy
technologies. The chapter also examines the environmental benefits and sustainability of
hydrogen as a clean energy source capable of reducing greenhouse gas emissions. In addition,
it explores the major applications of hydrogen in transportation, industry, and energy storage.
The chapter further emphasizes the importance of hydrogen safety standards and regulations
for secure production, storage, and transportation. Finally, it reviews emerging trends and
future technologies that are expected to improve hydrogen efficiency, affordability, and global

adoption in the transition toward sustainable energy systems.

End of chapter review questions

1. Break down the main cost components (CAPEX, OPEX, electricity, and water) and
calculate the Levelized Cost of Hydrogen (LCOH) for a 3 MW electrolysis plant using the
provided data. Interpret the results and discuss the key factors that most influence the
LCOH.

2. Compare Alkaline Electrolysis (AEL) and Proton Exchange Membrane Electrolysis
(PEMEL) for use in a chemical manufacturing plant. Consider capital costs, operating
costs, efficiency, flexibility, and suitability for the application. Recommend one technology
and justify your choice.

3. A hydrogen leak alarm triggers at night in the electrolysis plant. Outline a clear, step-by-
step emergency response procedure, including immediate actions, safety considerations,
and notifications.

4. Recommend at least three suitable industrial applications for green hydrogen and justify
each recommendation from both technical and economic perspectives. Consider scalability,
purity requirements, and competing alternatives.

5. Perform a basic environmental assessment for a 5 MW green hydrogen project. Quantify
the potential annual CO: savings compared to grey hydrogen production and discuss other

environmental impacts that should be considered.



6. Identify two important emerging technologies or trends in green hydrogen production.
Then, outline the structure and key sections of a basic feasibility report for a green hydrogen
project, integrating economic performance, safety, environmental benefits, and future-

readiness.



H2-A2
Hydrogen Transport, Storage, and Refueling Infrastructure

Course Overview

This course provides advanced-level TVET learners with practical and technical competencies
in hydrogen transport, storage, distribution, and refueling infrastructure. The course focuses on
hydrogen handling technologies, transport systems, storage methods, compression and
liquefaction processes, refueling station design, safety standards, and operational practices.
Emphasis is given to industrial applications, infrastructure integration, and practical system

operation.

Course Learning Outcomes

By the end of this course, learners will be able to:

1. Explain hydrogen transport and storage principles.

2. Compare different hydrogen storage technologies and transport methods.

3. Design basic hydrogen transport and refueling infrastructure.

4. Analyze hydrogen compression and liquefaction systems.

5. Apply safety standards and operational procedures in hydrogen infrastructure.
6. Evaluate infrastructure performance and operational efficiency.

7. Conduct basic maintenance and troubleshooting activities.
H2-A2-1

Fundamentals of Hydrogen Transport and Storage

Chapter Learning Objectives
By the end of this chapter, learners will be able to:

1. Select appropriate materials and design parameters for hydrogen transport and storage
systems based on key properties.

2. Map a hydrogen supply chain and identify bottlenecks in transport/storage stages for a
given application.

3. Compare and recommend transport methods (pipeline, tube trailer, liquid, maritime) for
specific volumes, distances, and end-uses.

4. Evaluate and size basic compressed gas, liquid, or alternative storage options using

practical parameters.



5. Apply relevant codes and rules of thumb for safety distances, pressure ratings, and

compatibility in operational decisions.
Key Terms

= Boil-off Gas (BOG): Vaporization loss in liquid hydrogen systems.
= Hydrogen Embrittlement: Material degradation due to hydrogen diffusion.
=  Volumetric Energy Density: Energy stored per unit volume (critical for
transport/storage).
= Tube Trailer: High-pressure cylinder bundle on a truck for gaseous transport.
=  Type IV Vessel: Composite overwrapped pressure vessel commonly used for 350/700
bar storage.
= LHV: Lower Heating Value of hydrogen (~120 MJ/kg).
= MAWP: Maximum Allowable Working Pressure.
= Cryogenic Compatibility: Material performance at LH2 temperatures (~-253°C).
1.1. Hydrogen Properties Relevant to Transport and Storage
Hydrogen is increasingly important in clean energy systems, fertilizer production, industrial
processing, power generation, mining operations, and sustainable transportation. However, its

physical and chemical properties create unique engineering challenges that technicians and

industry professionals must understand before working with hydrogen equipment.

At standard atmospheric conditions, hydrogen gas has a very low density of approximately
0.084-0.09 kg/m?, making it nearly 14 times lighter than air. Because of this low density, large
storage volumes are required unless the gas is compressed to high pressures (350-700 bar) or
converted into liquid hydrogen at cryogenic temperatures. Hydrogen also has a high Lower
Heating Value (LHV) of about 120 MJ/kg, making it an excellent energy carrier for fuel cells,
industrial heating, and renewable energy storage despite its low volumetric energy density. For
liquid hydrogen systems, the boiling point is extremely low at —252.8°C, requiring advanced
cryogenic insulation and specialized storage technologies. Such systems are increasingly
relevant for emerging hydrogen export corridors, industrial ports, and renewable energy

projects in Africa.

Hydrogen safety management is critical because the gas has a wide flammability range of 4—
75% in air and an extremely low ignition energy of approximately 0.02 mJ. Even small leaks

can ignite easily in poorly ventilated environments. Therefore, engineers and technicians must



apply effective leak detection methods, ventilation systems, pressure relief devices, and strict

operational safety procedures.

Another major engineering concern is hydrogen embrittlement, where hydrogen weakens
certain metals and causes cracking or failure under pressure. For this reason, hydrogen systems
require compatible construction materials such as austenitic stainless steels, aluminum alloys,

specially treated carbon steels, and advanced composite materials.
Example 1.1 — Pressure Rise Due to Temperature Increase:

A Type IV tube trailer is filled to 350 bar at 15°C and parked in direct sun where the
temperature rises to 45°C. Estimate the new pressure (using Gay-Lussac’s law approximation

for constant volume, valid for rough checks).

Solution:

P, =P, X %(Temperatures in Kelvin) T, =15 + 273 = 288K T, =45 + 273 = 318K P, =
1

350 x % ~ 350 x 1.104 = 386.4bar

Practical Decision: The vessel MAWP is typically 1.2—1.5x design pressure. Operators must
monitor temperature and may need pressure relief or cooling strategies. Always use real gas

charts for precise work.

Relevant Standards:

e ASME B31.12 (Hydrogen Piping and Pipelines),

e ISO 19880 series (Gaseous hydrogen fueling stations).
1.2. Hydrogen Supply Chain Overview
Green hydrogen production in West Africa is expected to grow alongside large
solar, wind, and hydropower projects across countries such as Ghana, Nigeria,
Senegal, Mauritania, and Cote d’Ivoire. A typical hydrogen supply chain begins
with renewable electricity generation and electrolysis, followed by hydrogen
compression or liquefaction, bulk storage, transportation, distribution, and final
use in industries or transport systems. Figure 1.1 Hydrogen Supply Chain. i.e., it

illustrates hydrogen production, compression, storage, transport, refueling, and end-use
applications. The figure helps learners understand the complete hydrogen infrastructure

network



The chain generally follows these stages:

1.

Renewable Energy Generation — Solar farms, wind parks, or hydropower plants provide
electricity for electrolysis.

Hydrogen Production (Electrolysis) — Water is split into hydrogen and oxygen using
electrolyzers.

Compression or Liquefaction — Hydrogen is prepared for storage and transport by
increasing pressure or converting it to liquid form.

Storage and Transportation — Hydrogen is stored in tanks, cylinders, underground
facilities, or transported using pipelines, tube trailers, rail, or ships.

Distribution and End Use —Hydrogen is supplied to industrial plants, refueling stations,

mining operations, fertilizer production, power systems, or fuel cell vehicles.

In West Africa, major supply chain challenges include:

limited transport infrastructure for long-distance hydrogen delivery.

high cost of compression and storage systems.

hot climate conditions affecting storage efficiency and equipment durability.
limited local manufacturing capacity for hydrogen equipment.

safety and standards compliance gaps in emerging hydrogen markets.

Large industrial users such as fertilizer plants, oil refineries, cement factories, steel production

facilities, and mining operations may prefer centralized hydrogen production with pipeline or

liquid hydrogen transport systems. In contrast, remote sites and transport applications, such as

buses, trucks, port equipment, and mining vehicles, may benefit from on-site hydrogen

production combined with local buffer storage.

Industry Application Focus (West Africa)

Mining Sector: Hydrogen fuel cell trucks can reduce diesel dependence in remote

mining areas of Ghana, Guinea, and Mali.

Ports and Logistics: Green hydrogen can support low-emission transport systems in

major ports such as Tema, Lagos, Abidjan, and Dakar.

Agriculture and Fertilizer Production: Hydrogen can be used in green ammonia

production to support regional fertilizer manufacturing.

Rural Electrification: Small-scale hydrogen storage systems can stabilize renewable

mini-grids in off-grid communities.



Demonstration / Industrial Observation:
Observe a hydrogen storage or fuel supply system (physical site visit, simulation, or video

demonstration) and trace the hydrogen flow path from production or delivery point to final

use equipment or dispenser system. Identify:

e Storage method used,

e Safety components installed,

e Pressure control systems,

e Distribution pathway.
Exercise
A remote mining company in West Africa requires 500 kg/day of hydrogen to operate fuel cell
haul trucks. Draw a simple hydrogen supply chain showing:

e Energy source,
o Hydrogen production method,
e Storage system,
o Transportation method,
« Final application point.
Then identify:
1. The main storage challenge,
2. The main transportation challenge, and

3. One practical improvement suitable for West African conditions.

Industry Standards and References
e ISO 19870 — Methodology for determining greenhouse gas emissions in hydrogen
supply chains.
o ISO 19880-1 — Safety requirements for gaseous hydrogen fuelling stations.
e ISO 14687 — Hydrogen fuel quality specifications for fuel cell applications.
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Figure 1.1 Hydrogen Supply Chain

1.3. Hydrogen Transport Methods

Efficient hydrogen transport is a critical part of the hydrogen value chain. Figure 1.2 depicts
the Hydrogen transport methods showing pipelines, tube trailers, tankers, and shipping systems

to explain different transport approaches. The choice of transport method depends on:

e Quantity of hydrogen required per day,

e Distance between production and end-use sites,

e Available infrastructure,

e Safety requirements,

o Cost of operation,

e Type of end-user (industrial plant, refueling station, mining operation, port, or power

system).

In West Africa, hydrogen transport systems must also consider road conditions, port

infrastructure, climate conditions, energy access, and long-distance logistics challenges.
a) Pipeline Transport Systems

Hydrogen pipelines are the most efficient option for transporting large volumes of hydrogen
continuously over short-to-medium distances. They are commonly used to connect hydrogen
production plants with industrial users such as fertilizer plants, refineries, steel factories, and

power generation facilities.
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Figure 1.2 Hydrogen Transport Methods

Hydrogen pipelines typically operate between 20 and 100 bar pressure depending on system

design and flow requirements. Existing natural gas pipelines may sometimes be converted for

hydrogen service; however, materials must be carefully evaluated because hydrogen can cause:

Metal embrittlement,
Seal leakage,
Fatigue cracking,

Increased permeability losses.

Pipeline sizing involves calculations of:

Flow rate,

Pressure drop,

Pipe diameter,
Compressor requirements,

Energy losses.

Modified gas-flow equations are used because hydrogen behaves differently from natural gas

due to its low molecular weight and high diffusivity.

Pipeline transport may become important in West Africa in:

Industrial clusters near ports,



e Fertilizer and ammonia production zones,
e Mining and processing corridors,
e Cross-border energy infrastructure projects.
Countries with expanding gas infrastructure, such as Nigeria and Senegal, may explore

blending hydrogen into existing pipeline systems after technical assessment.

b) Tube Trailer Transport

Tube trailers transport compressed gaseous hydrogen using high-pressure cylinders mounted
on trucks. Most modern systems use Type IV composite cylinders operating between 200 and
500 bar. Typical hydrogen carrying capacity ranges from 300—1,200 kg per trailer, depending

on pressure and trailer design.

Tube trailers are suitable for:
o distances below 500 km,
e small-to-medium hydrogen demand,
» refueling stations,
e pilot hydrogen projects,
o remote industrial sites.
Advantages include:
o Flexible deployment,
e Lower initial infrastructure cost,
e Fast installation for emerging markets.
Limitations include:
e Lower payload efficiency,
e High trucking frequency for large demand,
e Road transport risks and fuel costs.
Tube trailers are likely to dominate early hydrogen markets in West Africa because:
o Pipeline infrastructure is limited,
e Road-based logistics are already common,
o Hydrogen demand is initially expected to be decentralized.
This method may support:
e Hydrogen bus fleets,
e Mining operations,
e Port equipment,

e Industrial demonstration projects.



¢) Liquid Hydrogen (LH:) Transport
Liquid hydrogen transport uses cryogenic tanker trucks designed to maintain extremely low
temperatures of approximately —253°C. Compared with compressed gas transport, liquid

hydrogen provides higher energy density, larger transport payloads, and reduced number of
delivery trips.

e Cryogenic tanker capacities generally range from 3,500 liters to more than 50,000 liters.
e Liquid hydrogen can transport approximately 2—4 times more hydrogen by volume than

compressed gas systems.

However, liquid hydrogen systems face important technical challenges:
o high liquefaction energy consumption,
e cryogenic insulation requirements,
e boil-off gas losses,

e specialized maintenance and safety procedures.

Typical boil-off losses range between 0.2% and 1% per day.

Liquid hydrogen transport may become important in West Africa for:
e export terminals,
o large industrial users,
e long-distance regional supply chains,
e maritime fuel supply systems.
Hot climatic conditions in West Africa may increase boil-off management challenges and

refrigeration costs.

d) Maritime Hydrogen Transport
Maritime transport is essential for international hydrogen trade and coastal industrial supply

chains. Hydrogen can be transported by sea in several forms:

a) Liquid Hydrogen Carriers: Hydrogen is transported as cryogenic liquid in specially
insulated vessels.

b) Ammonia as a Hydrogen Carrier: Hydrogen is chemically converted into ammonia (NHs),
which is easier to transport and store using existing fertilizer and chemical shipping
infrastructure.

¢) Liquid Organic Hydrogen Carriers (LOHC): Hydrogen is chemically bonded to carrier

liquids and released at the destination through dehydrogenation processes.



Maritime transport requires:
e Specialized terminals,
e Cryogenic or chemical handling systems,
o International safety compliance,
e Port storage facilities.
Coastal countries of West Africa, such as Mauritania, Senegal, Ghana, Nigeria, and Cdte

d’Ivoire, have strong potential to become future exporters of green hydrogen and green

ammonia due to abundant renewable energy resources and strategic port access.

Exercise
A hydrogen distribution company must deliver 10 tonnes/day of hydrogen over a distance of

300 km. Compare:

1. The approximate number of trips required using:
o 350 bar tube trailers,
o Liquid hydrogen tankers.

2. Which transport option is likely to be more cost-effective?
3. Which method would be more suitable for:

o A mining project,
o A refueling station network,
o A fertilizer plant?

Demonstration / Industrial Activity: Observe or simulate:

e atube trailer loading system,

e acryogenic tanker operation,

e ora pipeline compressor station.
Identify:

e operating pressure,

o safety systems,

o hydrogen transfer procedure,

o leak prevention methods,

o emergency shutdown systems.

Industry Standards and References



e (S84 B342 — Selection and use of cylinders, spheres, tubes, and other containers for
transport of dangerous goods.

e ASME B31.12 — Hydrogen piping and pipeline systems.

e IGF Code — International Code of Safety for Ships using Gases or other Low-flashpoint
Fuels.

e ISO 16111 — Transportable gas storage devices for hydrogen applications.

1.4. Hydrogen Storage Technologies in West Africa

Hydrogen storage is one of the most important technical and economic components of the
hydrogen value chain. Since hydrogen has a very low natural density, it must be stored using
specialized technologies that improve energy density, safety, and transport efficiency. The

selection of a hydrogen storage system depends on:

e required hydrogen quantity,

e storage duration,

e pressure and temperature conditions,

« mobility or stationary application,

e safety requirements,

o available infrastructure,

e cost and maintenance considerations.
In West Africa, hydrogen storage systems must also account for:

e high ambient temperatures,

e limited cooling infrastructure,

o power reliability challenges,

e transport logistics,

e industrial growth opportunities,

e availability of technical expertise.

a. Compressed Gas Hydrogen Storage:

Compressed hydrogen storage is the most widely used storage technology for hydrogen
refueling stations, industrial systems, and fuel cell vehicles. Hydrogen gas is compressed and
stored in high-pressure cylinders or vessels, commonly operating at 350 bar for heavy-duty
transport and industrial applications, and 700 bar for passenger fuel cell vehicles and high-

density station storage.

Modern storage vessels are generally:



e Type Il vessels — Metal-lined composite cylinders,
o Type IV vessels —Polymer-lined fully composite cylinders with lower weight and higher
corrosion resistance.
Compressed gas systems are commonly used in:
e Refueling station cascade systems,
e Tube trailers,
e Backup power systems,
e Industrial hydrogen supply networks.
Advantages
e Mature and commercially available technology,
e Fast charging and discharge capability,
o Flexible modular installation,
e Suitable for mobile and stationary systems.
Limitations
o Large storage footprint at high capacities,
e High compression energy requirements,
o Cyclic fatigue caused by repeated filling and emptying,
e High-pressure safety risks.
Compressed storage is expected to dominate early hydrogen deployment in West Africa
because:
e it requires less specialized infrastructure than liquid hydrogen,
e it is easier to install in decentralized locations,
o it is suitable for pilot projects, mobility systems, and industrial demonstrations.

Potential applications include:

e Hydrogen bus depots,
e Mining vehicle fueling,
e Renewable energy backup systems,

e Port and logistics equipment.

b. Liquid Hydrogen (LH:) Storage
Liquid hydrogen storage involves cooling hydrogen to approximately —253°C and storing it in
vacuum-insulated cryogenic tanks. Storage tanks are usually:

e Cylindrical,

e Double-walled,



e Vacuum insulated,
o Equipped with pressure relief and boil-off management systems.
Liquid hydrogen offers significantly higher volumetric energy density compared with

compressed gas storage, making it attractive for:

e Large industrial facilities,

e Export terminals,

o Long-distance transport,

e Acrospace and heavy transport applications.
Advantages

e High storage density,

e Reduced physical footprint,

o Efficient for large-scale hydrogen demand,

o Lower transport frequency for large volumes.
Limitations

e Very high capital cost,

e Energy-intensive liquefaction process,

e Boil-off gas (BOG) losses,

o Complex cryogenic maintenance and safety systems.
Boil-off gas is typically managed through:

e Controlled venting,

e Re-liquefaction,

e Reuse in nearby processes.
Liquid hydrogen systems may become important in West African for:

e Export hubs,

e Coastal industrial zones,

o Large mining operations,

e Maritime hydrogen supply chains.
However, high ambient temperatures in West Africa increase refrigeration demands and boil-

off challenges.

¢. Metal Hydride Hydrogen Storage
Metal hydride storage is a solid-state hydrogen storage technology where hydrogen is

chemically absorbed into metal alloys.



Hydrogen is stored at:
o Lower pressures,
e Moderate temperatures,
o High safety conditions.
During operation:
o Hydrogen charging releases heat,

e Hydrogen discharge requires heat input.

Effective thermal management is therefore essential.

Advantages
e Excellent safety performance,
o Low operating pressure,
o Compact storage for certain applications,
e Reduced leakage risk.
Limitations
o Heavy storage systems,
e Expensive alloy materials,
o Slow charging/discharging rates,

o Complex heat management.

Metal hydrides are mainly used in:
o Stationary backup systems,
e Portable hydrogen systems,
o Specialized industrial applications,
e Research and defense technologies.
Metal hydride systems may be suitable in West Africa for:
e Small renewable energy storage systems,
o Educational and research laboratories,
e Rural energy demonstration projects,

o Telecom backup power applications.

d. Underground Hydrogen Storage
Underground hydrogen storage is used for very large-scale and long-duration storage of

hydrogen. Hydrogen may be stored in:

e Salt caverns,



e Depleted oil and gas reservoirs,

o Deep geological formations.
These systems are designed for:

o Seasonal energy storage,

e National hydrogen reserves,

e Grid balancing,

e Large industrial supply stabilization.
Key technical considerations

e Cushion gas requirements,

e QGas purity management,

e Geological integrity,

e Leakage prevention,

e Reservoir pressure control.
Advantages

e Very large storage capacity,

e Low storage cost per kilogram,

o Long-duration storage capability,

e Suitable for national energy systems.
Limitations

o High initial development cost,

e Geological limitations,

e Long project development time,

o Complex monitoring systems.
Countries in West Africa with oil and gas infrastructure, salt formations, and depleted
hydrocarbon fields, such as Nigeria and Senegal, may explore underground hydrogen storage

in future large-scale hydrogen economies.

Exercise

A hydrogen refueling station requires 200 kg of hydrogen buffer storage. Compare:
1. A 700 bar compressed gas storage system, and
2. A liquid hydrogen storage system.

For each option, estimate:
e Approximate storage footprint,

e Main equipment required,



o Safety considerations,

o Expected operational challenges.
Then recommend the most suitable option for:

o A city bus refueling station,

e A mining site,

e A coastal export terminal.

Demonstration / Industrial Observation
Observe or simulate:

e ahigh-pressure hydrogen storage cascade,

e acryogenic liquid hydrogen tank,

e ora hydrogen cylinder filling operation.
Identify:

e pressure control devices,

o relief valves,

e leak detection systems,

e insulation methods,

e emergency shutdown systems,

» safety clearance zones.

Industry Standards and References

o ISO 19880 — Gaseous hydrogen fuelling stations and safety requirements.
e  ASME Boiler and Pressure Vessel Code (BPVC) Section VIII —Rules for pressure vessel
design and construction.
e NFPA 2 - Hydrogen technologies code for storage, handling, and use.
e ISO 11119 — Gas cylinders and composite pressure vessels.
e ISO 13985 — Liquid hydrogen land vehicle fuel tanks.
1.5. Chapter Summary

Hydrogen storage and transport are essential parts of the hydrogen value chain because
hydrogen has a very low density and requires specialized handling systems such as high-
pressure storage or cryogenic technologies. Safe and reliable hydrogen operations depend on
proper material selection, leak prevention, pressure management, and control of hydrogen
embrittlement. Technicians and engineers must understand how storage and transport systems

influence project cost, safety, and operational efficiency.



The selection of hydrogen transport and storage technologies depends on factors such as daily
hydrogen demand, transport distance, infrastructure availability, and end-user application.
Pipelines are generally suitable for large-scale industrial supply, while tube trailers and liquid
hydrogen tankers provide flexible solutions for refueling stations, mining operations, and
decentralized energy systems commonly emerging in West Africa. Engineers must also
consider total cost of ownership, including capital cost, operational expenses, boil-off gas

losses, maintenance, and safety requirements.

Successful hydrogen deployment requires compliance with international standards and strong
practical competence in pressure testing, leak detection, boil-off gas management, and safe
handling procedures. Applying safety codes and operational best practices from the design

stage helps ensure reliable, efficient, and sustainable hydrogen infrastructure for industrial,

mobility, and energy applications.
End of chapter review questions

1. A carbon steel pipeline shows signs of cracking after hydrogen service. What property is the

likely cause, and what material upgrade would you recommend?

2. Calculate approximate gaseous storage volume needed for 100 kg H2 at 350 bar (assume

ideal gas for rough estimate; note limitations).

3. Fora 200 km route delivering 2 tonnes/day to a bus depot, recommend transport method and

justify with pros/cons.

4. List two key differences in operational challenges between compressed gas and liquid

hydrogen station storage.

5. Reference a standard for gaseous hydrogen refueling protocol and state one key parameter

it controls.

H2-A2-2:
Hydrogen Compression, Liquefaction, and Pipeline Infrastructure
Chapter Learning Outcomes
By the end of this chapter, trainees will be able to:
« Explain the operating principles of hydrogen compression and liquefaction systems.

o Compare different hydrogen compressor technologies and evaluate their industrial
applications.



e Describe hydrogen pipeline infrastructure, material selection, and pressure
management systems.

e Apply basic principles of hydrogen gas distribution and flow control.

e Identify major safety hazards associated with hydrogen transport systems and
recommend suitable mitigation measures.

e Analyze hydrogen transport infrastructure challenges and opportunities within the
West African context.

2.1. Hydrogen Compression Systems

Hydrogen compression is a critical process in hydrogen transport, storage, and distribution

systems. Because hydrogen has very low density, it must often be compressed to high pressures

before storage or transportation. Compression systems are widely used in:

e Hydrogen refueling stations,
o Pipeline transmission systems,
e Industrial hydrogen plants,
o Tube trailer filling stations,
e Renewable energy storage systems.
The selection of a hydrogen compressor depends on:
e required discharge pressure,
e hydrogen flow rate,
e system efficiency,
o safety requirements,
e maintenance cost,
o end-user application.
In West Africa, hydrogen compression systems must also consider:
e high ambient temperatures,
o limited maintenance infrastructure,
e power supply reliability,
e dust and harsh operating environments,
e industrial expansion needs.
Mechanical Compressors
Mechanical compressors use moving parts such as pistons, diaphragms, screws, or centrifugal

impellers to compress hydrogen gas.



Common Types

e Reciprocating compressors,

o Diaphragm compressors,

e Screw compressors,

o Centrifugal compressors.
Mechanical compressors are commonly used because they:

e deliver high pressure,

e support large flow rates,

e are commercially available,

e operate in industrial environments.
Advantages

e High compression capability,

e Proven industrial technology,

e Suitable for refueling stations and pipelines.
Limitations

e Moving parts require regular maintenance,

e Heat generation during compression,

o Seal leakage risks,

e Mechanical wear and vibration.
Mechanical compressors may support:

e mining operations,

e hydrogen refueling depots,

e industrial gas supply systems,

o fertilizer and refinery projects.

Electrochemical Compressors

Electrochemical compressors compress hydrogen using electrochemical reactions rather than

mechanical motion. Hydrogen ions move through a membrane under electrical potential and

recombine at higher pressure.

Advantages

e No moving mechanical parts,



e Low noise operation,

e Reduced contamination risk,

o High hydrogen purity.
Limitations

e Lower flow rates,

o Higher capital cost,

e Membrane sensitivity,

e Limited commercial scale.
Typical Applications

e Fuel cell systems,

o Laboratory applications,

o High-purity hydrogen systems,

o Small-scale hydrogen stations.
Multi-Stage Compression Systems

Hydrogen is commonly compressed in multiple stages to improve efficiency and reduce
excessive heat buildup. Between stages, hydrogen passes through intercoolers to reduce gas

temperature before further compression.

Benefits of Multi-Stage Systems

e Improved energy efficiency,

e Reduced compressor damage,

« Lower operating temperature,

e Improved equipment lifespan.
Multi-stage systems are widely used in:

e High-pressure storage systems,

o Hydrogen refueling stations,

o Pipeline injection systems.
Compressor Efficiency and Performance
Compressor performance is evaluated using:

e compression ratio,
o flow capacity,

e energy consumption,



o thermal efficiency,
o discharge temperature,
o reliability.
Hydrogen compression consumes significant energy, often representing a major operational

cost in hydrogen systems.

Key Operational Challenges
e Hydrogen leakage,
e Seal degradation,
e Overheating,
e Vibration control,
o Pressure fluctuation.
Exercise
A hydrogen refueling station requires hydrogen delivery at 700 bar for fuel cell buses.
Task:
1. Recommend a suitable compressor type.
2. Explain why multi-stage compression may be necessary.
3. Identify two maintenance challenges likely in hot West African climates.
Instructor Demonstration / Industrial Observation
Observe or simulate:
e A reciprocating compressor system,
e Multi-stage compression process,
e Intercooling system,
e Pressure control system.
Identify:
o Compression stages,
e Cooling systems,
o Pressure relief devices,
e Safety shutdown mechanisms.
Relevant Standards
e ASME B31.12 — Hydrogen piping and pipelines
e ISO 19880 — Hydrogen fueling stations



e API 618 — Reciprocating compressors
e NFPA 2 — Hydrogen technologies code
2.2. Hydrogen Liquefaction Systems

Hydrogen liquefaction converts gaseous hydrogen into liquid hydrogen by cooling it to

approximately:
T ~ —253°C

Liquefaction significantly increases hydrogen density, making storage and transport more

efficient for large-scale applications. Liquid hydrogen systems are important for:

o Export terminals,
o Aerospace industries,
e Maritime fuel systems,
e Large industrial supply networks,
e Long-distance hydrogen transport.
Principles of Liquefaction
Hydrogen gas is compressed, cooled, and expanded repeatedly through refrigeration cycles

until liquefaction occurs. Liquefaction systems consume large amounts of energy because

hydrogen has:

e low molecular weight,

e low boiling point,

« high specific heat capacity.
Cryogenic Storage Systems
Liquid hydrogen is stored in:

e double-walled tanks,

e vacuum-insulated vessels,

e cryogenic cylinders.
Storage systems include:

o pressure relief valves,
e insulation layers,
e boil-off gas management systems,

e emergency venting systems.



Refrigeration Cycles
Common refrigeration methods include:

e joule—Thomson cycle,
e Claude cycle,
o Brayton refrigeration cycle.

These systems progressively remove heat until hydrogen liquefies.

Boil-Off Gas (BOG) Management

Heat leakage causes part of the liquid hydrogen to evaporate into gas, known as boil-off gas
(BOG). Typical BOG losses range between 0.2%-1%/day. BOG may be:

o re-liquefied,
e used as fuel,
« safely vented under controlled conditions.

Liquid hydrogen in West Africa may support:

e Green hydrogen export projects,

o Coastal industrial zones,

e Port decarbonization,

e Mining and heavy transport systems.
However, high ambient temperatures increase refrigeration demands and boil-off challenges.
Exercise

A coastal hydrogen export terminal requires long-duration hydrogen storage.

Task:

1. Explain why liquid hydrogen storage may be preferred.

2. Identify two major technical challenges.

3. Recommend one method to reduce boil-off gas losses.
Relevant Standards

e ISO 21010 — Cryogenic vessels

e« NFPA 2 — Hydrogen safety code

o« ASME BPVC Section VIII — Pressure vessels

2.3. Hydrogen Pipeline Infrastructure



Hydrogen pipelines provide continuous transport of large hydrogen volumes between
production facilities, industrial users, storage sites, and export terminals. Hydrogen pipelines

may operate between P=20-100 bar

Pipeline infrastructure includes:

o Pipelines,

o Compressors,

e Valves,

e Sensors,

e Monitoring systems,

e Emergency shutdown systems.
Pipeline Materials and Selection
Hydrogen pipelines require materials resistant to:

e hydrogen embrittlement,

e  corrosion,

o fatigue cracking,

e pressure cycling.

Common materials include:

e stainless steel,

o high-grade carbon steel,

e composite materials.
Hydrogen Embrittlement
Hydrogen atoms penetrate certain metals and weaken their structure over time.
This can cause:

o Cracking,

o Leakage,

e Mechanical failure,

e Reduced equipment lifespan.
Preventive measures include:

e Material selection,

e Coatings,

e Pressure control,

e Regular inspection.



Pipeline Safety and Monitoring
Hydrogen pipeline systems require:
o Continuous pressure monitoring,
e Leak detection systems,
e Remote shutdown systems,
e Corrosion monitoring,
o Qas sensors.

Pipeline systems in West Africa may support:
o Industrial corridors,
e Cross-border energy projects,
e Green ammonia plants,
e Refinery integration projects.
Countries with existing gas infrastructure may explore hydrogen blending opportunities.

Exercise

A fertilizer plant requires continuous hydrogen delivery from a renewable energy facility

located 80 km away.

Task:
1. Recommend whether a pipeline or truck transport system is more suitable.
2. Identify two material selection concerns.
3. Explain one major safety requirement.
Relevant Standards
e ASME B31.12 — Hydrogen pipelines
e SO 16111 — Hydrogen storage devices
e API 1160 — Pipeline integrity management
2.4. Gas Distribution and Flow Control

Hydrogen distribution systems regulate pressure, control flow rate, and ensure safe delivery to

end users. Key components include:

e pressure regulators,
o flow meters,
e  SEnsors,

e valves,



e control systems,
e leak detectors.

Pressure Regulation Systems: Pressure regulators maintain stable gas pressure throughout the
system. Hydrogen systems often use:

e Primary pressure regulators,
e Secondary regulators,
e Relief valves.
Flow Meters and Sensors
Hydrogen flow measurement systems monitor:
o Flow rate,
e Pressure,
o Temperature,
e Qas purity.
Common sensor technologies include:
e Thermal mass flow meters,
o Ultrasonic flow meters,
e Pressure transducers.
Valves and Control Devices

Hydrogen systems use:

e Isolation valves,

e Check valves,

e Pressure relief valves,

e Solenoid valves,

o Emergency shutdown valves.
Leak Detection Systems

Hydrogen leaks are difficult to detect because hydrogen is:

o Colorless,
e Odorless,
o Highly diffusive,
o [Easily ignitable.
Leak detection methods include:

o Hydrogen gas detectors,



e Flame detectors,
e Pressure monitoring,
e Acoustic sensors.
Exercise
A hydrogen storage facility experiences pressure fluctuations during fueling operations.
Task:
1. Recommend suitable pressure control devices.
2. Identify appropriate leak detection technologies.
3. Explain why fast leak detection is critical.
Relevant Standards
e ISO 26142 — Hydrogen detection apparatus
e NFPA 2 — Hydrogen technologies code
e [EC 61508 — Functional safety systems
2.5. Safety in Hydrogen Transport Systems
Hydrogen systems require strict safety management because hydrogen is:
o Highly flammable,
e Easily ignited,
e Fast diffusing,
e Stored under high pressure or cryogenic conditions.

Safety systems must be integrated into all hydrogen infrastructure from design through
operation.

Hazard Identification
Major hazards include:

e Qas leaks,

e Fire and explosion,

e Overpressure,

e Cryogenic burns,

o Equipment failure,

o Hydrogen embrittlement.
Emergency Shutdown Systems

Emergency shutdown systems automatically isolate hydrogen flow during:



e Leak detection,

o Fire conditions,

e Pressure failure,

e System malfunction.

Ventilation Requirements

Hydrogen facilities require effective ventilation because hydrogen rises rapidly and may

accumulate in enclosed spaces. Ventilation systems help:

o Prevent gas buildup,

e Reduce explosion risk,

e Improve operational safety.
Fire and Explosion Prevention
Preventive measures include:

e Intrinsically safe equipment,

o Explosion-proof electrical systems,
e (Gas detection systems,

e Grounding and bonding,

e Safety separation distances.

In West African, Hydrogen safety training is essential as hydrogen industries emerge across:
e Ports,
e Mining operations,
e Renewable energy systems,
e Industrial processing zones.
Technical training institutions and industries must strengthen:
e Emergency preparedness,
e Safety inspection capacity,
e Technical competency development.
2.6. Chapter Summary

Hydrogen compression, liquefaction, and pipeline infrastructure are essential for efficient
hydrogen storage, transport, and distribution. Compression systems increase hydrogen density

for storage and fueling, while liquefaction enables large-scale transport and export applications.



Proper selection of compressors, cryogenic systems, and pipelines depends on pressure

requirements, transport distance, operational efficiency, and safety considerations.

Hydrogen infrastructure must be carefully designed to address challenges such as hydrogen
embrittlement, boil-off gas losses, leakage risks, pressure control, and high energy
consumption. Reliable hydrogen systems require effective monitoring, leak detection,

ventilation, and emergency shutdown systems supported by international safety standards and

skilled technical personnel.

In West Africa, hydrogen transport infrastructure has strong potential to support industrial
growth, mining, clean mobility, renewable energy integration, and future hydrogen export
markets. Successful deployment will depend on safe engineering practices, operational
competence, infrastructure investment, and strong technical training for hydrogen

professionals and technicians.

H2-A2-3
Hydrogen Refueling Stations and Infrastructure Design

Chapter Learning Outcomes
By the end of this chapter, trainees will be able to:

e Explain the components and operational processes of hydrogen refueling stations.



Evaluate hydrogen refueling station design requirements, including layout planning,

safety systems, and pressure management.

Apply international standards, fueling protocols, and safety regulations used in

hydrogen refueling infrastructure.

Perform basic maintenance, inspection, troubleshooting, and operational safety

procedures for hydrogen refueling systems.

3.1. Hydrogen Refueling Station Components

Hydrogen refueling stations (HRS) are specialized facilities designed to safely store, compress,

cool, and dispense hydrogen fuel to fuel cell vehicles (FCVs). These stations play a critical role

in the development of clean transportation systems, particularly for buses, trucks, mining

vehicles, port equipment, and future mobility systems in West Africa.

A typical hydrogen refueling station consists of:

hydrogen storage systems,
COMpIressors,

cooling systems,

fuel dispensers,

pressure regulation systems,
sensors and monitoring equipment,

safety and emergency shutdown systems.

The design and size of a station depend on:

daily hydrogen demand,
vehicle type,

fueling pressure,

number of vehicles served,
site location,

safety requirements.

Hydrogen Storage Systems

Hydrogen refueling stations commonly use:

compressed gas storage systems,
cascade storage systems,

liquid hydrogen storage tanks.



Compressed hydrogen is typically stored at P=350 bar; or 700 bar
Storage systems are designed to maintain fuel supply continuity, stabilize pressure during

fueling, and support rapid vehicle refueling. Cascade systems use multiple storage banks

operating at different pressure levels to improve fueling efficiency.

Compressors and Dispensers: Compressors increase hydrogen pressure before delivery to
storage systems or dispensers. Dispensers are the final interface between the station and the
vehicle. They control:
o Fueling pressure,
o Flow rate,
o Temperature,
e Fuel quantity delivered.
Modern dispensers include:
e Digital monitoring systems,
o Pressure sensors,
e Temperature compensation systems,
o Safety interlocks.
Cooling Systems: Hydrogen temperature rises during rapid compression and fueling. Cooling
systems are therefore required to prevent overheating during vehicle filling. Pre-cooling

systems may reduce hydrogen temperature T to approximately -40° C. Cooling improves:

o fueling speed,

o tank safety,

e pressure stability,

e vehicle tank protection.

Control and Monitoring Systems: Hydrogen stations use automated control systems to
monitor:

e Pressure,

e Flow rate,

o Temperature,

e Hydrogen leakage,

o Compressor operation,

e Emergency shutdown systems.

These systems improve:



e Operational reliability,
o Fueling accuracy,
o Safety performance.
Hydrogen refueling infrastructure in West African may support:
e Hydrogen bus systems,
e Mining fleets,
e Port logistics,
e Airport ground support equipment,
o Industrial transport systems.
Early deployment is likely to focus on:
e Major cities,
e Mining corridors,
e Ports,
e Industrial parks.
Exercise
A transport company plans to operate hydrogen fuel cell buses in a major West African city.
Task:
1. Identify the main components required in the refueling station.
2. Recommend suitable storage pressure levels.
3. Explain why cooling systems are important during fast fueling operations.
Demonstration / Industrial Observation
Observe or simulate:
e hydrogen dispenser operation,
e compressor systems,
o cascade storage arrangement,
e pressure monitoring systems.
Identify:
e Fueling sequence,
o Safety interlocks,
e Emergency shutdown controls,
e Pressure regulation systems.

Relevant Standards



e ISO 19880-1 — Hydrogen fueling stations

e SAE J2601 — Hydrogen fueling protocols

e NFPA 2 — Hydrogen technologies code
3.2. Refueling Station Operation

Hydrogen refueling stations are designed to safely transfer hydrogen from storage systems into

vehicle tanks at controlled pressures and temperatures. Fueling operations must be carefully

managed to ensure:
e Safe hydrogen transfer,
o Pressure stability,
e Accurate fuel delivery,
e Prevention of overheating,
e Vehicle compatibility.
Hydrogen vehicles commonly operate at 350 bar, or 700 bar fueling systems.

» Hydrogen Dispensing Process: The fueling process typically follows these stages:

1. wvehicle connection to dispenser nozzle,
communication between vehicle and station,
pressure and temperature verification,

controlled hydrogen transfer,

A

fueling completion and system shutdown.
Figure 3.1 Hydrogen Fueling Process Flow Diagram which shows hydrogen flow from storage
to vehicle tank through compressors and dispensers. The dispensing process is automated to

maintain safe fueling conditions.

»  Fueling Protocols and Standards: Hydrogen fueling follows international protocols that

define filling pressure, fuel temperature, fueling rate, safety procedures, and

communication systems.
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Figure 3.1 Hydrogen Fueling Process Flow Diagram

Fueling standards help ensure compatibility between:

o different vehicle models,
o refueling equipment,
e storage systems.

e Pressure Management During Fueling

Pressure increases rapidly during fueling due to hydrogen compression inside the vehicle tank.
Pressure control systems regulate

o flow rate,

o tank pressure,

o fuel temperature.
Overpressure protection systems prevent:

« tank damage,

e excessive heating,

« unsafe fueling conditions.
Vehicle Interface Systems: Vehicle interface systems include fueling nozzles, communication
connectors, pressure sensors, and locking mechanisms. These systems ensure safe connection

between:

e Vehicle tanks,
o Refueling dispensers.

Exercise



A hydrogen station must fuel 20 buses daily using 350 bar systems.
Task:

1. Explain the fueling process sequence.

2. Identify key pressure control requirements.

3. Describe one risk associated with rapid fueling.
Relevant Standards

e SAE J2601 — Hydrogen fueling protocols

e SO 17268 — Hydrogen fueling connectors

e ISO 19880-1 — Fueling station safety requirements

3.3. Refueling Station Design Considerations
The design of a hydrogen refueling station directly affects:
o safety,
e operational efficiency,
e vehicle access,
e maintenance activities,
e emergency response capability.
Station design must consider:
e hydrogen storage pressure,
o traffic flow,
e ventilation,
 fire protection,
e hazardous zones,
e environmental conditions.
Site Selection: Hydrogen stations should be located in areas with:
e Good road access,
e Reliable power supply,
e Adequate ventilation,
o Safe separation from populated areas,
e Emergency service accessibility.
In West Africa, designers must also consider:
o high ambient temperatures,

e dust exposure,



o flood risks,
o grid reliability.
Layout Planning: A station layout typically includes:
e hydrogen storage area,
e compressor section,
o dispenser zone,
o vehicle circulation lanes,
e control room,
e emergency assembly points.
Figure 3.2 Hydrogen Refueling Station Layout illustrating hydrogen storage, compressors,

dispensers, safety systems, and fueling zones. Layouts should minimize congestion, ignition

risks, and maintenance difficulties.

Typical Hydrogen Refueling Station Layout

Vent

Fueling Zorea

I Safety Fence Tube trailer/ Pipeline

Figure 3.2 Hydrogen Refueling Station Layout
= Safety Distances and Zoning: Hydrogen stations require safety separation distances
between storage systems, electrical equipment, public access areas, buildings, and

vehicle traffic routes. Hazardous zones are classified according to explosion risk and

hydrogen concentration potential.
= Ventilation and Emergency Systems: Ventilation systems prevent hydrogen accumulation

in enclosed spaces. Emergency systems include:



o fire suppression systems,
e emergency shutdown systems,
e gas detection alarms,
o pressure relief systems,
e evacuation routes.
o Hydrogen refueling stations in West African may initially be integrated into bus depots,
mining facilities, port operations, and industrial transport hubs.
Station design should prioritize
e Robust safety systems,
o Ease of maintenance,
e Climate resilience,
e Local technical capacity.
Exercise
A city plans to build a hydrogen bus refueling station near a transport terminal.
Task:
1. Identify suitable site selection factors.
2. Explain why ventilation systems are important.
3. Recommend two safety zoning considerations.
Relevant Standards
e ISO 19880-1 — Hydrogen fueling stations
e NFPA 2 — Hydrogen technologies code
e [EC 60079 — Explosive atmosphere classification
3.4. Standards and Regulations
Hydrogen refueling stations must comply with international standards to ensure safe operation,
equipment compatibility, reliable fueling performance, environmental protection, and
regulatory approval. Standards define requirements for:
e pressure systems,
o fuel quality,
e storage vessels,
o safety distances,
o fueling protocols,

e leak detection systems.



1SO Hydrogen Fueling Standards: Important ISO standards include:
e ISO 19880 — Hydrogen fueling stations,
o ISO 14687 — Hydrogen fuel quality,
e SO 17268 — Fueling connectors.

These standards support international interoperability, safe fueling procedures, and equipment

standardization.

International Safety Codes: Hydrogen safety systems also follow:
e NFPA2,
e IEC explosive atmosphere standards,
e ASME pressure vessel codes,
e SAE fueling protocols.

Pressure Vessel Regulations: Hydrogen storage vessels must comply with pressure vessel

regulations related to:

o maximum allowable working pressure (MAWP),
e material strength,

 fatigue resistance,

e pressure testing,

e inspection requirements.

Exercise

A hydrogen station operator plans to install new high-pressure storage vessels.

Task:

1. Identify relevant pressure vessel standards.
2. Explain why international standards are necessary.

3. Describe one safety risk caused by non-compliance.

Relevant Standards

e ISO 19880 series

e ASME BPVC Section VIII
e NFPA?2

e SAE J2601

3.5. Maintenance and Troubleshooting



Hydrogen refueling stations require regular inspection and preventive maintenance to ensure
safe operation, equipment reliability, fueling accuracy, reduced downtime, and long equipment
lifespan. Maintenance programs must include:
o Compressor inspection,
o Leak testing,
e Sensor calibration,
e Valve inspection,
o Cooling system maintenance,
o Emergency system verification.
» [nspection Procedures: Routine inspections include checking:
e pressure levels,
e hydrogen leaks,
o valve operation,
e electrical systems,
e sensor performance,
e structural integrity.
»  Common Operational Faults: Typical station problems include:
e compressor overheating,
e sensor failure,
e pressure instability,
e cooling system malfunction,
e hydrogen leakage,
e dispenser communication errors.
e Preventive Maintenance: Preventive maintenance helps reduce equipment failure,

safety incidents, and unexpected downtime. Maintenance schedules should include:

o lubrication,
o filter replacement,
e seal inspection,
e calibration checks,
e system testing.
»  Sensor and Control System Diagnostics: Modern stations use automated diagnostics to
detect:

e abnormal pressure,



e gas leaks,
e temperature variation,
e communication faults,
e equipment malfunction.
Technicians must understand alarm systems, diagnostic software, and emergency response
procedures.
Hydrogen maintenance programs in West Africa should emphasize:
o technical skills development,
e spare parts availability,
e local technician training,
o climate-resistant equipment maintenance.

Exercise

A hydrogen station experiences repeated pressure fluctuations and fueling
interruptions.

Task:

1. Identify possible causes.

2. Recommend inspection procedures.

3. Explain preventive maintenance measures that could reduce recurrence.
Relevant Standards

e ISO 19880 — Fueling station maintenance and safety

e NFPA 2 — Hydrogen technologies code

e [EC 61508 — Functional safety systems

3.6. Chapter Summary

Hydrogen refueling stations are essential infrastructure for supporting fuel cell vehicles and
clean transport systems. These stations integrate storage systems, compressors, cooling units,
dispensers, and automated control systems to safely deliver hydrogen fuel under controlled
pressure and temperature conditions. Proper station operation depends on effective pressure

management, fueling protocols, leak prevention, and system monitoring.

Successful hydrogen station design requires careful attention to site selection, layout planning,
ventilation, safety zoning, and emergency shutdown systems. International standards and

regulations are critical for ensuring equipment compatibility, operational reliability, and safe



hydrogen handling. Compliance with fueling standards, pressure vessel regulations, and safety

codes helps reduce operational risks and improve infrastructure performance.

Regular inspection, preventive maintenance, and troubleshooting are essential for maintaining
safe and reliable station operations. Technicians must develop practical skills in compressor
maintenance, sensor diagnostics, leak detection, pressure testing, and emergency response
procedures. In West Africa, hydrogen refueling infrastructure has strong potential to support
clean public transport, mining operations, industrial mobility, and future low-carbon transport

systems.



H2-A2-4

Performance Analysis and Infrastructure Integration

Chapter Learning Outcomes

By the end of this chapter, trainees will be able to:

Evaluate the technical performance and operational efficiency of hydrogen storage,
transport, and refueling infrastructure.

Apply monitoring and control technologies used in hydrogen systems, including
SCADA and remote monitoring systems.

Analyze the integration of hydrogen infrastructure with renewable energy systems and
energy storage applications.

Assess the economic, environmental, and sustainability impacts of hydrogen

infrastructure projects in industrial and mobility applications.

4.1. Infrastructure Performance Evaluation

Performance evaluation is essential for ensuring that hydrogen infrastructure operates safely,

efficiently, and economically. Engineers and technicians must continuously monitor system

efficiency, energy use, storage performance, and hydrogen losses to improve reliability and

reduce operational costs.

Hydrogen infrastructure performance analysis typically focuses on:

storage efficiency,
compression efficiency,
energy consumption,
transport losses,
leakage control,

system reliability.

In West Africa, performance optimization is especially important because:

e energy costs may be high,
o infrastructure investment is limited,
e transport distances can be large,
» environmental conditions may affect equipment efficiency.
Storage Efficiency Analysis: Hydrogen storage efficiency measures how effectively

hydrogen is stored and recovered with minimal energy loss. Performance depends on



storage pressure, Temperature stability, leakage rate, boil-off gas losses, and material
performance.
Compressed gas systems may experience pressure losses, while liquid hydrogen systems

must manage boil-off gas evaporation.

» Compression Efficiency: Hydrogen compression consumes significant electrical energy and
directly affects operational cost. Compression efficiency is influenced by:
e compressor type,
e number of compression stages,
e cooling performance,
e pressure ratio,
e mechanical losses.

Multi-stage compressors with intercooling systems improve efficiency and reduce overheating.

»  FEnergy Consumption Analysis: Hydrogen systems require energy for compression,
liquefaction, cooling, pumping, monitoring, and safety systems. Engineers must evaluate
total system energy consumption to improve operational efficiency and reduce costs.

»  Transport Losses and Leakage Analysis: Hydrogen losses may occur during:

o Pipeline transmission,

o Storage,

e Vehicle fueling,

o Compression,

e Liquid hydrogen transport.

Because hydrogen molecules are very small and highly diffusive, leakage control is critical

for:

e safety,
e cost reduction,
e environmental protection.

Infrastructure performance evaluation in West African is important for:

e renewable hydrogen projects,
e mining operations,
e hydrogen bus systems,

e industrial hydrogen supply networks.



Improved efficiency can reduce operational costs and increase infrastructure reliability in

emerging hydrogen markets.

Exercise

A hydrogen transport company experiences high operational costs and frequent

pressure losses during delivery operations.

Task:
1. Identify possible sources of energy losses.
2. Recommend methods to improve compression efficiency.
3. Explain why leakage monitoring is important.
Demonstration / Industrial Observation
Observe or simulate:
e compressor performance monitoring,
o pressure loss analysis,
e hydrogen flow monitoring,
« storage efficiency calculations.
Identify:
e System efficiency indicators,
e Energy consumption points,
e Potential leakage locations,
e Operational optimization opportunities.
Relevant Standards
e ISO 19880 — Hydrogen fueling systems
e ASME B31.12 — Hydrogen pipelines
e NFPA 2 — Hydrogen technologies code
4.2. Hydrogen Infrastructure Monitoring Systems
Hydrogen infrastructure requires continuous monitoring to ensure safe operation, reliable
performance, leak prevention, pressure stability, equipment protection. Monitoring systems

collect and transmit operational data from compressors, pipelines, storage systems, refueling

stations, and renewable hydrogen plants.

a) SCADA Systems:



SCADA (Supervisory Control and Data Acquisition) systems are widely used in hydrogen

infrastructure to monitor and control operations remotely. SCADA systems perform:

e real-time monitoring,
e alarm management,

o data logging,

e equipment control,

o fault detection.

SCADA systems improve operational reliability, emergency response, system efficiency, and

maintenance planning.

b) Pressure and Temperature Monitoring
Hydrogen systems require continuous monitoring of pressure levels, gas temperature, flow rate,
and storage conditions. Pressure and temperature sensors help prevent:
e overpressure conditions,
e equipment damage,
« unsafe fueling operations.
¢) Gas Quality Monitoring
Hydrogen fuel quality is important for fuel cell performance, equipment protection, and

operational safety. Gas monitoring systems detect:

e Moisture,

e Oxygen contamination,
e Impurities,

e Particulate matter.

d) Remote Monitoring Technologies
Modern hydrogen systems use:
e wireless communication,
e cloud-based monitoring,
e IOT sensors,
e automated diagnostics.
Remote monitoring allows operators to supervise infrastructure across large geographic areas.
Remote monitoring systems in West African are especially useful in:
e remote mining sites,

e renewable energy projects,



e long-distance pipeline systems,
o decentralized hydrogen infrastructure.
Digital monitoring technologies can improve operational reliability where technical personnel

are limited.

Exercise
A hydrogen pipeline network requires centralized operational monitoring.

Task:

1. Explain how SCADA systems improve infrastructure safety.

2. Identify important monitoring sensors.

3. Describe one advantage of remote monitoring systems.
Relevant Standards

e [EC 61508 — Functional safety systems

e ISO 26142 — Hydrogen detection apparatus

e NFPA 2 — Hydrogen technologies code

4.3. Integration with Renewable Energy Systems

Green hydrogen is produced using renewable electricity from solar power, wind energy,
hydropower, and biomass energy systems. Hydrogen infrastructure supports renewable energy
integration by storing excess renewable electricity and distributing energy to transport,

industry, and power systems.

4.3.1. Renewable Hydrogen Distribution
Renewable hydrogen may be distributed through:
o Pipelines,
e Tube trailers,
e Liquid hydrogen systems,
e Refueling stations.
Hydrogen allows renewable energy generated in one location to be transported and used

elsewhere.

4.3.2. Grid-Connected Hydrogen Systems

Hydrogen systems may be connected to electrical grids to:

e Stabilize renewable energy supply,



» Store excess electricity,
e Support backup power systems,
e Improve grid reliability.
Electrolyzers can operate during periods of high renewable electricity generation.

4.3.3. Energy Storage Applications
Hydrogen is an important long-duration energy storage technology. Hydrogen energy storage
systems may support:

e mini-grids,

e industrial power systems,

e renewable energy backup,

o seasonal energy storage.
Hydrogen storage helps balance fluctuations in solar and wind power generation.
West Africa has strong renewable hydrogen potential due to:

o high solar irradiation,

o wind resources,

« expanding renewable energy projects,

o growing industrial energy demand.
Hydrogen systems may support:

e rural electrification,

e mining operations,

e clean transport systems,

e renewable energy export projects.

Exercise

A solar-powered industrial site wants to store excess renewable electricity using
hydrogen systems.

Task:

1. Explain how hydrogen storage supports renewable integration.

2. Identify suitable hydrogen storage options.

3. Describe one operational advantage of grid-connected hydrogen systems.
Relevant Standards

e ISO 14687 — Hydrogen fuel quality



e [EC renewable energy integration standards
e NFPA2— Hydrogen technologies code
4.4. Economic Analysis of Hydrogen Infrastructure

Economic analysis is essential for determining the feasibility and long-term sustainability of
hydrogen projects. Hydrogen infrastructure costs typically include production systems,
compression systems, storage equipment, pipelines, refueling stations, monitoring systems, and

maintenance operations.

4.4.1. Capital and Operational Costs

Capital costs include: Operational costs include:
e equipment purchase, e electricity consumption,
o installation, e maintenance,
o site development, o staffing,
e construction, e cooling,
e engineering design. e compression energy,

e hydrogen losses.

4.4.2. Transport Cost Analysis
Hydrogen transport cost depends on:

o distance,

o transport method,

o fueling pressure,

e infrastructure scale,

e vehicle operating cost.

Pipelines are generally cost-effective for large-scale continuous transport, while trailers and

tankers provide flexibility for smaller markets.

4.4.3. Refueling Station Economics
Hydrogen station economics depend on daily hydrogen demand, vehicle utilization, equipment

efficiency, electricity cost, and maintenance requirements. Low station utilization may increase

fuel cost per kilogram of hydrogen.

4.4.3. Cost Optimization Strategies

Cost reduction strategies include:



e Renewable energy integration,

e Improved compressor efficiency,

e Reduced hydrogen leakage,

o Preventive maintenance,

e Shared infrastructure systems.
Hydrogen infrastructure economics in West Africa may be influenced by:

e Infrastructure availability,

e Electricity prices,

e Import dependence,

o Transport logistics,

e Local manufacturing capacity.
Regional cooperation and renewable energy expansion may reduce future hydrogen costs.
Exercise

A company plans to build a hydrogen refueling station for public transport buses.

Task:

1. Identify major capital cost components.

2. Explain two factors affecting operational cost.

3. Recommend one cost optimization strategy.
Relevant Standards

e ISO hydrogen infrastructure standards

e International energy cost evaluation methods

o NFPA 2 — Hydrogen technologies code
4.5. Environmental and Sustainability Considerations

Hydrogen infrastructure can support significant reductions in greenhouse gas emissions when
hydrogen is produced using renewable energy sources. Environmental analysis of hydrogen

systems focuses on:

e carbon emissions,
e energy efficiency,
e water use,

e hydrogen leakage,

o environmental safety,



o sustainable infrastructure development.

=  Carbon Emission Reduction

Green hydrogen can replace fossil fuels in transport systems, industrial processes, power
generation, and mining operations. This can significantly reduce carbon dioxide emissions, air

pollution, and fossil fuel dependence.

= Sustainable Hydrogen Logistics
Sustainable hydrogen systems aim to:

e minimize transport losses,

o reduce energy waste,

o improve infrastructure efficiency,

e use renewable electricity,

e reduce environmental impact.
Efficient logistics planning improves both economic and environmental performance.
* Environmental Risk Assessment

Hydrogen projects must evaluate leak risks, fire hazards, water resource use, land use impact,
and ecosystem protection. Environmental assessments help ensure safe and sustainable project

development.

Hydrogen systems in West African may support:

e low-carbon industrial growth,
e clean public transport,
e renewable energy development,
e climate resilience strategies.
Hydrogen infrastructure can contribute to sustainable development goals while supporting

regional industrialization.

Exercise
A mining company plans to replace diesel trucks with hydrogen fuel cell vehicles.
Task:
1. Identify possible environmental benefits.
2. Explain one sustainability challenge.

3. Recommend one measure to improve environmental performance.



Relevant Standards
e ISO 14001 — Environmental management systems
e ISO 19870 — Hydrogen supply chain emissions
e NFPA 2 — Hydrogen technologies code
4.6. Chapter Summary
Performance analysis and infrastructure integration are essential for improving the efficiency,
reliability, and sustainability of hydrogen systems. Engineers and technicians must evaluate

storage performance, compression efficiency, energy consumption, transport losses, and

system reliability to optimize hydrogen operations and reduce operational costs.

Modern hydrogen infrastructure relies heavily on monitoring and automation systems such as
SCADA, sensors, leak detection systems, and remote diagnostics. These technologies improve
operational safety, maintenance planning, and emergency response while supporting reliable

hydrogen transport, storage, and fueling operations.

Hydrogen infrastructure also plays an important role in renewable energy integration by
enabling long-duration energy storage, grid stabilization, and clean energy distribution.
Economic analysis, environmental sustainability, and cost optimization are critical for
developing feasible hydrogen projects, particularly in emerging West African hydrogen
markets focused on industrial growth, clean mobility, renewable energy expansion, and low -

carbon development.



H2-A2-5
Industrial Applications, Emerging Trends, and Safety Management
Chapter Learning Outcomes
By the end of this chapter, trainees will be able to:

e explain major industrial and mobility applications of hydrogen infrastructure systems.

e apply hydrogen safety management principles, including risk assessment, hazop
analysis, and emergency response procedures.

o evaluate emerging hydrogen technologies and future hydrogen mobility systems.

o analyze hydrogen economy trends, policy frameworks, and investment opportunities

relevant to global and west african hydrogen development.

5.1. Industrial Applications of Hydrogen Infrastructure

Hydrogen infrastructure supports a wide range of industrial, energy, and mobility applications.
As countries transition toward low-carbon energy systems, hydrogen is increasingly being used
to reduce fossil fuel dependence, improve energy security, and support clean industrial

development. Hydrogen infrastructure applications include:

o fuel cell transportation systems,

e industrial gas supply,

e renewable energy storage,

e hydrogen export systems,

e power generation,

e chemical and fertilizer production.

In West Africa, hydrogen infrastructure has strong potential to support:
e mining operations,
e public transportation,
e port logistics,
e renewable energy integration,
e industrial decarbonization,

o green export industries.

5.1.1. Fuel Cell Vehicle Refueling
Hydrogen refueling infrastructure supports:

o fuel cell buses,



e trucks,

e passenger vehicles,

e mining vehicles,

e port equipment.
Fuel cell vehicles convert hydrogen into electricity using fuel cells, producing only water vapor
as exhaust. Hydrogen mobility systems offer:

o fast refueling,

e long driving range,

e reduced carbon emissions,

e lower air pollution.
5.1.2. Industrial Gas Supply Systems
Hydrogen is widely used in:

o 0il refining,

o fertilizer production,

o chemical manufacturing,

e steel production,

o food processing industries.
Industrial hydrogen infrastructure includes:

e pipelines,

o storage systems,

e  COMPIessors,

o distribution systems,

e safety monitoring systems.
5.1.3. Hydrogen Export and Import Systems
Hydrogen may be exported or imported in several forms:

e compressed hydrogen,

e liquid hydrogen,

e ammonia,

e liquid organic hydrogen carriers (lohc).
Countries with strong renewable energy resources may become future hydrogen exporters.
Countries in West African such as Mauritania, Senegal, Nigeria, Ghana, and Namibia are

increasingly exploring green hydrogen export opportunities.



5.1.4. Power-to-Gas Applications

Power-to-gas systems convert excess renewable electricity into hydrogen through electrolysis.
Hydrogen can then be stored, injected into gas networks, used for electricity generation,
supplied to industries, and used in transport systems. Power-to-gas systems help improve
renewable energy integration and grid stability.

Exercise
A mining company plans to replace diesel-powered trucks with hydrogen fuel cell vehicles.
Task:
1. Identify the hydrogen infrastructure required.
2. Explain two advantages of hydrogen fuel systems.
3. Describe one operational challenge.
Relevant Standards
e ISO 14687 — Hydrogen fuel quality
e ISO 19880 — Hydrogen fueling stations
e NFPA 2 — Hydrogen technologies code

5.2. Hydrogen Infrastructure Safety Management
Hydrogen infrastructure requires strict safety management because hydrogen is:
e highly flammable,
o casily ignited,
e stored under high pressure,
« highly diffusive,
e sometimes handled at cryogenic temperatures.

Safety management systems help reduce fire and explosion risks, equipment failure, human

injury, environmental damage, and operational downtime.

5.2.1. Risk Assessment Methods

Risk assessment identifies:
e potential hazards,
e failure points,
e operational risks,
e emergency scenarios.

Risk analysis considers:



probability of failure,

e consequence severity,

exposure level,

« safety controls.

5.2.2. Hazard and Operability Analysis (HAZOP)

HAZOP is a structured safety assessment method used to identify operational hazards and

process deviations.

HAZOP studies evaluate: HAZOP improves:
e pressure deviations, o Process safety,
o flow interruptions, o Equipment reliability,
e equipment malfunction, o Emergency preparedness.

e temperature changes,

e human error risks.

5.2.3. Emergency Response Planning

Hydrogen facilities require emergency response procedures for gas leaks, fires, explosions,

equipment failure, and power outages. Emergency systems may include:

e shutdown systems,

e gasalarms,

o fire suppression systems,

e evacuation plans,

e emergency communication systems.
5.2.4. Occupational Safety Procedures
Hydrogen safety procedures include:

e personal protective equipment (PPE),

e safe work permits,

e gas testing,

e lockout/tagout procedures,

e confined space safety,

o fire prevention measures.

Training and safety awareness are critical for all hydrogen personnel.



As hydrogen industries expand in West Africa, industries and technical institutions must
strengthen:
o safety training programs,
e emergency response capability,
o technical inspection systems,
o hydrogen safety regulations.
Exercise
A hydrogen storage facility experiences a suspected hydrogen leak near a compressor system.
Task:
1. Identify immediate safety actions.
2. Explain how HAZOP could reduce future risks.
3. Recommend suitable emergency response procedures.
Relevant Standards
e NFPA 2 — Hydrogen technologies code
e ISO 45001 — Occupational health and safety systems
e [EC 61511 — Process safety systems

5.3. Emerging Hydrogen Infrastructure Technologies

Hydrogen technologies are rapidly evolving to improve efficiency, safety, automation, energy
storage, infrastructure reliability, and long-distance hydrogen transport. Emerging technologies

are expected to play a major role in future hydrogen economies and smart energy systems.

5.3.1. Smart Hydrogen Grids
Smart hydrogen grids integrate:

e renewable energy systems,

e hydrogen production,

o storage systems,

o pipelines,

e industrial users,

o digital monitoring systems.
These systems use:

e automation,



e real-time monitoring,
e Al-based optimization,
e smart Sensors.
Smart hydrogen grids improve energy balancing, infrastructure efficiency, and system
reliability.
5.3.2. Underground Hydrogen Pipelines
Future hydrogen systems may use dedicated underground hydrogen pipeline networks for
o Long-distance hydrogen transport,
o Industrial supply,

e Cross-border energy distribution.

Underground systems require:
e specialized materials,
e corrosion protection,
e continuous monitoring,
e leak detection technologies.
5.3.3. Liquid Organic Hydrogen Carriers (LOHC)
LOHC systems store hydrogen chemically in liquid carrier materials.
Advantages include:
o easier transport,
o improved safety,
o reduced high-pressure storage requirements,
e compatibility with existing fuel infrastructure.
Hydrogen is released from the carrier through dehydrogenation processes.
5.3.4. AI-Based Monitoring and Predictive Maintenance
Atrtificial intelligence (AI) systems can improve hydrogen infrastructure by:
e predicting equipment failure,
e detecting abnormal conditions,
e optimizing maintenance schedules,
o improving operational efficiency.
Al systems support:

e predictive maintenance,



e leak detection,
e compressor monitoring,
e remote infrastructure management.
Emerging hydrogen technologies in West African may support:
o smart industrial parks,
e renewable energy integration,
e cross-border hydrogen trade,
e remote infrastructure monitoring,
« sustainable mining operations.
Digital technologies can improve infrastructure management where technical expertise and

maintenance resources are limited.

Exercise
A hydrogen pipeline operator plans to introduce Al-based monitoring systems.

Task:

1. Explain how predictive maintenance improves reliability.

2. Identify suitable monitoring technologies.

3. Describe one operational advantage of smart hydrogen grids.
Relevant Standards

e [EC smart grid standards

o ISO hydrogen infrastructure standards

o NFPA 2 — Hydrogen technologies code

5.4. Future Trends in Hydrogen Mobility

Hydrogen mobility is expanding rapidly as governments and industries seek low-carbon
transport solutions. Hydrogen-powered transport systems include buses, trucks, trains, ships,
aircraft, and industrial vehicles. Hydrogen mobility offers:

e reduced greenhouse gas emissions,

e fast refueling,

e long driving range,

e reduced dependence on fossil fuels.

5.4.1. Hydrogen-Powered Transportation

Hydrogen fuel cell vehicles generate electricity using hydrogen fuel cells.



Hydrogen transportation is particularly suitable for:

Heavy-duty transport,
Long-distance logistics,
Public transportation systems,

Mining and industrial vehicles.

5.4.2. Aviation and Maritime Hydrogen Applications

Hydrogen is being explored as a future fuel for:

aircraft propulsion,
shipping systems,
port operations,

sustainable aviation fuels.

hydrogen aviation systems may use:

liquid hydrogen fuel,
fuel cells,

hydrogen combustion turbines.

Maritime hydrogen applications may involve:

Liquid hydrogen,
Green ammonia,

Fuel cell-powered ships.

5.4.3. Hydrogen Corridor Development

Hydrogen corridors are transport routes equipped with hydrogen refueling infrastructure.

These corridors support:

Long-distance hydrogen mobility,
Freight transportation,
Regional transport systems,

International trade routes.

Future hydrogen mobility systems in West African may support:

regional transport corridors,
port logistics,

mining transport systems,
urban bus networks,

sustainable shipping operations.



Hydrogen corridors may eventually connect major industrial and transport hubs across West
Africa.

Exercise

A regional transport authority plans to develop a hydrogen bus corridor between two
major cities.

Task:

1. Identify infrastructure requirements.

2. Explain one advantage of hydrogen corridors.

3. Describe one challenge associated with hydrogen mobility systems.
Relevant Standards

e SAE hydrogen fueling standards

e ISO hydrogen mobility standards

e IMO maritime hydrogen safety guidelines

5.5. Hydrogen Economy and Policy Frameworks

The hydrogen economy refers to the large-scale production, distribution, storage, and use of
hydrogen as a major energy carrier. Governments and industries worldwide are developing
hydrogen strategies to:

e reduce carbon emissions,

e improve energy security,

e support industrial growth,

e expand renewable energy systems.
Hydrogen policies help guide:

e infrastructure development,

e safety regulation,

e investment planning,

e market growth,

e technology deployment.

5.5.1. International Hydrogen Roadmaps

Many countries and organizations have developed hydrogen roadmaps outlining:
e Production targets,

e Infrastructure goals,



o Transport strategies,
o Industrial applications,
e Decarbonization plans.

These roadmaps support long-term hydrogen market development.

5.5.2. Policy and Regulatory Frameworks
Hydrogen regulations address:

e Safety requirements,

e Environmental protection,

o Fuel quality standards,

o Transport regulations,

o Infrastructure licensing,

e Investment incentives.
Clear regulations improve:

e Investor confidence,

e Infrastructure development,

o International cooperation.
5.5.3. Investment Opportunities
Hydrogen investment opportunities include:

e renewable hydrogen production,

o refueling stations,

e pipeline systems,

e export terminals,

e industrial hydrogen projects,

e hydrogen mobility systems.

West Africa has strong hydrogen development potential because of:

e large renewable energy resources,
e growing energy demand,
e strategic export locations,
e expanding industrial sectors.

Hydrogen investments may support:

e Job creation,



e Clean industrial growth,

e Renewable energy expansion,

o Sustainable transport systems.
Exercise

A government plans to introduce a national hydrogen strategy.

Task:

1. Identify important policy areas.

2. Explain why investment incentives are important.

3. Recommend one priority hydrogen application for West Africa.
Relevant Standards and References

e International Energy Agency (IEA) hydrogen roadmaps

e ISO hydrogen standards

o National hydrogen strategy frameworks

o NFPA 2 — Hydrogen technologies code

5.6. Chapter Summary

Hydrogen infrastructure supports a wide range of industrial, transport, and energy applications,
including fuel cell mobility, industrial gas supply, renewable energy storage, and hydrogen
export systems. As hydrogen technologies continue to develop, industries are increasingly
integrating hydrogen into clean transportation, power generation, and low-carbon industrial

Processes.

Safe hydrogen deployment requires strong safety management systems that include risk
assessment, HAZOP analysis, emergency response planning, and occupational safety
procedures. Engineers and technicians must develop practical competence in hazard
identification, leak prevention, emergency shutdown systems, and safe operational practices to

ensure reliable and secure hydrogen infrastructure.

Emerging technologies such as smart hydrogen grids, underground hydrogen pipelines, LOHC
systems, and Al-based monitoring are expected to improve hydrogen infrastructure efficiency,
automation, and long-term reliability. At the same time, global hydrogen mobility systems,
hydrogen corridors, and renewable hydrogen projects are creating new economic and industrial

opportunities.



The growth of the hydrogen economy will depend on effective policy frameworks,
infrastructure investment, international standards, and skilled technical personnel. In West
Africa, hydrogen infrastructure has strong potential to support industrial development,
renewable energy integration, sustainable transport systems, and future green hydrogen export

markets.



H2-A3
Fuel Cell Systems and Renewable Hydrogen Integration

Course Overview

This course equips advanced-level TVET learners with competencies in fuel cell technologies,
renewable hydrogen integration, hybrid energy systems, and energy management techniques.
The course covers fuel cell operating principles, system design, renewable energy integration,

control systems, performance evaluation, and practical industrial applications.
Course Learning Outcomes
By the end of this course, learners will be able to:
1. Explain the principles and operation of fuel cell systems.
2. Compare major fuel cell technologies and their industrial applications.
3. Design and analyze fuel cell systems integrated with renewable energy sources.

4. Apply energy management, control, maintenance, and troubleshooting techniques for

fuel cell systems.

5. Evaluate fuel cell system efficiency, performance, and operational reliability.
H2-A3-1
Fundamentals of Fuel Cell Technologies

Fuel cells are electrochemical devices that convert the chemical energy of hydrogen and
oxygen directly into electrical energy, heat, and water. Unlike conventional combustion
systems, fuel cells provide cleaner and more efficient energy conversion with low emissions.
They are increasingly used in transportation, stationary power generation, portable power
systems, and renewable energy integration. This chapter introduces the fundamental principles
of fuel cell operation, different fuel cell technologies, system components, and operational

characteristics.

1.1. Introduction to Fuel Cells
A fuel cell is an electrochemical energy conversion device that continuously produces

electricity as long as fuel and oxidant are supplied.



Fuel cells operate similarly to batteries but differ because they do not store energy internally.

Instead, they generate electricity through chemical reactions between hydrogen and oxygen.

The following are the main processes in a fuel cell:
o hydrogen fuel enters the anode.
e oxygen or air enters the cathode.
e hydrogen molecules split into protons and electrons.
o electrons travel through an external circuit, producing electrical power.
e protons move through the electrolyte.
e water and heat are produced as by-products.
Advantages of Fuel Cells
o High efficiency
e Low greenhouse gas emissions
e Quiet operation
e Modular design
o Reliable continuous power generation
Electrochemical Energy Conversion: Fuel cells convert chemical energy directly into electrical

energy through electrochemical reactions rather than combustion.

Anode Reaction Cathode Reaction
Hydrogen gas separates into protons and Oxygen combines with protons
electrons: and electrons to form water:

H, > 4H* + 4e” 0, +4H* +4e~ - 2H,0

Overall Fuel Cell Reaction
H, + 0, » 2H,0 + Electrical energy + Heat

Hydrogen as Fuel for Fuel Cells: Hydrogen is the primary fuel used in many fuel cell systems

because it:

o Has high energy content
e Produces only water during reaction
o Can be produced from renewable resources

e Supports clean energy systems

Sources of Hydrogen include:



e Water electrolysis

o Natural gas reforming

e Biomass conversion

o Solar-powered hydrogen production

e Wind-powered hydrogen production

Renewable Hydrogen

Renewable hydrogen (green hydrogen) is produced using renewable electricity sources such as

solar and wind power.

Fuel Cell Applications: Fuel cells are used in several sectors:

a) Transportation
e Fuel cell electric vehicles (FCEVs)
o Buses and trucks
e Marine transport
b) Stationary Power Generation
e backup power systems
o distributed generation
e grid support systems
¢) Portable Applications:
e Portable generators
o Military equipment

e Remote communication systems

1.2 Types of Fuel Cells
Different fuel cell technologies are classified according to the electrolyte used and operating

temperature.
1.2.1. Proton Exchange Membrane Fuel Cells (PEMFC)

Characteristics
e Low operating temperature (60—80°C)
o Fast startup
e High power density

Advantages



o Compact design

o Suitable for transportation

e Rapid response to load changes
Applications

e Fuel cell vehicles

o Portable power systems

1.2.2. Solid Oxide Fuel Cells (SOFC)

Characteristics
« High operating temperature (600—1000°C)
e Ceramic electrolyte

Advantages

o High efficiency
e Can use multiple fuels
o Suitable for combined heat and power systems

Applications

e Industrial power generation

e Distributed energy systems

1.2.3. Alkaline Fuel Cells (AFC)
Characteristics
e Uses alkaline electrolyte
o High electrical efficiency
Advantages
e Good performance at low temperatures
o Fast electrochemical reactions
Applications
e Space missions

o Military systems
1.2.4. Molten Carbonate Fuel Cells (MCFC)

Characteristics

e Operate at high temperatures (600—700°C)



e Use molten carbonate electrolyte
Advantages

o High fuel flexibility

o Suitable for large-scale power generation
Applications

o Utility-scale electricity generation

e Industrial energy systems

1.3. Fuel Cell Components
Fuel cells consist of several essential components that support electrochemical energy
conversion. Figure 1.1 illustrates fuel cell stack structure, showing multiple fuel cells connected

in series with bipolar plates and cooling channels.

1.1.1. Anode and Cathode

* Anode: The anode receives hydrogen fuel, splits hydrogen into protons and electrons and
conducts electrons to the external circuit

* Cathode: The cathode receives oxygen or air, combines oxygen with protons and electrons
and produces water

1.1.2. Electrolytes and Membranes

The electrolyte conducts ions between electrodes, prevents electron flow internally and

separates anode and cathode gases.

Examples

e Polymer membrane (PEMFC)

o Ceramic electrolyte (SOFC)

e Liquid alkaline electrolyte (AFC)
1.1.3. Catalysts and Gas Diffusion Layers

Catalysts: Catalysts accelerate electrochemical reactions. Common catalyst materials:
e Platinum
o Nickel

e Palladium

1.1.4. Gas Diffusion Layers (GDL)
The GDL:

e Distributes gases evenly



e Supports catalyst layers

¢ Removes water and heat

1.1.5. Bipolar Plates and Stack Structures

e Bipolar Plates: These plates connect individual fuel cells electrically, distribute

gases and remove heat.

o Fuel Cell Stack: Multiple fuel cells are connected in series to increase voltage

and power output.

Fuel Cell Stack Toods 17 Cofing

Single Cell Bipolar

Arrangement e

Membrane

Electrode Bipolar

Assembly — Structvut

(MEA)

And/Plate — Gas Flow
Channels
Cooling

Hydrogen | System
Pathways

Auflogen

Air/oxygen
side +

& Electrical
End Plate— & Output

Terminals

Figure 1.1 Fuel Cell Stack Structure

1.2. Fuel Cell Operating Characteristics

Understanding operating characteristics is important for fuel cell design and performance

analysis.

Voltage-Current Characteristics: Fuel cell voltage decreases as current increases due to:

e Activation losses

e  Ohmic losses



o Concentration losses
Polarization Curve: A polarization curve shows the relationship between voltage and current

density.

Efficiency Concepts: Fuel cell efficiency is generally higher than combustion engines because

fuel cells convert energy directly into electricity. Efficiency is given by:

_ Electrical Output Energy

n= X 100%

Fuel Input Energy

Factors Affecting Efficiency include
e Operating temperature
e Fuel purity
e Pressure
o Load conditions

Temperature and Pressure Effects

Temperature Effects

e Higher temperature improves reaction rates

e Excessive temperature may damage components
Pressure Effects

o Higher pressure increases performance

e Compression systems increase system cost
Fuel Utilization and Hydrogen Consumption
Fuel utilization indicates the percentage of hydrogen converted into electrical energy. Fuel
utilization ca n be calculated as:

Hydrogen Consumed

Fuel Utilization = X 1009
ue Hzation Hydrogen Supplied %

Efficient hydrogen utilization improves system efficiency and reduces operational cost.
1.3.Chapter Summary

This chapter introduced the fundamental principles of fuel cell operation and the
electrochemical processes used to convert chemical energy into electrical energy efficiently.
Learners explored hydrogen as a clean and sustainable energy carrier, examined different types
of fuel cell technologies and their applications, and studied the major components that make

up fuel cell systems. The chapter also covered key operating characteristics and efficiency



concepts, providing a strong foundation for further study in renewable hydrogen integration,

hybrid energy systems, and industrial fuel cell applications.

End of Chapter Review Questions
1. Explain the operating principle of a fuel cell.
2. Differentiate between PEMFC and SOFC technologies.
3. Describe the function of electrolytes in fuel cells.
4. Explain how fuel cells convert chemical energy into electrical energy.
5. Discuss the advantages of hydrogen as a fuel source.
6. Identify the major components of a fuel cell stack.
7. Explain the effects of temperature on fuel cell performance.

8. Define fuel utilization and system efficiency.



H2-A3-2
Fuel Cell System Design and Performance Analysis

Fuel cell systems are designed to convert hydrogen energy into usable electrical power
efficiently and reliably. Proper system design requires understanding fuel cell stack
configuration, thermal management, supporting subsystems, and operational performance. In
addition, performance analysis helps engineers evaluate efficiency, optimize hydrogen

utilization, and improve long-term system reliability.

This chapter introduces fuel cell stack design, balance of plant components, modeling
techniques, performance evaluation methods, and maintenance strategies used in modern fuel

cell systems.

2.1. Fuel Cell Stack Design

2.1.1. Cell Configuration and Stacking

A single fuel cell produces a relatively small voltage, typically less than 1 volt. To achieve
higher power output, multiple fuel cells are connected together to form a fuel cell stack.

Stack Configuration: Fuel cells may be connected in series to increase voltage or in parallel to
increase current capacity. Main stack components include membrane electrode assemblies

(MEA), bipolar plates, cooling channels, gas flow channels and compression structures.

Importance of Proper Stack Design: Effective stack design improves power output, enhances

thermal stability, reduces energy losses and improves durability and reliability

2.1.2. Power Output Calculations
Fuel cell electrical power depends on voltage and current output. The output power can be
obtained as:
P=VXxI
Where P =Power (W), V = Voltage (V) and I = Current (A).
The stack voltage is calculated as:
%

stack

Where N = Number of cells, Vet = Voltage of a single cell

=N X Vcell
Factors affecting power output include:

e Hydrogen supply rate

e Operating temperature

e Pressure



e Cell efficiency

o Internal resistance

2.1.3. Thermal Management Systems

Fuel cells generate heat during operation. Thermal management systems maintain optimal

operating temperature and prevent overheating.

Functions of thermal management

e heat removal

e temperature stabilization

o prevention of membrane drying

o improved efficiency
Common cooling methods

e air cooling

e liquid cooling

e heat exchangers

e cooling plates
Importance of Temperature Control
Poor thermal control may cause:

e reduced efficiency

e membrane damage

o catalyst degradation

e uneven current distribution
2.1.4. Fuel Supply Systems
Fuel supply systems deliver hydrogen safely and efficiently to the fuel cell stack. Components
of fuel supply systems include:

e hydrogen storage tanks

e pressure regulators

e flow controllers

« valves and piping

o fuel recirculation systems
Fuel Delivery Requirements: The system must maintain constant hydrogen flow, prevent

contamination, control fuel pressure and ensure safe operation.

2.2. Fuel Cell Balance of Plant Components



The Balance of Plant (BoP) refers to all supporting subsystems required for fuel cell operation

beyond the fuel cell stack itself. Figure 2.1 Fuel Cell Balance of Plant Components, which

shows hydrogen supply, cooling system, humidifier, inverter, and control system integration.

2.2.1. Hydrogen Supply Systems

Hydrogen supply systems include:

e store hydrogen fuel

o regulate pressure

e deliver fuel to the stack
Hydrogen Storage Methods consists of-

o compressed gas cylinders

e liquid hydrogen tanks

o metal hydride storage

e underground storage systems
Safety Considerations

e leak detection

o ventilation systems

o pressure relief valves

o fire protection systems
2.2.2. Air Supply and Humidification Systems
Fuel cells require oxygen, usually supplied from atmospheric air.
Air supply system components include

e air compressors

o filters

e blowers

e humidifiers
Humidification important as it:

e prevents membrane drying

e maintains proton conductivity

e improves fuel cell performance
Challenges

o Water management

e Condensation control



e Air contamination prevention
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Figure 2.1 Fuel Cell Balance of Plant Components

Cooling Systems: Cooling systems remove excess heat generated during operation. Cooling
system components consists of:

e pumps

« radiators

e heat exchangers

e cooling fans
Objectives of Cooling Systems: Cooling is needed to:

e maintain stable operating temperature

e prevent overheating

o improve stack durability

2.2.3. Power conditioning systems
Fuel cell output must often be converted into usable electrical form. Functions of power
conditioning are:
e voltage regulation
e« DC-DC conversion
o DC-AC inversion
e power quality control
Major components include inverters, converters, controllers and power distribution units.

Applications



e Grid integration
o Electric vehicles

e Industrial power systems

2.3. Fuel Cell Modeling and Simulation

Modeling and simulation help predict fuel cell behavior under different operating conditions.

Figure 2.2 Fuel Cell Polarization Curve that illustrates activation, ohmic, and concentration
losses affecting fuel cell performance.
Voltage-current modeling: Fuel cell voltage changes with current due to internal losses. The
fuel cell voltage is expressed as:

V=E —Viet = Vormic = Veonc
Where E, Vact, Vonmic and Vconc are ideal cell voltage, activation loss, ohmic loss and

concentration loss, respectively.
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Figure 4: Fuel Cell Polarization Curve

Modeling is important to predict system performance, optimize operating conditions, and

improve efficiency. Fuel cell efficiency evaluates energy conversion effectiveness. It is

expressed as:

P
n = I;’f“ x 100%

in



Factors influencing efficiency include fuel purity, operating temperature, current density and

hydrogen utilization

2.3.1. Dynamic Performance Modeling
Dynamic models simulate changing operating conditions. some of the dynamic behaviors
include:

e startup response

e load variation

o temperature changes

e transient voltage behavior
Applications

o control system design

o hybrid energy system integration

e real-time monitoring
2.3.2. Load Response Analysis
Fuel cells must respond effectively to varying electrical loads. Important parameters consists
of:

e response time

e voltage stability

 current fluctuation

e power quality
Challenges

e Sudden load changes

o Delayed fuel response

e Thermal lag
2.4. Performance Evaluation and Optimization

Performance evaluation helps improve fuel cell efficiency and reliability. Fuel cell efficiency
is measured by comparing useful electrical output with fuel energy input. Types of efficiency
are:

o electrical efficiency

e thermal efficiency

o overall system efficiency

Measurement Instruments



e Flow meters

« Voltage sensors

e Current sensors

o Temperature sensors

2.4.1. Power Density Analysis

Power density refers to the amount of power generated per unit area or volume. It is expressed

as:

P
Power Density = 2

Where P is power output and A is active cell area
Higher power density:
e reduces system size
e improves portability
o lowers material cost
2.4.2. Hydrogen Utilization Optimization
Efficient hydrogen use improves system economy and performance. This Hydrogen utilization

can be defined as:

__ Hydrogen Consumed

x100%

H Hydrogen Supplied

Hydrogen use optimization methods include:
e flow rate control
e pressure regulation
o fuel recirculation
o improved catalysts

2.4.3. Performance Degradation Analysis

Fuel cell performance gradually decreases over time. Some of the causes of performance
degradation:

e catalyst poisoning

e membrane drying

e corrosion

o thermal stress

Indicators of degradation

e voltage drop



e reduced efficiency
e increased resistance
e gas leakage
2.5. Fuel Cell Degradation and Maintenance
Long-term reliability depends on proper maintenance and degradation control.
2.5.1. Catalyst Degradation
Catalysts lose effectiveness over time due to contamination, particle agglomeration and carbon
deposition. It has the following effects:
o reduced reaction rate
e lower power output

e increased voltage losses

2.5.2. Membrane Aging

Fuel cell membranes deteriorate because of:

thermal cycling

chemical attack

mechanical stress

drying and hydration cycles

This deterioration leads reduced proton conductivity, gas crossover and system failure

2.5.3. Corrosion Mechanisms
Corrosion affects metallic components such as bipolar plates and connectors. Main causes are:
e moisture exposure
e clectrochemical reactions
o acidic operating conditions
Some of the prevention methods are:
e protective coatings
e corrosion-resistant materials
e proper cooling and humidity control
2.5.4. Preventive Maintenance Techniques
Preventive maintenance improves operational reliability and system lifespan. Main
maintenance activities consist of:
e leak inspection

o filter replacement



e cooling system maintenance

e sensor calibration

o electrical connection inspection

Benefits

e Reduced downtime

e Improved safety

o Increased efficiency

e Extended system life
2.6. Chapter Summary
In this chapter, learners explored the design and performance analysis of fuel cell systems,
including fuel cell stack configuration, power output calculations, and thermal management
techniques. The chapter also examined Balance of Plant (BOP) components such as hydrogen
supply, cooling, humidification, and power conditioning systems. In addition, learners studied
fuel cell modeling and simulation methods, performance evaluation and optimization
techniques, and common degradation mechanisms affecting fuel cell operation. Preventive
maintenance strategies were also discussed to improve system reliability, efficiency, and

operational lifespan in renewable hydrogen energy applications.

Review Questions

1. Explain the purpose of fuel cell stack configuration.

2. Describe the function of thermal management systems in fuel cells.
3. Identify the major Balance of Plant components.

4. Explain the causes of activation, ohmic, and concentration losses.
5. Discuss the importance of humidification in PEM fuel cells.

6. Define power density and explain its significance.

7. Describe common fuel cell degradation mechanisms.

8. Explain preventive maintenance techniques used in fuel cell systems.



H2-A3-3
Renewable Hydrogen and Hybrid Energy System Integration

Renewable hydrogen integration combines fuel cell systems with renewable energy
technologies such as solar and wind power to create sustainable and reliable energy systems.
Hybrid energy systems improve energy efficiency, reduce greenhouse gas emissions, and
enhance power reliability through the coordinated operation of multiple energy sources and
storage systems. This chapter introduces solar-fuel cell and wind-fuel cell hybrid systems,

hydrogen storage integration, hybrid system configurations, and energy management strategies

used in modern renewable energy applications.

3.1. Solar-Fuel Cell Hybrid Systems
3.1.1. PV-Fuel Cell Integration
Solar photovoltaic (PV) systems convert sunlight directly into electricity. When integrated with
fuel cells, excess solar energy can be used to produce hydrogen through electrolysis, which is
later converted back into electricity using fuel cells. Figure 3.1 shows solar PV-fuel cell hybrid
system which has PV arrays, electrolyzer, hydrogen storage, fuel cell, battery, and load
connections. The components of a PV-fuel cell hybrid system include:

e solar PV arrays

e charge controller

e clectrolyzer

e hydrogen storage tank

o fuel cell stack

o Dbattery storage system

e inverter and load
Operating Principle
o During high solar radiation, PV panels generate electricity.
e Excess electricity powers the electrolyzer to produce hydrogen.
e Hydrogen is stored for future use.

e During low solar conditions or nighttime, the fuel cell generates electricity using
stored hydrogen.

Advantages

o Continuous energy supply

e Reduced dependence on fossil fuels



e Improved renewable energy utilization

o Lower greenhouse gas emissions

Solar PV Fuel Cell Hybrid System

Solar PV Arrays

Electrolyzer

Fuel Cell
+
+

o

Electrical Load

Battery Hydrog:n Iftorage
ani

Figure 3.1 Solar PV-Fuel Cell Hybrid System

3.1.2. DC Bus Configurations
The DC bus is the central electrical connection point in hybrid energy systems. Types of DC
bus configurations
a) Common DC bus
b) Distributed DC bus
¢) Multi-bus architecture
Functions of the DC Bus
o Integrates renewable energy sources
o Transfers electrical power between components
o Supports battery charging and discharging
e Stabilizes system voltage
Advantages of DC Bus Systems
e Reduced conversion losses
e Improved efficiency
e Simplified system integration
e Flexible power management
3.1.3. Battery-Assisted Hybrid Systems

Batteries are often integrated with fuel cell systems to improve system stability and energy

storage capacity. Batteries are important to:



store excess renewable energy
supply short-term peak power
improve transient response

stabilize voltage fluctuations

The following are benefits of battery integration:

Improved load response
Reduced fuel cell stress
Enhanced system reliability

Better energy balancing

Common battery types

a) Lithrum-ion batteries

b) Lead-acid batteries

c¢) Nickel-metal hydride batteries

3.2. Wind-Fuel Cell Hybrid Systems

3.2.1. Wind Turbine Integration

Wind turbines convert kinetic wind energy into electrical energy. Wind-fuel cell systems use

excess wind power for hydrogen production and energy storage. Wind-hydrogen-fuel cell

energy system that shows energy flow from wind turbines to hydrogen production and

electricity generation is depicted in figure 3.2. The major components wind-fuel cell system:

wind turbine generator
power converter
electrolyzer

hydrogen storage system
fuel cell stack

control system

Operating Principle

Wind turbines generate electricity.
Excess electricity powers electrolyzers.
Hydrogen is stored for future use.

Fuel cells provide backup electricity when wind power decreases.

Advantages



e Improved energy reliability

o Long-term energy storage capability

o Reduced renewable energy curtailment
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Figure 3.2 Wind-Hydrogen-Fuel Cell Energy System

3.2.2. Power Fluctuation Management
Renewable energy systems experience fluctuations due to changing weather conditions. major
causes of power fluctuation:
e variable wind speed
e cloud coverage
e load changes
Management techniques for the power fluctuations in wind-fuel cell system include:
e Dbattery storage integration
e smart controllers
e hydrogen energy storage
e power electronics regulation
Objectives
e Maintain voltage stability
e Ensure continuous power supply
e Protect system components

3.2.3. Hydrogen Production-Storage-Utilization Cycle

The hydrogen cycle forms the foundation of renewable hydrogen systems. Hydrogen energy

cycle stages include:



1. Renewable electricity generation
Water electrolysis

Hydrogen storage

S

Fuel cell electricity generation
e Electrolysis Process

2H,0 + electrical energy —» 2H, + 0,

e Fuel Cell Conversion Process

2H, + 0, - 2H,0 + electrical energy+ heat

The Hydrogen cycle is important in that it
e enables renewable energy storage
e supports clean energy systems

o reduces energy wastage

3.3. Hydrogen Storage Integration
3.3.1. Compressed Hydrogen Storage
Compressed hydrogen storage is the most common method for storing hydrogen gas.
Characteristics of this type of storage include:
e high-pressure cylinders
o lightweight composite tanks
e pressures ranging from 350—700 bar
Advantages
e Mature technology
e Fast hydrogen delivery
o Suitable for transportation systems
Challenges
o High compression energy requirement
e Safety considerations
o Storage cost
3.3.2. Fuel Supply Regulation
Hydrogen fuel supply systems regulate pressure and flow to ensure safe and stable operation.
The main components:

e Pressure regulators



e Valves

e Flow controllers

e Safety sensors
Functions

e Maintain constant fuel flow
e Prevent pressure instability
e Protect fuel cell components
Safety Requirements
e Leak detection systems
e Ventilation systems
o Emergency shutoff mechanisms
Hydrogen Storage Sizing
Storage sizing determines the amount of hydrogen required for system operation.
Factors Affecting Storage Size

e Load demand

o Backup duration

e Fuel cell efficiency

o Renewable energy availability
Hydrogen energy equation

E=mXxHHV

Where E is Stored energy, m is Hydrogen mass and HHV 1s Higher heating value of hydrogen

Importance of Proper Sizing
o Ensures reliable operation
e Reduces storage cost

e Improves system efficiency

3.4. Hybrid System Configurations
3.4.1. Grid-Connected Hybrid Systems
Grid-connected systems operate alongside the electrical utility grid.
Characteristics:
o Exchange electricity with the grid

e Support renewable energy integration



e Improve power reliability

Advantages

e Reduced energy cost

e Backup power availability

e Increased system flexibility
Applications

o Commercial buildings

e Smart grids

o Industrial facilities

3.4.2. Standalone Systems

Standalone systems operate independently without grid connection. Components of this
system include:

e renewable energy source
o fuel cell system

e hydrogen storage

e Dbattery bank

e load controller

Applications
e Remote villages
e Telecommunications
e Rural electrification
Advantages
o Energy independence
e Suitable for isolated locations
e Reliable backup power
3.4.3. Multi-Source Hybrid Systems
Multi-source systems combine several renewable energy technologies.
Possible energy sources in this system are:
e Solar PV
e Wind turbines
e Fuelcells

o Batteries



e Diesel generators
Benefits
o Improved reliability
e Better energy availability
e Reduced renewable variability effects
Challenges
e Complex control systems
e Higher installation cost
e Energy coordination requirements
3.5. Energy Management Strategies
3.5.1. Load Management Techniques
Load management controls energy demand and power distribution within the hybrid system.
Objectives
« Balance energy generation and consumption
e Reduce peak load demand
e Improve system efficiency
Techniques
o Load prioritization
e Peak shaving
o Load shifting
e Smart scheduling
3.5.2. Smart Control Systems
Smart controllers automate energy management processes. It has the following functions:
e Monitor system conditions
e Optimize power flow
o Control charging and discharging
e Protect system components
Common Control Methods
o Fuzzy logic control
e PID control
o Artificial intelligence algorithms

e Microcontroller-based systems
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3.5.3. Real-Time Energy Balancing
Energy balancing ensures stable operation between power generation and consumption.
Balancing Functions

e Match load demand with energy supply

o Coordinate renewable and storage systems

e Stabilize system voltage and frequency
Benefits

o Improved efficiency

e Reduced energy losses

e Enhanced system reliability
3.5.4. Demand Response Applications
Demand response adjusts electricity consumption according to system conditions.
Applications

e Smart grid integration

e Industrial load control

e Renewable energy optimization

Advantages
e Reduced peak demand
e Improved grid stability

e Better renewable energy utilization



3.6. Chapter Summary

In this chapter, learners studied the integration of renewable hydrogen technologies with hybrid
energy systems involving solar PV, wind turbines, fuel cells, batteries, and hydrogen storage
systems. The chapter explained the operation of solar-fuel cell and wind-fuel cell hybrid
systems, hydrogen production and storage methods, and different hybrid system configurations
including grid-connected and standalone systems. Learners also explored energy management
strategies such as load management, smart control systems, real-time energy balancing, and

demand response techniques that improve the efficiency, reliability, and sustainability of

renewable hydrogen energy systems.

Review Questions

1.

el

® N W

Explain the operating principle of a solar PV-fuel cell hybrid system.
Describe the role of batteries in hybrid energy systems.

Discuss the hydrogen production-storage-utilization cycle.

Explain the advantages of wind-fuel cell hybrid systems.

Compare grid-connected and standalone hybrid systems.

Describe the importance of hydrogen storage sizing.

Explain the purpose of smart energy management systems.

Discuss the role of demand response in hybrid renewable energy systems.



H2-A3-4
Fuel Cell Applications and Control Systems

4.1. Fuel Cell Applications in Power Systems

Fuel cell systems are increasingly used in modern power generation, transportation, and smart
energy applications because of their high efficiency, low emissions, and reliable operation.
Effective control and monitoring systems are essential for maintaining safe and efficient fuel
cell performance under varying operating conditions. This chapter provides an overview of fuel
cell applications in stationary power generation and transportation systems, fuel cell control
technologies, monitoring and diagnostic methods, and important safety standards and

operational procedures. Figure 4.1 presents fuel cell power system architecture that illustrates

fuel cell stack, inverter, storage system, controller, and connected loads.

4.1.1. Fuel Cell Distributed Generation

Distributed generation refers to small-scale electricity generation systems located near the
point of energy consumption. fuel cell distributed generation features
e localized power production
o reduced transmission losses
e improved power reliability
e low environmental impact
Applications
e Residential buildings
e Commercial facilities
e Industrial plants
o Remote energy systems
Advantages
o High efficiency
e Quiet operation
e Modular system expansion
e Continuous power supply
4.1.2. Backup Power Systems
Fuel cells are widely used as backup power sources for critical facilities. Backup system
components include:

o fuel cell stack



e hydrogen storage

e Dbattery support system

e power conditioning unit

Hydrogen 5
SUNRRE IR Fuel Cell
Stack
Air Supply / pE—
Compressor

Electrical

Loads

Houses,
Microgrid,
Industrial

Energy Storage
Battery backup

Figure 4.1 Fuel Cell Power System Architecture

Applications

o Hospitals

o Data centers

e Telecommunication towers

o Emergency response facilities
Benefits

o Reliable emergency power

e Long operating duration

e Reduced diesel generator dependence
4.1.3. Microgrids and Smart Grids
Fuel cells support decentralized energy systems in smart grid applications. Characteristics of
microgrid:

o Local energy generation

o Renewable energy integration

e Intelligent control systems

o Energy storage capability



Some of the roles of fuel cell in smart grids include:
e load balancing
e peak demand support
e voltage stabilization
e backup energy supply
Advantages
e Improved grid resilience
o Reduced carbon emissions
e Enhanced energy reliability
4.1.4. Combined Heat and Power (CHP)
Combined Heat and Power systems utilize both electricity and waste heat generated by fuel
cells. CHP Operating Principle:
o Fuel cells generate electricity.
e Waste heat is recovered for heating purposes.
e Opverall system efficiency increases significantly.

CHP Efficiency can be expressed as:

Pelec + Qheat
=—— % 1009
Mete Fuel Input %

Applications

e Residential heating

e Industrial processing

o Commercial buildings
4.2. Transportation Applications
4.2.1. Fuel Cell Electric Vehicles (FCEVs)
Fuel Cell Electric Vehicles use hydrogen fuel cells to generate electricity for electric motors.
Figure 4.4 presents fuel cell vehicle powertrain that shows hydrogen tank, fuel cell stack,
battery, motor, and power electronics. Main components of FCEVs:

e Hydrogen storage tank

o Fuel cell stack

o Battery system

e Electric motor

e Power electronics

Advantages



e Zero tailpipe emissions

o Fast refueling

e Long driving range

e Quiet operation
Challenges

o Hydrogen infrastructure limitations

e High initial cost

o Hydrogen storage requirements
4.2.2. Fuel Cell Buses and Trucks

Heavy-duty transportation systems increasingly use fuel cell technology.

Benefits
o High energy efficiency

e Reduced greenhouse gas emissions
e Long operational range

e Rapid refueling capability

Fuel Cell Vehicle Powertrain
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Figure 4.2 Fuel Cell Vehicle Powertrain
Applications
e Public transport buses
o Freight transportation
o Logistics operations
Fuel cell trucks and buses help reduce emissions in large transportation networks.
4.2.3. Maritime and Aviation Applications

Fuel cells are emerging as alternative power systems in marine and aviation sectors.



a. Maritime Applications

e Fuel cell ships

o Submarines

e Port power systems

b. Aviation Applications

e Auxiliary aircraft power systems

e Hybrid-electric aircraft

e Unmanned aerial vehicles (UAVs)
Advantages

o Lower emissions

e Reduced noise pollution

o Improved fuel efficiency

4.3. Fuel Cell Control Systems
4.3.1. Voltage and Current Control

Fuel cell control systems regulate electrical output for stable operation. Figure 4.2 depicts fuel
cell monitoring and control system with all its components such as sensors, controllers,
communication systems, and diagnostic units.

Objectives

Maintain stable voltage
Control current flow

Prevent overload conditions

Control Methods

Feedback control
Pulse-width modulation (PWM)
DC-DC converter control

Importance

Proper electrical control improves:

System efficiency
Power quality

Component protection



4.3.2. Power Management Systems
Power management coordinates energy flow between fuel cells, batteries, and loads.
Functions
o Energy distribution
e Battery charging control
o Load prioritization
« Efficiency optimization
Benefits
e Improved system reliability
e Better fuel utilization
e Reduced energy losses
4.3.3. Temperature and Pressure Control
Fuel cells require controlled operating conditions for optimal performance.
a) Temperature control functions.
e Heat removal
e Thermal balancing
e Prevention of overheating
b) Pressure Control Functions
e Regulate hydrogen and air flow
e Maintain stack stability

e Improve reaction efficiency

Control devices
o Cooling pumps
e Heat exchangers
e Pressure regulators
e Flow controllers
4.3.4. Supervisory Control Systems
Supervisory systems monitor and coordinate overall fuel cell operation.
Functions
e Real-time monitoring
e System diagnostics

o Data logging



e Fault management
Common Technologies
e PLC systems
e SCADA systems
o Embedded controllers
e loT-based monitoring systems
4.4. Monitoring and Diagnostics
4.4.1. Sensor Technologies
Sensors provide real-time operational information. Common fuel cell sensors include:

e temperature sensors
e pressure sensors
e hydrogen leak sensors
e voltage and current sensors
o humidity sensors
Sensors help:
e Improve operational safety
o Detect abnormal conditions
e Optimize system performance

4.4.2. Fault Detection Methods

Fault detection systems identify system problems before major failures occur. Common faults
include:

e Fuel leakage

e Membrane drying

e Cooling failure

e Electrical short circuits
Detection techniques

o Signal analysis

e Model-based diagnostics

e Sensor monitoring

o Atrtificial intelligence methods
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Figure 12: Fuel Cell Monitoring and Control System

4.4.3. Performance Monitoring Systems

Performance monitoring systems continuously evaluate fuel cell operation. Parameters that are

monitored are:
e Voltage output
e Current output
e Hydrogen consumption
e Temperature distribution
e System efficiency

Benefits

o Improved reliability
e Early fault identification
o Better maintenance planning

4.4.4. Predictive Maintenance

Predictive maintenance uses system data to predict future failures. The objectives of predictive

maintenance
e Reduce downtime
o Extend component lifespan
o Lower maintenance cost

Predictive Techniques



e Data analytics

e Machine learning

e Trend analysis

o Condition monitoring
4.5. Safety Standards and Operational Procedures
4.5.1. Hydrogen Safety in Fuel Cell Systems

Hydrogen is highly flammable and requires strict safety measures. Safety risks include:

e Gas leakage
o Fire hazards
o High-pressure storage risks
Safety Measures
e Leak detection systems
e Proper ventilation
o Flame arrestors
o Pressure relief valves
4.5.2. Emergency Shutdown Systems
Emergency systems automatically stop operation during unsafe conditions. Shutdown triggers
o Hydrogen leakage
o Excessive temperature
e Pressure abnormalities
e Electrical faults
Functions:
e Isolate fuel supply
o Disconnect electrical circuits
e Activate alarms
4.5.3. International Safety Standards
Fuel cell systems follow international safety standards to ensure reliable operation. Some
important standards organizations:
e ISO (International Organization for Standardization)
e [EC (International Electrotechnical Commission)
e SAE International
e NFPA (National Fire Protection Association)

Areas Covered



Hydrogen storage
Fuel cell testing
Electrical safety

Transportation systems

4.6. Chapter Summary

In this chapter, learners studied the applications of fuel cell systems in distributed generation,

backup power, smart grids, transportation, and combined heat and power systems. The chapter

also explained fuel cell control systems including voltage, current, temperature, and pressure

regulation techniques. In addition, learners explored monitoring and diagnostic technologies

such as sensors, fault detection systems, performance monitoring, and predictive maintenance

methods. Important hydrogen safety procedures, emergency shutdown systems, and

international safety standards were also discussed to ensure safe and reliable fuel cell operation.

Review Questions

l.

2
3
4
3.
6
7
8

Explain the role of fuel cells in distributed power generation.
Describe the operation of a Fuel Cell Electric Vehicle (FCEV).
Discuss the importance of power management systems in fuel cells.
Explain the functions of supervisory control systems.

Identify common fuel cell sensors and their applications.

Describe predictive maintenance techniques in fuel cell systems.
Explain hydrogen safety risks and protection methods.

Discuss the importance of international safety standards in fuel cell applications.



H2-A3-5
Techno-Economic Analysis, Emerging Trends, and Future Applications
5.1. Economic Analysis of Fuel Cell Systems
The development of fuel cell and hydrogen technologies depends not only on technical
performance but also on economic feasibility, environmental sustainability, and supportive
policy frameworks. Advances in fuel cell technologies, renewable hydrogen systems, and smart
energy applications are shaping the future of clean energy systems worldwide. This chapter

examines the economic and environmental aspects of fuel cell systems, emerging technologies,

future hydrogen applications, and global hydrogen economy trends.

5.1.1. Capital and Operational Costs

Fuel cell systems involve both initial investment and operational expenses. Figure 5.1

illustrates fuel cell cost breakdown which present contribution of stack, hydrogen supply,

cooling, and power electronics to overall cost.

Capital costs include: Operational costs include:
o Fuel cell stack cost e Hydrogen fuel cost
« Hydrogen storage systems e Maintenance cost
o Power electronics e Cooling and auxiliary power consumption
e Installation and infrastructure e System replacement costs

Balance of Plant
& Awiliaries _—— Maintenance & Other

7% 3% ™ Fuel Cell Stack
48%

M Balance of Plant &
Auxiliaries
7%

M Hydrogen Storage
& Supply System
18%

Cooling
System

Power Electronics
15%

M Cooling System
12%

M Fuel Cell Stack
45%

Stack is the dominant cost driver. Significant cost reduction expected with scale and technology improvements.

Figure 5.1 Fuel Cell Cost Breakdown



Challenges
o High catalyst material cost
e Hydrogen infrastructure expenses

o Manufacturing complexity

5.1.2. Fuel Consumption Analysis

Fuel consumption determines operational efficiency and economic performance. Equation

defining hydrogen consumption is expressed as:
Power output

Fuel consumption = —
System ef ficiency X Fuel energy content

Factors affecting fuel consumption include:
e load demand
o fuel cell efficiency
e operating temperature

e hydrogen purity

5.1.3. Life-Cycle Cost Analysis
Life-cycle cost analysis evaluates total system cost throughout its operational life. The cost
components:
e initial investment
o fuel expenses
e maintenance costs
e replacement costs
e disposal and recycling costs
Life-cycle analysis helps:
o compare energy technologies
e evaluate long-term investment
e improve economic planning
5.1.4. Cost Reduction Strategies
Several approaches are used to reduce fuel cell system cost. Some of the strategies include:
e Mass production
o Improved catalyst materials
e Advanced manufacturing techniques

e Improved hydrogen production methods



e System efficiency improvements
Benefits
e Increased affordability
e  Wider market adoption
e Improved competitiveness
5.2. Environmental and Sustainability Assessment

5.2.1. Carbon Emission Reduction

Fuel cells significantly reduce greenhouse gas emissions when powered by renewable

hydrogen.

Benefits

e Reduced CO: emissions
o Lower air pollution
e Improved environmental quality
Fuel cells support the clean energy contribution in:
e Decarbonization
e Renewable energy integration
o Sustainable transportation
5.2.3. Environmental Benefits of Fuel Cells
Fuel cells offer several environmental advantages compared to fossil fuel systems. The major
benefits are:
e high energy efficiency
e low noise pollution
e minimal harmful emissions
e reduced fossil fuel dependence

Water By-Product: Hydrogen fuel cells mainly produce water and heat during operation.

5.3. Life-Cycle Assessment Concepts

Life-cycle assessment (LCA) evaluates environmental impacts from production to disposal.
The following are LCA stages:

1. Raw material extraction

2. Manufacturing
3. Transportation
4

Operation



5. Recycling and disposal
LCA is important as it supports:

» sustainable design
e environmental policy development

o cleaner production methods

5.4. Emerging Fuel Cell Technologies
5.4.1. High-Temperature Fuel Cells
High-temperature fuel cells operate at elevated temperatures for improved efficiency.
Examples
e Solid Oxide Fuel Cells (SOFC)
e Molten Carbonate Fuel Cells (MCFC)
Advantages
o High efficiency
o Fuel flexibility
o Combined heat and power capability
5.4.2. Reversible Fuel Cells
Reversible fuel cells operate as both fuel cells and electrolyzers. It has the following functions
e Generate electricity from hydrogen
e Produce hydrogen from electricity
Applications

e Renewable energy storage

e Grid balancing

o Hydrogen production systems
5.4.3. Micro Fuel Cells
Micro fuel cells are compact systems used for portable electronic devices. The applications of
micro fuel cells include:

e portable electronics

o medical devices

e remote sensors
Advantages

o Lightweight design



e Long operating duration

o High energy density

5.5. Al-Based Fuel Cell Optimization
Atrtificial intelligence improves fuel cell system performance and management.
Al Applications
e Predictive maintenance
e Performance optimization
o Fault detection
e Energy management
Benefits
o Improved efficiency
e Reduced operational cost

o Enhanced reliability

5.5. Future Hydrogen and Fuel Cell Applications

Figure 5.2 illustrates future hydrogen-fuel cell ecosystem, in which renewable generation,
hydrogen production, storage, transport, and fuel cell utilization are included. The figure
includes solar and wind generation, electrolysis systems, hydrogen storage and transport, fuel
cell applications and smart grid integration. Figure 5.3 shows transportation, residential,
industrial, and grid-support applications, that illustrates fuel cell vehicles, residential CHP
systems, industrial fuel cell plants and grid support and backup systems.

5.5.1. Smart Energy Systems
Future smart energy systems integrate fuel cells with renewable energy and digital
technologies. Some of the features of smart energy systems include:

o intelligent energy management

o real-time monitoring

e automated control systems

e distributed energy resources
5.5.2. Hydrogen-Based Microgrids
Hydrogen-based microgrids use hydrogen storage and fuel cells for local energy systems.
Advantages

e Reliable backup power



e Renewable energy storage

o Energy independence

Future Hydrogen-Fuel Cell Ecosystem
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Figure 5.2 Future Hydrogen-Fuel Cell Ecosystem
Applications

o Rural electrification
e Industrial parks

o University campuses

5.5.3. Renewable Energy Storage Applications
Hydrogen enables long-term storage of renewable energy. Some importance of renewable
energy storage applications are:

o balances renewable energy variability

e supports grid stability

e enables seasonal energy storage

o Storage Process: Renewable electricity is converted into hydrogen through electrolysis

and later reconverted into electricity using fuel cells.
e Industrial Decarbonization: Fuel cells and hydrogen technologies support cleaner

industrial operations.

Some of the industrial applications include:
o Steel manufacturing

e Chemical industries
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Figure 5.3 Fuel Cell Applications Across Sectors

Benefits

e Reduced fossil fuel use
o Lower industrial emissions

e Sustainable production processes

5.6. Hydrogen Economy and Policy Perspectives
5.6.1. Global Fuel Cell Market Trends
The global fuel cell market continues to grow due to increasing clean energy demand. The
contributing growth drivers include:

e Renewable energy expansion

o Government incentives

e Technological improvements

o Transportation electrification
Major market sectors include

o Transportation

e Stationary power

e Portable power systems



5.6.2. Hydrogen Mobility Roadmaps
Hydrogen mobility roadmaps guide the development of hydrogen transportation infrastructure.

The key elements consist of:
e hydrogen refueling stations
o fuel cell vehicle deployment
e policy support mechanisms
e investment strategies
The main objectives hydrogen mobility roadmap:
e Reduce transportation emissions
e Expand clean mobility systems
5.6.3. Policies and Investment Opportunities
Government policies strongly influence hydrogen economy development. Main policy areas
are:
e (lean energy incentives
e Carbon reduction targets
e Research and development funding
e Infrastructure investment

Investment Opportunities
e Hydrogen production
e Fuel cell manufacturing
e Renewable energy integration
e Transportation infrastructure
Practical and Laboratory Activities
1. Fuel cell stack assembly and inspection

2. Fuel cell performance testing

(8]

Voltage-current characteristic analysis

Fuel cell efficiency calculation
Renewable-fuel cell hybrid system simulation
Fuel cell control system testing

Hydrogen safety and leak detection practice

® N A

Mini project on hybrid fuel cell system design



5.7. Chapter Summary

In this chapter, learners studied the economic, environmental, and future technological aspects
of fuel cell systems and hydrogen energy applications. The chapter explained fuel cell cost
analysis, fuel consumption evaluation, life-cycle costing, and cost reduction strategies.
Learners also explored environmental sustainability concepts including carbon emission
reduction and life-cycle assessment methods. In addition, the chapter introduced emerging fuel
cell technologies, future hydrogen applications, industrial decarbonization, and global

hydrogen economy trends, including policies and investment opportunities supporting clean

energy development.

End of Chapter Review Questions

1.

el
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Explain the major costs associated with fuel cell systems.
Describe the importance of life-cycle cost analysis.
Discuss the environmental benefits of fuel cells.

Explain the concept of reversible fuel cells.

Describe future applications of hydrogen-based microgrids.
Discuss the role of Al in fuel cell optimization.

Explain the importance of hydrogen economy policies.

Identify sectors where fuel cell technologies are expected to expand in the future.



H2-A4
Hydrogen Energy Systems Installation, Operation, and Maintenance

Course Description

This course equips learners with practical competencies in the installation, operation,
maintenance, fault diagnosis, performance monitoring, and troubleshooting of hydrogen
energy systems in accordance with industrial standards and safety procedures. The course
emphasizes hands-on skills required for safe and efficient operation of hydrogen production,

storage, distribution, and fuel cell systems used in renewable energy and industrial applications.

Course Learning Qutcomes
By the end of this course, learners will be able to:
1. Install hydrogen energy system components according to technical specifications and
safety standards.
2. Operate hydrogen production, storage, and fuel cell systems efficiently and safely.
3. Conduct inspection, maintenance, and performance monitoring of hydrogen energy
systems.
4. Diagnose and troubleshoot faults in hydrogen and fuel cell systems using standard
procedures.
5. Apply industrial safety regulations and operational procedures in hydrogen energy
applications.
H2-A4-1
Hydrogen Energy System Installation

Learning Objectives for Chapter 1

By the end of this chapter, learners will be able to:

- Interpret system layouts and plan site preparation for hydrogen installations.

- Install electrolyzers, storage tanks, piping, and fuel cell systems according to specifications.
- Implement key safety procedures, including leak testing and hazard identification.

- Ensure compliance with relevant standards during installation.

1.1. Introduction to Hydrogen Energy System Installation
Hydrogen energy systems are becoming increasingly important in renewable energy,
transportation, industrial applications, and sustainable power generation. Proper installation of

hydrogen systems is essential to ensure safe, reliable, and efficient operation. Installation



activities include setting up hydrogen production units, storage systems, fuel cell systems,
piping networks, electrical interfaces, and safety systems according to industrial standards and

technical specifications.

This chapter introduces the procedures, equipment requirements, installation standards, and
safety practices involved in hydrogen energy system installation. Learners will develop
practical competencies in installing hydrogen production systems, hydrogen storage and

distribution systems, fuel cell systems, and associated electrical and control components.

Hydrogen energy systems are integrated technologies that produce, store, distribute, and utilize
hydrogen for energy generation and industrial applications.
Major Components of Hydrogen Energy Systems: Hydrogen energy systems typically integrate
four main subsystems:
1. Production — Usually via water electrolysis (alkaline or PEM electrolyzers).
2. Storage — Compressed gas, liquid, or metal hydride systems.
3. Distribution — Piping, valves, and pressure regulation.
4. Utilization— Fuel cells (e.g., PEMFC) that convert hydrogen back to electricity.
These systems support renewable energy storage, backup power, and industrial applications.
* Applications of Hydrogen Energy Systems
o Renewable energy storage
o Fuelcell electric vehicles
e Backup power systems
o Industrial energy applications
e Smart grid systems
» [Installation Requirements and Standards
Hydrogen energy systems must be installed according to technical standards and safety
regulations.
a) General Installation Requirements
o Proper site selection
e Adequate ventilation
« Fire protection systems
« Safe electrical grounding
e Pressure-resistant piping systems
Correct installation:

o Ensures operational safety



e Improves system reliability
o Reduces system failures
o Enhances operational efficiency
e Complies with industrial standards
b) Common Standards and Regulations
o ISO hydrogen safety standards
o [EC electrical standards
o NFPA hydrogen safety codes
e Industrial installation guidelines
Key standards include:
- ISO 22734 — Hydrogen generators using water electrolysis.
- NFPA 2 — Hydrogen technologies code (installation and facility integration).
- ASME B31.12 — Hydrogen piping and pipelines.
- CGA G-5 series — Hydrogen piping and vent systems.
- Local building/electrical codes and OSHA 1910.103 for hydrogen handling.
Compliance to these standards helps:
e prevent accidents
e ensure equipment compatibility
e improve operational reliability
e protect personnel and property

Installations must address pressure ratings, material compatibility (hydrogen embrittlement

resistance), electrical classification (hazardous area zoning), and ventilation.

Site Preparation and Planning: Site preparation is necessary before installation activities begin
to ensure safe, reliable, and efficient operation of hydrogen energy systems. Proper planning
helps minimize operational risks, improve equipment accessibility, and ensure compliance with
industrial safety standards.
Site Preparation Activities:

- Area inspection

- Ground leveling and foundation preparation

- Ventilation assessment

- Electrical power availability check

- Water supply and drainage preparation

- Safety zone establishment



Site Assessment and Planning:

- Before installation, a detailed site assessment should be conducted to evaluate:

- Site topography and ground conditions

- Proximity to ignition sources

- Accessibility for maintenance personnel and vehicles

- Environmental conditions such as wind direction for ventilation systems

System Layout Development

- Asystem layout diagram should be prepared showing:

- Equipment arrangement

- Separation distances between components

- Vent and exhaust locations

- Emergency shutdown points

- Hydrogen storage and piping routes

Permits and Risk Assessment

- Installation projects should:

- Obtain necessary permits and approvals

- Conduct safety and operational risk assessments such as Hazard and Operability Studies

(HAZOP)

- Verify compliance with industrial codes and standards

Proper Site Preparation:

- improves installation efficiency

- enhances operational safety

- reduces accident risks

- supports future maintenance activities

- ensures regulatory compliance
Best Practice: Minimum separation distances from buildings, public ways, and other equipment
as per NFPA 2.

Planning Considerations
e Equipment layout design
e Accessibility for maintenance
e Emergency evacuation routes
o Hydrogen storage location

e Environmental conditions



Site Safety Measures
e Hazard warning signs
o Restricted access areas
e Fire extinguishing systems
o Emergency shutdown access
System Layout Interpretation:
System layout diagrams provide information about equipment arrangement and component

connections. Types of layout drawings:

e Piping and Instrumentation Diagrams (P&ID)
e Electrical wiring diagrams
e Mechanical layout drawings
e System flow diagrams
Information included in layouts:
e Equipment positions
o Piping connections
o Electrical interfaces
e Control system locations
o Safety equipment placement

Proper interpretation:
o Prevents installation errors
o Improves system integration
e Supports troubleshooting

e Enhances maintenance efficiency

1.2. Installation of Hydrogen Production Systems
Figure 1.1 depicts Hydrogen energy system installation layout that illustrates electrolyzer,

hydrogen storage, piping system, fuel cell stack, control unit, and electrical connections.

1.2.1. Electrolyzer Installation Procedures
Electrolyzers produce hydrogen by splitting water into hydrogen and oxygen using electricity.
The following are the main electrolyzer components:

o Electrolyzer stack

e Water supply system



e Power supply unit

o Gas separation system

e Cooling system
Installation Procedures

1. Position electrolyzer unit on stable foundation
Secure mounting structures
Connect water supply lines

Install electrical power connections

wok w D

Connect gas outlet piping

6. Test system alignment and sealing
Installation Considerations

o Proper ventilation

e Water quality requirements

e Electrical grounding

e Temperature control

1.2.3. Water Supply Connections
Electrolyzers require purified water for hydrogen production. The water supply components
include:
o water storage tank
e water purification system
e pumps and valves
o flow control devices
Installation Requirements
e Leak-proof piping
o Proper pressure control
e Water filtration systems
o Corrosion-resistant materials
Water Quality is important as the poor water quality may cause:
e reduced efficiency
e clectrolyzer damage
e membrane contamination

e increased maintenance cost
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Figure 1.1 Hydrogen Energy System Installation Layout

1.2.3. Electrical Power Integration
Electrolyzers require stable electrical power input. The electrical components are:
o Power converters
e Circuit breakers
o Protection devices
e Grounding systems
Installation Procedures
e Connect power cables
o Install protective devices
e Verify grounding systems
o Test voltage and current supply
Safety Considerations
o Electrical insulation
e Overcurrent protection
o Proper cable sizing
e Lockout/tagout procedures
1.2.4. Ventilation Requirements
Hydrogen production areas require adequate ventilation to prevent gas accumulation. Some
of the objectives of ventilation include:

o remove leaked hydrogen gas



e reduce explosion risk
e maintain safe working conditions
Ventilation Systems
e Natural ventilation
e Mechanical exhaust systems
e QGas extraction fans
Safety Features
e Hydrogen gas detectors
e Alarm systems
o Emergency ventilation controls
1.3. Hydrogen Storage and Distribution Installation
1.3.1. Hydrogen Storage Tank Installation
Hydrogen storage tanks store compressed or liquefied hydrogen safely. Figure 1.2 depicts
hydrogen storage tank installation Show pressure regulators, safety valves, piping connections,
and grounding system. Types of storage systems include:
o Compressed gas cylinders
o High-pressure storage tanks
e Liquid hydrogen tanks
e Metal hydride storage systems
Installation procedures
e Prepare stable mounting foundation
e Secure tank supports
o Install pressure relief devices
e Connect hydrogen piping systems
e Verify grounding connections
Safety requirements
o Proper ventilation
e Pressure monitoring systems
o Safe separation distances

e Leak detection systems
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Figure 1.2 Hydrogen Storage Tank Installation

1.3.2. Pressure Regulation Systems
Pressure regulators control hydrogen pressure supplied to the system. The main components
are:
e Pressure regulators
e Pressure gauges
o Safety relief valves
o Flow controllers
The main functions of this system include:
e Maintain stable pressure
e Prevent overpressure conditions
o Protect system components
Installation Considerations
e Correct pressure rating
o Leak-free fittings
o Proper calibration
1.3.3. Hydrogen Piping and Fittings
Hydrogen piping systems transport hydrogen between system components. Common piping

materials



o Stainless steel

o Copper alloys

e Hydrogen-compatible polymers
Installation Procedures

e Pipe routing and support

e Joint sealing

e Valve installation

e Pressure testing
Safety Considerations

e Leak prevention

o Corrosion resistance

o Pressure resistance

o Proper labeling

1.3.4. Leak Prevention Techniques

Hydrogen leakage prevention is critical because hydrogen is highly flammable.

Leak Prevention Methods Leak Detection Methods Leak prevention:
e Proper sealing techniques e Soap solution testing e Reduces fire risk
e Use of compatible materials e Hydrogen gas detectors e Improvesoperational safety

e Pressure testing procedures e Pressure monitoring systtms e Prevents hydrogen loss

e Regular inspection

1.4. Fuel Cell System Installation
Fuel cell installation arrangement is given in Figure 1.3 that present fuel cell stack positioning,
cooling system, air supply system, and electrical output connections. This figure illustrates fuel

cell stack mounting, cooling system piping, air intake arrangement, electrical output terminals

and control interface connections

1.4.1. Fuel Cell Stack Installation
Fuel cell stacks convert hydrogen into electrical energy. The installation procedures consists
of:

e position stack correctly

e secure mounting system

e connect fuel supply lines

o install electrical terminals



e verify sealing integrity
Installation Requirements

e Proper ventilation

e Temperature control

e Vibration protection

e Electrical insulation

Fuel Cell In§tallation Arrangement Power
Iscolsen Veiw Conditioning

s Coolant
s Air/Hydrogen

=== Electrical Power
== Control Signals

Figure 1.3 Fuel Cell Installation Arrangement

1.4.2. Cooling System Connections
Cooling systems regulate fuel cell operating temperature. The following are cooling
components:

e pumps

o heat exchangers

e cooling pipes

o radiators
Installation Procedures

e Connect coolant lines

e Install cooling pumps

e Verify coolant flow

e Test heat exchanger operation
Proper cooling is important in that it:

e prevents overheating



e 1improves efficiency

o extends fuel cell lifespan
1.4.3. Air Supply System Setup
Fuel cells require oxygen supplied through air intake systems. Main components air supply
system are:

e  air compressors

e air filters

o humidifiers

e air ducts
Installation procedures of this system include:

e install air supply piping

e connect compressors

o install filters and humidifiers

o Verify airflow operation
The system requires the following:

e Clean air supply

e Stable airflow

e Moisture control
1.4.4. Electrical Interface Installation
Fuel cell systems must be connected to electrical loads and control systems. The electrical
components are:

e DC output terminals

o Inverters

o Power converters

o Control panels
Installation Procedures

o Connect electrical cables

e Install grounding systems

o Verify electrical polarity

e Test power output connections
Safety Considerations

e Electrical isolation

e Shock protection

e Circuit protection devices



1.5. Installation Safety Procedures
1.5.1. Personal Protective Equipment (PPE)
PPE protects personnel during installation activities. Common PPE are:

o safety helmets

e protective gloves

o safety goggles

e flame-resistant clothing

o safety boots
PPE reduces:

o injury risk

e exposure to hazardous materials

o electrical hazards
1.5.2. Hazard Identification During Installation
Hazard identification prevents accidents during installation. The following are common
installation hazards:

o hydrogen leakage

e electrical shock

o high-pressure gas release

o fire hazards

e mechanical injuries
Hazard Control Measures

e Risk assessment

» Safety inspections

e Warning signs

e Isolation procedures

1.5.3. Hydrogen Leak Testing Procedures
Leak testing ensures system safety before operation. Leak testing methods include:
e Pressure testing
e Soap bubble testing
e Electronic gas detection
o Ultrasonic leak detection
Testing Procedures

1. Pressurize the system



2. Inspect joints and fittings

3. Monitor pressure stability

4. Verify detector readings
Leak testing:

e Prevents fire hazards

o Improves operational safety

e Ensures system integrity

1.5.4. Compliance with Industrial Safety Standards
Hydrogen installations must follow approved safety regulations. Some of the important

standards organizations

« ISO

« IEC

« NFPA
« OSHA

Areas Covered

e Hydrogen handling

e Electrical installation

e Pressure vessel safety

o Fire protection systems
Benefits of Compliance

o Safe operation

e Legal compliance

o Reduced accident risk

e Improved system reliability

1.6. Chapter Summary

In this chapter, learners studied the installation procedures and safety practices associated with
hydrogen energy systems. The chapter explained site preparation, system layout interpretation,
electrolyzer installation, hydrogen storage setup, piping installation, fuel cell system
integration, and electrical interface connections. Learners also explored installation safety
procedures including personal protective equipment, hazard identification, hydrogen leak
testing, and compliance with industrial safety standards necessary for safe and reliable

hydrogen energy system installation.



End of Chapter Review Questions
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Explain the importance of proper hydrogen energy system installation.
Describe the main components of a hydrogen production system.
Discuss the installation requirements for hydrogen storage systems.
Explain the purpose of pressure regulation systems.

Describe the installation procedure for fuel cell stacks.

Explain the importance of ventilation in hydrogen systems.

Identify common hazards during hydrogen system installation.

Discuss the importance of industrial safety standards in hydrogen energy system
installation.



H2-A4-2
Operation of Hydrogen Energy Systems

2.1. Hydrogen Production System Operation

Efficient and safe operation of hydrogen energy systems is essential for reliable energy
production, storage, and utilization. Hydrogen systems involve several interconnected
components such as electrolyzers, hydrogen storage units, fuel cells, batteries, sensors, and
control systems that must operate in coordination. Proper operational procedures help maintain

system efficiency, protect equipment, and ensure personnel safety.

This chapter introduces the operational principles and procedures of hydrogen energy systems,
including hydrogen production system operation, hydrogen storage and supply management,
fuel cell operation, system monitoring and control, and hybrid renewable hydrogen energy
system operation. Figure 2.1 depicts Hydrogen energy system operational flow which

illustrates hydrogen production, storage, fuel supply, electricity generation, and load.

2.1.1. Electrolysis System Operation
Electrolysis systems produce hydrogen by splitting water into hydrogen and oxygen using
electrical energy. Main components of an electrolysis system are:

e clectrolyzer stack

e water supply system

e power supply unit

e gas separator

e cooling system
Electrolysis Process:

2H,0 + Electrical Energy - 2H, + 0,

Operational Procedures

1. Check water supply level and quality
Start cooling and ventilation systems
Apply electrical power to the electrolyzer

Monitor gas production rates

nok wn

Inspect operating temperature and pressure
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Figure 2.1 Hydrogen Energy System Operational Flow
Proper operation is important in that it:
e Improves hydrogen production efficiency
e Prevents equipment damage
e Ensures gas purity

e Enhances operational safety

2.1.2. Hydrogen Production Control
Hydrogen production control regulates gas generation according to system demand. The
following lists control parameters:

e current supply

e voltage level

o water flow rate

e temperature

e pressure
The main control objectives include:

e maintain stable hydrogen production

e improve energy efficiency

e prevent overheating

e ensure safe operation
Control methods:

e Automatic control systems

e Programmable logic controllers (PLC)

e Smart monitoring systems



2.1.3. Water Quality Requirements
Water quality directly affects electrolyzer performance and durability. Water quality standards:
e low mineral content
o low electrical conductivity
o absence of contaminants
e proper pH level
Water Treatment Systems
e Deionization units
e Reverse osmosis systems
e Filtration systems
Poor water quality may cause:
o reduced hydrogen production
e membrane contamination
e corrosion
e Increased maintenance requirements
2.1.4. Gas Purity Monitoring
Hydrogen purity is important for fuel cell performance and safety. Monitoring Objectives of
H2 as a gas are to:
o ensure high hydrogen quality
e detect contamination
o prevent fuel cell damage
Common Impurities
e Oxygen
o Water vapor
e Carbon dioxide
o Dust particles
Gas Purity Monitoring Equipment
o Gas analyzers
e Moisture sensors
o Pressure sensors

e Flow meters

2.2. Hydrogen Storage and Supply Operation
2.2.1. Hydrogen Charging Procedures



Hydrogen charging refers to filling storage tanks with hydrogen gas. The following are H2
charging procedures:
1. Inspect storage tank condition
2. Verify pressure ratings
3. Connect charging lines securely
4. Open valves gradually
5. Monitor pressure and temperature
Safety Considerations
e Avoid overpressure conditions
o Prevent gas leakage
e Ensure proper ventilation
e Use approved charging equipment
2.2.2. Pressure Management
Hydrogen systems require controlled operating pressure for safe and efficient operation. The
pressure control components include:
o Pressure regulators
e Pressure relief valves
o Pressure sensors
e Flow controllers
Objectives of Pressure Management
o Stabilize hydrogen supply
e Prevent equipment damage
o Improve fuel cell performance
Pressure Safety Measures
e Automatic shutdown systems
e Pressure alarms
o Emergency venting systems
2.2.3. Hydrogen Flow Regulation
Flow regulation controls the amount of hydrogen delivered to fuel cells or storage systems.

The functions flow regulation:

Maintain stable gas supply
Match fuel demand

Improve system efficiency

Flow Control Devices



e Control valves

e Mass flow controllers

o Flow sensors
Proper flow regulation:

o Prevents fuel starvation

o Improves fuel utilization

o Protects system components
2.2.4. Safe Gas Handling Techniques
Hydrogen handling requires strict operational safety procedures. Safe handling practices:

o Use approved equipment

e Avoid open flames and sparks

o Ensure proper grounding

e Conduct leak inspections regularly
Hydrogen Safety Characteristics

e Highly flammable

o Colorless and odorless

e Low ignition energy

e Rapid gas diffusion
Emergency Precautions

o Emergency shutdown systems

e Gas leak alarms

e Ventilation systems

« Fire suppression equipment

2.3. Fuel Cell System Operation
2.3.1. Fuel Cell Startup Procedures
Startup procedures prepare the fuel cell system for safe operation. Figure 2.2 illustrates a fuel
cell operational control system, which shows sensors, controllers, display units, safety alarms,
and system control loops. The startup sequence is list as follows.
1. Inspect fuel supply system
Activate cooling and air supply systems
Start control and monitoring systems

Supply hydrogen gradually

A

Connect electrical load
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Figure 2.2 Fuel Cell Operational Control System

Startup Monitoring

e Stack temperature

o Hydrogen pressure

e Airflow rate

e Voltage output
Controlled startup:

e Prevents thermal stress

e Protects fuel cell membranes

e Improves system lifespan
2.3.2. Load Management Operation
Load management controls power delivery according to energy demand. The objectives load
management include:

« balance power generation and consumption

e prevent overload conditions

o 1improve efficiency
Methods of Load Management

e Load prioritization

o Battery support systems

e Smart power controllers
Benefits

o Stable power supply



e Reduced fuel consumption

o Improved operational reliability
2.3.3. Shutdown Procedures
Shutdown procedures safely stop fuel cell operation. The shutdown sequence is given as:

1. Disconnect electrical load

2. Stop hydrogen supply gradually

3. Continue cooling system operation

4. Turn off auxiliary systems

5. Isolate fuel and electrical connections
Proper shutdown:

e Prevents component damage

e Reduces safety risks

e Improves system durability
2.3.4. Fuel Cell Operational Parameters
Operational parameters determine fuel cell performance and efficiency. Important parameters
consist of:

o Stack voltage

e Current output

e Operating temperature

e Hydrogen pressure

e Fuel utilization
This Parameter monitoring helps:

e Optimize performance

e Detect faults early

o Improve efficiency
2.4. System Monitoring and Control
2.4.1. Temperature and Pressure Monitoring
Temperature and pressure must remain within safe operating limits. The objectives of
monitoring:

e prevent overheating

e detect pressure abnormalities

e maintain stable operation

Monitoring Devices



o Temperature sensors
o Pressure transducers
o Digital displays
o Data acquisition systems
Effects of Poor Monitoring
o System instability
e Reduced efficiency
o Equipment damage
2.4.2. Sensor Operation and Calibration
Sensors provide operational data for monitoring and control systems. Common sensors
include:
o Temperature sensors
o Pressure sensors
o Hydrogen leak detectors
e Flow sensors
Calibration Procedures
o Compare sensor readings with standards
e Adjust sensor output
e Verify accuracy regularly
Proper calibration:
o Improves measurement accuracy
e Enhances system reliability
o Prevents operational errors
2.4.3. Control Panel Functions
Control panels allow operators to manage hydrogen energy systems. The main functions of
control panel:
e System startup and shutdown
e Parameter adjustment
e Alarm monitoring
e Data display
Components of Control Panels
o Display screens
o Control switches

e Emergency stop buttons



e Indicator lights
2..4.4. Alarm and Warning Systems
Alarm systems notify operators of abnormal conditions. Common alarm conditions:
e Hydrogen leakage
e High temperature
e Pressure imbalance
e Electrical faults
Alarm System Functions
e Audible warnings
e Visual indicators
e Automatic shutdown activation
Alarm systems:
e Improve safety
o Prevent accidents
e Protect equipment
2.5. Hybrid Hydrogen Energy System Operation
2.5.1. Renewable Energy Integration
Hybrid systems combine hydrogen technologies with renewable energy sources. Figure 2.3
shows hybrid hydrogen energy operation that present integration of renewable energy source,
battery system, hydrogen storage, and fuel cell system. Some of the Renewable Energy Sources
include:
e Solar photovoltaic systems
e Wind turbines
e Hydropower systems
Integration Benefits
e Reduced fossil fuel dependence
o Improved energy sustainability
e Enhanced energy reliability
2.5.2. Battery-Fuel Cell Coordination
Batteries and fuel cells work together to stabilize power supply.
Batteries are important to:
e Supply short-term peak loads
o Store excess renewable energy

e Improve transient response



Coordination Objectives
o Improve system efficiency
e Balance energy flow

e Reduce fuel cell stress
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Figure 2.3 Hybrid Hydrogen Energy Operation Diagram

2.5.3. Energy Balancing Techniques
Energy balancing matches power generation with load demand. Methods of balancing:
e Smart energy management
o Battery charging and discharging control
e Load scheduling
o Renewable energy forecasting
Benefits
o Improved system stability
e Reduced energy losses
e Better power quality
2.5.4. Grid-Connected Operation
Grid-connected systems exchange electricity with the utility grid. Modes of operating can be:
e Grid support mode
o Backup power mode
o Export power mode
Advantages

o Increased system flexibility



e Improved power reliability

e Renewable energy support
Safety Requirements

e  Grid synchronization

e Protective relays

e Anti-islanding protection

2.6. Chapter Summary

In this chapter, learners studied the operational principles and procedures of hydrogen energy
systems including hydrogen production, storage, supply regulation, and fuel cell operation. The
chapter explained electrolyzer operation, hydrogen charging procedures, pressure and flow
management, startup and shutdown processes, and fuel cell operational parameters. Learners
also explored system monitoring and control techniques involving sensors, control panels,
alarm systems, and calibration procedures. In addition, the chapter introduced hybrid hydrogen
energy system operation including renewable energy integration, battery-fuel cell coordination,
energy balancing techniques, and grid-connected operation for efficient and safe energy

management.

Review Questions

1. Explain the operating principle of an electrolysis system.

L

Describe the importance of water quality in hydrogen production systems.

Discuss safe hydrogen charging procedures.

> »

Explain the purpose of hydrogen flow regulation.
Describe the startup and shutdown procedures of fuel cell systems.
Explain the importance of sensor calibration in hydrogen systems.

Discuss the role of alarm systems in operational safety.

© =N W

Explain the operation of hybrid hydrogen energy systems integrated with renewable
energy sources.



H2-A4-3
Maintenance and Performance Monitoring of Hydrogen Energy Systems

Proper maintenance and performance monitoring are essential for ensuring the reliability,
efficiency, and safety of hydrogen energy systems. Regular inspection and preventive
maintenance help reduce system failures, extend equipment lifespan, and maintain stable
operational performance. Performance monitoring techniques allow operators to evaluate

system efficiency, detect abnormalities early, and improve operational management.

This chapter introduces preventive maintenance practices, fuel cell maintenance procedures,
hydrogen storage system servicing, performance monitoring methods, and maintenance safety

standards used in hydrogen energy systems.

3.1. Preventive Maintenance Techniques
3.1.1. Scheduled Maintenance Procedures

Scheduled maintenance involves performing maintenance activities at planned intervals to
prevent unexpected failures. The objectives of scheduled maintenance include:
e improve system reliability
e prevent equipment breakdown
e maintain operational efficiency
e extend equipment lifespan
Common maintenance activities
o Equipment inspection
e Cleaning procedures
e Lubrication
o Calibration of instruments
o Replacement of worn components
Maintenance schedules may be daily, weekly, monthly or annual. Proper Scheduled
maintenance is important in
e reduces downtime
e improves safety
e minimizes repair costs
3.1.2. Cleaning and Inspection Methods
Regular cleaning and inspection help maintain proper system operation. The following are

cleaning procedures:



e Remove dust and debris

e Clean cooling systems

e Clean filters and ventilation ducts

e Remove corrosion deposits
Inspection Activities

e Visual inspection

o Leak inspection

e Electrical connection inspection

e Pressure and temperature checks
Inspection Tools

e Flashlights

e Thermal cameras

o Leak detectors

e Inspection gauges
Cleaning and inspection:

o improve efficiency

e prevent contamination

o detect faults early
3.1.3. Lubrication and Component Servicing
Mechanical components require lubrication to reduce friction and wear. Components requiring
lubrication are:

e pumps

e  COMpressors

e fans

o bearings
Lubrication Procedures

e Use approved lubricants

e Apply proper lubrication quantity

o Follow maintenance schedules
Component Servicing may include:

o Tightening connections

e Replacing seals

e Adjusting moving parts



o Testing system operation

3.1.4. Maintenance Documentation
Maintenance records provide important information about system condition and maintenance
history. Types of documentation consists of:

e maintenance logs

e inspection reports

e fault reports

e calibration records

Documentation helps:
e track maintenance activities

o improve troubleshooting
e support safety compliance

e monitor equipment condition

3.2. Fuel Cell Maintenance Procedures
3.2.1. Fuel Cell Stack Inspection
Fuel cell stacks require regular inspection to maintain proper operation. Inspection areas:
o stack voltage performance
e gas leakage
o electrical connections
e physical damage
Inspection Procedures
1. Shut down the system safely
2. Inspect stack surfaces and connections
3. Measure voltage distribution
4. Check for abnormal temperature conditions
Regular inspection:
o Detects performance degradation
e Prevents system failure
o Improves operational reliability
3.2.2. Membrane Condition Assessment

Fuel cell membranes are critical for proton transfer and system efficiency. Some of the

membrane inspection indicators are:



e Drying
e Cracking
o Swelling
o Contamination
Assessment Methods
e Visual inspection
e Voltage performance testing
o Gas crossover testing
Effects of Membrane Damage
e Reduced efficiency
e Qas leakage
o Voltage instability
e Fuelcell failure
3.2.3. Cooling System Maintenance

Cooling systems regulate fuel cell operating temperature. Components of
cooling system consists of:

* pumps

o heat exchangers

e coolant pipes

e cooling fans

Maintenance Activities
o Coolant level inspection
e Pump operation testing
o Heat exchanger cleaning
o Leak inspection

Proper cooling maintenance:
e prevents overheating

e improves efficiency
o extends fuel cell lifespan

3.2.4. Air Filter Replacement

Air filters prevent contaminants from entering fuel cell systems. Functions of air filters:

e remove dust particles



e 1improve airflow quality
» protect fuel cell components

Replacement procedures:
1. Shut down air supply system
2. Remove used filter
3. Install new approved filter
4. Verify airflow operation

Regular filter replacement:
e maintains air quality
e improves system performance
o reduces contamination

3.3. Hydrogen Storage System Maintenance
3.3.1. Storage Tank Inspection

Hydrogen storage tanks must be inspected regularly for safe operation. Some of the inspection
areas are:

e tank surface condition

e corrosion signs

e pressure integrity

e mounting system stability
Inspection procedures:

e Visual inspection

e Pressure testing

o Ultrasonic testing

o Leak inspection
Tank inspection:

o Prevents accidents

e Improves operational safety

o Ensures storage reliability
3.3.2. Pressure System Maintenance

Pressure systems regulate hydrogen flow and storage conditions. Components this system

include:



e Pressure regulators

o Relief valves

o Pressure gauges

e Flow control devices
Maintenance Activities

e (Calibration

e Leak inspection

e Valve testing

e Pressure adjustment
Proper maintenance:

e Prevents overpressure conditions

o Stabilizes hydrogen flow

e Protects system components
3.3.3. Valve and Regulator Servicing
Valves and regulators control hydrogen flow and pressure.
Servicing Procedures

e (lean valve surfaces

e Inspect seals and fittings

o Test pressure response

e Replace damaged components
Common Problems

o Leakage

e Corrosion

e Blockage

o Pressure instability
Leak Detection Procedures: Hydrogen leak detection is essential for operational safety. Some
of the leak detection methods are:

e Soap solution testing

e Electronic hydrogen detectors

e Ultrasonic leak detectors

e Pressure decay testing



Leak Testing Procedure
1. Pressurize system
2. Inspect joints and fittings
3. Monitor detector readings
4. Repair identified leaks
Leak detection:
e Prevents fire hazards
e Reduces hydrogen loss
o Improves system safety
3.4. Performance Monitoring Techniques

3.4.1. Voltage and Current Monitoring

Electrical monitoring evaluates fuel cell operational performance.

include:
o stack voltage
e output current
e power output
e voltage stability

The governing power equation is expressed as:
P=VxI
Where P is power, V is voltage and I is current.
Monitoring electrical output:
e detects performance degradation
« improves efficiency analysis
e supports troubleshooting

3.4.2. Efficiency Measurement

Parameters monitored

Efficiency measurement evaluates energy conversion performance. The fuel cell efficiency

expressed as:

_ Electrical Output Energy

n= X 100%

Fuel Input Energy
Factors affecting efficiency:

e Operating temperature



e Fuel purity
e Hydrogen utilization
o Load conditions
Efficiency monitoring:
o Improves operational management
e Reduces fuel consumption
e Supports optimization
3.4.3. Hydrogen Consumption Analysis
Hydrogen consumption analysis evaluates fuel utilization efficiency. Hydrogen utilization
defined using the following equation.

_ Hydrogen Consumed
=

X 100%

Hydrogen Supplied

Monitoring objectives

e Reduce hydrogen wastage

o Improve efficiency

e Optimize operating conditions
Monitoring Equipment

e Flow meters

e Pressure sensors

e QGas analyzers
3.4.4. Data Logging and Analysis

Data logging systems record operational parameters for analysis. The parameters recorded

include:
e Voltage
e Current

o Temperature

o Pressure

e Hydrogen flow rate
Benefits of Data Analysis

e Trend identification

e Fault prediction



e Performance optimization
e Maintenance planning
3.5. Maintenance Safety and Standards
3.5.1. Lockout/Tagout Procedures
Lockout/tagout procedures isolate equipment during maintenance activities. The objectives of
lockout/tagout procedures are:
e Prevent accidental startup
e Protect maintenance personnel
o Improve workplace safety

Procedures

1. Shut down equipment

2. Isolate energy sources

3. Apply lockout devices

4. Attach warning tags

5. Verify system isolation
3.5.2. Hazardous Gas Handling

Hydrogen gas handling requires strict safety procedures. The following are safety precautions
e Use proper ventilation
e Avoid ignition sources
e Monitor gas concentration
o Use approved equipment

Hazard Characteristics
e High flammability
e Rapid gas dispersion
e Invisible flame characteristics
3.5.3. Maintenance PPE Requirements
Personal Protective Equipment (PPE) protects maintenance personnel. Common PPE:
e Safety gloves
e Goggles
o Flame-resistant clothing
o Respirators

o Safety footwear



PPE:

e Reduces injury risk

e Improves workplace safety

o Protects against hazardous exposure
3.5.4. Compliance with Maintenance Standards
Maintenance activities must comply with industrial safety standards. Some of the important
standards are:

o ISO standards

o [EC standards

o OSHA safety regulations

e NFPA hydrogen safety codes
Areas Covered

o Equipment servicing

e Gas handling

e Electrical safety

e Maintenance procedures

3.6. Chapter Summary

In this chapter, learners studied preventive maintenance techniques, inspection procedures, and
performance monitoring methods used in hydrogen energy systems. The chapter explained
scheduled maintenance activities, fuel cell servicing, hydrogen storage maintenance, leak
detection procedures, and cooling system maintenance. Learners also explored electrical
performance monitoring, efficiency measurement, hydrogen consumption analysis, and data
logging techniques. In addition, maintenance safety procedures including lockout/tagout
practices, hazardous gas handling, PPE requirements, and compliance with industrial

maintenance standards were discussed to ensure safe and reliable system operation.

End of Chapter Review Questions
1. Explain the importance of preventive maintenance in hydrogen energy systems.

2. Describe the procedures used in fuel cell stack inspection.

(O8]

Discuss the importance of membrane condition assessment.
4. Explain hydrogen storage tank inspection procedures.

5. Describe common hydrogen leak detection methods.



6. Explain the importance of efficiency measurement in fuel cell systems.
7. Discuss the role of data logging in performance monitoring.

8. Explain lockout/tagout procedures used during maintenance activities.



H2-A4-4
Fault Diagnosis and Troubleshooting of Hydrogen Energy Systems

Hydrogen energy systems may experience operational faults caused by mechanical failures,
electrical problems, fuel supply interruptions, sensor malfunctions, or environmental
conditions. Effective fault diagnosis and troubleshooting are essential for maintaining safe,
reliable, and efficient operation. Operators and technicians must be able to identify abnormal
system behavior, analyze fault symptoms, and apply corrective actions using standard

troubleshooting procedures.

This chapter introduces the principles of fault diagnosis, fuel cell troubleshooting techniques,
hydrogen system fault analysis, electrical and control system troubleshooting, and emergency

response procedures used in hydrogen energy systems.

4.1. Introduction to Fault Diagnosis

Hydrogen energy systems may experience different categories of faults. Common fault types
include:

e Mechanical faults

e Electrical faults

e Fuel supply faults

e Cooling system faults

e Sensor and communication faults
Examples

e Hydrogen leakage

e Voltage instability

o Pump failure

e Overheating

e Controller malfunction
Proper fault identification:

e Speeds troubleshooting

e Reduces downtime

o Improves repair accuracy
4.1.1. Symptoms of System Malfunction

Fault symptoms indicate abnormal operating conditions. Common symptoms are:

e reduced power output



e abnormal temperature rise
o pressure fluctuations
e unusual noise or vibration
e alarm activation
Careful observation of symptoms helps:
e Detect faults early
e Prevent major system damage
o Improve maintenance planning

4.1.2. Diagnostic Procedures
Diagnostic procedures identify the root cause of system faults. Diagnostic steps:

1. Observe system symptoms

2. Review alarm indicators

3. Inspect system components

4. Measure operating parameters

5. Compare readings with standard values

6. Identify faulty components

Diagnostic Tools
e  Multimeters
o Pressure gauges
e Thermal cameras
e QGas detectors
o Diagnostic software
4.1.3. Troubleshooting Workflow
Troubleshooting follows a systematic process with the steps shown below.
1. Identify the problem
2. Isolate the fault source
3. Analyze possible causes
4. Perform corrective actions
5. Verify system operation
A structured workflow:
o Reduces troubleshooting time

e Improves safety



e Prevents repeated faults
4.2. Fuel Cell System Troubleshooting
4.2.1. Voltage Drop Diagnosis
Voltage drop may indicate fuel cell performance problems. Causes of voltage drop:

o Fuel starvation

e Membrane drying

e Catalyst degradation

e Electrical resistance increase
Diagnostic Procedures

e Measure stack voltage

e Inspect fuel supply system

e Check membrane condition

e Verify electrical connections
Corrective Actions

e Restore fuel flow

e Replace damaged components

e Improve cooling and humidification
Fuel Supply Problems
Fuel supply faults reduce fuel cell efficiency and power output. Common problems include:

e Low hydrogen pressure

e Blocked fuel lines

e Valve malfunction

e Gas contamination
Troubleshooting Procedures

e inspect fuel piping

o test pressure regulators

o check flow control systems

e verify gas purity

Figure 4.1 depicts fuel cell fault diagnosis flowchart, illustrates fault detection process, sensor
readings, diagnostic steps, and corrective actions. In the figure clearly shows the fault symptom

identification, diagnostic sequence, sensor data evaluation and corrective maintenance actions.
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Figure 4.1 Fuel Cell Fault Diagnosis Flowchart

4.2.2. Membrane Failure Identification

Fuel cell membranes may fail due to aging or contamination. Signs of membrane failure:
e Qas crossover
e Reduced voltage
e Water imbalance

e Hydrogen leakage



Inspection Methods
e Visual inspection
e Performance testing
o Leak testing
Corrective Measures
e Membrane replacement
o Improved water management
e Contamination control
4.2.3. Cooling System Faults
Cooling system problems may cause overheating. Common cooling faults
e pump failure
e coolant leakage
o blocked heat exchanger
e fan malfunction
Troubleshooting procedures
e Inspect coolant flow
e Check pump operation
e Clean cooling components

e Verify temperature readings

4.2. Hydrogen System Fault Diagnosis

4.3.1. Hydrogen Leakage Detection

Hydrogen leaks present serious safety risks. Methods of H2 leak detection, such as electronic
gas detectors, soap solution testing, ultrasonic detection and pressure decay testing, are amin
ones. Figure 4.2 hydrogen energy system troubleshooting process. The Figure present
inspection steps, testing equipment, system analysis, and repair procedures illustrating

inspection workflow, diagnostic equipment, fault isolation procedures and repair and testing

stages
Leak Indicators Corrective actions
e Alarm activation o Isolate leak source
e Pressure loss e Repair damaged connections

e Abnormal gas readings e Retest system integrity
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4.3.2. Pressure Instability Faults

Pressure instability affects fuel delivery and system operation.

Common causes faults: Troubleshooting Procedures
o faulty pressure regulators o Inspect pressure control devices
o valve malfunction e Verify sensor readings
o gas flow restrictions e Check piping systems

e  SCNSOr €110IS

4.3.3. Storage System Failures

Storage system failures may result from mechanical or operational problems.

Common failures Inspection Methods Corrective Actions

e Tank leakage e Visual inspection e Repair or replace damaged components
e Corrosion e Pressure testing e Improve maintenance procedures

e Valve failure e Ultrasonic testing

e Structural damage
4.3.4. Gas Contamination Problems
Gas contamination reduces fuel cell performance. Sources of gas contamination include:
e Moisture
o Dust particles

e Qil contamination



e Air infiltration
Effects

e Membrane damage

e Reduced efficiency

e Corrosion

Prevention Methods

o Use filtration systems

e Monitor gas purity

e Maintain sealed systems
4.4. Electrical and Control System Troubleshooting
4.4.1. Sensor Failures

Sensor faults produce inaccurate system data. Common sensor problems
e calibration drift
e wiring damage
 signal interruption
e sensor contamination
Troubleshooting Methods
e Sensor calibration
o Wiring inspection
e Signal testing
o Sensor replacement
4.4.2. Communication System Faults
Communication systems transfer operational data between components. Common faults of this
system include:
o signal loss
e network interruption
e controller communication failure
Diagnostic Procedures
e Inspect communication cables
o Test network connections
e Verify controller operation

4.4.3. Controller Malfunction Diagnosis

Controllers regulate system operation and safety. Controller faults Commonly occurring:



e Software errors
o Power supply failure
e Faulty programming
e Overheating
Corrective Actions
e Restart controller
e Update software
e Replace faulty modules
4.4.4. Power Electronics Troubleshooting

Power electronics (PE) manage electrical conversion and distribution. Components PE are:

e Inverters
e DC-DC converters
e Rectifiers

o Circuit protection devices

Common Faults Troubleshooting Procedures

e Overheating o Inspect electrical connections
o Voltage instability e Measure voltage and current

o Short circuits e Replace damaged components

e Component failure

4.5. Emergency Response and Corrective Actions
4.5.1. Emergency Shutdown Procedures

Emergency shutdown systems stop operation during dangerous conditions.

Shutdown Triggers Shutdown Procedures
o Hydrogen leakage e Activate emergency stop system
o Fire detection o Isolate hydrogen supply
o Excessive pressure o Disconnect electrical power
o Electrical faults o Evacuate affected area

5.5.2. Fire and Gas Leak Response
Hydrogen fires and leaks require immediate action. Main  emergency response  actions
include:

e Activate alarms

o Shut down fuel supply

e Use approved fire extinguishers



e Ventilate the area

o Notify emergency responders
Safety Precautions

e Avoid ignition sources

e Use flame-resistant PPE

e Maintain safe evacuation routes
5.5.3. Corrective Maintenance Actions
Corrective maintenance restores normal system operation after faults occur. Corrective
activities such as replace faulty components, repair damaged piping, calibrate sensors and test
repaired systems are primary ones. The main objectives corrective maintenance

e Restore system reliability

o Prevent repeated failures

e Improve operational safety
5.5.4. Incident Reporting Procedures

Incident reports document faults and emergency events. Information included are:

e fault description
o time and location
e corrective actions taken
e personnel involved
Incident reporting:
e improves safety management
e supports future troubleshooting

e helps prevent repeated incidents

4.6. Chapter Summary

In this chapter, learners studied the principles and procedures of fault diagnosis and
troubleshooting in hydrogen energy systems. The chapter explained system fault types,
malfunction symptoms, diagnostic methods, and troubleshooting workflows. Learners also
explored fuel cell troubleshooting techniques, hydrogen leak detection, pressure instability
analysis, sensor and controller troubleshooting, and power electronics fault diagnosis. In
addition, emergency shutdown procedures, fire and gas leak response actions, corrective
maintenance practices, and incident reporting procedures were discussed to ensure safe and

reliable system operation.



End of Chapter Review Questions
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Explain the importance of systematic fault diagnosis in hydrogen energy systems.
Describe common symptoms of fuel cell malfunction.

Discuss the causes of voltage drop in fuel cell systems.

Explain methods used for hydrogen leak detection.

Describe troubleshooting procedures for cooling system faults.

Explain the causes of pressure instability in hydrogen systems.

Discuss common electrical and control system faults.

Explain emergency shutdown and corrective maintenance procedures in hydrogen
energy systems.



H2-AS
Hydrogen Applications and Integrated System Design Project

Course Description

This project-based course focuses on real-world hydrogen applications, integrated hydrogen
energy system design, simulation, optimization, and engineering case studies. The course
strengthens learners’ practical problem-solving abilities, innovation skills, teamwork, and
engineering design competencies through hands-on projects and applied learning activities

related to hydrogen production, storage, fuel cells, and renewable energy integration.

Course Learning Outcomes
By the end of this course, learners will be able to:
1. Design integrated hydrogen energy systems for practical applications.
2. Apply simulation and optimization tools in hydrogen system analysis and design.
3. Evaluate technical, economic, and environmental performance of hydrogen energy
projects.
4. Develop innovative engineering solutions for hydrogen-based energy systems.
Present and document hydrogen system design projects using professional engineering

practices.

Chapter H2-AS5-1

Hydrogen Applications and System Design Fundamentals

Hydrogen energy technologies are increasingly used in transportation, industry, renewable
energy integration, and distributed power systems because of their high efficiency, flexibility,
and environmental benefits. Modern hydrogen projects require engineers and technicians to
understand not only hydrogen technologies but also integrated system design, simulation,

optimization, safety standards, and practical implementation methods.

This chapter introduces practical hydrogen applications and the fundamental principles of
integrated hydrogen energy system design. Learners will explore hydrogen applications across
multiple sectors and develop competencies in engineering design methodologies, system
integration concepts, component selection, and safety-oriented design practices used in real-

world hydrogen energy projects.



1.1. Overview of Hydrogen Energy Applications

Hydrogen energy systems are used in several sectors to support clean energy production,

energy storage, transportation, and industrial decarbonization.

1.1.1. Hydrogen in Transportation Systems
Hydrogen is widely used in fuel cell transportation systems because of its high energy density
and low emissions. Transportation applications of hydrogen include FCEV's, Hydrogen buses
and trucks, railway transportation, maritime applications, and aviation support systems.
Main components in Hydrogen transportation systems:

e Hydrogen storage tanks

o fuel cell stack

e electric motor

e battery support system

e power electronics
For transportation projects, system designers must consider vehicle power demand, driving
range, Hydrogen refueling infrastructure, safety requirements and system weight and space
limitations.
Advantages

e Zero tailpipe emissions

o Fast refueling

o Long operational range

e Reduced fossil fuel dependence
1.1.2. Industrial Hydrogen Applications

Industries use hydrogen for both energy and chemical processing applications, such as:
e steel manufacturing
e chemical processing
o fertilizer production
o refinery operations
e backup industrial power systems
Hydrogen helps industries reduce:
o Carbon emissions

e Fossil fuel consumption

o Environmental pollution



Thus, Hydrogen is very important in industrial decarbonization process. Designing industrial

hydrogen systems require:

e large-scale hydrogen storage
e high-pressure piping systems
e continuous operational reliability

e industrial safety compliance

1.1.3. Hydrogen for Power Generation
Hydrogen systems are increasingly used for clean electricity generation. Some of the power
generation applications include:

o fuel cell power plants

e backup power systems

e distributed generation

e microgrids

e grid stabilization systems
Hydrogen energy conversion process:

2H, + 0, - 2H,0 + electrica energy + Heat

Practically, Hydrogen power systems are suitable for remote communities, hospitals and data

centers, renewable energy storage and emergency power supply.

1.1.4. Residential and Commercial Applications
Hydrogen technologies support residential and commercial energy systems in the following
applications:
e combined heat and power (CHP)
« residential fuel cell systems
e building energy management
o backup electricity systems
Benefits
e Improved energy efficiency
e Reduced electricity cost
e Reliable power supply
o Lower environmental impact
Design of Hydrogen energy system for various purposes is challenging. Some of the challenges

include:



e limited installation space

e cost considerations

e safety requirements

e integration with existing systems
1.2. Fundamentals of Integrated Hydrogen System Design
Integrated hydrogen system design combines multiple technologies into a coordinated energy
system capable of producing, storing, and utilizing hydrogen efficiently. Hydrogen energy
systems are designed to achieve safe, reliable, and efficient operation. The following are the
main design objectives:

e maximize system efficiency

e ensure operational safety

e improve reliability

e oOptimize energy management

e reduce environmental impact
Integrated systems have their own characteristics, such as:

o multiple interconnected components

e coordinated control systems

e renewable energy integration

e energy storage capability
During design, the following are considered:

e load demand

o system scalability

e environmental conditions

e economic feasibility
Energy Flow Analysis: Energy flow analysis evaluates how energy moves through the
hydrogen system. The main energy flow stages include:

1. renewable energy generation
electrical power conversion
hydrogen production
hydrogen storage

fuel cell electricity generation

A

load utilization

The governing electrolysis equation:



2H,0 + electrica energy —» 2H, + 0,

Energy flow analysis helps:

e identify energy losses

e improve efficiency

e optimize system sizing

e balance energy supply and demand
System Integration Principles: Integrated systems combine different subsystems into a unified
operational structure. The main integrated subsystems include:

e renewable energy source

o electrolyzer system

e hydrogen storage

o fuel cell system

e Dbattery storage

e power conditioning system
The subsystems are integrated with the following objectives:

e improve system coordination

« enhance energy reliability

o reduce operational interruptions
Practically, integrating the subsystems poses challenges, such as:

e voltage compatibility

e communication system coordination

e dynamic load changes

e thermal management
Design Requirements and Specifications: Engineering design specifications define system
performance and operational requirements. The main design parameters consist of:

e Power output

o Hydrogen production rate

e Storage capacity

o System efficiency

e Operating pressure and temperature
Technical specifications:

o electrical ratings

e mechanical dimensions



o safety limits

o environmental protection standards
Clear specifications:

e improve system performance

e reduce design errors

e support maintenance and troubleshooting

1.3. Components of Integrated Hydrogen Systems

Integrated hydrogen systems consist of several interconnected components that work together
to produce and utilize hydrogen energy. Figure 1.1 presents integrated Hydrogen energy
system that illustrates renewable energy source, electrolyzer, hydrogen storage, fuel cell
system, controller, and electrical loads. Some of the integrated hydrogen systems components

are discussed in the following sections.
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Figure 1.1 Integrated Hydrogen Energy System

a) Electrolyzers
Electrolyzers produce hydrogen from water using electricity. Electrolyzers can be alkaline
electrolyzers, PEM electrolyzers and solid oxide electrolyzers. Main components of
electrolyzers include:

e clectrolyzer stack

o water supply system

e power supply

e  gas separator

Practical design of the electrolyzer in integrated system should consider:



e water quality
o operating efficiency
e cooling requirements
o electrical integration
b) Hydrogen Storage Systems
Hydrogen storage systems store hydrogen safely for later use. Methods of storage can be:
o Compressed gas storage
e Liquid hydrogen storage
e Metal hydride storage
Design requirements
o Pressure resistance
e Leak prevention
e Safety systems
e Storage sizing
Practical considerations
o Storage pressure
e Space requirements
e Cost
o Safety regulations
¢) Fuel Cell Systems
Fuel cells convert hydrogen into electrical energy. It has the following main components:
o fuel cell stack
e air supply system
e cooling system
e power electronics
Practical Applications of fuel cell systems:
e Backup power systems
o Transportation systems
e Distributed generation
d) Renewable Energy Sources (RESs)
RESs provide clean electricity for hydrogen production. Common RES sources are:
« solar photovoltaic systems

e wind turbines



e hydropower systems
Renewable energy in Hydrogen Systems:
e supports green hydrogen production
o reduces carbon emissions
e improves energy sustainability
e) Power Electronics and Controllers (PECs)
Power electronics regulate and manage electrical energy flow. Components of PECs include:
o Inverters
e DC-DC converters
o Controllers
e Protection systems
Functions of PECs
e Voltage regulation
o Power conversion
e Load management
e System protection
Practical PECs are important to:
o 1improve efficiency
« stabilize system operation
e protect system components
1.4. Engineering Design Methodology
Engineering design methodology provides a structured process for developing hydrogen
energy systems. Figure 1.2 illustrates Hydrogen system design process showing project
planning, conceptual design, simulation, optimization, implementation, and evaluation stages.
a) Problem Identification: Engineering projects begin by identifying operational or energy-
related problems. Common project problems include:
o unreliable electricity supply
o high carbon emissions
e lack of energy storage
o renewable energy variability
Practical Activities
o Site assessment

e Energy demand analysis



o Stakeholder consultation

PROJECT PLANNING PHASE H2

objectives resources timeline

CONCEPTUAL DESIGN / SYSTEM
DESIGN DEVELOPMENT H2

requirements  architecture components

SIMULATION AND OPTIMIZATION ACTIVI“%

performance  parameter

modeling simulation  optimization

SYSTEM IMPLEMENTATION H2

prototyping  integration  deployment

PERFORMANCE EVALUATION AND REPORTING

testing analysis  documentation

Figure 1.2 Hydrogen System Design Process

b) Requirement Analysis: Requirement analysis defines system needs and project objectives.
Requirements may include
e Power demand
e Hydrogen production capacity
o Environmental conditions
o Budget limitations
o Safety requirements
Requirement analysis is important in that it:
e guides system design
e prevents project errors

e supports feasibility assessment



c¢) Conceptual Design Development
Conceptual design develops possible engineering solutions. The design activities include:

e system layout development

e component selection

e preliminary calculations

o energy flow planning
Practical Outputs

e Block diagrams

e Process flow diagrams

o Initial system models
d) Technical Feasibility Assessment

Feasibility analysis evaluates whether the project can operate successfully. Assessment areas:

o technical feasibility
e economic feasibility
e environmental impact
o operational reliability
Practical evaluation methods:
o Simulation studies
e Cost analysis
e Performance estimation
e Risk assessment
1.5. Hydrogen System Design Standards and Safety
Hydrogen system design must comply with industrial safety standards and engineering
regulations.
a. Engineering Design Standards
Engineering design standards provide technical guidelines for safe system design. Some

common standards organizations include:

« ISO
« IEC
« NFPA

e SAE International
Areas covered:

e Hydrogen storage



e Electrical safety
o Pressure systems
e Fuel cell systems
e The standards improve safety, ensure compatibility and support reliable operation.
b. Hydrogen safety requirements and Risk Assessment
Hydrogen systems require specialized safety measures. Safety risks include:
e gas leakage
o fire hazards
e high-pressure storage
o celectrical hazards
Safety Measures
o Leak detection systems
e Ventilation systems
e Emergency shutdown systems
o Pressure relief devices
Practical Safety Practices
e Proper grounding
e Hazard labeling
« Safe piping installation
e Operator training
Risk assessment identifies hazards and evaluates system safety. Common risk assessment steps
include:
1. hazard identification
2. risk evaluation
3. safety control implementation
4. emergency planning
Common Assessment Methods
e HAZOP studies
e Failure mode analysis
» Safety inspections
Risk assessment:
e Reduces accident probability
o Improves operational safety

e Supports regulatory compliance



c. Environmental Considerations
Hydrogen systems must minimize environmental impact. Some environmental factors include:
e Emission reduction
o Water usage
e Noise control
o Waste management
Sustainable design principles:
e Renewable energy integration
o Efficient energy utilization
e Low-emission technologies
Environmental considerations support:
e Sustainable development
o Cleaner energy systems
e Regulatory compliance
1.6. Chapter Summary
In this chapter, learners studied practical hydrogen energy applications and the fundamental
principles of integrated hydrogen system design. The chapter explained hydrogen applications
in transportation, industry, power generation, and residential systems. Learners also explored
system design concepts, energy flow analysis, system integration principles, and major
hydrogen system components including electrolyzers, storage systems, fuel cells, and
renewable energy sources. In addition, engineering design methodology, technical feasibility
assessment, safety standards, risk assessment procedures, and environmental considerations

were discussed to support practical hydrogen system design and project development.

End of Chapter Review Questions

1. Explain the major applications of hydrogen energy systems in modern industries.
Discuss the role of hydrogen in transportation systems.
Explain the importance of integrated hydrogen system design.
Describe the main components of an integrated hydrogen energy system.
Discuss the importance of energy flow analysis in hydrogen projects.
Explain the stages of engineering design methodology.

Describe common hydrogen safety requirements in system design.

S A

Discuss the importance of environmental considerations in hydrogen energy projects.



H2-AS-2
Hydrogen System Simulation and Modeling

Hydrogen energy systems involve multiple interacting components such as renewable energy
sources, electrolyzers, hydrogen storage systems, fuel cells, batteries, and power electronics.
Before actual installation and implementation, engineers use simulation and modeling
techniques to evaluate system performance, optimize energy flow, improve efficiency, and
reduce design risks. For advanced TVET learners, simulation and modeling provide practical
engineering tools for analyzing system behavior, testing operational conditions, predicting
faults, and optimizing integrated hydrogen energy systems. Modern simulation software
enables technicians and engineers to visualize system operation, evaluate design alternatives,

and improve decision-making during project development.

This chapter introduces simulation and modeling techniques used for hydrogen energy systems,
including fuel cell and electrolyzer modeling, renewable hydrogen system simulation,
performance evaluation, and optimization techniques used in practical engineering
applications.
2.1. Introduction to Hydrogen System Simulation
Hydrogen system simulation uses mathematical models and software tools to analyze system
performance under different operating conditions. Figure 3.1 depicts Hydrogen system
simulation model which illustrates renewable source, electrolyzer, hydrogen storage, fuel cell
stack, battery, and load simulation blocks.
2.1.1. Purpose of Simulation in Engineering Design
Simulation helps engineers evaluate hydrogen systems before physical implementation. main
purposes of simulation include:

o Predict system performance

e Optimize component sizing

e Reduce design errors

o Improve energy efficiency

e Analyze system reliability

e Reduce project cost and risk
Practically, simulation is used for:

e Fuel cell system analysis

e Renewable energy integration

o Hydrogen storage sizing



e Power management evaluation
e Load demand analysis
Simulation allows learners to:
e Visualize system operation
e Test design alternatives
e Analyze real operational conditions
o Develop practical engineering skills
Simulation Workflow: Simulation follows a systematic engineering workflow with the
following simulation steps.
1. Define system objectives
Collect input data
Develop system model

Run simulation scenarios

wok w D

Analyze simulation results
6. Optimize system performance
Practical Workflow Activities
o Import component specifications
e Configure operating conditions
e Run dynamic simulations
e Compare performance results

A structured workflow:
e improves modeling accuracy

o simplifies troubleshooting
e supports engineering decision-making
Input and Output Parameters

Simulation models require operational input data and generate performance outputs.

Common Input Parameters Common Output Parameters
e Solar radiation e Power output
e Wind speed e System efficiency
e Hydrogen flow rate e Hydrogen production rate
e Load demand e Energy losses
e Operating temperature e Voltage and current response

e Pressure conditions
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Figure 3.1 Hydrogen System Simulation Model

Accurate input data:

o Improves simulation reliability

e Produces realistic operational results

e Supports better design optimization
Modeling Assumptions: Simulation models use assumptions to simplify complex engineering
systems. Common assumptions

o Constant operating temperature

e Ideal gas behavior

o Stable electrical load

e Uniform hydrogen flow
Assumptions help:

e Simplify calculations

e Reduce computational complexity

e Improve simulation speed
Limitations
Incorrect assumptions may:

e Reduce model accuracy

e Produce unrealistic results

o Affect system design decisions



2.2. Fuel Cell and Electrolyzer Modeling

Fuel cell and electrolyzer models are used to predict hydrogen production and electrical
generation performance.
a) Fuel Cell Performance Modeling
Fuel cell models simulate electrical performance under different operating conditions. The
following are main modeling parameters:

e Stack voltage

e Current density

e Hydrogen consumption

o Temperature

e Pressure

Fuel Cell Power and voltage equations are defined as:

P=VxI
V=E- Vact - Vohmic - VConc

Where P, V and I are power output, voltage and current and E, Vact, Vohmic and Vcone are ideal
voltage, activation losses, ohmic losses and concentration losses, respectively
Practical simulation activities:
e polarization curve analysis
o efficiency simulation
o load response testing
o fault condition analysis
b) Electrolyzer Operational Modeling

Electrolyzer models simulate hydrogen production processes.

Electrolysis Process: 2H,0 + electrical energy — 2H, + 0,

Modeling parameters:

e Input electrical power

o Water flow rate

e Hydrogen production rate

e Operating temperature

e Electrolyzer efficiency
Electrolyzer modeling helps predict hydrogen output, optimize energy consumption and
improve operational efficiency.

¢) Hydrogen Production Analysis



Hydrogen production analysis evaluates the amount of hydrogen generated under various
conditions. Hydrogen production factors include:

o renewable energy availability

o electrolyzer capacity

e operating efficiency

o electrical input power
Hydrogen production rate equation:

H, production o« Electrical input power

Practical activities
e Compare hydrogen production under varying solar or wind conditions
e Analyze daily hydrogen generation profiles
e Evaluate storage requirements
d) Dynamic System Behavior
Hydrogen systems operate under changing environmental and load conditions. Dynamic
conditions:
e renewable energy fluctuations
e load demand variation
e temperature changes
o startup and shutdown operations
Dynamic simulation objectives
e Evaluate transient response
e Improve control strategies
o Predict operational instability
Dynamic modeling:
e improves system reliability
e supports real-time control development
« enhances operational safety

2.3. Renewable Hydrogen System Simulation

Renewable hydrogen systems combine renewable energy sources with hydrogen technologies.

2.3.1. Solar-Hydrogen System Simulation
Solar-hydrogen systems use photovoltaic energy for hydrogen production. Main components
this system:

e Solar PV array



e Electrolyzer

o Hydrogen storage

e Fuel cell system

o Battery storage
Simulation Parameters

e Solar irradiation

e PV output power

o Hydrogen production rate

e Battery charging condition
Practical simulation activities include:

e Daily solar energy profile analysis

o Hydrogen storage estimation

e Fuel cell backup operation analysis
2.3.2. Wind-Hydrogen System Modeling
Wind-hydrogen systems use wind energy for hydrogen production and storage. System
components include:

e Wind turbine

o Power converter

o Electrolyzer

e Hydrogen storage system

o Fuel cell stack

Wind power is expressed by:
P = ! AV3

Where P is wind power, p is air density, A is rotor swept area and v is wind speed.
Practical Activities
e  Wind profile simulation
o Hydrogen generation analysis
e System stability evaluation
2.3.3. Hybrid System Integration Analysis
Hybrid systems integrate multiple energy sources and storage technologies. Hybrid system
components include:

e Solar PV systems



e  Wind turbines
o Batteries
e Hydrogen storage
o Fuelcells
Integration objectives
o Improve energy reliability
e Reduce renewable intermittency
o Balance power demand
Practical simulation tasks
o Energy balancing analysis
e Hybrid control evaluation
e Storage optimization
Energy flow simulation

Energy flow simulation tracks energy transfer between system components. Energy flow stages

consist of:

1. Renewable energy generation
Power conversion

Hydrogen production

Energy storage

A

Fuel cell power generation
6. Load supply

Energy flow simulation helps:
e identify losses
o improve efficiency

e optimize system control

Figure 3.2 presents hybrid hydrogen energy flow simulation that illustrates energy transfer

between renewable sources, storage systems, fuel cells, and electrical loads.
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2.4. System Performance Evaluation

System performance evaluation analyzes operational efficiency and reliability.

a) Efficiency Analysis

Efficiency analysis evaluates how effectively the system converts energy. Fuel Cell
Efficiency expressed as:

Useful output energy
'r’ =

X 100%
Input energy

Factors affecting efficiency include operating temperature, hydrogen purity, load conditions
and component losses.
Practical activities
e Compare efficiency under different loads
e Evaluate energy losses
e Optimize operating conditions
b) Power Output Analysis
Power analysis evaluates electrical energy production. Parameters evaluated:
o Voltage output
e Current output
o Power stability
o Peak load capability
Power analysis helps:
e size system components
o improve load management

o prevent overload conditions



¢) Hydrogen Consumption Analysis
Hydrogen consumption analysis evaluates fuel utilization efficiency. Hydrogen utilization

equation can be given by:

Hydrogen consumed
Uy =

x 1009
Hydrogen supplied o

Practical Applications
e Optimize fuel consumption
o Improve storage sizing
o Reduce operational cost
d) Load Response Analysis
Load response analysis evaluates how the system reacts to changing electrical demand. Types
of load variations:
e sudden peak demand
e startup loads
e variable renewable energy input
Practical Simulation Activities
e Dynamic load testing
o Voltage stability analysis
o Battery-fuel cell coordination testing
2.5. Optimization Techniques
Optimization improves system performance, reliability, and economic efficiency.
a) Energy Optimization Methods
Energy optimization minimizes losses and improves operational efficiency. Objectives
optimization include:
o improve efficiency
e reduce energy wastage
e balance power flow
Practical Optimization Methods
e Smart energy management
e Load scheduling
e Battery coordination
o Renewable forecasting

b) Hydrogen Storage Optimization



Storage optimization determines the appropriate hydrogen storage capacity. Some of the
optimization factors:

e hydrogen demand

o renewable energy availability

e backup duration

o storage cost
Practical Activities

o Storage sizing simulation

e Pressure optimization

« Storage efficiency evaluation
¢) Cost Optimization
Cost optimization reduces installation and operational expenses. Cost factors included are:

e equipment cost

e hydrogen production cost

e maintenance expenses

e energy losses
Optimization Methods

o Efficient component selection

o System integration improvement

e Renewable energy utilization
Cost optimization:

e Improves project feasibility

o Reduces operational expenses

e Enhances economic sustainability
d) System Reliability Improvement
Reliability optimization improves system stability and operational continuity. Methods used
to improve reliability:

e preventive maintenance

o redundant system design

e fault prediction systems

e smart monitoring systems
Practical Benefits

e Reduced downtime

e Improved operational safety



Longer equipment lifespan

2.6. Chapter Summary

In this chapter, learners studied simulation and modeling techniques used for analyzing and

optimizing hydrogen energy systems. The chapter explained simulation workflows, input and

output parameters, modeling assumptions, fuel cell and electrolyzer modeling, and renewable

hydrogen system simulation. Learners also explored energy flow analysis, efficiency

evaluation, hydrogen consumption analysis, and load response analysis. In addition,

optimization techniques including energy optimization, hydrogen storage optimization, cost

reduction, and system reliability improvement were discussed to support practical hydrogen

system design and engineering decision-making.

End of Chapter Review Questions

l.
2.

© N w

Explain the importance of simulation in hydrogen system design.
Describe the main steps involved in simulation workflow.
Discuss the purpose of fuel cell performance modeling.

Explain how electrolyzer operational modeling supports hydrogen production
analysis.

Describe the role of renewable energy simulation in hydrogen systems.
Explain the importance of efficiency analysis in system performance evaluation.
Discuss methods used for hydrogen storage optimization.

Explain how simulation and optimization improve hydrogen energy system reliability.

Recommended Software/Tools

- MATLAB/Simulink (with Simscape for physical modeling): primary tool for
dynamic simulations.

- TRNSYS: for transient system simulations, especially renewable-hydrogen
integration.

- HOMER Pro: for techno-economic optimization of hybrid systems.

- Others: Python (with libraries like PyBaMM or custom scripts) for custom

modeling.



H2-AS-3

Integrated Hydrogen System Design Projects and Case Studies

3.1. Hydrogen Energy Project Planning

Hydrogen projects involve multiple engineering disciplines, including electrical, mechanical,

chemical, environmental, and systems engineering. Effective planning is critical for successful

implementation.

3.1.1. Project Objective Identification

Every hydrogen project begins with a clearly defined objective.

Table 3.1 Common Hydrogen Project Objectives

Objective

Example

Energy storage
Transportation
Industrial use
Backup power
Grid support

Decarbonization

Store excess renewable electricity
Fuel hydrogen vehicles

Replace fossil-fuel-derived hydrogen
Provide emergency power

Stabilize renewable energy fluctuations

Reduce greenhouse gas emissions

3.1.2. Technical Requirement Definition

Once objectives are identified, technical requirements must be established. The following are

key technical requirements are discussed in the subsequent sections.

a) Production Requirements
e Hydrogen demand (kg/day)
e Production rate
o Purity level
b) Storage Requirements
e Storage capacity
e Pressure rating
o Safety requirements
c) Distribution Requirements
e Pipeline or transport method

o Refueling capability



o Compression systems
d) End-Use Requirements
e Fuel cell power rating
e Vehicle fueling demand
e Industrial process requirements
Example
For a hydrogen bus station:
e Hydrogen demand = 500 kg/day
e Storage pressure = 700 bar
e Fueling time < 10 minutes per bus
3.1.3. Resource Planning
Resource planning identifies all assets required for project implementation.
a. Human Resources
e Project managers
e Hydrogen engineers
e Electrical engineers
o Safety specialists
o Construction personnel
b. Physical Resources
e Electrolyzers
e Renewable energy systems
o Compressors
o Storage tanks
o Fuelcells
c. Financial Resources
o Capital expenditure (CAPEX)
e Operational expenditure (OPEX)
e Maintenance budgets
d. Regulatory Resources
e Environmental permits
e Safety certifications
e (Grid interconnection approvals

3.1.4. Project Scheduling



Project schedules coordinate activities and resources.

Table 3.2 Typical Project Phases

Phase Activities

Conceptual Design Feasibility studies
Detailed Design Engineering calculations
Procurement Equipment purchasing
Construction Installation
Commissioning Testing and startup
Operation Commercial deployment

Common scheduling tools:
e Gantt Charts
e Critical Path Method (CPM)
e Project Evaluation and Review Technique (PERT)
e Primavera P6
e Microsoft Project
3.2. Design of Renewable Hydrogen Systems
Renewable hydrogen systems integrate clean energy generation with hydrogen production and
utilization technologies. Figure 3.1 depicts renewable hydrogen project layout
3.2.1. Solar-Hydrogen Project Design

Solar-powered hydrogen production is one of the most rapidly growing green hydrogen

applications.

System Components

1. Photovoltaic (PV) Array

2. Power Conditioning Unit

3. Electrolyzer

4. Hydrogen Storage

5. Fuel Cell or Distribution System
Design Process
Step 1: Determine Hydrogen Demand

Example: Hydrogen requirement 200 kg/day



Step 2: Calculate Electrical Energy Requirement
Electrolysis energy consumption: = 50-55 kWh/kg H>
Daily energy: 200 x 55 = 11,000 kWh/day
Step 3: Size Solar Plant
If solar irradiation provides: 5 peak sun hours/day
Required PV capacity: 11,000 ~5=2.2 MW
Design Considerations

e Seasonal variations

e Solar intermittency

o Storage sizing

o Land requirements
3.2.2. Wind-Hydrogen Project Design
Wind energy can provide high-capacity-factor hydrogen production.
System Components:

e Wind turbines

» Power converters

o Electrolyzer

e Hydrogen storage

e Fuel cell backup
Advantages

e High annual energy yield

e Suitable for offshore deployment

o Reduced land-use conflicts
Challenges

e Variable wind speeds

e Grid integration complexity

o Higher maintenance requirements
3.2.3. Hybrid Renewable System Configuration
Hybrid systems combine multiple renewable sources.
Typical Configurations
a) Solar + Wind + Electrolyzer
Benefits:



e Improved reliability

o Higher utilization of electrolyzer

e Reduced storage requirements
b) Solar + Battery + Hydrogen
Benefits:

e Short-term storage via batteries

e Long-term storage via hydrogen
Hybrid Energy Flow

Renewables — Battery — Electrolyzer — Hydrogen Storage — Fuel Cell — Load

3.2.4. Grid-Connected and Standalone Systems
1) Grid-Connected Systems
Characteristics:

e Electricity exchange with utility grid

e Improved reliability

o Lower storage requirements
Advantages:

e Reduced project risk

o Continuous electrolyzer operation
1) Standalone Systems
Characteristics:

e Fully autonomous operation

e Remote area applications

e High storage dependence
Applications:

e Islands

e Mining operations

o Remote communities

e Military installations
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Figure 3.1 Renewable Hydrogen Project Layout

3.3. Hydrogen Transportation System Projects
Transportation is one of the largest growth sectors for hydrogen deployment.
3.3.1. Fuel Cell Electric Vehicle (FCEV) Systems
Fuel Cell Electric Vehicles convert hydrogen into electricity onboard. Major components of
FCEYV consist of:

o Hydrogen storage tank

e Fuel cell stack

o Battery system

e Electric motor

e Power electronics



Operating Principle
Hydrogen + Oxygen

l

Fuel Cell

l

Electricity

l

Motor Drive

l

Vehicle Motion
Advantages
o Fast refueling
o Long driving range
e Zero tailpipe emissions
3.3.2. Hydrogen Refueling Stations
Hydrogen refueling infrastructure is essential for mobility deployment. Figure 3.2 shows
hydrogen refueling station system with following are functional components.
e Hydrogen Production
e Ons-site electrolysis
e Delivered hydrogen
e Compression System
e Multi-stage compressors
e Pressure regulation
e Storage System
o High-pressure storage vessels
e Dispensing System
e Fueling nozzles
e Metering equipment
e Safety System
o Leak detection

e Emergency shutdown

e Fire suppression
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Figure 3.2 Hydrogen Refueling Station System

3.3.3. Hydrogen Mobility Applications
e Passenger Vehicles: such as Toyota Mirai and Hyundai NEXO
e Public Transportation: Fuel cell buses and shuttle systems
e Heavy-Duty Transportation: Trucks, Freight transport and Port equipment
e Rail Transportation: Hydrogen-powered trains
e Maritime Applications: Hydrogen ferries and Fuel cell vessels

e Aviation Applications: Hydrogen-powered aircraft development projects

3.3.4. Fleet Energy Management Systems

Fleet management optimizes hydrogen consumption and operational efficiency. The key

functions include:



e Vehicle monitoring
o Fuel tracking
o Refueling scheduling

e Predictive maintenance

Table 3.3 Performance Indicators

KPI Description

Fuel Consumption kg Hkm
Availability Operational uptime
Cost Efficiency Cost/km

Emissions Reduction CO: avoided

3.4. Industrial Hydrogen System Case Studies
Industrial applications currently represent the largest hydrogen market globally.
3.4.1. Hydrogen in Manufacturing Industries
a) Steel Production: Hydrogen replaces coke in direct reduction processes.
Benefits:

e Significant CO2 reduction

e Improved sustainability
b) Chemical Manufacturing: Hydrogen is used for:

e Ammonia production

e Methanol synthesis

e Refinery operations
¢) Glass and Cement Industries: Hydrogen assists in reducing combustion emissions.
3.4.2. Backup Power Applications

Fuel cells provide highly reliable backup power. Common applications areas include:

o Data centers
o Hospitals
e Telecommunications
e Airports
Benefits
e Fast response time

e Low emissions



e Reduced noise
Example Case
Telecommunications tower powered by:
e Solar PV
e Hydrogen storage
e Fuel cell backup
Result: Continuous operation during grid outages.
3.4.3. Hydrogen Microgrid Systems
Hydrogen microgrids integrate renewable generation, storage, and backup power. Main
components of hydrogen microgrid systems include solar PV, wind turbines, battery storage,
electrolyzer, hydrogen storage and fuel cell system.
Operational Strategy
Excess Renewable Energy: Used for hydrogen production.

Low Renewable Output: Fuel cell generates electricity from stored hydrogen.

Benefits
o Enhanced resilience
o Long-duration energy storage
o Energy independence
3.4.4. Industrial Decarbonization Projects
Hydrogen is increasingly deployed to reduce industrial carbon emissions. The decarbonization
pathway is shown in the flowchart in figure below.
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Figure 3.3 Hydrogen Microgrid Case Study
Example industries: Steel, chemicals, fertilizers, mining and cement
Success Factors
o Renewable energy availability
e Economic competitiveness
o Policy incentives

o Infrastructure readiness

3.5. Technical Documentation and Reporting

Professional documentation ensures project quality, regulatory compliance, and effective

stakeholder communication.



3.5.1. Engineering Drawings and Schematics
Engineering drawings communicate system design details. Common drawings are:
a. Process Flow Diagram (PFD): Shows major equipment and process flow.
b. Piping and Instrumentation Diagram (P&ID): Shows valves, sensors and control systems.
c¢. Electrical Single-Line Diagram.: Shows electrical connections and protection systems.
d. Layout Drawings: Shows equipment locations and site arrangement.
Best Practices
e Use standard engineering symbols
e Maintain version control
e Follow applicable standards
3.5.2. Technical Report Preparation

A technical report documents project findings and recommendations. Standard structure of a
technical report document:
1. Executive Summary
Introduction
Project Objectives
Methodology
Design Calculations
Results
Economic Analysis

Risk Assessment

A T AT o

Conclusions

10. References
Writing Guidelines

e C(lear and concise language

« Evidence-based conclusions

e Professional formatting

e Accurate technical terminology
3.5.3. System Specification Documentation

Specifications define equipment and system performance requirements. The typical contents
of system specific documentation are:

o Equipment ratings



e Operating conditions

o Safety requirements

o Performance guarantees

o Maintenance requirements
Example Specification
Electrolyzer:

o Capacity: 1 MW

e Efficiency: 70%

o Purity: 99.999%

e Pressure: 30 bar
3.5.4. Project Presentation Techniques
Effective presentations communicate technical information to stakeholders.
Presentation Structure

1. Problem Statement

2. Project Objectives

System Design

>

Technical Analysis
5. Economic Evaluation
6. Environmental Benefits
7. Conclusions
Best Practices
o Use diagrams and visual aids
e Focus on key findings
e Quantify benefits

e Address risks and mitigation measures

3.6. Chapter Summary

This chapter integrated all advanced hydrogen engineering concepts into practical project
development and real-world applications. Learners explored project planning methodologies,
renewable hydrogen system design, transportation infrastructure, industrial applications,
microgrid deployment, and professional engineering documentation. These competencies
enable engineers and energy professionals to design, evaluate, communicate, and manage

complex hydrogen energy projects in commercial and industrial environments.



End of Chapter Review Questions

1.

10.

Define hydrogen energy project planning and explain why it is important for successful
hydrogen project implementation.

Identify and briefly explain the four major stages involved in planning a hydrogen
energy project.

Differentiate between a grid-connected hydrogen system and a standalone hydrogen
system. Provide one application example for each.

A hydrogen production facility is required to produce 250 kg of hydrogen per day. If
the electrolyzer consumes 52 kWh per kg of hydrogen, calculate the daily electricity
demand.

Explain how a hybrid renewable hydrogen system combining solar and wind energy
can improve hydrogen production reliability compared to a solar-only system.
Develop a conceptual layout for a solar-hydrogen energy system showing the major
components from electricity generation to final energy use.

Discuss the key technical and safety requirements that must be considered when
designing a hydrogen refueling station.

A remote community experiences frequent power interruptions. Propose a hydrogen
microgrid solution and identify its major components and operational strategy.
Evaluate the benefits and challenges of using hydrogen fuel cells as backup power
systems in hospitals and data centers.

Industrial sectors are increasingly adopting hydrogen to reduce carbon emissions.
Explain how hydrogen can support industrial decarbonization and identify two

industries where its impact could be significant.
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Innovation, Optimization, and Future Hydrogen System Applications

Hydrogen technologies are evolving rapidly and are expected to play a central role in the global
energy transition. This chapter explores advanced hydrogen technologies, intelligent energy
management systems, optimization methodologies, sustainable hydrogen applications,
innovation strategies, and emerging future trends. Learners will develop the ability to evaluate
next-generation hydrogen systems and propose innovative engineering solutions that improve

performance, sustainability, and economic viability.

As the final chapter of the Advanced Hydrogen Energy Systems course, emphasis is placed on

critical thinking, technology forecasting, system optimization, and future hydrogen deployment

strategies.

Learning Outcomes
After completing this chapter, learners will be able to:

o Explain advanced and emerging hydrogen technologies.

o Apply optimization techniques to improve hydrogen system performance.

o Evaluate sustainable hydrogen applications.

e Develop innovative engineering solutions for hydrogen challenges.

e Assess future hydrogen economy opportunities.

e Design conceptual next-generation hydrogen energy systems.
4.1. Advanced Hydrogen Technologies
Hydrogen technologies are moving beyond conventional production and fuel cell systems
toward intelligent, automated, and highly integrated energy solutions. Figure 4.1 illustrate
future smart Hydrogen energy system having RESs, Al Control platform, electrolyzer,
Hydrogen storage, fuel cell system, smart grid and residential, industrial, and transportation

loads

4.1.1. Smart Hydrogen Systems

Smart hydrogen systems use sensors, communication networks, data analytics, and automated
control systems to improve operational efficiency. Key characteristics include:
o Real-time monitoring

e Automated control



e Predictive maintenance
e Demand forecasting
e Self-optimization
Applications
e Smart hydrogen refueling stations
e Renewable hydrogen plants
o Hydrogen microgrids
e Industrial hydrogen facilities
Benefits
e Improved efficiency
e Reduced downtime
e Enhanced safety
o Lower operating costs
4.1.2. Al-Assisted Hydrogen Management
Attificial Intelligence (AI) is becoming an important tool in hydrogen system operation. Some
of the Al applications are presented as follows.
a) Production Optimization: Al predicts renewable energy availability, electricity prices and
Hydrogen demand and adjusts electrolyzer operation accordingly.
b) Predictive Maintenance: Machine learning algorithms analyze Temperature, pressure,
vibration and voltage fluctuations to identify potential failures before they occur.
¢) Demand Forecasting: Al predicts vehicle refueling demand, industrial hydrogen
consumption, and grid support requirements
Example: An Al-controlled hydrogen plant may increase production during periods of low

electricity prices and reduce production during peak-price periods.

4.1.3. Advanced Fuel Cell Technologies

Future fuel cells are becoming more efficient, durable, and cost-effective. Some Emerging

Technologies include:

a. High-Temperature PEM Fuel Cells
Advantages:

e Improved efficiency

o Better heat recovery

e Reduced cooling requirements



b. Solid Oxide Fuel Cells (SOFC)
Advantages:

e High electrical efficiency

o Fuel flexibility

o Combined heat and power capability
c. Reversible Fuel Cells
Functions as:

e Electrolyzer mode

e Fuel cell mode
Benefits:

e Reduced equipment costs

o Greater system flexibility

4.1.4. Digital Monitoring Systems

Modern hydrogen facilities rely heavily on digital technologies. Some of the components of
modern hydrogen systems include:

o IoT sensors
e SCADA systems
e Cloud platforms
o Digital twins
e Remote monitoring systems
e Digital Twin (DT) Technology: A digital twin is a virtual model of a physical hydrogen

system. Applications of DT technology include:

e Performance simulation
e Fault detection
e Maintenance planning

e Operator training
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Figure 4.1 Future Smart Hydrogen Energy System

4.2. Hydrogen System Optimization Strategies
Optimization seeks to maximize performance while minimizing cost and environmental
impact. Figure 4.2 illustrates the Hydrogen energy optimization framework.
4.2.1. Energy Efficiency Improvement
Major efficiency losses include:
e Electrolysis losses
e Compression losses
e Storage losses

e Fuel cell losses



Improvement Strategies
o Waste heat recovery
o High-efficiency electrolyzers
o Improved fuel cell catalysts
e Smart operational control

Example: Improving electrolyzer efficiency from 65% to 75% significantly reduces electricity

consumption per kilogram of hydrogen produced.

4.2.2. Cost Reduction Techniques

Hydrogen economics remain a major challenge.

a) Cost Reduction Approaches
e Scale-Up Production because larger systems reduce unit costs.

b) Technology Improvements: such as better catalysts, improved membranes and advanced
manufacturing

¢) Renewable Energy Integration: using low-cost solar and wind electricity reduces
hydrogen production costs.

d) Automation: Automation lowers labor and maintenance expenses.

4.2.3. Reliability Enhancement
Reliable systems ensure uninterrupted operation. Some of the reliability improvement
strategies include:

e redundant components

o predictive maintenance

e condition monitoring

e robust safety systems

Table 4.3 Reliability Metrics

Metric Description

Availability Operating time (%)

MTBF Mean Time Between Failures
MTTR Mean Time To Repair

Reliability Index Probability of successful operation




4.2.4. Smart Energy Management
Smart energy management balances energy production, storage, and consumption. It is
important for:

e load forecasting

e energy scheduling

e demand response

o hydrogen inventory management
Optimization Objective
Minimize:

o Cost

e Energy losses

e Carbon emissions
while maximizing:

e Reliability

« Efficiency

e Revenue

Data Acquisition

Monitoring System

¥

Optimization Algorithms

DecisionlEngine '

Hy‘a"rogen Production; Storage;
and Utilization Systems

Performance Feedback Laop

Figure 4.2 Hydrogen Energy Optimization Framework



4.3. Sustainable Hydrogen Applications
4.3.1 Green Hydrogen Production
Green hydrogen is produced using renewable electricity and water electrolysis. It has the
following sustainability benefits.
e Zero carbon emissions
e Reduced fossil fuel dependence
o Energy security enhancement
Global drivers to green hydrogen production:
e Climate policies
e Net-zero commitments
e Renewable energy expansion

4.3.2. Hydrogen Economy Development

The hydrogen economy represents a future energy system where hydrogen becomes a major

energy carrier. Its value chain is illustrated in figure

Hydrogen Value Chain:
Production

!
Storage

!

Transportation

!

Distribution
l
End Use
Key Sectors
e Industry
o Transportation
e Buildings

e Power generation



4.3.3. Renewable Energy Storage Systems

Hydrogen provides long-duration energy storage. It can also enables seasonal storage of
renewable energy.

Table 5.4 Comparison of Hydrogen Storages

Technology Storage Duration

Batteries Hours
Pumped Hydro Hours—Days
Hydrogen Days—Months

4.3.4. Sustainable Transportation Solutions

Applications
e Fuel cell vehicles
e Hydrogen buses
o Hydrogen trucks

e Trains
o Ships
e Aircraft

Future Potential: Hydrogen is expected to play a major role in hard-to-electrify
transportation sectors.
4.4. Innovation and Engineering Problem Solving
Innovation drives hydrogen technology advancement.
4.4.1. Creative Engineering Approaches
Engineers must develop solutions for:

e Cost reduction

e Safety enhancement

e Infrastructure expansion

o System efficiency
Innovation Sources

o Emerging technologies

e Cross-disciplinary collaboration

o User-centered design

o Sustainability goals



4.4.2. Design Thinking Techniques

Five Stages
1. Empathize
2. Define
3. Ideate
4. Prototype
5. Test

Challenge: The main challenge is to reduce hydrogen refueling time. Possible solutions
include:

e advanced dispensing systems

e smart pressure management

e Al-assisted fueling control
4.4.3. Research and Development Concepts
R&D Objectives:

o Technology advancement

e Performance improvement

o Cost reduction

e Market adoption
Research Areas

e Advanced catalysts

o New storage materials

e High-efficiency electrolyzers

e Hydrogen combustion systems

4.4.4. Prototype Development:

Prototype development transforms concepts into practical systems. The development process
is illustrated as follows:

Concept

l
Design

!

Simulation

!
Prototype

!
Testing

!



Improvement

!

Commercialization

4.5. Future Trends in Hydrogen Energy Systems
4.5.1. Global Hydrogen Infrastructure
Expected developments:

e International hydrogen trade

o Hydrogen pipeline networks

e Global hydrogen hubs

e Export-import terminals
4.5.2. Smart Hydrogen Cities
Future smart cities may integrate:

e renewable energy systems

e hydrogen production plants

o fuel cell transportation

e smart grids

e hydrogen microgrids
Benefits

o Low carbon emissions

e Improved energy resilience

e Sustainable urban development
4.5.3. Industrial Hydrogen Expansion

Hydrogen deployment is expected to increase in steel production, chemical manufacturing,

mining, cement production and maritime logistics.

4.5.4. Future Energy Transition Technologies
Emerging technologies include:

e Hydrogen-powered aviation

o Hydrogen gas turbines

e Artificial photosynthesis

o Offshore hydrogen production

e Power-to-X technologies

o Hydrogen-based synthetic fuels



The complete future hydrogen ecosystem including renewable energy, Hydrogen production,
storage, transportation, industrial use, mobility applications, power generation, smart cities and

communities is illustrated in Figure 4.3.
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Figure 4.3 Future Hydrogen Economy Ecosystem

Practical and Project Activities
Activity 1: Conceptual Hydrogen System Design

e Develop a conceptual hydrogen energy solution for a selected community or industry.
Activity 2: Fuel Cell and Electrolyzer Simulation

e Use simulation software to evaluate system performance.

Activity 3: Hybrid Renewable Hydrogen Modeling



e Model solar-wind-electrolyzer systems and evaluate energy flows.
Activity 4. Hydrogen Storage Optimization
e Determine optimal storage capacity for specified demand scenarios.
Activity 5: Industrial Case Study Analysis
e Evaluate real-world hydrogen deployment projects and lessons learned.
Activity 6: Hydrogen System Troubleshooting Project
e Diagnose and resolve operational issues in integrated hydrogen systems.
Activity 7: Engineering Report and Presentation
e Prepare a professional technical report and stakeholder presentation.
Activity 8: Capstone Integrated Hydrogen Energy System Design Project
e Design a complete hydrogen energy system including:
v Renewable generation
v Hydrogen production
v Storage
v" Transportation or industrial utilization
v Safety systems
v Economic evaluation

v Sustainability assessment

4.6. Summary

This final chapter positions learners beyond hydrogen system operation and design toward

innovation, optimization, and strategic leadership. By integrating advanced technologies,

artificial intelligence, digitalization, sustainability principles, and future energy transition

concepts, learners gain the competencies required to contribute to next-generation hydrogen

energy systems, industrial decarbonization initiatives, smart energy infrastructures, and the

emerging global hydrogen economy.

End of chapter review questions

1. Define a smart hydrogen system and describe two characteristics that distinguish it from

conventional hydrogen systems.

2. Explain the role of Artificial Intelligence (AI) in hydrogen energy system management.

3. What is a digital twin, and how can it improve the operation and maintenance of

hydrogen facilities?



10.

Identify three areas within a hydrogen production plant where optimization techniques
can improve overall system efficiency.

Discuss the advantages of advanced fuel cell technologies over conventional fuel cell
systems.

A hydrogen production facility experiences high operational costs due to fluctuating
electricity prices. Explain how Al-assisted energy management could help reduce
production costs.

Develop a conceptual framework for a smart hydrogen city integrating renewable
energy generation, hydrogen production, storage, transportation, and digital energy
management systems.

Compare hydrogen energy storage systems and battery energy storage systems in terms
of storage duration, scalability, and application suitability.

Propose an innovative engineering solution that could improve the efficiency, safety, or
economic viability of future hydrogen energy systems.

Hydrogen is expected to play a significant role in achieving global net-zero emissions
targets. Discuss the opportunities and challenges associated with establishing a large-

scale hydrogen economy by 2050.



