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Abstract

The integrating fuel cell technology (PEMFC) into residential grid systems increases efficiency, reliability,
and environmental sustainability. In this paper, the demand response and dynamic pricing strategies are
simulated on a PEMFC based distributed system into a customized IEEE 4-bus system are proposed, a
comprehensive simulation study to evaluate the performance of the system under various operational
conditions. The analysis focuses on comparing energy output, operational costs, NOx and water vapor
emissions, load profiles, and demand response over time. The results provide valuable insights into the
feasibility and benefits of PEMFC integration for residential grid systems.
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. INTRODUCTION

As global energy demand grows, the need for clean,
efficient, and reliable power systems becomes
increasingly important, particularly in residential
sectors.  Hydrogen, as a versatile and
environmentally friendly energy carrier, presents a
promising solution. This paper explores on
hydrogen-based power generation technologies,
Proton Exchange Membrane Fuel Cells (PEMFCs).
Hydrogen-based power systems offer the potential
for zero-emission energy generation, aligning with
global efforts to reduce carbon footprints and
mitigate climate change. PEMFCs, known for their
high efficiency and clean operation, are increasingly
considered for residential and commercial power
applications. Hydrogen combustion systems, though
less efficient, provide a simpler and potentially more
cost-effective alternative. Understanding the trade-
offs between these technologies in terms of
efficiency, cost, environmental impact, and
operational feasibility is crucial for advancing
sustainable residential energy solutions.

Il. LITERATURE REVIEW

This study explores the impact of micro-porous
layers on the performance and flooding behavior of
PEM fuel cells, offering insights into efficiency and
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durability improvements. It provides both numerical
simulations and experimental data to optimize fuel
cell design for better water management and
performance. This research explores the impact of
innovative flow field designs on Proton Exchange
Membrane Fuel Cell (PEMFC) performance, aiming
to enhance efficiency and water management. It
provides valuable insights for advancing PEMFC
technology and improving operational stability. [1]
This study highlights the impact of reaction
parameters on Proton Exchange Membrane Fuel Cell
(PEMFC) performance, revealing the synergistic
effects through power curve. 4. Recent advances in
Proto Exchange Membrane Fuel Cells (PEMFC)
focus on enhancing efficiency, durability, and cost
reduction, enabling wider adoption in clean energy
applications. However, challenges remain in
improving catalyst performance, material stability,
and scaling for large scale use. [2]

Recent advancements in Proton Exchange
Membrane (PEM) fuel cells have focused on
improving  efficiency, durability, and cost-
effectiveness, making them a key technology for
sustainable energy solutions. These developments
are crucial for advancing clean energy adoption in
transportation and stationary power generation. The
significance of demand response (DR) in sustainable
energy systems lies in its ability to balance supply
and demand, integrate renewable energy, and
enhance grid stability. DR helps optimize energy
usage, reduce costs and minimize reliance on fossil
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fuels. By aligning consumer behavior with grid
needs, it supports a more sustainable and resilient
energy infrastructure. [3]

In PEMFCs, demand response (DR) is implemented
by dynamically adjusting power output based on
grid demand through modulation of hydrogen and
air supply. This integration improve efficiency,
supports renewable energy, and reduces carbon
emissions. Key factors influencing durability include
mechanical degradation from hydro thermal
variations, chemical degradation from radical
formation, and the interplay between these
mechanisms under varying operating conditions. [4]
The performance analysis reveals that 46.44% of
energy demand is met by the PEMFC based dis
tributed generation system, with significant
contributions from PV and wind energy sources.
Proton exchange membrane fuel cells can efficiently
generate power in grid-connected  systems,
enhancing distributed generation through improved
energy management and integration with renewable
sources. [5]

The study presents a state machine control strategy
for a PV-PEMFC-battery system, enhancing
efficiency by 2.3% and maintaining a power supply
with 96.5% reliability under varying conditions.
PEMFCs serve as reactors for producing chemicals
while co-generating electricity, impacting gas
separation, water treatment, and energy utilization
through mild conditions and high product
selectivity.[6]

Some properties of a fuel cell are considered critical,

such as flow rate, and pressure of air and fuel, since
the performance of a fuel cell directly depends on
these properties. A simplified model of a specific
type of PEMFC was analysed for simulation setup
by Atmel et al. Pressure and flow rate of a PEMFC
were measured by Lee et al. using micro-sensors,
whereas a fuel and air supply pressure were varied in
to observe the behaviour of the PEMFC. Summarize
nine groups of PEMFC system control strategies.
Control complexity, robustness, and accuracy are
summarized and evaluated. [7]

Each morphological change associated to PEM fuel
cell break- in is detailed. All ex-situ and in-situ
activation methodologies are reviewed. The research
primarily ~ focuses on enhancing PEMFC
performance through a hybrid storage system. This
research paper explores the integration of a Proton
Exchange Membrane Fuel Cell (PEMFC) with a
Hybrid Energy Storage System (HES). [8]

1. OBJECTIVES

1. Model and Simulate the IEEE 4-Bus System.
2. Integrate Demand Response Mechanisms.

3. PEMFC’s efficiency and its performance
System Behavior through plots.

IV. SYSTEM CONFIGURATION

Bus | Bus 4
Gl L PEMFC
Load4 ¢ Load 3
4
Bus 3
Load | Load 2
Figl. 4 bus system with generator 1 and PEMFC

The 4-bus system in the context of PEMFC
(Proton Exchange Membrane Fuel Cells)
refers to a power distribution strategy.

It involves dividing the fuel cell system into
four primary sections: the air supply, fuel
supply, power output, and thermal
management. Each "bus" is responsible for
managing specific energy flows to optimize
the overall efficiency and stability of the
PEMFC.

This approach help balance load, improve
performance, and ensure reliable operation
in fuel cell systems.

V. METHODOLOGY

Model and Simulate the IEEE 4-Bus
System: Simulate the 4-Bus system using
panda power library in python to assess
baseline grid behaviour, analysing metrics
like voltage, power flow, and stability.
Integrate Demand Response Pricing :
Implement demand response strategies to
align energy demand with PEMFC output,
optimizing grid performance and reducing

peak loads.
Evaluate PEMFC Efficiency  and
Performance: Model PEMFC operation,

analysing its efficiency, fuel utilization, and
output power under different conditions,
possibly integrating energy storage for
better performance.
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A. ALGORITHM:

Step 1: Initialize Network: Create an IEEE 4-bus
network buses, lines, generators, and loads. Setup
generators as controllable elements and define slack
buses using pandapower library.

Step 2: Define Time Series: Define time series for
loads dynamic pricing, and demand response over 24
hours.

Step 3: Simulate for Each Time Step: For each hour,
update the loads based on demand response and run
the power flow calculation.

Step 4: Collect Data: Collect energy output,
operational costs, emissions (Nox, water vapor), and
load profiles for each time step.

Step 5: Plot Results: Generate plots for each variable
over time to visualize system behaviour.

A. MATHEMATICAL MODELLING:
1. Energy Output Calculation:

Energy output from generators in the system is
calculated as per equation (1)

E gen = n} i=1 P gen, i (MW) (D)
Where P gen, i is the power output from the i-th
generator in megawatts (MW), and n is the total
number of generators.

2. Operational Costs:

Operational costs are calculated based on
dynamic pricing and total energy output over
time as per equation (2)

Cost = P gen * Price (USD) 2

Where Price is the dynamic price of electricity
at each time step, and P gen is the energy
generated at that time.

3. NOx Emissions

NOx emissions are proportional to the energy
produced by the generators as per equation (3)

NOx Emissions = P gen* 0.1 (kg NOx)  (3)

Assuming a constant factor of 0.1kg NOx per
MW of energy generated.

4.  Water Vapour Emissions

Water vapour emissions from hydrogen-based

generators (PEMFC) are proportional to the energy
output as per equation (4)

H20 Emissions = P gen * 8.93 (kg H20) 4)

Where 8.93 kg of water vapour is produced per MW
of energy.

5. Load Profiles

Load profiles are determined based on time-series
data representing the demand across different buses.

VI.RESULTS AND DISCUSSION

e Energy Output Over Time (Top-left):
This graph shows the total energy output
(in MW) of the system over a 24- hour
period. The energy output appears to
fluctuate over time, with variations likely
driven by changes in demand response or
dynamic pricing. The peaks in the energy
output suggest times when either demand or
pricing may have incentivized more power
generation to meet higher loads or take
advantage of lower prices.

e Operational Costs Over Time (Top-
right):  This graph illustrates the
operational costs (in USD) over time,
which depend on both the energy output
and the dynamic pricing.

o NOx Emissions Over Time (Middle-left):
The NOx emissions (in kg) graph shows the
emissions generated by the system over
time. These emissions are directly
proportional to the amount of energy
produced, with higher energy outputs
leading to higher NOx emissions.

e Water Vapor Emissions Over Time
(Middle-right): This graph shows the
water vapor emissions (in kg), which are

www.trendytechjournals.com 36



Volume 9 Proceedings of NCIES-25

HTRET International Journal of Trendy Research in Engineering and Technology
"Vokaaf Imovatie inds edings of NCIES 25

specific to hydrogen-based systems like
PEM- FCs. Since the PEMFC emits water
as a by product, this graph measures how
much water vapor is released based on the
amount of hydrogen consumed in power
generation.

Load Profiles and Demand Response
Over Time (Bottom-left): This plot shows
two things: the load profile and the demand
response over time (both in MW). The blue
line represents the base load profile, which
is the electricity demand before any
adjustments.

Dynamic Pricing Over Time (Bottom-
right): This graph shows the dynamic

pricing (in $/MWh) over the 24-hour period.

Dynamic pricing fluctuates based on grid

conditions, demand, and energy availability.

VII. CONCLUSION

Sustainable energy management in a 4-bus
system using Proton Exchange Membrane
Fuel Cells (PEMFCs) improves efficiency,
reduces environmental impact, and
enhances energy reliability. PEMFCs offer
a clean power source, minimizing
greenhouse gas emissions and reducing
dependence on fossil fuels. Their high
efficiency at varying loads ensures optimal
energy use, particularly in off-grid or
remote areas.

PEMFCs also provide cogeneration,
offering both electricity and heat for
increased energy efficiency. Future work
may focus on advanced control strategies
for better load distribution, optimizing fuel
cell performance, and improving hydrogen
production and storage technologies.
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