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Preface

Sustainable energy systems is one of the Master’s in Engineering system’s elective modules at
HAN University of Applied Sciences. As part of a minor project in this module, a group of stu-
dents have chosen the project Energy Independent System for Residents at the Rosandepolder
in order convert the community of Rosandpolder into self sustainable energy independent.
The students were successful to deliver the model of the system designed for achieving energy
independence with the help of Karl Wallkum and Meil Stapel as their project supervisor and
Hans Meerman as an advisor from HAN University of Applied Sciences. The project group
would also like to acknowledge the residents of Rosandepolder for their enthusiasm and efforts
in supporting the project’s success.

I



Summary

The objective of this project is to design an energy-independent system for the Rosandepolder
community by integrating renewable energy sources with battery and hydrogen-based storage
solutions. The goal is to create a self-sustainable energy system that meets the community’s
energy demands while aligning with sustainability goals and reducing reliance on fossil fuels.
The methodology involved a comprehensive analysis and simulation of different energy scenar-
ios using solar photovoltaic (PV) panels and wind turbines as primary energy sources. Three
scenarios are analyzed: Scenario 1, which utilized only PV panels; Scenario 2, which combined
PV panels with a wind turbine; and Scenario 3, which accounted for additional heating needs
using heat pumps. The study focused on determining the optimal specifications for the energy
storage components, including battery capacity, hydrogen electrolyser capacity, hydrogen stor-
age capacity, and fuel cell capacity. The system’s economic feasibility was assessed through net
present value (NPV) and payback period calculations.
The conclusions drawn from the study indicated that integrating solar PV panels and wind
turbines was the most effective combination of renewable energy sources. The optimal battery
capacity ranged from 300-700 kWh, depending on the scenario, with lithium-ion technology
being preferred. The hydrogen storage system, with an electrolyser capacity of 100-140 kW
and a storage capacity of 8,000-26,000 litres, ensured long-term energy storage, while the fuel
cell capacity ranged from 45-70 kW. Scenario 2 presented the best economic outcome with a
positive NPV and the shortest discounted payback period, indicating economic sustainability.
Overall, the project demonstrated that an energy-independent system for the Rosandepolder
community is technically and economically feasible through the strategic integration of solar
PV, wind energy, and hybrid storage solutions, successfully meeting energy demands and con-
tributing to sustainability goals.
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1 Introduction

1.1 Background

The Rosandepolder community is committed to attaining energy independence, understanding
the crucial part that plays in promoting sustainability and resilience to the rising environmen-
tal problems and energy limitations. This move towards independence contributes the energy
transition and also align with the Dutch government’s policy to cut greenhouse gas (GHG)
emissions by 49% by 2030 and by 95% by 2050 (van Economische Zaken en Klimaat, 2019).
The concept of energy independence lead us to the need for renewable energy sources to pri-
marily cater for our energy needs (Dwivedi, Sudhakar, Soni, Solomin, & Kirpichnikova, 2020).
These non-conventional sources include solar, wind, tidal and biomass energy. Solar technology
stands out among these because it is readily available and produces clean energy (Parthiban &
Ponnambalam, 2022)
Each of these sustainable energy sources offers unique advantages and challenges, and the selec-
tion of energy sources for an energy-independent system should consider factors such as resource
availability, reliability, environmental impact, and technological feasibility(Jacobson, 2009).
Achieving complete energy independence through sustainable energy sources requires overcom-
ing the significant challenge of energy storage. This entails ensuring that sufficient energy is
stored within the system to provide power even during periods and throughout seasons when
the sun isn’t shining or the wind isn’t blowing thereby ensuring flexibility and reliability in pow-
ering households. Thus,integrating multiple renewable energy sources and implementing energy
storage solutions can help mitigate the limitations of individual energy sources and ensure a
reliable and sustainable energy supply(Dı́az-González, Sumper, Bellmunt, & Villafafila-Robles,
2012).
Rosandpolder community is a group of 43 beautiful floating houses build over the water lo-
cated south of southeast of Oosterbeek just east of the Arnhem-Nijmegen railway line in the
Netherlands (Rosandepolder , 2023). The residents of the Rosandpolder community are willing
to establish the energy independent system. As a result, a team of sustainable energy sys-
tems engineering students at HAN University of Applied Sciences has accepted the challenge
to design and deliver the optimal self-sustainable solution to meet the energy demand of the
Rosandpolder community.

The project location is as shown in the figure 1 below:

Figure 1: Google Map view of Rosandpolder community (Project Location)
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1.2 Problem definition

The type of renewable energy sources and its quantity dictates the configuration and specifi-
cation of hydrogen combined with battery based energy storage system. To create a energy
independent system for the community of Rosandpolder, the energy production , storage and
usage should be balanced. This will be the main focus of this project , where it is unclear what
types and quantity of renewable energy sources integrated with what size and specifications of
battery and hydrogen based energy storage will be sufficient enough to fulfil the energy demand
of the community of Rosandpolder. Additionally, project also determines whether the overall
system is economically viable or not. The diagram in figure 2 represents the major compo-
nents of the total system. The aim of the project is to design a solution that eliminates the
community’s reliance on the national grid.

Figure 2: Schematic diagram of major components of the proposed system(Edited in canva.com,
n.d.)
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1.3 Project objectives

The project’s primary objective is to design a self-sustainable energy system for the Rosande-
polder community, focusing on balancing energy production and storage for fulfilling the energy
demand. For this, following sub-objectives should be achieved:

1.3.1 Sub-objectives

1. Collect and analyse the current energy production and demand of the community.

2. Analyse and predict the future energy demand of the community.

3. Determine the appropriate types and quantities of renewable energy sources.

4. The specification and sizing of battery and hydrogen-based energy storage systems.

5. Evaluate the economic feasibility of the developed solution.

1.4 Research question

The research question of the project is as follows.
What is the ideal combination of energy sources integrated with battery and hydrogen based stor-
age, to have an energy independent system for the Rosandepolder?

The following research sub-questions will help answer the main research question.

1.4.1 Research Sub-Questions

1. What is the current energy demand and production of the client?

2. What is the type and optimal number of energy sources to meet the energy requirements
of the client?

3. What is the optimal specification and size of the battery storage?

4. What is the optimal specification and size of hydrogen electrolyser?

5. What is the optimal specification and size of the hydrogen storage tank?

6. What is the optimal specification and size of hydrogen fuel cell?

7. Is the solution economically viable?

1.5 Outline of the Minor Project Report

Chapter 2 discusses the literature review. Chapter 3 describes the complete methodology re-
garding the mathematical modelling and all the involved differential equations. Chapter 4
describes scenarios of simulation and its corresponding results and validation of results. The
conclusion is given in chapter 5. Finally the recommendations resulting from the project are
summed up in chapter 6. At the end the references and appendices can be found.
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2 Literature Survey

To begin with, literature survey is performed to gain understanding of the concepts, how hy-
drogen based off-grid system work and requirement of transition to independent system.

2.1 Off-grid electricity system and its importance in energy transition

Renewable electricity production in the Netherlands is on a swift upward trajectory each year.
In 2023, it surged by 21 percent compared to the previous year. This growth coincided with a
decline in the proportion of electricity generated from fossil fuels. Additionally, the Netherlands
achieved record-high electricity exports to neighbouring countries. Notably, in 2023, 48 percent
of electricity was generated from renewable sources such as solar, wind, and water (Netherlands,
2024) as shown in figure (3) below. For the Netherlands, this trend of increase in renewable
energy production is in line with (van Economische Zaken en Klimaat, 2019), which in alignment
with international Paris Agreement (for Climate & Solutions, 2019).

Figure 3: Electricity production by source (Netherlands, 2024)

However, this increase in renewable electricity production impose challenges regarding electricity
supply demand mismatch and grid instability (Nortier et al., 2023). The difference between
energy demand and supply may lead to instances of electricity grid overload during summer or
daytime periods, as well as potential energy supply deficits during winter, cloudy days, or night-
time, creating a mismatch between energy demand and supply (Mertens, 2022). And, the grid
instability is because these forms of renewable energy lack the rotational inertia characteristic of
traditional synchronously-connected generators, potentially leading to decreased overall stability
of the grid (Johnson, Rhodes, & Webber, 2020).
A solution to both of the problem is the development of micro-grids: localized energy grids
capable of managing supply and demand through the utilisation of available energy resources
(Metabolic, 2020). For only electricity under consideration, specially with PV only as renewable
source three types of system can be implemented : 1) grid-tied system, 2) off-grid system, 3)
hybrid system (Hyder, n.d.). As name suggests off-grid system has no connection to the national
grid at all also called as standalone system.
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2.2 Renewable energy sources

The amount renewable energy in account for total energy consumption in the Netherlands is
increasing per year. In 2022, share of renewable energy in total national energy consumption
was 15% as shown in figure 4. And among energy sources solar energy consumption increased
by 45% and wind energy consumption by 13% in 2022 as shown in figure (5) (Netherlands-
Statistics(CBS), 2023)

Figure 4: Share of renewable energy in
total energy consumption (Netherlands-
Statistics(CBS), 2023)

Figure 5: Wind and solar energy consumption
(Netherlands-Statistics(CBS), 2023)

2.2.1 Photovoltaic panel

The fundamental principle behind solar photovoltaic (PV) energy lies in the direct conversion
of sunlight into electricity by the PV effect using solar cells (El Hammoumi, Chtita, Motahhir,
& El Ghzizal, 2022).The research of modelling the dynamic behaviour of PV Power generation
includes different factors like accurately capturing the effects of solar irradiance, temperature
and other environmental factors (Parthiban & Ponnambalam, 2022). The amount of sunlight
that hits a solar panel is one of the biggest factors in how much electricity it can produce. Other
main factors are panel and system characteristics, roof orientation and panel’s age (Lane, n.d.).

2.2.2 Wind Turbine

The fundamental principle of wind turbines lies in the conversion of the mechanical power of
the wind to electrical power considering the aerodynamic power efficiency, mechanical efficiency
and generator efficiency (Thapar, Agnihotri, & Sethi, 2011). In practice, wind turbines are
unable to harness more than 59.3% of the energy present in the wind, a limitation referred to
as the Betz limit (Carriveau, 2011). The characteristics of the blades play a crucial role in
determining the energy extractable from the wind. Therefore, enhancing the performance of a
wind turbine blade directly boosts the efficiency of the wind turbine (YİĞİT, 2017).
Wind turbines can be classified as low-speed or high-speed based on their design and operating
characteristics. Low-speed turbines have longer blades, lower cut-out speeds around 12-13 m/s,
and generate more power at lower wind speeds, while high-speed turbines have higher cut-out
speeds around 25-30 m/s and are optimized for higher wind speeds (Munguia, 2023).
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2.2.3 Biomass

Biomass can be used to generate electricity through various conversion processes, including
combustion, gasification, biological digestion, or fermentation (Dimpl, 2010). One approach
is to combust biomass directly to produce steam, which can then drive a turbine to gener-
ate electricity, similar to conventional thermal power plants (McKendry, 2002). Alternatively,
biomass can be gasified to produce a combustible gas, which can fuel gas engines or turbines
for electricity generation (Roman, Barwicki, Hryniewicz, Szadkowska, & Szadkowski, 2021).
Biological processes like anaerobic digestion can convert biomass into biogas, which can then
be used for electricity production (Dimpl, 2010). The choice of conversion technology depends
on factors such as the type of biomass, desired energy form, and overall conversion efficiency
(McKendry, 2002). While combustion releases all the available chemical energy, the overall
efficiency of converting biomass to electricity can vary from 10-40%, depending on the plant
size and technology.

2.3 Energy storage

Energy storage systems for off-grid applications typically involve battery banks, often lithium-
ion or lead-acid batteries, to store energy from renewable sources like solar panels and supply
power when generation is low (KIJO Battery , n.d.). Incorporating hydrogen storage through
water electrolysis and fuel cells can enhance system reliability and reduce overall costs by around
30% compared to using only batteries (Noro & Uchiyama, 2021).

2.3.1 Battery Energy Storage System

Batteries are one of the most used energy storage technologies available on the market. The
energy is stored in the form of electrochemical energy, in a set of multiple cells, connected in
series or in parallel or both, in order to obtain the desired voltage and capacity (Dı́az-González,
Sumper, Gomis-Bellmunt, & Villafáfila-Robles, 2012). Battery energy storage systems (BESS)
store electrical energy in batteries for later use, enabling grid balancing, renewable energy in-
tegration, and ancillary services. Common battery types used in BESS include lithium-ion,
lead-acid, sodium-sulphur, flow batteries, and vanadium redox batteries, each with its advan-
tages and trade-offs. Lithium-ion batteries offer high energy density and long lifespan, while
lead-acid batteries are inexpensive but have lower energy density (FLEXPOWER, 2023).

2.3.2 Hydrogen Energy Storage System

Hydrogen energy storage systems involve converting surplus renewable electricity into hydrogen
gas through water electrolysis, storing the hydrogen, and then using it to generate electricity
via fuel cells or combustion when needed (Sun et al., 2023). The system typically comprises
an electrolyzer for hydrogen production, hydrogen storage tanks, and a fuel cell or turbine for
converting the stored hydrogen back into electricity. Proper sizing and operation strategies
are crucial for optimizing performance and minimizing costs of the electrolyzer, storage, and
conversion components (Miller, Peterson, Randolph, & Ainscough, 2014). These systems enable
long-term storage of renewable energy, increase grid flexibility, and provide a means for sectoral
integration of energy systems (Melaina, Antonia, & Penev, 2013).
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3 Methodology

In this chapter, the methods employed to obtain the results are described, providing a compre-
hensive overview of the systematic approach adopted for data collection and analysis.

3.1 Description of Proposed System

The schematic diagram in figure (2) depicts an energy-independent system incorporating three
key components: Renewable energy sources, hydrogen energy system, and battery energy stor-
age system. The photovoltaic panels harness sunlight and wind turbine harness wind energy to
generate electricity, providing a renewable and sustainable energy source. The hydrogen system
is responsible for converting surplus electricity from the PV panels/wind turbine into hydrogen
through electrolysis, which can be stored and later used to produce electricity through fuel
cells or for other applications when solar or wind energy is not available. The battery system
complements this setup by storing excess electricity for use during periods of low solar energy
production or at night. Together, these components form a comprehensive and reliable energy
solution for the client.

3.1.1 Photovoltaic (PV) panel

A typical photovoltaic panel consist of photovoltaic solar cell, front glass, back-sheet, encapsu-
late material, frame and junction box as shown in the figure(6).

Figure 6: Components of a typical PV module (EcoProgetti, 2021)

There are mainly three different types of solar panels commercially available for solar projects:
monocrystalline, polycrystalline and thin film (Lane, n.d.) as shown in figures (7), (8),(9) below.
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Figure 7: Monocrystalline
(Lane, n.d.)

Figure 8: Polycrystalline
(Lane, n.d.)

Figure 9: Thin film (Lane,
n.d.)

Given that monocrystalline solar panels exhibit the highest efficiency range, typically between
17% and 22%, surpassing polycrystalline (15% to 17%) and thin film (10% to 13%) panels
(Lane, n.d.), this project has chosen monocrystalline panels for study. The photovoltaic cell is
the major component of the PV module that converts the sunlight into electricity. The number
of cells in a solar panel can vary from 36 cells to 144 cells. Generally for rooftop installations
60-cell or 72-cell panels are used. The project is adopting 60-cell half-cut to 120 cells solar panel
due to its potential to achieve large wattages in low cost. (Thoubboron, 2018). Assumptions
for modelling of the PV panel.

� The orientation of solar panel is at 30° slope facing south.

� The PV panel operates with the maximum power point tracking system.

Photovoltaic panel model.
The equivalent circuit of a PV cell consist of a current source, a diode, series resistance (Rs)
and shunt resistance (Rsh) is shown in figure (10).

Figure 10: PV cell equivalent circuit
(Ramos Hernanz et al., 2010)

The current produced by a single cell is given
by equations 1 and 2 (Ramos Hernanz et al.,
2010).

I = Iph − ID − Ish (1)

I = Iph − Is

[
exp

(
q(V + IRs)

nkTc

)
− 1

]
− V + IRs

Rsh

(2)
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The cell temperature (Tc) depends upon the ambient temperature and solar irradiation as given
by (Tian, Mancilla-David, Ellis, Muljadi, & Jenkins, 2012).

Tc = Tamb + (NOCT − 20°C)
G

GNOCT
(3)

The generating power of the PV model is given by equation (4) (Hassan, Jaszczur, & Przenzak,
2017), (B. Li, 2018a)

PPV = NPV fPV PSTC
G

GSTC
(1− αp (Tc − Tc,STC)) (4)

3.1.2 Wind Turbine

A wind turbine consists of a rotor mounted on a nacelle, which sits at the top of the tower.
The rotor has two or more blades that are mechanically connected to an electric generator.
A gearbox within the turbine assembly converts the slower rotational speeds of the rotor into
higher speed as needed by the electric generator(Manyonge, Manyala, Onyango, & Shichika,
2012). The components of the horizontal axis wind turbine is shown in figure (11).

Figure 11: Components of a horizontal axis
wind turbine (Christ & Abeykoon, 2015)

Figure 12: Typical power curve of a wind tur-
bine (Teyabeen et al., 2019)

Wind Turbine model.
A typical power curve of a wind turbine can be seen in figure (12). The power extracted from
a wind turbine at any wind speed (v) is given by equation (5) (Abo-Khalil, Alyami, Sayed, &
Alhejji, 2019), (Manyonge et al., 2012).

PWT =
1

2
ρAV 3

wCp (5)

Betz limit / Power coefficient (Cp) =
(1 + λ)(1− λ2)

2
(6)

λ =
blade tip speed

wind speed
=
Vd
Vw

(7)

Blade tip speed =
angular speed of turbine(ω)×R

wind speed
(8)

The wind speed at different altitudes is given by equation (9) (Abo-Khalil et al., 2019).

V2
V1

=

(
h2
h1

)α

(9)
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Table 1: Wind shear index for various terrain (Abo-Khalil et al., 2019)

The data sheet of a wind turbine taken for this project is attached in appendix C. The data
sheet contains the power generated at various wind speed. The linear model is adopted for this
project where the relationship between the power output at any wind speed can be calculated
by linear interpolation as given by equation (10).

PWT (V ) = P1 +
P2 − P1

V2 − V1
(V − V1) (10)

3.1.3 Hydrogen Electrolyser

Alkaline and PEM (Proton Exchange Membrane) electrolyser technologies are currently com-
mercially available on the market, whereas SOEC (solid oxide electrolyzer cell) and anion ex-
change membrane technologies are in the process of advancing and maturing (Iea, n.d.). So, this
project is adopting the alkaline electrolyser based on its superiority in life time and hydrogen
production rate in comparison to PEM electrolyser.

Table 2: Comparison of specifications between PEM and Alkaline Electrolyser

Adopted from (El-Shafie, Kambara, & Hayakawa, 2019)

Specifications Alkaline Electrolyser PEM Electrolyser

Cell temperature (°C) 60 - 80 50 - 80

Cell pressure (bar) <30 <30

Current density (A/cm2) 0.2 - 0.4 0.6 - 2.0

Cell voltage (V) 1.8 - 2.4 1.8 - 2.2

Power density (W/cm2) Up to 1.0 Up to 4.4

Voltage efficiency (%) 62 - 82 67 - 82

Specific system energy consumption
(kWh/Nm2)

4.5 - 7.0 4.5 - 7.5

Partial load range (%) 20 - 40 0 - 10

Cell area (m2) <4 <300

Hydrogen production (Nm2/hr) <760 <30

Stack lifetime (hr) <90,000 <20,000

System lifetime (yr) 20 - 30 10-20

Hydrogen purity (%) >99.8 99.999

Cold start-up time (min) 15 <15
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In an alkaline electrolyzer, electrical energy serves as the driving force for chemical reactions.
Water molecules (H2O) can be split into hydrogen (H2) and oxygen (O2) gas via an electro-
chemical process involving the passage of direct current through electrodes. Typically, the
electrolyte used is a potassium hydroxide (KOH) solution, usually containing 20 to 40% by
weight, which enhances the ionic conductivity required for the electrolysis process (De Silva &
Middleton, 2017). Figure (13) below shows the overall working mechanism of alkaline electrol-
yser. The electrochemical reaction that takes place in the alkaline electrolyser that splits water
into hydrogen (H2) and oxygen (O2) can be represented as follows:

Cathode =⇒ 2H2O + 2e− → 2OH− +H2 (11)

Anode =⇒ 2OH− → H2O + 2e− +
1

2
O2 (12)

Total =⇒ 2H2O → H2 +
1

2
O2 +H2O (13)

Figure 13: Working principle of alkaline electrolyser (De Silva & Middleton, 2017)

Assumptions for Hydrogen Electrolyser model
The electrolyser system consist of many cells connected in series as per the desired requirement
of hydrogen production. The model for this project consist of following assumptions:

� The connected cells in series is completely identical in specification and hydrogen produc-
tion rate is same for individual cells.

� The electrolyser temperature control system is robust and operates at the constant tem-
perature of 80°C.

Hydrogen Electrolyser model
The I-V characteristics curve (Polarization curve) of a typical alkaline electrolyser can be seen
in figure (14) anf figure (15). The electrolyser cell voltage (Vcell) is increased from reversible
voltage (Vrev) due to the losses of irreversible overvoltages as shown in figure (15). The electrol-
yser cell voltage is sum of reversible voltage and other irreversible voltages as given by equation
(14) (De Silva & Middleton, 2017).

Vcell = Vrev + Vohm + Vact + Vcon (14)

Reversible voltage (Vrev) =
∆G

2F
=

237.2× 103

2× 96485
= 1.229V (15)
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Figure 14: Typical I-V characteristics of a alka-
line electrolyser cell at temperatures 20°C and
80°C. Adopted from(Øystein Ulleberg, 2003)

Figure 15: I-V characteristics and cell voltages
distribution (De Silva & Middleton, 2017)

The overvoltage due to ohmic losses are produced by the resistance of electron flow by the
components of cell such as electrodes, diaphragm and is given by equation (16) (De Silva &
Middleton, 2017) and (Øystein Ulleberg, 2003).

Ohmic overvoltage (Vohm) =
r1 + r2T

A
I (16)

The activation overvoltage (Vact) is the amount of energy required to overcome the electric
charge transfer between chemical and electrodes and is given by equation (17) (De Silva &
Middleton, 2017) and (Øystein Ulleberg, 2003).

Activation overvoltage (Vact) = s log

(
t1 +

t2
T + t3

T 2

A
I + 1

)
(17)

The concentration overvoltage (Vconc) is caused by the mass transport and in alkaline electrolyser
Vcon is very lower than Vohm and Vact and is neglected (De Silva & Middleton, 2017).
Hence final equation for Voltage of single cell (Vcell) can be written as:

Vcell = Vrev +
r1 + r2T

A
I + s log

(
t1 +

t2
T + t3

T 2

A
I + 1

)
(18)

The total hydrogen production rate in an electrolyser of (Nele−cell) numbers of cells connected
in series is given by equation 19 (Øystein Ulleberg, 2003).

ṅH2 = ηF
Nele−cellI

2F
[mol/sec] = ηF

Nele−cellI

2F
2.016× 10−3 [kg/sec] (19)

The Faraday efficiency (ηF ) is the ratio of actual hydrogen production and theoretical hydrogen
production in the electrolyser. The Faraday efficiency is given by the equation 20 (Øystein
Ulleberg, 2003).

ηF =
(I/A)2

f1 + (I/A)2
f2 (20)

The water consumption and oxygen production rates in [mol/sec] can be found by equation 21.

ṅH2O = ṅH2 = 2ṅO2 (21)

12



3.1.4 Hydrogen Storage and compressor system

Hydrogen produced by electrolyser is first stored at the low pressure buffer storage vessel which
is later compressed and sent to the high pressure tank for long term storage. Since, the long
term hydrogen storage pressure is kept 345 bar, type III storage tank is sufficient for the project.
Type III tank is made of a thick metallic liner hoop wrapped with a fiber-resin composite as
shown in figure 16 and 17.
The compressor for this project is taken as a centrifugal compressor of efficiency 85% as shown
in figure 18.

Figure 16: Type III storage tank (Cylinders,
2024)

Figure 17: Schematic diagram of type III stor-
age tank (Cheng et al., 2024)

Figure 18: Centrifugal compressor for hydro-
gen gas compression (mitsubushi heavy indrus-
tries group, n.d.)

Assumptions for modelling of Hydrogen storage and compressor system

Following assumptions are made for modelling of the hydrogen compression and storage system.

� The hydrogen flow rate from buffer tank to compressor is equal the flow rate coming out
of the electrolyser.

� The gas behaves as the ideal gas and the temperature of the gas in the tank is constant.

� Maximum allowable pressure in the hydrogen storage is 345 bar.

� The gas temperature at inlet of the compressor is at ambientc temperature.

� The compression by the centrifugal compression is isentropic compression.

Hydrogen energy storage system model.

The power consumed by the compressor during compression of hydrogen from buffer tank to
long term storage tank is given by equation (22) (J. Li et al., 2023a).

Pcomp = ṅH2CpH2

Tin
ηcomp

[(
Pout

Pin

) k−1
k

− 1

]
(22)

The internal pressure of hydrogen can be calculated from the ideal gas law as given by equation(23).

Ptank =
nH2RTtank
Vtank

(23)

nH2 =

∫ t

0
(ṅH2,in − ṅH2,out) dt (24)

ṅH2,in and ṅH2,out is the rate of hydrogen flow inside the tank and out of the tank respectively.
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3.1.5 Hydrogen Fuel cell system

The proton exchange membrane fuel cell (PEMFC) stands out as the most promising fuel cell
type due to its superior efficiency, quick startup capability and widespread commercial avail-
ability, as demonstrated in table (3).

Table 3: Comparison of specifications between different types of hydrogen fuel cells (Energy.gov,
n.d.)

PEM fuel cell consist of an electrolytic membrane, catalyst layer and gas diffusion layer sand-
wiched between two electrodes as shown in figure 19. The electrolyte membrane has a property
that allows positive ions (H+) to pass through while blocking electrons. Hydrogen gas passes
over anode and with the help of a catalyst, separates into electrons and hydrogen protons. The
protons flow to the cathode, through the membrane while the electrons flow through an external
circuit, thus creating electricity. The hydrogen protons and electrons combine with oxygen at
cathode and produce water.

Figure 19: Schematic diagram of a PEM fuel
cell (Badami et al., n.d.)

At anode =⇒ 2H2 → 4H+ + 4e− (25)

At cathode =⇒ O2 + 4H+ → 2H2O (26)

Overall Rxn =⇒ 2H2 +O2 → 2H2O (27)

14



Assumptions for Modelling of Fuel cell

� The distribution of humidity and temperature inside the fuel cell is uniform.

� Reaction gases obey the law of ideal gases.

� Individual fuel cells are identical and multiple single fuel cells are connected in series to
form a stack.

� The temperatures of fuel cell stack is constant.

� The internal resistance of the fuel cell is constant.

Proton Exchange Membrane Fuel cell (PEMFC) Model.
The equivalent electrical circuit and steady state I-V characteristics of a typical fuel cell can be
seen in figure (20) and (21) respectively.

Figure 20: Equivalent electrical circuit of a
PEM fuel cell (Zhu et al., 2020)

Figure 21: Typical I-V characteristics of a
PEM fuel cell (Ural Bayrak & Gençoğlu, 2010)

Due to the irreversible potential also called as overpotential losses the actual voltage output of
a fuel cell is less than the theoretical voltage. The three main overpotential that is generated in
fuel cell are: 1) Ohmic overpotential (Vohm) 2) Activation overpotential (Vact) 3) Concentration
overpotential (Vconc). The output voltage of PEM fuel cell is given by the following equations
(Zhu et al., 2020).

Vcell = Enernst − Vact − Vohm − Vconc (28)

Enernst = 1.229 − 0.85× 10−3(T − 298.15) + 4.31× 10−5T

[
ln(PH2) +

1

2
ln(PO2)

]
(29)

Vact = −[ζ1 + ζ2T + ζ3T ln(CO2) + ζ4T ln(IFC)] (30)

ζ1 = 0.948, ζ2 = 0.00286 + 0.002 ln(A) + 4.3× 10−5 ln(CH2), ζ3 = 7.6× 10−5, ζ4 = −1.93× 10−4

(31)

Vohmic = IFC (RM + RC) (32)

RM =
ρM l

A
Where ρM =

181.6

[
1 + 0.03

(
IFC
A

)
+ 0.062

(
T
303

)2 ( IFC
A

)2.5]
[
ψ − 0.634− 3

(
IFC
A

)]
exp

[
4.18

(
T−303

T

)] (33)

CO2 =
PO2

5.08× 106 exp−( 498
T

)
And CH2 =

PH2

9.174× 107 exp−( 77
T
)

(34)

Vconc = −B ln

(
1− J

Jmax

)
(35)

PEM fuel cell are connected in series to form a stack so the total voltage of stack is given by:

Vstack = NcellVcell (36)
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3.1.6 Battery storage system

Battery storage systems are the electrochemical way of storing the energy. The comparison
between different commercially available battery storage by various specifications are shown in
table (4) below.

Table 4: Comparison of specifications between different types of Battery (University, 2020)

The lithium-ion battery is the optimal choice for this project due to its advantages in high
energy density and a compact, lightweight design compared to other battery technologies.

Assumptions for Modelling of Battery storage system

� The maximum permissible state of charge (SOC) for battery system is 80% with charging
efficiency of 98%.

� The minimum permissible depth of discharge (DOC) for battery system is 80% with dis-
charging efficiency of 97%.

� The battery management system (BMS) is robust enough to control the battery to ensure
that its operation stays within the designed limits.

Battery storage system model.
The energy stored in the battery can be measured by state of charge (SOC), which is the ratio
of stored energy and the nominal storage capacity of the battery (Serra, Lucariello, Petrollese,
& Cau, 2020).

SOC(t) =
Cbat(t)

Cnom
(37)

For charging and discharging occurring over time, the state of charge (SOC) at any point of
time (t) is given by equation(38) (B. Li, 2018b).

SOC(t) = SOC(t− 1) +
Pch(t)ηch∆t

Cnom
− Pdis(t)ηdis∆t

Cnom
(38)
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3.2 Energy Management System

The energy management strategy for off-grid system proposed in this paper is shown in figure
(22). As the logical diagram suggests the user demand are first matched by the renewable en-
ergy sources, whereas battery storage are the first energy storage involved to cover the deficit
of energy. If the energy storage of battery is insufficient to compensate for user demand , the
fuel cell fulfils the deficit. The system is designed optimum enough to always meet the user
demand.
On the other side, if the energy production of sources exceeds user demand, battery storage is
first charged fully and then hydrogen electrolyser is turned on. The system is carefully balanced
to avoid over-designing and surpassing production power.

Figure 22: Logic diagram of energy management for the proposed system

3.3 Load Profile of consumer

The houses within the Rosandepolder community exhibit a varied distribution of energy loads.
While some houses utilize conventional boilers, others and only few rely on heat pumps. Fur-
thermore, the presence of electric vehicles in some households contributes to higher energy
consumption. Additionally, the community displays diversity in cooking methods, with some
houses using conventional gas and others using electricity. These variations in electricity usage
patterns contribute to the overall diversity in energy consumption within the community.
The yearly energy usage of the 44 houses in Rosandpolder community as provided by community
is shown in figure 23 below.

17



Figure 23: Yearly electricity consumption of houses of Rosandepolder community

Total electricity consumption yearly of the community is compared with the electricity con-
sumption of households in the Netherlands in 2023 as shown in figure 24. On calculating the
same consumption weight-age per month monthly electricity consumption of Rosandepolder
community is calculated as shown in figure 25.

Figure 24: Monthly electricity consumption in
the Netherlands in 2023 (Database - Eurostat ,
n.d.)

Figure 25: Monthly electricity consumption of
Rosandepolder community

Hourly electricity demand of community is calculated by comparing the demand from case study
in 2014 in Wageningen, the Netherlands from paper (Azari, 2020).

Figure 26: Load profile of consumer in Wa-
geningen, the Netherlands in 2014 (Azari,
2020)

Figure 27: Load profile of Rosandepolder com-
munity per hour
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3.4 MATLAB Simulink Model

Figure 28 gives an overview of the system created in MATLAB Simulink.

Figure 28: System overview in MATLAB-Simulink

3.5 Simulation Scenarios

To answer the research questions, model created in MATLAB-Simulink is simulated for follow-
ing three scenario cases:

3.5.1 Scenario 1 : Electricity independent system with PV panel as energy source

This scenario assesses a system that is self-sufficient in electricity, with PV panels as the sole
source of power generation. Input parameters of solar irradiation (G) and ambient temperature
(Tamb) for the entire year in Rosandepolder are obtained from (pvgis.com, n.d.), as shown in
Figures 49 and 50 and load profile for this scenario is shown in 52 in Appendix D.

3.5.2 Scenario 2 : Electricity independent system with PV panel and wind turbine
as energy source

This scenario is applied to assess the system for electricity independence, similar to Scenario
1, with PV panels and a wind turbine as the sources for power generation. Input parameters
of solar irradiation (G), ambient temperature (Tamb), and wind speed for the entire year in
Rosandepolder are obtained from (pvgis.com, n.d.), as shown in Figures 49, 50, and 51 and load
profile for this scenario is shown in 52 in Appendix D.
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3.5.3 Scenario 3 : Energy independent system with PV panel and wind turbine
as energy source

This scenario is applied to assess the system with the objective of achieving complete energy
independence, including the elimination of gas usage, using PV panels and a wind turbine as the
sources for power generation. Input parameters of solar irradiation (G), ambient temperature
(Tamb), and wind speed for the entire year in Rosandepolder are obtained from (pvgis.com,
n.d.), as shown in Figures 49, 50, and 51 and load profile for this scenario is shown in 53 in
Appendix D.

3.6 Selection of validation method

The complete system model cannot be validated as this is a noble project in itself for community
of Rosandepolder. Validation of the model is done by comparing the individual sub-components
models simulation result with the results from existing research.

3.7 Economic Assessment

The economic analysis of the entire system is based on the estimation of capital expenditure
(CAPEX) and operational expenses (OPEX). CAPEX encompasses the costs associated with
establishing the whole system, including the purchase and installation of all necessary compo-
nents. OPEX refers to the ongoing costs required to operate and maintain the system over its
lifetime. To derive accurate estimates, various literatures were reviewed to determine the capital
costs of each component within the plant. These costs were then aggregated to calculate the
total CAPEX. Similarly, the estimated variable costs for running and maintaining the system
were summed to determine the OPEX of the proposed system. This comprehensive economic
analysis is crucial for assessing the financial feasibility and long-term sustainability.

Table 5: CAPEX and OPEX of the system components

CAPEX (Capital Expenses)

Component
Name

Technical Life-
time

Investment
Costs

Source

PV panel 25 240 ¿/kW (J. Li et al., 2023a)

Wind turbine 25 1766 ¿/kW (Alonso, Costa, Messagie, & Coose-
mans, 2024)

Battery(Lithium-
ion)

15 years 139 ¿/KWh (Spector & McCarthy, 2023)

Electrolyser 15 years 1666 ¿/KW (Electrolyser cost—EHO ,
n.d.),(Alonso et al., 2024)

Fuel Cell 15 years 2000 ¿/KW (SRO, n.d.)

Hydrogen Storage 25 years 20 ¿/ltr (Alonso et al., 2024), quotation
(Cylinders, 2024)
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OPEX (Operational Expenses)

Component Name Field Operational and Mainte-
nance Costs

Source

PV panel 1% of CAPEX (Alonso et al., 2024)

Wind turbine 1 % of CAPEX (Alonso et al., 2024)

Battery (Lithium-ion) 4% of CAPEX (Alonso et al., 2024)

Electrolyser 42.50 EUR/KW/yr (Electrolyser cost—EHO ,
n.d.)

Fuel Cell 4% of CAPEX (Alonso et al., 2024)

Hydrogen Storage 1% of CAPEX (Alonso et al., 2024)

3.7.1 Net present value

Net present value (NPV) method is generally used to compare the alternative cases and choose
the alternative with the greatest positive net present value (Turton, Bailie, Whiting, & Shaei-
witz, 2008). To calculate net present value, cash flows at different period of time during the
project’s life time is discounted to the present value and initial investment is subtracted from
the sum of the project’s discounted cash flow as given by equation 39 (Fernando, 2024).

NPV = Sumof all discounted cashflows − initial investment (39)

The single cash-flow and uniform series cash flow can be discounted to present worth as given
by equation (40) and (41) respectively.

Present value =
Cash flow

(1 + i)n
→→→→→→ For single cash flow (40)

Present value = Cash flow
(1 + i)n − 1

i(1 + i)n
→→→ For periodic (yearly) cash flow (41)

3.7.2 Discounted Payback Period (DPBP)

Payback period is generally calculated to measure the profitability of the project. Payback
period can be simple or discounted depending upon whether time value of money is taken into
account or not. Discounted payback period is the time required to recover the fixed capital
investment provided that calculation is made with all the cash flow discounted back to present
value (Turton et al., 2008). Lower the discounted payback period more desirable is the project.
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4 Results and Discussion

This chapter presents the validation for each subsystem, followed by the results and discussion.
It concludes with the results of the economic analysis of the system configurations.

4.1 Validation of model

Before presenting the simulated results and their discussion, it is essential to validate the effec-
tiveness of the developed model. Since there is no real system installed at the current stage, the
validation of the simulated model cannot be achieved by comparing the simulation results with
measured inputs and outputs. Therefore, the validation of the entire model is carried out by
validating the sub-models using data and results from existing literature or by providing logical
explanations of the results.

4.1.1 Photovoltaic (PV) panel

The data sheet of the PV panel adopted for the project is attached in Appendix B. The simu-
lated power output of the PV model at standard test conditions (STC) and normal operating
conditions (NOC) is presented in Figure 29.

Figure 29: Simulated results of PV panel at STC and NOC

By comparing the simulated results with the data sheet, it can be seen that the power outputs
of 320 W at STC and 237.5 W at NOC match exactly, ensuring the accuracy of the PV model.

4.1.2 Electrolyser

To validate the electrolyser model, a literature study (Øystein Ulleberg, 2003) with similar pa-
rameters to this project was found and on comparing both the results as displayed in figure
30 and 31 below. The comparison indicates a match between our model and the results from
(Øystein Ulleberg, 2003) which contains both measured and simulated data, provides strong
evidence of the model’s accuracy and validity. The operating pressure is 7 bar and the cell volt-
age increases with decrease in temperature as expected in both of the figures. The parameters
for simulation are provided in appendix A.
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Figure 30: Simulated results I-V curve for elec-
trolyser at temperature 20 to 80 °C

Figure 31: simulated versus measured cell volt-
age at temperature 20 to 80 °C (Øystein Ulle-
berg, 2003)

4.1.3 Fuel cell

The fuel cell model is validated by comparing the I-V curve of a 32-cell stack with the results
from a study by (Correa et al., 2005) as shown in figures 32 and 33. The paper by (Correa
et al., 2005) provides a comparison between manufacturing and simulation results, making it a
suitable reference for our validation process. Both figures utilize the same parameters provided
in appendix A, with 32 cells considered for simulation in both models. The close match between
the voltage at different current densities confirms the validation of our fuel cell model.

Figure 32: Simulated results I-V curve for fuel
cell at temperature 60 °C (333.15 K)

Figure 33: simulated versus manufacturer pro-
vided I-V curve at temperature 20 to 80 °C
(Correa et al., 2005)

4.1.4 Battery storage system

The battery storage system is validated by logical explanation of the results in a controlled test
condition. For this validation process, a capacity of 100 kWh is assigned to the battery. In the
first hour, a constant charging power of 50 kW is applied, followed by a constant discharging
power of 50 kW in the subsequent hour. The simulation result of the model is illustrated
in Figure 34 below. The state of charge (SOC) of the battery storage increases by nearly
50% during the charging mode, as expected. Similarly, during the discharging mode, the SOC
decreases by nearly 50%, returning to almost the original state of charge. The difference between
the original SOC and the final SOC is occurred due to the influence of charging and discharging
efficiencies.
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This simulation results demonstrates the expected behaviour of the battery storage system
under the specified test conditions. It confirms that the model accurately reflects the charging
and discharging dynamics of the battery, validating its effectiveness for use within the project.

Figure 34: Soc of battery model in a test condition

4.1.5 Hydrogen production system

Hydrogen storage system is the difference in inflow of hydrogen from electrolyser and outflow to
the fuel cell. The amount of hydrogen produced in the electrolyser depends upon the Faraday
efficiency as given by 20. The Faraday efficiency is validated with the results from (Øystein
Ulleberg, 2003) as illustrated in figures 35 and 36. For the operating temperature of 80°C the
efficiency is nearly 98% in both of the figure.

Figure 35: Simulated Faraday efficiency Figure 36: Predicted versus measured Faraday
efficiency °C (Øystein Ulleberg, 2003)

4.2 Results and discussion of scenario 1

In this scenario, PV panels serve as the sole energy sources in the energy-independent system.
A total capacity of 218 kW of solar panels is utilized for the simulation. The community’s total
load demand is divided into daily and hourly segments, as detailed in Section 3.3. Through
simulations varying the capacities of the electrolyser, fuel cell, battery storage, and hydrogen
storage system, the final optimal capacities were determined to be:

1. Electrolyser: 100 kW

2. Fuel Cell: 45 kW

3. Hydrogen Storage Tank: 12,000 litres

4. Battery Pack: 500 kWh
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With these system capacities, the total available power consistently meets or exceeds the load
demand at all times, as illustrated in Figure 37.

Figure 37: Total available power, load demand - scenario 1

The simulation starts from April as shown in figure 38 where the solar panel is producing in a
huge amount till end of September as expected because of the high amount of solar irradiation in
summer. Where as, during winter from September to end of March total electricity production
from panel is at its low. The excess electricity remaining even after charging the battery and
turning to hydrogen, during summer is sent to grid. This is important because if we desire to
consume this excess power the system will be unnecessarily so big.

Figure 38: Total power production of solar panel, Excess electricity sold to the grid - scenario 1
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The power consumed by the electrolyser and power produced by fuel cell is displayed in figure 39.
The power consumption of the electrolyser follows a similar trend to the solar power production,
as the excess electricity is converted to hydrogen. Similarly, the fuel cell operates at its maximum
capacity during winter when solar power production is low, ensuring that demand is met by
running at peak output.
This cycle can be further illustrated from figure 40, where the state of charge (SOC) of hydrogen
peaks during the summer and gradually decreases as it is consumed by the fuel cell, which
operates at peak power during winter. The battery storage system acts as a fluctuation manager,
ensuring that the fuel cell and electrolyser can run at steady power levels. The primary purpose
of the battery is to manage fluctuations, whether in charging or discharging mode, to maintain
smooth operation of the overall system.

Figure 39: Total power consumption of electrolyser, Power production of fuel cell - scenario 1

Figure 40: SOC of battery, SOC of hydrogen - scenario 1
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4.3 Results and discussion of scenario 2

In this scenario, photovoltaic (PV) panels and a wind turbine are combined to serve as the
energy sources. The load demand remains the same as in Scenario 1, where the focus was
on achieving electricity independence for the client. The addition of the wind turbine allows
for power generation during the winter months, which is crucial for balancing production and
supply demands while reducing the size of the sub-components.
Here, a 177 kW capacity solar panel system is connected with a 60 kW wind turbine. Through
simulation, the necessary capacities for the electrolyser, fuel cell, storage, and battery bank to
ensure electricity independence from the grid were determined as follows:

1. Electrolyser: 60 kW

2. Fuel Cell: 45 kW

3. Hydrogen Storage Tank: 8,000 litres

4. Battery Pack: 300 kWh

Figure 41: Total available power, Total load demand - scenario 2

Figure 42: Total power production of solar panel, Excess electricity sold to the grid - scenario 2
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The average wind velocity at the location is 3.9 m/s at a height of 25 meters, which is generally
very low for wind turbines. Most of the time, the wind speed is below the cut-in speed specified
in the data-sheet attached in Appendix C. Consequently, for the 60 kW wind turbine, the power
output, as shown in Figure 42, is low, indicating that the wind turbine is not operating at its full
potential. However, due to the distributed electricity production throughout the year because
of wind turbine, the required capacity for the storage system and the electrolyser was reduced
by nearly 40% from that of scenario 1 as illustrated in Figures 43 and 44

Figure 43: Total power consumption of electrolyser, Power production of fuel cell - scenario 2

Figure 44: SOC of battery, SOC of hydrogen - scenario 2
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4.4 Results and discussion of scenario 3

In this scenario, photovoltaic panel (PV) of capacity 280 kW is combined with 60 kW wind
turbine as the energy source. The load profile for this scenario also incorporates the energy for
heating replacing the conventional gas by heat pump. On simulation, optimal sizes of electrol-
yser, fuel cell, battery pack and hydrogen storage tank found to achieve energy independence
are as follows:

1. Electrolyser: 140 kW

2. Fuel Cell: 70 kW

3. Hydrogen Storage Tank: 26,000 litres

4. Battery Pack: 700 kWh

The load demand for summer is similar in Scenario 1 and Scenario 2. However, during the
winter, the load demand increases significantly due to the additional electricity required for
heat pumps. This is illustrated by the load demand in Scenario 3, as shown in Figure 45.
The increased demand during winter necessitates a higher capacity for energy storage, which is
expected. Although the energy produced by the wind turbine is not at its full capacity due to
the low distribution of wind at the location, it helps balance supply and demand during winter.
This contribution ultimately reduces the overall size of the required components, as observed
in Scenario 2.

Figure 45: Total available power, Total load demand - scenario 3

Figure 46: Total power consumption of electrolyser, Power production of fuel cell - scenario 3
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The electrolyser produces hydrogen during the summer when there is an excess of electricity,
while the fuel cell is mostly activated during the winter. The State of Charge (SOC) of the
battery fluctuates on a daily basis to balance the daily variations in supply and demand. In
contrast, the SOC of hydrogen increases during the summer and decreases in the winter, as
shown in Figure 48.

Figure 47: Total power production of solar panel, Excess electricity sold to the grid - scenario 3

Figure 48: SOC of battery, SOC of hydrogen - scenario 3

Table 6: Overview of simulation results.

Energy
Demand
(kWh)

Energy
Production

(kWh)

Energy sold
to the grid

(kWh)

% of
production

Energy
Loss

(kWh)
Loss %

Scenario 1 170,877.5961 242,561.4031 17,972.9698 7.4097 53,801.5114 22.1806

Scenario 2 170,877.5961 245,286.0558 35,438.9818 14.498 38,969.4779 15.8879

Scenario 3 278,645.6586 361,216.1381 16,787.8097 4.6476 65,782.6699 18.2114
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4.4.1 Economic Evaluation

Table 7: Comparison of three scenarios for sub components and their financial metrics

Scenario 1

Component Name Capacity Unit CAPEX OPEX/yr Interest Rate Lifetime (yr) NPV (¿)

PV Panels 218 kW 52320 523 0.0270 15 58703.64

Wind Turbine 0 kW 0 0 0.027 15 0

Fuel Cell 45 kW 90000 3600 0.0270 15 133924.16

Electrolyser 100 kW 166600 4250 0.0270 15 218454.91

Battery 500 kWh 69500 2780 0.0270 15 103419.21

Hydrogen Storage 12000 ltr 240000 2400 0.0270 15 269282.71

Total 618420.00 13553.20 783784.70

Saving 170877.60 kWh 0 57244 0.0270 15 698442.87

Electricity to grid 17972.97 kWh 2696 0.0270 15 32893.65

Total NPV -52448.18

Simple payback period 13.332 years Discounted payback period 16.749 years

Scenario 2

Component Name Capacity Unit CAPEX OPEX/yr Interest Rate Lifetime (yr) NPV (¿)

PV Panels 177 kW 42480 425 0.0270 15 47663.05

Wind Turbine 60 kW 105960 1060 0.0270 15 105960.00

Fuel Cell 45 kW 90000 3600 0.0270 15 133924.16

Electrolyser 100 kW 99960 2550 0.0270 15 131072.95

Battery 300 kWh 41700 1668 0.0270 15 62051.53

Hydrogen Storage 8000 ltr 160000 1600 0.0270 15 179521.85

Total 540100.00 10902.40 673121.88

Saving 170877.60 kWh 0 57244 0.0270 15 698442.87

Electricity to grid 35438.00 kWh 5316 0.0270 15 64857.68

Total NPV 90178.68

Simple payback period 10.455 years Discounted payback period 12.450 years

Scenario 3

Component Name Capacity Unit CAPEX OPEX/yr Interest Rate Lifetime (yr) NPV (¿)

PV Panels 280 kW 67200 672 0.0270 15 75399.18

Wind Turbine 60 kW 105960 1060 0.0270 15 118884.00

Fuel Cell 70 kW 140000 5600 0.0270 15 208326.47

Electrolyser 140 kW 233240 5950 0.0270 15 305387.36

Battery 700 kWh 97300 3892 0.0270 15 144786.90

Hydrogen Storage 26000 ltr 520000 5200 0.0270 15 583446.41

Total 1163700.00 22373.60 1436683.77

Saving 170877.60 kWh 0 57244 0.0270 15 755686.87

Saving - gas 46638.00 m3 0 62029 0.027 15 756819.85

Electricity to grid 16787.80 kWh 2518 0.0270 15 30724.58

Total NPV 49303.54

Simple payback period 11.705 years Discounted payback period 14.258 years
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5 Conclusion and Recommendations

The project aimed to design an energy-independent system for the Rosandepolder community
by integrating renewable energy sources with battery and hydrogen-based storage solutions.
Through comprehensive analysis and simulation, the following conclusions are drawn:
The integration of solar photovoltaic (PV) panels and wind turbines was found to be the most
effective combination of renewable energy sources. Solar PV panels, due to their high efficiency
and availability, and wind turbines, providing additional energy during the winter months, to-
gether ensure a continuous and stable energy supply throughout the year.
To achieve energy independence, it was necessary to identify the optimal specifications for the
energy storage components. The study concluded that a battery capacity of 300-700 kWh,
utilizing lithium-ion technology, provides the necessary storage to manage daily energy fluctua-
tions and maintain supply during periods of low renewable generation. In Scenario 1, with only
PV panels, a battery capacity of 500 kWh was required. In Scenario 2, which included both PV
panels and a wind turbine, the battery capacity was reduced to 300 kWh due to the additional
energy contribution from the wind turbine. In Scenario 3, which also accounted for heating
needs using heat pumps, the battery capacity needed was increased to 700 kWh to handle the
higher energy demand.
Additionally, the hydrogen storage system, with an optimal electrolyser capacity of 100-140 kW
and a storage capacity of 8,000-26,000 liters, ensures long-term energy storage. This system
converts excess electricity into hydrogen during peak production times and generates electricity
through a fuel cell, sized between 45-70 kW, when renewable generation is insufficient. Specifi-
cally, in Scenario 1, the electrolyser capacity was 100 kW, hydrogen storage was 12,000 liters,
and the fuel cell capacity was 45 kW. In Scenario 2, the electrolyser capacity was reduced to 60
kW, hydrogen storage to 8,000 liters, and the fuel cell capacity remained at 45 kW. In Scenario
3, the electrolyser capacity increased to 140 kW, hydrogen storage to 26,000 liters, and the fuel
cell capacity to 70 kW to meet the higher energy demand including heating.
The economic feasibility of the proposed system was assessed through net present value (NPV)
and payback period calculations. The scenarios analyzed revealed varying degrees of economic
viability. Scenario 2 presented the best economic outcome with a positive NPV of ¿90,178.68
and a discounted payback period of 12.45 years, indicating economic sustainability. Scenario 1
had a negative NPV of ¿-52,448.18 with a discounted payback period of 16.75 years, while Sce-
nario 3 balanced energy supply and demand effectively, presenting a viable long-term solution
despite a longer payback period.
Overall, the project successfully demonstrated that an energy-independent system for the
Rosandepolder community is achievable through the strategic integration of solar PV, wind
energy, and hybrid storage solutions. The proposed system meets the community’s energy de-
mands, aligns with sustainability goals, reduces reliance on fossil fuels, and contributes to the
reduction of greenhouse gas emissions.
Based on the findings and conclusions of this project, the following recommendations are made
for future research:

� Validate the complete model with the real life actual system.

� Investigate the potential for integrating additional renewable energy sources, such as
biomass or geothermal energy, to diversify the energy mix and enhance reliability.

� Conduct detailed site-specific studies to optimize the placement and orientation of PV
panels and wind turbines to maximize energy capture and efficiency.

� Explore the use of advanced battery technologies, and other energy storage methods.
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Ural Bayrak, Z., & Gençoğlu, M. (2010, 01). Mathematical models of pem fuel cells. Proc. 5th
Int. Ege Energy Symp. Exhib.

van Economische Zaken en Klimaat, M. (2019, September). Climate agreement. Re-
port. Retrieved from https://www.government.nl/documents/reports/2019/06/28/

climate-agreement (Accessed: Feb 04, 2024)
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APPENDIX A: Parameters for Model

Table 8: Parameters description, nomenclature, unit, values its Sources

Parameter Description Symbol Unit Value Source

Photovoltaic panel

Rated Power at STC Pmax W 320 Data-sheet(Q CELLS G5
320W Solar Panel , n.d.)

Open circuit voltage Voc V 45.48 Data-sheet(Q CELLS G5
320W Solar Panel , n.d.)

Short circuit current Isc A 8.60 Data-sheet(Q CELLS G5
320W Solar Panel , n.d.)

PV module efficiency ηpv − 18.20 Data-sheet(Q CELLS G5
320W Solar Panel , n.d.)

No of solar cells in 1 module Nc − 72 (Q CELLS G5 320W Solar
Panel , n.d.)

Charge of en electron q C 1.602× 10−19 (Ramos Hernanz et al., 2010)

Boltzmann constant k J/K 1.38065× 10−23 -

Ideality factor n - 1.3 (Garcia-Torres, 2015)

Equivalent series resistance Rs W 0.223 (Garcia-Torres, 2015)

Equivalent shunt resistance Rsh W 415 (Garcia-Torres, 2015)

Short circuit current temperature co-
efficient

Ki A/K 0.0005 Data-sheet(Q CELLS G5
320W Solar Panel , n.d.)

Band gap energy of semiconductor Eg eV 1.1 (Nguyen & Nguyen, 2015)

Normal operating cell temperature NOCT °C 45 (Q CELLS G5 320W Solar
Panel , n.d.)

No. of panels NPV simulation

Irradiation at standard test condi-
tion

GSTC W/m2 1000 (Q CELLS G5 320W Solar
Panel , n.d.)

Cell temperature at STC TSTC of cell °C 25 Data-sheet(Q CELLS G5
320W Solar Panel , n.d.)

Irradiation at NOCT GNOCT W/m2 800 (Q CELLS G5 320W Solar
Panel , n.d.)

Temperature coefficient for power αp % -0.04 (Q CELLS G5 320W Solar
Panel , n.d.)

Electrolyser

Electrolyser surface area A m2 0.25 Assumed

Faraday’s constant F C/mol 96485 (Øystein Ulleberg, 2003)

Parameter related to ohmic resistance

of Alkaline electrolyser

r1 Wm2 8.05× 10−5 (Øystein Ulleberg, 2003)

r2 Wm2/°C −2.5× 10− (Øystein Ulleberg, 2003)

Coefficient for overvoltage on

electrodes

s V 0.185 (Øystein Ulleberg, 2003)

t1 m2/A -1.002 (Øystein Ulleberg, 2003)

t2 m2
°C/A 8.424 (Øystein Ulleberg, 2003)

t3 m2K2/A 247.3 (Øystein Ulleberg, 2003)

Faraday efficiency parameter
f1 mA2cm4 250 (Øystein Ulleberg, 2003)

f2 − 0.98 (Øystein Ulleberg, 2003)



Parameters Symbol Unit Value Source

Hydrogen storage system

Efficiency of compressor ηcomp % 85 Assumed

Specific heat capacity of hydrogen at
constant pressure

CpH2
kJ/kg.K 14.05 (J. Li et al., 2023b)

Specific heat ratio of hydrogen under
standard condition

k - 1.414 (J. Li et al., 2023b)

Molar gas constant R J/mol.K 8.3145

Volume of storage tank Vtank − 0.905 Calculated by simulation

Temperature of gas inside storage Ttank °C 50 Assumed

PEM Fuel cell

Operating temperature of fuel cell T K 333.15 Assumed

Partial pressure of oxygen in air PO2
atm 0.21 (Correa et al., 2005)

Partial pressure of hydrogen PH2 atm 1 (Correa et al., 2005)

Parametric coefficients

ζ1 - -0.948 (Correa et al., 2005)

ζ2 - 0.00286 +
0.0002 ln(A) +
4.3×10−5 ln(CH2)

(Correa et al., 2005)

ζ3 - 7.6× 10−5 (Correa et al., 2005)

ζ4 - −1.93× 10−4 (Correa et al., 2005)

Thickness of Nafion 117 membrane l µm 178 (Correa et al., 2005),(Mann
et al., 2000)

Area of membrane A cm2 64 (Correa et al., 2005)

Specific coefficient of membrane ψ - 23 (Correa et al., 2005)

Constant for concentration overvolt-
age

B V 0.016 (Correa et al., 2005)

Maximum current density of mem-
brane

Jmax mA/cm2 469 (Correa et al., 2005)

Permanent current density Jmin mA/cm2 3 (Correa et al., 2005)

Equivalent contact resistance RC W 0.0003 (Correa et al., 2005)

Battery storage

Nominal capacity of battery Cnom kWh simulation

Charging efficiency ηch % 98 assumed

Discharging efficiency ηdis % 97 assumed

Economic calculations

Interest rate i % 2.7

Life period n years 15



APPENDIX B: Data Sheet of PV panel





APPENDIX C: Data Sheet of Wind Turbine





APPENDIX D: Input parameters (Solar irradiation(I), Ambient temperature (Tamb), Wind speed
(Vwind) for simulation scenarios

Figure 49: Daily irradiation data for whole year at Rosandepolder (pvgis.com, n.d.)



Figure 50: Ambient temperature data for whole year at Rosandepolder (pvgis.com, n.d.)



Figure 51: Wind speed at 10m at Rosandepolder (pvgis.com, n.d.)



Figure 52: Load profile for scenario 1 and 2



Figure 53: Load profile for scenario 3



APPENDIX E: Discounted Payback Period Calculation

Figure 54: Payback period calculation for scenario 1



Figure 55: Payback period calculation for scenario 2



Figure 56: Payback period calculation for scenario 3


