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ABSTRACT

This project investigates the feasibility of hydrogen refueling stations using photovoltaic

systems for fuel cell scooters.

The aim was to identify the solar electricity generation potential of noise barriers in the

Netherlands and the connection between this and future theoretical hydrogen demand for

fuel cell powered two wheelers (scooters or mopeds). Noise barriers block noise from in-

habited areas, which is also where mopeds and their owners reside. Noise barriers retrofitted

with solar panels, or Energy Walls, coupled with a hydrogen production, storage and dis-

pensing system is proposed. This system would enhance sustainable, carbon neutral mo-

bility as well as contribute renewable energy to the grid electricity mix. Particulate matter,

greenhouse gases and noise pollution are reduced with electric drive vehicles such as fuel

cell powered two wheelers.

A case study of a noise barrier on the A20 in Rotterdam Noord was modeled; other suit-

able locations were identified as well, such as Amsterdam or Delft. The characteristics of

the barrier in Rotterdam provided a lower levelized cost of PV electricity and was thus cho-

sen to simulate specifically. A range of electrolyzer capacities was also simulated to under-

stand the effect of the electrolyzer capacity and the final cost of hydrogen to the user.

The demand base case was 100 scooters which traveled 2.5 km/day each on average.

Provided a single metal hydride canister has a range of 25 km and capacity of 45 gH2 , this

demand configuration means 0.45 kgH2 /day needs to be produced for the users. An hourly

simulation of the energy production was modeled using two control strategies, which fo-

cused on maximizing the Energy Wall input and the use of the electrolyzer respectively. The

second strategy had higher electricity costs as compared to the first, however the cost of the

electrolyzer was minimal regardless of the number of panels.

The cost of hydrogen depends on the size of the Energy Wall and the electrolyzer capac-

ity; for the lowest cost setup the price of hydrogen ranged between 14.3 and 7.2 AC/kgH2 .

The cost per kilometer traveled by fuel cell scooters was found to be between 2.57 and 1.4

¢/km. Battery electric vehicles are still much cheaper to operate in this aspect, driving at a

cost mileage of between 0.3 and 0.6 ¢/km, however gas powered scooters had the highest

cost per kilometer (3 - 5¢/km).

This model finds that the operational costs of a hydrogen fuel cell scooter are lower

than its gas scooter counterpart, but not low enough to compete with battery powered

scooters. The one advantage of gas scooters is the range on one refuel, however with their

relatively high operational costs and emissions, electric drive engines become favorable.

Battery electric have a good cost efficiency. Fuel cell scooters are quickly recharged with

canisters, and are mid-cost range to operate compared to the other two technologies.
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1
INTRODUCTION

Climate change is the one of the most important and critical challenges that this genera-

tion faces. Rising temperatures, melting ice caps, rising sea levels, and changes to the water

cycles all result from the increased emission of carbon dioxide and other greenhouse gases

(GHG) into the atmosphere. A multitude of resources are available which explain the ef-

fects and consequences of climate change. Fossil fuels have been the dominant source of

energy for most applications, and the idea of transitioning away from them is challenging

and concerning from a technology, financial and social point of view but also extremely

necessary for a viable future on this earth.

Sustainable energy technologies are at this point readily available for this transition.

Renewable energy generation units have been around for years, and are now cheap enough

to compete with their traditional fossil fuel counterparts. Wind, water and the sun are some

of the most popular and widespread implementations of renewable energy. In 2019 the

cumulative capacity of wind energy was over 600 GW, solar installations were close at 580

GW, and hydropower, one of the oldest forms of renewable energy was over 1.1 TW. [17].

Technology, demand, awareness and the willingness towards environmental solutions

and policies has accelerated the implementation of renewable energy and consequently

the cost of these technologies has decreased significantly. Energy storage and grid devel-

opment are progressing rapidly, dealing with any intermittency issues faced in the past.

While batteries have been the leader in the storage field, hydrogen is progressively becom-

ing a viable seasonal storage solution.

This thesis is concerned with the generation of green hydrogen in a decentralized man-

ner for use in fuel cell electric mobility. The question then rises:

What is the feasibility of a hydrogen fueling station for scooters, powered by
solar energy at a noise barrier?

1
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1.1. RESEARCH QUESTIONS
Hydrogen applications in the mobility sector are starting to emerge commercially, which

will be one of the anchor points of this thesis. In order to make the hydrogen production

sustainable, renewable electricity generation from the sun will be coupled with an electrol-

ysis unit for the production of hydrogen. The mobility application chosen was scooters, as

these are quite prominent in the Netherlands and are significant contributors to air quality

and GHG emissions. In this context, The Energy Wall is the concept of using existing noise

barrier infrastructure to implement renewable electricity production modules. The project

was guided by the following objectives:

Sustainable Mobility Transition in the form of fuel cell scooters, with green hydrogen and

water as the only operational emission

Emissions Reduction in terms of greenhouse gases, as well as particulate matter and noise.

Geographical Considerations identifying locations with suitable noise barriers, sufficient

scooter populations, and potential for coupling the two through a local H2 refueling

station.

System Design of a configuration which includes the following elements: electricity gen-

eration by the solar panels, DEMI water supply for electrolysis (bought externally or

purified on-site), an electrolyzer unit for hydrogen production, pressurized buffer

storage tanks, and a dispensing subsystem which consists of metal hydride canisters

used by the scooters.

Small Scale System Simulation of on-site solar electricity generation and hydrogen pro-

duction through electrolysis for use in hydrogen powered scooters using renewable

energy sources.

Secondary Electricity Source such as the grid or batteries for added reliability of hydrogen

production

Economic Feasibility Analysis of a case study system, using the levelized cost of the com-

ponents in each process step from the electricity to the stored hydrogen. and the cost

per unit distance driven for comparison to conventional scooters.

Scooter Performance Comparison in terms of the cost of operation between gas, battery

electric, and fuel cell electric two wheelers.

In effort to answer the main research question and address the above objectives, the

following sub-research questions were asked:

1. In terms of usable noise barriers, how many are feasible to be coupled with a hydrogen

supply and canister refueling station in the Netherlands?

2. In technical design terms, what would the Energy Wall with hydrogen production look

like?

3. How economically feasible is it to supply hydrogen canisters to scooter users?

4. What are the technical barriers or benefits of this type of system in the Netherlands?
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1.2. MOTIVATIONS
The motivations stem from the current energy sources, transition status and progress, and

the prospect of a hydrogen economy in the Netherlands. These elements are discussed in

the subsections below.

1.2.1. ENERGY IN HOLLAND: CURRENT SITUATION & FUTURE OBJECTIVES

The Netherlands is the second largest producer of natural gas in Europe after Norway [5].

Figure 1.1 shows the energy supply and electricity generation by source for the Netherlands

in 2018. Of the Total Primary Energy Supply (TPES), 91% is derived from fossil fuels (Natural

Gas, Oil, and Coal).

(a) Share of Total Primary Energy Supply by Source (b) Share of Electricity Production by Source

Figure 1.1: Sources of Primary Energy Supply and Electricity Generation for the Netherlands 2018
[5]

TRENDS IN ELECTRICITY

Transport vehicle engines were designed from their beginning to use fossil fuel sources;

these remain the predominant fuels of road transport today. However this is not necessarily

the case when it comes to electric powered mobility. In terms of electricity production

sources a reduction in the fossil fuel sources is possible and necessary. As seen in figure

1.1b more than half of electricity production in the Netherlands was from natural gas and

more than a quarter was from coal in 2018. Thus in cases of electric vehicles, although

there are no direct emissions from the vehicle operation, there are significant emissions in

the production of electricity.
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Between 1990 and 2018 there has been an 8.6% increase in the amount of electricity

produced by coal. Although the nationwide amount of electricity production has increased

(27%) and the share of coal in the total electricity production mix has decreased (due to the

addition of renewable electricity sources), it does not seem that our dependence on coal

has decreased as it should.

Looking forward for the next 10 years, the electricity generation by coal (and other fossil

fuels) should be replaced rather than supplemented, by renewable sources.

TRANSPORTATION ENERGY & EMISSIONS

Of the total consumption of the Netherlands, the transport sector accounts for 24% of the

final energy consumption, while industry took 30% and other sectors such as services,

households and agriculture accounted for 45%. A Sankey Diagram in [18] shows energy

flows from production to consumption, as well as the sector in which it is consumed. Trans-

port consumption consisted of: 95.5% by road, 3% by aviation, and 2% by rail. In terms of

energy sources consumed, the majority (93%) came from oil and petroleum (O&P) prod-

ucts; renewable energies account for 5% and electricity for 2%. The total energy consumed

for transport was 10.8 Mtoe.

Road transport was heavily dependent on fossil fuel energy, with 95% of the energy con-

sumption attributed to O&P products, while the rest (5%) came from renewable energies.

Electricity usage in the road transport sector was 46 ktoe, or ≤ 1%. Rail transport used

mainly electricity (85%), while the rest came from O&P and renewables. [18] Emissions

from transport applications were 31.6 Mt CO2 in 2017 for the Netherlands, 95% of which

were attributed to road transport. The transport sector as a whole was accountable for 20%

of the total CO2 emissions of the Netherlands. [19]

It becomes apparent that the reliance on- or rather reduction of- fossil fuels for road

transport is an area which needs urgent action. The end goal is to reduce CO2 emissions,

hence by focusing on the sector which is responsible for one-fifth of these is a reasonable

approach.

FUTURE TARGETS & PROGRESS IN RENEWABLES

Various agreements and summits have been held with the focus of setting transition targets

and planning on how to achieve these. In the 2015 Paris climate agreement, the EU and its

member states committed to a 40% reduction of GHG by 2030 [20].

In the Climate Agreement passed by Dutch parliament in 2019, a 49% reduction target

in GHG emissions by 2030 as compared to 1990 levels was set. In the longer term, by 2050

the Netherlands aims to reduce its GHG emissions by 95% while producing 100% of its

electricity from renewable energy. [5]

The National Renewable Energy Action Plan (NREAP) outlines a set of targets regarding

the share of Renewable Energy Sources (RES) in the total gross consumption (RES-Share)

and the sectors of Transport (RES-T), Electricity (RES-E), and Heating & Cooling (RES-H&C)

for each member of the European Union. Europe has set a target of 20% share of energy

from renewables for 2020 [11]. For the Netherlands the targets for 2020 and progress up

until 2018 are shown in table 1.1. As of 2018, the progress for the share of renewable energy
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sources and the electricity production from renewables was around half of the 2020 target.

In contrast, the H&C and transport categories were much closer to the defined targets.

Category Target 2020 Status 2018

RES Share 14.5% 7.38%

RES-T 10.3% 9.59%

RES-E 37% 15.12%

RES-H&C 8.7% 6.13%

Table 1.1: NREAP Targets and Progress for the Netherlands [11]

The overall share of gross energy consumption from renewable sources was given at

7.4% for 2018, while the 2020 target was set to 14% for the Netherlands; it was ranked last in

the share of renewable energy consumption in the EU [21]. The share of renewables in the

electricity production can be seen in figure 1.1b; the mix of renewable electricity consists

of 9% from wind, 4% from waste, 3% by solar, and 2% from biofuels.

The Netherlands needs rapid transformation to catch up with the rest of the EU mem-

ber states. Although good prospects in the wind energy field are prevalent, a larger share of

the renewable energy consumption needs to be achieved in order to progress towards the

above stated targets.

1.2.2. HYDROGEN ECONOMY

Hydrogen has become increasingly available and its applications as an energy carrier are

slowly becoming apparent. The Hydrogen Council makes clear that it has important roles

in the energy transition, such as de-carbonizing the transport industry, distributing energy

across sectors and regions, increasing system resilience by acting as a buffer, and enabling

large scale renewable integration and power generation. The last point is critical to re-

ducing energy related emissions. One ambitious proposition in the Netherlands is to use

multi-megawatt wind farm installations to produce hydrogen offshore [22].

Barriers to the hydrogen mobility sector are firstly the limited hydrogen refuelling in-

frastructure, and secondly the high risks associated with investment in hydrogen infras-

tructure. This limits the enablement of end users. The capital and operational costs of

hydrogen infrastructure such as generation, transmission & distribution, and refueling sta-

tions are still relatively high [23].

During the deployment phase of fuel cell electric vehicle (FCEV) technology, it is ex-

pected that the hydrogen infrastructure will be underutilized, initially not returning enough

profit on the investments made [24]. Therefore, a transition phase is needed before invest-

ments for large scale deployment of facilities are made [25].

By implementing small scale hydrogen production systems, hydrogen is introduced in

the market as a possible means of clean energy. This stimulates the use of hydrogen in

consumer applications and create a user base, therefore preparing the market for the roll-

out of large scale hydrogen infrastructure and supply. This project identifies itself as part of

the transition phase enabling consumers to directly use small scale hydrogen infrastructure
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systems.

The idea of having citizens invest in hydrogen-powered vehicles means that an increas-

ing demand for hydrogen will already exist by the time the large-scale hydrogen production

is commercialized. While large scale production systems cater mainly to industrial appli-

cations, it will also assist the societal/community scale applications and social transition

to sustainable mobility.

It is therefore strongly supported that cleaner moped vehicles in dense cities would

greatly contribute to the health and wellbeing of the residents of the Netherlands.

1.3. THE ENERGY WALL

The Energy Wall is a concept whereby highway noise barriers are retrofitted as energy pro-

ducing units by installing solar panels and micro wind turbines on them. The idea is that

these existing structures are given more than the sole purpose of blocking noise from neigh-

bourhoods or sensitive areas. Some ideas and concepts have been explored in [8, 26]. For

the purpose of this project, an Energy Wall is used to produce renewable energy which is

used by the hydrogen production unit to supply fuel cell electric scooters.

In a study by [8] it was found that there are 590 km of noise barriers with the potential

to become ‘Energy Wall’ units. The retrofitting of a noise barrier into an Energy Wall was a

test trial project at the Technical University of Delft in collaboration with Province of South

Holland [27]. The potential of using highways to fuel the electric mobility sector was ex-

plored in [28], although this focused on large scale wind turbines, while the focus here is

small scale electrolysis using photovoltaic systems.

This project aims to design a hydrogen refueling point which uses the Energy Wall as

the electricity source, coupled with an electrolyzer on site to provide hydrogen to fuel cell

scooters. Noise barriers have the objective of blocking noise from areas which are inhab-

ited or sensitive to the noise of highways. Therefore, an advantage is presented to the

scooter users of these inhabited areas since they will not be far from the hydrogen produc-

tion points. The localized production also allows for little to no transport of the hydrogen,

hence decreasing the costs of the overall system.

In summary, an electrolyzer can be placed near a segment of noise barriers that have

been retrofitted with solar panels and/or wind turbines. The output of the electrolyzer will

be pressurized hydrogen, which will be stored in compressed buffer storage tanks, which

will then be scheduled to refill the hydride canisters used by the scooters. The tanks act

as a buffer storage system before the refueling of the canisters. Considering cabling and

associated losses, the hydrogen station should be located as close to the Energy Wall as

possible, for these to be minimized.

This project investigates various aspects of the Energy Wall such as the cost of the en-

ergy, sensitivity to parameters including as the orientation of the walls, the material of

which they are made, etc. For the economic feasibility of the system, the utilization of the

hydrogen must be as high as possible. These aspects are further investigated in chapter 3.
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1.4. SCOOTER USE IN THE NETHERLANDS
Scooters are a popular form of transport in the Netherlands. The country is characteristi-

cally flat and consists of excellent cycling infrastructure. Bicycles are the main form of day

to day transport, but scooters are also popular.

A scooter (or moped) in this context is defined as a powered two wheeled vehicle, with

two passenger spots. Scooters are useful for longer commutes within cities, commutes

between and within cities, or for traveling from rural areas to urban areas. Small scooters

(≤50 cc) are commonly allowed to drive in the same lanes as bicycles. Car congestion can

be a problem in cities bringing some places in the Netherlands to have adopted car-free

city centers. The only motorized vehicles allowed are taxis, limited mobility vehicles, and

scooters. Scooters are also convenient as they consume less fuel per kilometer, take up less

space in traffic, and are lighter than cars.

Since this project is focused on delivering hydrogen to scooter users, the next chap-

ters provide more information regarding technical aspects, their relevance and use in the

Netherlands.

AIR QUALITY & HEALTH

The quality of air in the major cities is indicated by the amount of particulate matter (PM)

per unit volume of air. PM10 or PM2.5 denote matter with diameters of 10 µm and 2.5

µm respectively. PM is produced from sources such as traffic, livestock farms, (industrial)

combustion processes and natural sources (such as salt) [29].

Mopeds release relatively large amounts of hydrocarbons, accounting for almost a quar-

ter (13%-24%) of the total hydrocarbon emissions emitted by road traffic [30]. Their contri-

bution to PM10 is 1-4%, while the carbon monoxide (CO) contribution is 4-10%. Mopeds

have higher CO, hydrocarbon and PM emissions /km, while cars have higher CO2 emis-

sions /km. On the other hand, the share of moped contribution to the total of all traffic

emissions is small.

Moped emissions can be reduced by either reducing the burning of harmful fuels (i.e.

switching to zero emission fuels) or by engine optimization measures such as reducing fuel

consumption by using fuel injection or transitioning from 2 stroke to 4 stroke engines to

emit fewer particulates [30]. 2 stroke engines were deemed asymmetric polluters, consti-

tuting a small portion of the fleet but with emission factors up to thousands of times higher

than other vehicles [31].

The health effects of the current air pollution as compared to the case of no air pollution

are estimated as a 9 month reduction of life expectancy (an estimated 11% of lung cancer

deaths are also attributed to air pollution) [32].

A map of the PM10 and PM2.5 can be seen at https://arcg.is/151PO4. The major

cities such as Amsterdam, Den Haag, Rotterdam and Utrecht are all mostly above the 20

µg/m3 level, the recommended limit suggested by the World Health Organization (WHO),

creating more opportunity and need for fewer conventional scooters and more zero emis-

sion vehicles.

https://arcg.is/151PO4
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1.5. RESEARCH QUESTIONS
The overall objective of this thesis is to develop a model which simulates and controls a

small-scale hydrogen production, storage, and dispensing system powered by solar energy

sources. In addition, the feasibility of implementing a refueling station for scooters nearby

the Energy Wall is desired. This poses the following research questions:

1. In terms of usable noise barriers, how many are feasible to be coupled with a hydro-

gen supply and canister refueling station in the Netherlands?

2. In technical design terms, what would the Energy Wall with hydrogen production

look like?

3. How economically feasible is it to supply hydrogen canisters to scooter users?

4. What are the technical barriers or benefits of this type of system in the Netherlands?

1.6. OVERVIEW OF REPORT STRUCTURE
Chapter 2 is a literature review providing an insight into the working principles of the com-

ponents which make up the Energy Wall with hydrogen production system. The relation-

ship between noise barriers and scooter distribution in the Netherlands is analyzed in

chapter 3. The model developed to understand the relationship between the energy re-

source and hydrogen production is detailed in chapter 4, where the specifics of the control

strategies and method of simulation of the cases is given. The economic methodology and

findings are provided in chapter 5. Finally, chapter 6 gives an overview of the findings, final

conclusions and recommendations for further work.



2
LITERATURE REVIEW & PRELIMINARY

SYSTEM DESIGN

This chapter lays out the foundation, identifies relevant literature and describes the con-

cepts associated with the objectives of this project. Section 2.1 describes the renewable

energy generation technology which is employed on the Energy Wall. The components

associated with hydrogen generation and storage are discussed in section 2.2. In the same

section background information about electrolysis is provided and a review of the two most

feasible types of electrolyzers presented. Purified water options are given in section 2.3. Fi-

nally, technical information is provided about the electric and fuel cell scooters in section

2.4.

2.1. RENEWABLE ENERGY GENERATION COMPONENTS
The basis of this project is to provide clean renewable energy in order to produce hydro-

gen. This section discusses the energy generation components considered in the model of

the Energy Wall. These are namely solar panels; micro wind turbines have the potential to

be employed, but as found in [26] these are not economically viable yet, therefore omitted

from this system. It should be noted that the Energy Wall is a distributed generation plat-

form, meaning the energy generating components are placed nearby the load they serve,

unlike centralized generation. This helps reduce the losses in transmission of electricity as

well as offer some added independence to the location and its users [33]. The following

sections aim to cover the working principle of photovoltaic (PV) technologies, i.e. the pro-

cess of converting light to electricity as well as some of the most common materials used

to fabricate these modules and the differences between them. The components of a full PV

system are also outlined.

2.1.1. PV WORKING PRINCIPLE [1, 2]
Solar energy is harvested from the sun using modules which are made of a semiconductor

material, converting sunlight into electricity. The principle which is applied to make this

9
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conversion is called the photovoltaic effect, being: the generation of a potential difference

at the junction of two materials in response to electromagnetic radiation.

The light from the sun is made up of particles which contain energy called photons.

When photons hit the surface of the PV cells found in a module, they are absorbed. If the

energy in the photon is enough it can excite an electron from an initial energy level into a

higher one. Once this electron has been excited to the higher energy level, it leaves behind

a void, otherwise known as a hole which has a positive elementary charge. The electron

and hole are referred to as charge carriers. The electron-hole pair is able to recombine, but

it can also be separated into the positive and negative junctions of the cell.

Once the electron-hole pair has been generated, the two charge carriers can be sepa-

rated and collected through an external circuit. When electrons are transferred through the

external circuit they are transformed into electrical energy. In this process current and volt-

age are generated, hence power. Individual solar cells are quite small but when grouped to-

gether to form solar modules their cumulative electricity production becomes significant.

Silicon is the most commonly used semiconductor material in solar applications. Pure

silicon contains 4 valence electrons, which are covalent bonds forming a crystalline struc-

ture. This is quite a stable configuration and hence pure silicone behaves like both a con-

ductor and insulator, thus the name semi-conductor. In order for electrons and holes to

travel through these junctions, impurities are added to the silicon to make the material

more, or less negatively charged, depending on which charge carriers it must convey. This

process is called doping, whereby the positive side is doped with elements of 3 valence

electrons such as Boron, and the negative side with elements of 5 valence electrons such

as Phosphorus. This allows for the movement of holes and electrons through the semicon-

ductor material.

2.1.2. PV SYSTEM COMPONENTS

Other than the electricity generating panels, a complete photovoltaic system includes other

components which are essential for its operation. These are commonly referred to as Bal-

ance of System (BOS) components and they include converters, inverters, cabling, storage,

controllers, and mounts. It is important to consider these components since they signifi-

cantly contribute to the total cost. The BOS components may also vary depending on what

type of system is being designed (e.g. grid connected or stand-alone).

2.1.3. TYPES OF SOLAR PANELS [3, 4]
There are several types of solar panels which differ in technology, cost, and performance.

The most conventional types of solar panel materials are mono-crystalline (mono-Si), poly-

crystalline (poly-Si), and amorphous silicon (A-Si) cells.

Monocrystalline cells are more structured. They are the most efficient of the types men-

tioned above with values around 20%. They have a relatively longer lifetime than their

counterparts and deal well with elevated temperatures, but come at a higher cost than

other types of panels. Polycrystalline silicon cells are cheaper and easier to manufacture

since the silicon is less structured, but are disadvantaged in terms of their efficiency which
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is slightly lower at 15%. In addition their lifetime is lower and they have less tolerance to

high temperatures. The physical appearance of these two can be seen in figure 2.1.

The choice of monocrystalline over polycrystalline is strongly case dependent. In cases

where space is limited and power output has to be maximized, monocrystalline would be

preferred at a higher cost. Alternatively, if space is not a limiting factor then a lower cost

option of polycrystalline panels would be suitable.

Finally, amorphous silicon cells, also known as thin film, are the least efficient of the

listed types of cells, but have the advantage of flexibility. They are cheap to produce and

can be placed on a multitude of locations, however they have the shortest lifespan and

efficiency of all the options mentioned so far.

For the case study system, polycrystalline solar modules are assumed.

Figure 2.1: Physical Appearance of Monocrystalline-Si (left) and Polycrystalline-Si (right)

PV POWER OUTPUT

The maximum power point (MPP) is the current-voltage combination which yields the

highest power. Typically systems have an MPP tracker which adjusts the voltage accord-

ing to the current, resulting in the optimal combination. The current and voltage of a PV

panel are subject to their operating conditions. A common way to illustrate the perfor-

mance characteristics of panels is the I-V curves, which plots current against voltage. The

MPP is the point at which the current-voltage product is maximized.

Figure 2.2: Variation of MPP with Temperature and Irradiance

The main influences of the power output of a PV panel are the temperature and irra-

diance at the site. These determine the operating capabilities of the PV system. When a
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module operates in high temperature conditions the voltage of the module decreases due

to heat losses, hence the MPP is also lower. The opposite stands for irradiance, whereby at

higher irradiance values the power output increases since there are more photons exposed

to the surface of the module. Figure 2.2 shows the effect on the current and voltage due to

higher temperatures or irradiance; the same figure shows the shift in the MPP.

2.2. HYDROGEN TECHNOLOGY COMPONENTS
The components of hydrogen processing consist of production, storage, transport and re-

conversion back into usable electricity. Production aspects such as the working princi-

ple of electrolysis, types of electrolyzers and considerations to the working environment of

electrolysis are discussed in sections 2.2.1 and 2.2.2. A list of commercially available elec-

trolyzers is then provided in section 2.2.3. A review of types of storage available is given

in section 2.2.4, including content on both compressed (buffer) storage and metal hydride

technologies (used by the scooter). Finally, information about sustainable scooter mobility

is provided in section 2.4.

2.2.1. HYRODGEN PRODUCTION: ELECTROLYSIS

"The implementation of the Hydrogen Economy has been, since its first statement, disrupted

by the fact that hydrogen does not exist in its molecular structure in nature." - Marcelo et al.

[34]

Hydrogen is classified depending on how clean the production processes used are:

• Green H2: when there are no greenhouse gas emissions during the process

• Blue H2: when there are emissions of greenhouse gases, but carbon capture processes

are used to curb or balance the net greenhouse gas emissions

• Grey H2: when hydrogen production emits greenhouse gases without prevention of

greenhouse gas emissions

Steam reforming, which is the dominant method of hydrogen production, produces

blue or grey hydrogen. It works by reacting water vapour with natural gas, propane, methanol

or other fossil fuels in the presence of a (usually nickel) metal catalyst to produce hydrogen.

Other than the harmful greenhouse gas emissions associated with this method, the purity

of the produced hydrogen would not be adequate for the end application of the designed

system, thus more energy must be used to further purify the gas. [35]

Electrolysis was chosen as the production method since it does not produce any green-

house gas related by-products during its operation. In addition, by using sustainable en-

ergy the electricity source is also carbon neutral. It should be noted that in the case of a

grid connection for back up power, a quantity of associated greenhouse gas emissions is

possible due to the energy mix which the grid utilizes.
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Hydrogen production occurs in the electrolyzer. This is a device which splits water to

its elemental form, hydrogen H2 and oxygen O2. The process is described in equation 2.1

with the additional electrical and heat energy per mole required [34]. In theory, 1.28V is

the minimum voltage required to split one molecule of water, in laboratory conditions. In

practice higher voltages are used for a higher rate of hydrogen production. [35]

H2O +237.2 kJ/mol︸ ︷︷ ︸
electricity

+48.6 kJ/mol︸ ︷︷ ︸
heat

→ H2 + 1
2O2 (2.1)

The basic structure of an electrolyzer are two electrodes (an anode and a cathode), an elec-

trolyte between them, and an external circuit to conduct electricity; electrolyzer schematics

are shown in figure 2.3. The types of electrolyzers available for this setting are described in

the following section.

2.2.2. TYPES OF ELECTROLYZERS

Electrolyzers are differentiated based on the type of electrolyte they use, which determines

the intermediate water splitting reactions. There are three main types of electrolyzers,

namely the Solid Oxide (SO), Alkaline, and Proton Exchange Membrane (also known as

Polymer Electrolyte Membrane, PEM). The latter two are considered for this project since

they operate at low temperature ranges. The SO electrolyzer, although quite efficient, only

operates at very high temperatures (∼1000 ◦C).

The difference between Alkaline and PEM electrolysis is the electrolyte, as seen in figure

2.3. Since they have different electrolytes, the half reactions at the electrodes are also dif-

ferent; Alkaline conducts OH− while PEM conducts H+. A schematic of Alkaline and PEM

electrolyzers can be seen in figures 2.3a and 2.3b respectively. The reaction equations at

each of the electrodes of both types are given in table 2.1.

(a) Alkaline Electrolyzer (b) PEM Electrolyzer

Figure 2.3: Working principle of electrolyzers
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Cathode Anode

Alkaline 2H2O + 2e− →H2 +2OH− 2OH− → 1/2 O2 + 2H2O + 2e−

PEM 2H++2e− −→H2 H2O → 1/2 O2 + 2H++2e−

Table 2.1: Cathode and Anode half reactions of Alkaline and PEM electrolysis

ALKALINE BENEFITS AND DRAWBACKS

Alkaline electrolysis is what electrolysis itself began with in the 19th century, thus the tech-

nology is well matured and established. Hence it has the advantage of lower cost than its

PEM counterpart.

The electrolyte is a liquid, which brings certain disadvantages compared to a solid elec-

trolyte. Three main disadvantages are named in [34], which are the low partial load range,

a limited current density and low operating pressure. The diaphragm, as depicted in figure

2.3a does not completely separate the hydrogen and oxygen streams, allowing diffusion to

occur.

Due to the liquid electrolyte and porous diaphragm, ohmic losses in alkaline electrolyz-

ers are high. With higher current densities there are higher losses and thus the efficiency

of the electrolyzer decreases. The operating current density range in [25] is given from 200

- 500 mA/cm2 for alkaline electrolyzers; for comparison purposes in the same paper the

range for PEM is 1500 - 2000 mA/cm2. Finally, the electrolyte does not allow for high pres-

sures making the design of alkaline electrolyzers quite bulky and not compact.

PEM BENEFITS AND DRAWBACKS

PEM electrolysis is comparative to alkaline since both operate at low temperatures. A key

difference between the two is the electrolyte: PEM uses a solid electrolyte as compared to

the liquid electrolyte used by alkaline. The solid electrolyte is more dense allowing it to

be thinner and hence making the design of the electrolyzer more compact. The thinner

electrolyte also reduces the ohmic losses associated with the ionic transfer.

The problems of alkaline electrolysis are eliminated by PEM, as stated by [25]. The solid

electrolyte allows the electrolyzer to load follow since the operation can be dynamic and

the range of current density operation is large. PEM electrolyzers can operate with safe

pressure differential due to the solid electrolyte. The ability to have a pressure differential

means that the process doesn’t require pressurized oxygen to operate. Therefore oxygen

can be taken out of the ambient air. The risk is therefore minimized, and the required

safety equipment is reduced, ultimately reducing the capital cost. Ambient temperature

of oxygen allows for low-cost plastic tubes rather than high pressure piping. Achievable

current densities of ≥2 A/cm2 are reported by [34], which is higher than those in alkaline

systems.

Some of the drawbacks of PEM systems are the high cost of catalysts. Due to the highly

acidic environment, the catalysts for the reaction are limited to noble metals. Impurities

are a problem in PEM electrolysis since they can stick to the solid electrolyte and reduce the

conductivity and consequently the efficiency. In liquid electrolytes the effect of impurities

is not so significant.
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SUMMARY OF PEM & ALKALINE

Until recent years, alkaline electrolysis has been used much more commercially, however

PEM electrolysis has started becoming equally as favourable due to its advantages. There

were only a handful of companies which worked with PEM electrolysis, two of the most no-

table were Proton and General Electric which have been mentioned in various sources. Re-

cent developments and research have made PEM electrolysis competitive to alkaline elec-

trolyzers [36].

Table 2.2 gives a summary of some of the most important aspects of each electrolyzer

discussed. In summary, the main advantages of PEM over alkaline are higher efficiencies,

higher purity of the output hydrogen gas, and compact mass volume characteristics [37];

they are easy to start up, making them attractive for coupling with renewables.

Technology PEM Alkaline

Status New; Partially established Old; Well established

Electrolyte Solid Liquid and corrosive

Cost High cost of components Cheapest and effective

Catalyst Type Noble Noble

Durability Comparatively low Long term

Stacks > MW range MW range

Efficiency 70%

Status Commercialization is in near term Commercialized

Pressure Low operational pressure

Load Range good partial load range low for partial load

Dynamic operation High Low

Purity of Output High gas purity Low (crossover of gases)

Current Density High Low

Table 2.2: Comparison between PEM and Alkaline Electrolyzers [12]

2.2.3. OVERVIEW OF COMMERCIALLY AVAILABLE ELECTROLYZERS

PEM electrolyzers are still in an early commercial stage, thus their price is high relative to

alkaline electrolyzers but expected to fall [14]. The aim of this section is to identify a se-

lection of small scale electrolyzers in order to better understand how the available models

compare with each other and to find the key operational characteristics of each. A review

of a number of small scale commercial PEM electrolyzers is shown below, with key charac-

teristics of each summarized in table 2.3. More detailed explanations of each electrolyzer

can be found in appendix B.
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Model Output Energy Consumption Water Intake Output Pressure

[Nm3/h] [kWh/kg] [L/Nm3] [bar]

GreenHydrogen P1 1 - 4 61.2 5 50

H2GEN E-Series 5 - 120 63.4 < 2 35

NEL H-Series 2/4/6 81.2/77.9/75.7 0.92 15

NEL S-Series 0.53/1.05 74.5 0.89/0.9 (or 30)

HyLYZER 1/2 74.5 1 0-7.9

HPAC 10 0.7 55.6 N/a 15

HPAC40 2.81 53.4 N/a 15

Table 2.3: Overview of Suitable Commercial Electrolyzers

2.2.4. STORAGE OPTIONS

Hydrogen can be stored in various ways, all of which have their benefits and disadvantages.

The methods by which hydrogen can be stored are shown in figure 2.4a; this is useful to

see how many different types of technology exists, with options for different applications

of varying complexities. Figure 2.4b shows different fuels and their position in terms of

gravimetric and volumetric energy content, providing an understanding of how hydrogen

competes with conventional fuels in terms of energy content.

(a) Hydrogen Storage Technologies (b) Energy Density of Fuels based on LHV

Figure 2.4: Hydrogen Storage Methods and Energy Density of Various Fuels [6]

The objective is to make the system as efficient and low cost as possible. The option of

liquid hydrogen was considered too complex for a small scale system such as this one. The

process of liquefying hydrogen is energy intensive since the gas must be cooled down to

its extremely low boiling point of 20.28 K (-252.9 ◦C). Suitable insulation is also required to

avoid boil-off effects, which are ultimately energy losses. Although liquid hydrogen has the

highest gravimetric density (see figure 2.4b) the trade-off between energy density and cost

is not sufficient to supply this system.
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The main challenge with storing hydrogen stems from the size of the particles. The

storage material must be able to block the particles from escaping through the pores. The

strength of material must be adequate since hydrogen is usually stored above atmospheric

pressure, thus the structure should be able to withstand elevated pressures. The two main

storage technologies considered in this project are:

1. Compressed Gas: Storage of H2 gas directly after electrolysis

2. Interstitial Hydrides: H2 stored in hydride form ready for use by the fuel cell (FC)

scooter

For the first option, the purpose is to store the hydrogen in bulk as it is produced. The

second is transferring the hydrogen from the compressed buffer storage tanks to the metal

hydride canisters used by the scooters. The refiling process is assumed to occur in one

time-step. These storage technologies are discussed in the following sections.

COMPRESSED BUFFER STORAGE

Compressed gas storage has been the most common way of storing pure hydrogen. The

density of hydrogen increases with increasing pressure, therefore more energy can be stored

in a fixed volume when it is pressurized.

Compressed storage tanks are usually cylindrical and the material is determined by the

conditions of storage. For pressures up to 200 bar, steel cylinders are adequate. Technolog-

ical advancements in materials have allowed for pressures up to 800 bar using lightweight

composite materials. When compressed to this pressure, the volumetric density is nearly

half that of liquefied hydrogen. [38]

When compressing hydrogen, a certain amount of energy is required to push the gas

into a smaller volume. This can be viewed as a percentage of the energy content of the

hydrogen that is being stored. For pressures in the 800 bar range, it can take up to 13% of

the energy content of the hydrogen just to compress it. [38]

For this system, low pressure systems are preferred in order to use the energy efficiently.

Pressures of 800 bar are where the limits of technology have reached, however this system

aims to be simple so that its implementation is not hindered by expensive and high tech

components. Hence in efforts to make the cost of this system as low as possible and use

energy efficiently pressures of 50 bar or lower are simulated.

There are several companies which manufacture tanks for hydrogen storage. Many

manufacturers offer mainly high pressure storage. One notable storage tank manufacturer

is Mahytec, which specialize in a range of storage applications: high pressure tanks, low

pressure tanks, and hydride material products. Mahytec is also a distributor of the Green-

Hydrogen electrolyzers. [39]

One Mahytec low pressure storage tank is capable of holding 4.2 kg of hydrogen at 60

bar. This tank is made of composite materials, making it considerably lighter than its steel

counterpart. This tank can be seen in figure 2.5a. For the system in question, the tanks can

be mounted onto the wall, possibly in an enclosure to protect against theft and extreme

weather conditions. [40]
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(a) MAHYTEC Buffer Storage Tanks [40]
(b) APFCT Scooter Canister [41]

Figure 2.5: Pictures of Storage Units Envisioned

METAL HYDRIDE CANISTERS

Metal hydrides are a form of solid storage of hydrogen. Hydrogen enters the metal hydride

environment, where it dissociates from H2 atoms into its atomic form at the surface of the

metal or metal alloy material. In the case of interstitial metal, after the hydrogen splits, it

diffuses into the atomic structure of the host metal.

The equation showing the reaction of reversible hydrides is shown in equation 2.2. M is

the metal or alloy, H is the hydrogen, x is the stoichiometric coefficient, and Q is the asso-

ciated energy with inserting hydrogen or releasing it from the metal material. The process

of inserting hydrogen is called hydriding, and removing it is dehydriding. When hydrogen

is exposed to these metals, after dissociation, it acts as a metal and forms inter-metallic

compounds. [38]

M + x

2
H2 ←→ M Hx +Q (2.2)

Metals and hydrogen have a higher entropy than the metal hydride, therefore during the

formation of a hydride, energy is released and the reaction is exothermic. In releasing the

hydrogen from the metal hydride it is the opposite: the reaction is endothermic and energy

must be supplied to the hydride. In other words, when the hydrogen is to be released heat

must be supplied. In practical applications the heat (enthalpy) associated with hydriding

and dehydriding can prove critical to the heat management and thermal operating range

of the application. The enthalpy also determines the stability of the hydride. The higher

the (absolute) value of enthalpy, the higher the temperature at which hydrogen is released

becomes. [38]

Metal hydrides are safer than other forms of storage such as compressed gas and liq-

uefied hydrogen. The capacity of hydrogen stored in hydrides is measured either by the

atomic content of hydrogen to metal ratio (H/M), the weight percent (wt%), or the vol-

umetric terms. Since the hydrogen is bonded with the metals, rather than compressed

in its molecular form, higher densities can be achieved. Disadvantages of metal hydrides

are their sensitivity to impurities. These can cause reversible damage, but also irreversible
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damage depending on the hydride-impurity combination. Thankfully, the hydrogen in this

case is of high purity since it is produced by electrolysis which itself requires high purity

water. [38]

The cost of alloys used in metal hydride applications comprises of the raw materials,

melting and annealing, metallurgical complexity costs, profit, and the degree of precision

of the pressure-composition-isotherm required for the application. [38]

The canisters that the scooter uses are metal hydride canisters, which allow for relatively

large quantities of hydrogen to be stored at low pressures. The properties of the canisters

are given in table 2.4. Each canister is able to hold 45 grams H2, which is 1.1% of the total

weight of the canister. [13]

Property Value

Storage capacity 45 gH2/canister

Canister material Aluminium 6061-T6 alloy

Canister diameter 76mm

Canister length 365 mm

Metal hydride material AB5 alloy

H2 purity requirement >99.99%; O2, CO, S <1 ppm

Weight 4.4 kg ± 0.1 kg

Charging pressure 140 psig (9.65 bar) @ 10-20 ◦C

H2 Discharge rate >45 gH2/canister

> 39gH2/canister

Table 2.4: Metal Hydride Canister Properties [13]

2.3. WATER TREATMENT
Electrolysis uses purified water for its operation. Spring water usually contains minerals,

which are safe to drink. For applications where these minerals are harmful, there are many

types of processes which demineralize water, also known as DEMI water.

The electrolyte is highly vulnerable to impurities and this can cause reductions in the

efficiency. If the catalysts become contaminated, less surface area is available for the elec-

trode reactions with the feed in gases to occur, thereby reducing the amount of hydrogen

produced and hence the efficiency.

PEM electrolyzers require purified water, commonly of at least ASTM Type II purity, the

characteristics of which are given in table 2.5. The purity standard specifies a maximum

level of certain impurities, such as chlorides or organic compounds.

The options for obtaining purified water for the electrolyzer operation is either by buy-

ing purified water directly or by connecting a water purifier to a local tap water connection

and purifying it on-site.

Methods to purify water are described in appendix C, including the processes of distil-

lation and reverse osmosis which are the most effective at removing the undesirable con-

taminants. For ultra pure (Type I) water, UV radiation is also employed, but for the purpose
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Property Value

Electrical Conductivity @ 25◦C < 1 µS/cm

Electrical Resistivity @ 25◦C ≥ 1.0 MΩ-cm

Total Organic Carbon < 50 µg/L

Sodium (Na) < 5 µg/L

Chlorides (Cl) < 5 µg/L

Total Silica < 3 µg/L

Table 2.5: ASTM Type II Demineralized Water Properties

of this study this is not required. The option of having readily purified water delivered to

the site was dismissed. The main reason was to allow the system to be able to self-sustain

itself. In addition, it is not yet reasonable to assume that the trucks delivering the water

are net zero in terms of their emissions. Thus, in light of trying to have a sustainable, clean

system the option of purifying the water on site was chosen.

Some electrolyzers, such as the H2GEN described in section 2.2.2, include water treat-

ment units in their systems, therefore an external purifier is not necessary. The only re-

quirement for these type of systems is a tap water connection.

Commercially available purifier units were explored but their cost was very low com-

pared to the rest of the system components, thus the cost of the purification system and

water use was assumed negligible.

2.4. SCOOTERS (A.K.A MOPEDS)
Powered two wheelers can be categorized based on the size of their engine and drive mech-

anism. A big distinction between scooters is made based on the engine drive system, being

powered by gas or electricity. The latter is predicted to grow as the means to reducing GHG

emissions in transport applications, while the former is mentioned purely for comparison

purposes.

In the Netherlands the so-called bromfietsen and snorfietsen are the most popular types

of scooters for daily commuting. Bromfietsen are scooters which have a maximum speed of

45 km/h, with an internal combustion engine of no larger than 50 cm3 or an electric motor

of 4 kW. Snorfietsen are smaller with a maximum speed of 25 km/h and no specific limits on

the size of the engine; bicycles with a motor are included in this category [42]. Snorfietsen

are also used more commonly in urban areas, while bromfietsen are used for commuting in

sparse areas or in rural areas for transportation to urban centers. In this context, the term

scooter denotes either of the two mentioned.

In 2016, 4.9% of the total number of registered scooters in Europe was in the Nether-

lands. Over one fifth (21.7%) of the scooters purchased in Europe in 2017 was in the Nether-

lands, indicating that the market for scooters is growing. [7].

Electric scooters are two-wheeled vehicles which are propelled by electronic acutators

and do not consume fossil fuels. They offer advantages such as zero greenhouse gas emis-

sions, reduced noise and air pollution. As stated by [43], electronic motors are direct drive
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mechanisms, avoiding the use of gearboxes, clutches, and auto transmission systems. The

maximum torque is when the vehicle is not moving, allowing for quick accelerations to

move away for example. It is also common to maintain a nearly constant torque until reach-

ing top speed (which is electronically limited), contrary to conventional scooters. Noise

reduction offered by any electric motor is especially valuable in cities.

Fuel Cell Electric Vehicles (FCEV) are also electric vehicles, however most conversa-

tions are currently around Battery Electric Vehicles (BEV). Non-emitting mopeds have been

gaining popularity in recent years, and BEVs have become commercial products. An overview

of commercially available electric scooters with the range, charging time and price is pro-

vided at https://electricscooters.eu/.

2.4.1. BATTERY POWERED ELECTRIC SCOOTERS

Increasing use of electric vehicles in the Netherlands is evident as the number of non-fossil

fueled vehicles increases each year, as well as electric charging stations now being a not-

so-rare occurrence. In 2015 there were 2,197 electric scooters sold in the Netherlands, ac-

counting for 3.5% of the total sales that year [44]. In 2017 this number rose by to 2,529 (up

by 332) but only represented 3% of the total purchases that year [7]. Each year the number

of electric scooter sales is between 3% and 6% of the total sales, which shows a prospective

market for alternative vehicles and thus the possibility of hydrogen integration.

Battery powered vehicles offer advantages such as zero emissions of GHGs and PM. The

capability to charge at home overnight or at the place of employment, with more and more

charging stations appearing, is viewed as a plus.

Besides the zero emission operation of these vehicles, there are still some inherent dis-

advantages to batteries. Batteries can be made using abundant resources, but more ad-

vanced battery technologies tend to use rare natural resources such as lithium; complex

mechanical structures of some batteries results in challenges when reclaiming these mate-

rials. There is also a high rate of energy and water use associated with battery manufactur-

ing [45]. Batteries cannot store energy for prolonged periods due to high discharge rates, as

compared to fuels. The battery capacity is sensitive to temperature and depth of discharge.

This is detrimental to the performance of the scooter, especially in places where temper-

ature fluctuates or reaches extremes. It should also be recognized that when a battery is

charged by electricity which has been produced from fossil fuel generation units, it is still

accountable for the end use emissions of that source. Despite the disadvantages, battery

powered applications are still an approach to using fewer fossil fuels and hence reducing

the greenhouse gas emissions and the health effects associated with fossil fuel vehicle op-

eration.

2.4.2. HYDROGEN FUEL CELL SCOOTER SITUATION

The technology status of fuel cell vehicles is at its early commercialization stage, with much

ongoing development and testing still taking place. To date, only a handful of commercial

hydrogen two-wheeler vehicles exist. The fuel cell scooter model presented by Asia Pa-

cific Fuel Cell Technologies (APFCT) seems to be the most developed, with their 10+ years

https://electricscooters.eu/
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breadth of experience in fuel cells. The scooter uses two metal hydride canisters, which

can be replaced when they run out resulting in minimal refueling time. Hydrogen does

not scale proportionally with the weight and volume of its container, and the gravimetric

energy density is higher than that of batteries.

A case study was performed where the scooter was offered to drivers in an area of Tai-

wan in order to obtain real driving data [46]. The case study aimed to record data such as

temperature, speed, elevation, as well as give users an experience riding the scooter and

receive user feedback on the performance of the vehicle. The key findings stated that users

were happy with the speed, range and handling of the scooter, as well as the ease of chang-

ing the canisters. The 80 scooters that were deployed covered a total of 245,446 km and

consumed 453 kg of hydrogen. Although the (highway mode) range stated is 80 km, this

figure assumes steady speed and limited accelerations/decelerations. The more realistic

range for city mode is closer to 50 km [13].

According to the Hydrogen Council, which investigated the commercialization of fuel

cell electric vehicles, it is estimated that on average 20-25% of the vehicles in 2050 would be

FCEVs, but this was mainly regarding larger vehicles such as trucks, cars, and buses. They

estimate 10% for small cars, and less than 10% for 2 or 3 wheeled vehicles [47].

Hydrogen as fuel for FCEVs can make a significant contribution to the low-emission

fulfillment of the transport requirement for people and goods. Hydrogen and fuel cell vehi-

cles combined with batteries offer the potential for full electrification of all road traffic. In

addition to the reduction of GHGs in the air, the health hazards due to emissions of NOX ,

SO2, and PM and noise pollution are all drastically reduced.

2.4.3. KEY DIFFERENCES BETWEEN BATTERY, FUEL CELL AND GAS SCOOTERS

Although electric scooter technology is beneficial over the gas powered counterpart in terms

of emission-less transport, battery and fuel cell technologies have their differences which

are summarized here. The APFCT scooter is taken as the FC model; the battery scooter

used for comparison is the Niu: NQi Sport model, since the engine size is comparable.

A wider range of electric light scooter models is given in appendix I. For the gas scooter,

AGMs iCON50 was used for comparison to the electric drive systems. The commonalities

between these three scooters are their engine size (all around 1.8 kW) and the top speed

which is 45 km/h in this case.

The weight of the energy carriers of FCEV and BEVs are comparable. The battery con-

tains one 10kg battery, while the metal hydrides weigh 4.5 kg each; one scooter fits two

therefore the carriers weigh 9kg. The gas scooter uses a 5 L tank which weighs around 5 kg,

half the weight when compared to the electric drive examples.

The energy content of a metal hydride canister was given as 45 gH2. The energy content

of hydrogen ranges between 33.3 kWh/kgH2 and 39.4 kWh/kgH2, depending on whether

the Higher or Lower heating value is taken. Hence, a fully charged pair of canisters contain

between 3 and 3.5 kWh of energy. The actual output will depend on the efficiency of the

scooter fuel cell. The energy content of the batteries was given as 29 Ah; given the 60V

operational voltage of the BEV the capacity is found to be 1.74 kWh. This is around half of
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that of the fuel cell scooter.

The energy density of the carriers is provided in [48]. The energy density of a Lithium-

ion battery was given as 125 Wh/kg. The energy density of metal hydrides was much higher

at 400 Wh/kg.

The range of any vehicle depends on the driving style of the user. The electric scooters

have a comparable range at 50-80km. The gas scooter is at a clear advantage in this aspect

since its range is between 200-250 km on one tank. The range is given as 50km/L in [49],

assumed to be the maximum achievable range.

One advantage of the metal hydrides over the rest of the energy carriers is their plug&play

mechanism, whereby the user needs to replace the empty canister with a full one to refuel,

which takes 1-2 minutes. Battery scooters have started using the concept of swappable bat-

teries (see Gogoro) although this is not very common, yet. The battery charging time given

by the manufacturer was between 6 and 7 hours, although semi-charging is also possible.

The refuel time of a gas scooter is roughly 5 minutes.

In conclusion, the main advantage of FCEVs is the charging time, especially for users

who are unable to wait long periods between charge cycles. The range of both the FCEV

and BEV are comparable, and both depend on the driving style of the user, but are both

inferior to the range provided by the gas scooter. This advantage is provided at the cost of

operational emissions. A comparison of the cost to drive each of these scooters is given in

section 5.4.3.

Description FCEV [13, 41] BEV [50] Gas [51]

Model APFCT Niu NQi Sport+ AGM:iCON 50

Engine Size 1.8 kW 1.8 kW 1.8 kW (49cc)

Top Speed [km/h] 45 45 45

Energy Carrier MH Canisters Li-ion Battery Gas Tank

Weight of 1 Energy Carrier 2×4.4 kg ±0.1 kg 10 kg ∼ 5 kg

Capacity of Full Energy Carrier
90 gH2 29Ah @60V 5L

3 - 3.5 kWh 1.74 kWh 46.5 kWh

Range at full charge 50-80km 50-80 km 200-250 km

Energy Density of Carrier [48] 400 Wh/kg 125 Wh/kg

Refueling Time 1 min 6-7 hrs 5 mins

Scooter Weight [kg] 115 95 90

Table 2.6: Key differences between different types of moped scooters
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NOISE BARRIER, SCOOTER, AND

GEOGRAPHICAL ANALYSIS

The Netherlands has more than other European countries, which goes to show that there is

already a market for hydrogen refueling stations. A possibility would be to implement the

proposed system near already existing H2 stations.

Geographic Information Systems (GIS) are a powerful tool which can be used in many

fields and applications. In addition to the geography of a region, information about the

geographic entities is provided. The specific GIS software used for this project was QGIS 3.

GIS datasets were used to understand the scooter distribution in the Netherlands, and their

geographical relation to noise barriers which have the potential of being used as Energy

Wall units.

This chapter aims to show how scooters are distributed in relation to noise barriers,

supporting the idea that scooters (namely snorfiets) and noise barriers are both found in

urban centers.

Information is openly available about attributes at the neighborhood, district, and mu-

nicipality level, from the Centraal Bureau van de Statistiek (CBS) [52]. The available in-

formation includes the number of (snorfiets) scooters, land area, population, energy use,

births, deaths, and more. A data set from the Rijkswaterstaat was obtained by request on

behalf of the University, which provided information about noise barriers in the Nether-

lands, including the length, material, orientation, tilt, and other properties.

The Energy Wall is defined as noise barriers which run along highways to create a re-

newable energy production system utilizing already existent infrastructure. The aim is to

reduce the cost of the energy production system as well as explore alternative pathways to

sustainable mobility implementation. Noise barriers have the primary purpose of blocking

highway noise created by fast or heavy vehicles from noise-sensitive residential areas. By

retrofitting noise barriers with energy production units, namely solar panels and/or wind

turbines, another function is added to the infrastructure unit. Populating the barrier with

energy generating units adds significant value to it, transforming the barrier from a noise

prevention civil structure to a combined energy generation unit.

25
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By understanding the proximity of- and quantitative relationship between- scooters

and noise barriers, the potential of Energy Walls as hydrogen refueling stations for scooters

in the Netherlands can be assessed. The aim of this chapter is to identify regions where

suitable noise barriers exist, areas in the Netherlands that have a high density of scooters,

and eventually couple these two factors to find the regions with both suitable noise barriers

and a scooter-rich characteristic. This concept can be applied to a nationwide, provincial,

or municipal level in terms of the scooter distribution.

It should be noted that although this study considers the total number of scooters, sus-

tainable scooter mobility is, at present, not a majority of the market share of scooters. Un-

less driven by legislation or otherwise, the transition to sustainable mobility will gradually

grow and the share of (fuel cell) electric vehicles will increase. This can be driven and accel-

erated by the recognition of feasible locations, low cost stations, and low emission vehicles.

For the purpose of this project, GIS is used to establish the feasibility of using noise

barriers to extend the renewable energy network. This has used nationwide data to estab-

lish the premise, however, in future work a more in-depth analysis of this data can be used

to illustrate the specifics of the photovoltaic or wind energy potential of the noise barriers

nationwide.

Scooter data and their distribution are analyzed in section 3.1, starting from a European

level and narrowing down to national provinces and municipalities. Municipalities which

seem attractive in terms of the number and density of scooters are identified. Section 3.2

concerns the noise barriers in the Netherlands, and their suitability to become Energy Walls

based on stated suitability criteria. Once the scooter dense regions and suitable noise bar-

riers are identified, the two are coupled in section 3.3. The methodology and estimation

of the potential photovoltaic electricity production of all the noise barriers is given in sec-

tion 3.4. Finally a comparison between the demand of the scooters in the vicinity of the

noise barriers and the electricity potential is made in section 3.5 to understand what can

be supplied and what the expected demand might be.

The findings of this chapter aim to present information about provinces and munici-

palities which might be worth examining in more depth concerning their potential to have

Energy Wall units implemented and coupled with sustainable mobility systems.

3.1. SCOOTER DISTRIBUTION
The assessment of scooter distributions is taken from a broad European perspective and

progressively narrows down to a select number of attractive locations. The number of

scooters is the main metric used to identify suitable areas but in cases where interest exists,

the land area, population or density of scooters relative to these attributes is also examined.

3.1.1. SCOOTERS IN EUROPE

The number of scooter registrations in Europe is available in [7]. The Netherlands is ranked

6th highest. A closer look at the land area and populations of the countries with the highest

numbers of scooters shows that the Netherlands has the smallest area of the 5 predecessors,
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as well as a relatively high population. The population density of the Netherlands is the

highest making the country very attractive in terms of implementing a sustainable mobility

project for urban scooters.

Figure 3.1 shows the number of scooters for all European countries as well as the pop-

ulation density for the ten countries with the highest numbers of scooters. From the figure

it becomes obvious how much higher the population density of the Netherlands is as com-

pared to other European countries. Combined with the high number of scooters, it is not

unreasonable to consider the Netherlands as one of the nations where implementation of

such a system looks promising.

Figure 3.1: Number of Scooters [7] and corresponding population densities in European countries

One limitation of using the total land area is that countries other than Holland may

have cities which are densely populated and countryside which is sparesely populated.

This could be mis-characterized by the nationwide population density. Other countries

may also have more sparsely populated countryside or mountainous regions, accounting

for their higher land area. For example, in Greece around half the population lives in the

capital, and the other half is in other cities or towns.

Hence, implementation of a hydrogen refueling station should be based on the GIS data

of major urban centers in Europe rather than country-wide data. A more accurate study can

be carried out for the major urban centers of Europe, however this requires a collection of

GIS data for each one of these and this has been deemed out of the scope of this project; it

is definitely an interesting point for future work. The purpose of a European country level

comparison was to verify whether the Netherlands was a feasible choice, and it seems to be

so. In conclusion the benefits of having sustainable refueling stations for scooters imple-

mented in the Netherlands are the short distances, small land area, and high population

density.
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3.1.2. PROVINCE LEVEL IN THE NETHERLANDS

The Netherlands is split into 12 provinces. After establishing that the Netherlands is a suit-

able choice for implementation in terms of number of scooters and population density at

the European level, some aspects about the provincial distribution of scooters are studied.

Two metrics were looked at, namely the total scooters and the number of scooters per

1000 residents. Figure 3.2 shows the value of these metrics for each province. Desirable

provinces are identified as those which have high values of total and per capita number of

scooters. A high value of both is desirable since it implies that the province has both a high

number of total scooters and that there are many people who are scooter owners.

South Holland demonstrates high values for both metrics, followed closely by North

Brabant and North Holland. It should be noted that Amsterdam is found in North Holland,

while Rotterdam and the Hague are in South Holland; these are three of the most popu-

lous cities of the country. Therefore, it is worthwhile looking into these three provinces for

barriers suitable to retrofit as renewable energy generation units.

Figure 3.2: Graphical Representation of Total Scooters and Scooters per 1000 Residents

The distribution of the total number of scooters per province is shown in the map of

figure 3.3a. The provinces with the highest values were South Holland, North Holland and

North Brabant respectively. Figure 3.3b shows the scooters per 1000 residents for each of

the provinces within the Netherlands. Limburg and North Brabant are in the highest cat-

egory with 47 and 45 scooters per 1000 residents respectively. North Holland and South

Holland follow with 44 scooters per 1000 residents each. This metric concludes that there

is a high number of scooter users out of the entire population.
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3.1.3. MUNICIPAL LEVEL DISTRIBUTION

The municipal level provides a smaller size of regions and thus a better understanding of

where the majority of scooters are concentrated. Amsterdam, Rotterdam and the Hague

have a disproportionately higher number of scooters than the rest of the municipalities,

which is reasonable given they are the three most populous cities of the Netherlands. They

have over 10,000 scooters each.

The municipalities with lower than 4,000 scooters were excluded from this study as the

likelihood of a successful implementation of a hydrogen scooter mobility project may not

be economically attractive at this point due to the low number of scooters and their poten-

tial sparseness in the area, both of which ultimately lead to low system utilization.

Table 3.1 lists the municipalities with over 4000 scooters, the scooter density per area,

and the per capita value. These are also shown on the map in figure 3.4. The area around the

noise barriers within these municipalities is what will be investigated in the latter sections.

Ranking Municipality Total Scooters Scooters Scooters per
per km2 1000 residents

1 Amsterdam 18750 85 22

2 Rotterdam 12280 38 19

3 ’s-Gravenhage 10325 105 20

4 Utrecht 7640 77 22

5 Almere 6950 28 35

6 Zaanstad 6915 83 45

7 Apeldoorn 6830 20 43

8 Eindhoven 6820 77 30

9 Haarlemmermeer 6655 36 46

10 Tilburg 6365 53 30

11 Breda 5705 44 31

12 Amersfoort 5595 88 36

13 Haarlem 5320 166 33

14 Groningen 5305 52 26

15 Enschede 5250 37 33

16 Emmen 4975 14 46

17 ’s-Hertogenbosch 4625 39 30

18 Zwolle 4515 38 36

19 Alphen aan den Rijn 4510 34 41

20 Nijmegen 4495 78 26

21 Alkmaar 4450 38 41

22 Ede 4405 14 39

23 Arnhem 4350 43 28

24 Zoetermeer 4065 110 33

25 Westland 4040 45 38

Table 3.1: Top 25 Municipalities in terms of total scooters (>4,000)
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Figure 3.4: Municipalities containing over 4,000 scooters in the Netherlands
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3.2. NOISE BARRIERS (AS ENERGY WALLS)
Research has been conducted around the idea of using noise barriers as structures for re-

newable energy components. In [53] an extensive overview of implemented examples is

given. One notable example is from the Netherlands, of a bi-facial PV system which was

implemented well before renewable energy was an attractive investment.

The idea is certainly not new, but not widely implemented either. A list of photovoltaic

noise barriers installed in Europe as early as 1989 is given in [54]. A specific system was

installed in Switzerland and produced roughly 100 MWh annually. A system in the Nether-

lands was also implemented not long after that, yielding 176 MWh annually. Since then,

various projects have taken off in Europe, especially Switzerland, Germany and Italy. The

system sizes range from tens of kilowatts to a few megawatts. The largest system listed in

[54] is 2.65 MW along the A3 in Germany (Aschaffenburg) which was installed in 2009.

The ministry of Infrastructure and Water Management of the Netherlands (Rijkswater-

staat) is also active in implementing the "solar highways" concept by using photovoltaic

panels as the building material itself rather than add them on to the structure; this project

is partnered with TNO and SEAC [55, 56].

There has not been much research in the field of decentralized micro wind turbines,

possibly due to their high current cost, the limited power output, and the difficulties in

predicting or modeling the site conditions due to the structure and vehicle activity. The

province of South Holland has set up a series of innovative concepts, outlined in [27]; the

Energy Wall is included in these concepts. Experimentation was carried out on a noise bar-

rier in South Holland, under the initiative of TU Delft, whereby wind turbines were added

to the barrier [57] and the characteristics of wind flow around the barrier was observed.

Solar energy at this point is deemed a more suitable option for the retrofitting of noise

barriers. The next subsections focus on defining the suitable range of noise barriers which

can be converted into Energy Walls. First the suitability criteria are defined and then the

filtering process is described for each criterion. A summary of the remaining noise barriers

is provided in the last subsection. This data set will move on to be coupled with scooter

rich municipalities.

3.2.1. NOISE BARRIER SUITABILITY FILTERS & CRITERIA

The following sections focus on the filtering and removal of unsuitable noise barriers based

on material and tilt direction. The aim was to obtain a data set of suitable noise barriers

to analyze further by estimating the potential energy yield (section 3.4). Although more

detailed filtering criteria may be applied, using the aforementioned filters allows for the

available noise barriers to be narrowed down significantly for the purposes of this project.

For consistency with previous related projects, a segment is defined as "a length of

noise barrier along which the attributes are the same" and an entity is defined as "a length

of noise barrier where the properties such as height or material may vary". Multiple con-

nected segments form one entity.

The total length of noise barriers in the Netherlands is 1071.4 km, made up of 6138

segments. A map of the total (unfiltered) noise barriers is shown in figure 3.5.
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Figure 3.5: Roads and Noise Barrier Entities in the Netherlands

3.2.2. MATERIAL FILTER

Noise barriers are made of various materials ranging from concrete to plastic, metal, wood,

or earth embankments. Previous studies argued that some noise barrier materials were

deemed unsuitable to be turned into Energy Wall units [8]. This was on the basis of material

strength or likeliness of vegetation growth on the noise barrier material. A length of 577

km, or 53.8% of the total length of noise barriers was removed from the data set due to their

unsuitable material. This left 494 km of suitable noise barriers.



34 3. NOISE BARRIER, SCOOTER, AND GEOGRAPHICAL ANALYSIS

3.2.3. TILT DIRECTION FILTER

The tilt of noise barrier affects both the suitability of a barrier to become an Energy Wall and

the energy potential that the barrier may offer, however the latter is discussed in section

3.4. The suitability of a barrier is affected by the tilt when the barrier wall leans towards

unfavorable directions. Of the material-filtered dataset, 58.4% are tilted in some direction,

while the rest are simply perpendicular to the ground.

NON-TILTED BARRIERS

The barriers with no tilt were all deemed more or less suitable. The ones which were facing

South were the most favourable, however if the orientation was North it is assumed that

PV panels can be placed on the South facing side since the barrier is perpendicular to the

ground. For the barriers which were oriented facing East or West, although it is not always

the most favourable orientation, these noise barriers can potentially be bi-facially fitted

and therefore their energy output per unit meter of barrier increases.

TILTED BARRIERS

The attributes which characterize the tilt are firstly, the angle of tilt which ranges from 10◦-

30◦ and secondly, the tilt direction, characterized by the data set as one of the following two

categories:

• Forwards towards the road, figure 3.6a

• Backwards away from the road, figure 3.6b

The convention of forwards or backwards does not explicitly tell in which direction the

barrier is tilted, therefore using the position of the barrier with respect to the road, one

can understand the direction of tilt. The position is given in terms of 0, North, South, East,

or West. The first, "0", describes barriers which are curved around road bends, in between

roads, or other peculiar circumstances; Thus they have more than one or a variable position

with respect to the road. The convention of the latter noise barrier positions is visualized

in figures 3.6c & 3.6d, specifically for the North and South positions.

Barriers which are on the South side of roads should tilt forward towards the road for

them to be suitable; likewise barriers which are on the north side of the road should tilt

backwards away from the road. There may be some cases where the noise barrier is tilted

towards the South, which is unfavorable. If the panel would be placed on the South face

of a South-tilting barrier, self-shading occurs, even more-so when the sun reaches high

altitudes; if it is placed on the North side, the energy yield is bound to be low and therefore

the economic attractiveness and practicality of such an investment decreases. Therefore,

the barriers with the following combination of tilt characteristics were removed:

• Forward tilting barriers on the north side of the road

• Backward tilting barriers on the south side of the road

This step in the filtering process removed 124 km (11.6% of total length) of the available

barriers, leaving 370 km of suitable noise barrier length, which is rather significant.
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(a) Barrier tilted forwards (b) Barrier tilted backwards

(c) Barrier on the North side of the road (d) Barrier on the South side of the road

Figure 3.6: Barrier tilt & position characteristics

3.2.4. SUMMARY OF NOISE BARRIER FILTERING

From the total number of noise barriers, 65.5% were removed as they were deemed unsuit-

able to be turned into Energy Wall units. The percentages and lengths of the removed noise

barriers are shown in table 3.2, with a breakdown of the categories within the encompass-

ing filtering criteria.

Over half of the noise barriers were deemed unsuitable through this filtering process.

Had a more in-depth methodology and filtering process been employed, it is expected that

even more would have been filtered out. This process left 370 km of noise barriers (34.5%

of total) that were suitable.

3.3. NOISE BARRIER AND SCOOTER DISTRIBUTIONS COUPLING

In order to find which areas would most likely succeed with the proposed hydrogen refu-

eling station, scooter dense regions were coupled with suitable noise barriers. Figure 3.7

shows every municipality considered; the reader is kindly asked to refer to appendix D for

more detailed figures of the top municipalities defined in section 3.1.3.
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Filtering Criterion Length [km] Share of Total NBs

Unfiltered (Total) Barriers 1071.4 100%

Material -577 -53.88%

Earth 399.6 37.31%

Wood Fiber Concrete 99.7 9.30%

Wood 50.7 4.73%

Growth Screen 11.3 1.05%

Stone 7.0 0.65%

Gabion 4.8 0.45%

Others 4.1 0.38%

Tilt -124.4 -11.61%

Forward Tilt - North of Road 5.2 0.48%

Backward Tilt - South of Road 119.2 11.13%

Remaining Suitable Barriers 370 34.53%

Table 3.2: Unsuitable (Removed) Noise Barrier Characteristics and Lengths

3.3.1. TOP MUNICIPALITIES & SCOOTERS

The municipalities with the highest number of scooter registrations were identified in sec-

tion 3.1.3 and listed in table 3.1. There were 25 municipalities which each had over 4,000

scooters; 15 with over 5,000; and 3 with over 10,000, each.

The 25 top municipalities contained 161,135 scooters in total. The top 15 contained

116,705 scooters. The top 3 contained 41,355. In terms of share of the total number of

scooters, these values correspond to 24.6%, 17.8%, and 6.3% of the total scooter population

respectively.

In conclusion, almost a quarter (24.6%) of the entire scooter population is found within

25 cities. There are over 40,000 scooters in 3 municipalities. Considering a scenario where

1% would be converted to hydrogen powered scooters, the 414 scooters would require

roughly 37.3 MWh/year to produce the hydrogen to power their annual average distance.

3.3.2. NOISE BARRIERS IN TOP MUNICIPALITIES

Using the data set of filtered noise barriers (based on the criteria defined in section 3.2.1),

the noise barriers which were found within these municipalities were singled out.

The total length of the barriers located within the top 25 municipalities is 156 km, which

is 14.56% of the total length of noise barriers. This methodology was employed as these

barriers are likely to have a significant and sufficient number of scooters within a close

vicinity, and thus would benefit from a hydrogen production system aimed at scooters.

Figure 3.7 shows the barriers in orange.

Of the municipalities listed in table 3.1, Nijmegen and Almere did not contain any noise

barriers. The potential of the barriers within each municipality group is presented in table

3.3.
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3.3.3. COUPLING

After coupling the municipalities with suitable noise barriers, the smaller divisions of land

could be examined. The division of area after the municipal level is the district (wijk) and

then the neighbourhood (buurt).

The distance between the selected noise barriers and neighbourhoods was calculated

through the NNJoin plugin available in the QGIS software. The NNJoin plugin assumes the

center point of the entities it analyzes, in this case the noise barriers and neighbourhoods.

The result of this method is the number of scooters, and consequently theoretical hydrogen

demand, around the selected noise barriers.

The distances considered acceptable depend on the distance a scooter would be "will-

ing" to travel to refuel. The daily average distance a scooter drives is 2.5km, as explained

in section 4.1. Figure 3.7 shows the distance between each neighborhood and the closest

noise barrier entity. The white parts indicate the neighbourhoods within 2.5 km of the noise

barrier; distances higher than this are shown in a grey gradient as denoted in the legend of

the figure.

Using the methodology to estimate the PV energy potential as described in section 3.4

the same estimation can be carried out for the noise barriers found within the 25 munici-

palities. This way, the energy potential can be compared to the energy required to supply

the scooters within these municipalities, and to understand what relation the two have.

The overall findings of the coupling process showed the following:

• The number of scooters in the top 25 municipalities is 161,135 (24.6% of total)

• The number of scooters in neighbourhoods within 2.5 km of the noise barriers is less:

135,370. This is a difference of 25,765 scooters.

• There are three municipalities which contain no noise barriers (Almere, Westland,

Nijmegen). The number of scooters in these municipalities is 15,485.

The number of scooters in the neighbourhoods within 2.5 km of the NB are shown in

the 2nd column of table 3.3 (found at the end of this chapter). The 3rd column shows the

equivalent electricity demand for each group.

In view of the above the yield of noise barriers is estimated for the scooters presented in

these municipalities.

3.4. PV ENERGY YIELD ESTIMATIONS
An initial PV yield estimation was carried out. This was done for the set of noise barri-

ers deemed suitable in the entire Netherlands and for the set of noise barriers that were

distinguished in section 3.3.2. The method of estimating the PV energy yield is by using

correction factors to adjust the optimal energy yield of one PV panel according to the tilt

and orientation characteristics of the barrier, and then multiplying this potential energy

yield by the length of the barriers. The correction factors used are provided and explained

below.
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Figure 3.7: Distances from noise barriers in selected municipalities to nearest neighborhood

CORRECTION FACTORS

The tilt and orientation (t&o) are parameters which significantly affect the energy yield of

the PV system and need to be taken into account during the process of estimating the en-

ergy potential of Energy Wall segments. This is accurately done on a location specific basis,

however for the purposes of understanding the overall energy potential of the noise barri-

ers, a simpler method of corrections is used rather than modeling every segment. The t&o
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of the panels is inherently determined by the t&o of the barrier itself.

In [8] correction factors have been defined which adjust the optimal (maximum) energy

yield according to the t&o of the PV panels. These have been reproduced in figure 3.8. The

most appropriate orientation is towards the equator, i.e. south facing in the Netherlands.

As discussed in [8] the effect of the orientation angle on the energy yield was more promi-

nent as compared to tilt, which is also shown by the aforementioned figures. This approach

gives an estimate of the solar energy potential, but the method is generalized in the sense

that it does not take into account the differences in irradiation experienced in the different

regions of the Netherlands or any obstructions to the horizon of the solar panel (such as

tall buildings, trees, or other objects).

(a) Tilt angle correction factors (b) Orientation correction factors

Figure 3.8: Correction factors on orientation and tilt as demonstrated by [8]

The tilt correction factor is expressed as ηt i l t . The range of tilts that noise barriers ex-

perience are between 0◦ and 30◦ (corresponding to module tilts of 90◦ to 60◦). For example,

in Delft the optimal tilt angle is 38◦ (corresponding noise barrier angle of 52◦), therefore the

energy yield is likely to be between 70% and 90% of the optimal energy yield, according to

figure 3.8a.

The orientation correction factor is expressed as ηor i ent . Figure 3.9 shows a map with

the orientations, categorized between equal intervals of 45◦. Concerning the orientation of

the barriers, a range between 0◦ and 180◦ is provided by the dataset. North/South facing

barriers are given 0◦ and 180◦, while 45◦ and 135◦ are East/West. Figure 3.8b gives the value

of ηor i ent according to the orientations seen in the map.

CALCULATION OF YIELD

The method of finding the annual electricity production, AEPN B−POT , that can be poten-

tially produced assuming the noise barriers are fitted with PV panels is shown in equation

3.4. The variables of this equation are explained below in order of appearance.

AEPN B−POT = ηN B × AEPPV −OPT × LN B ·HN B

LPV ·HPV
(3.1)

The first variable, ηN B is the overall correction factor of the noise barrier entity accord-

ing to the tilt and orientation as described in the previous subsection. Using the data set
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Figure 3.9: Noise Barrier Orientations

and lookup table functions, ηt i l t & ηor i ent can be defined for every noise barrier entity.

Therefore, the overall noise barrier correction factor is expressed as

ηN B = ηt i l t ×ηor i ent

PVGIS [58] is a tool developed by the European Commission which gives information

about photovoltaic characteristics, weather stations, and other handy tools used when de-

signing a PV system. It provides the annual electricity production, AEPPV −OPT , for opti-

mally tilted and oriented PV panels. PV panel capacity ranges between 200 and 450 Wp,

therefore the middle value of 325Wp was used; the dimensions assumed were 1x1.6 m2, a

common size of commercial panels. The annual energy production of a 1-panel config-

uration changes according to the location. The middle value of the electricity generation

potentials was used for this study, which was 275 kWh/panel/year.

The next step is to estimate the number of panels that can fit on the barrier. The length,

LN B is given by the data set, however the height is not. Noise barrier heights range between
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1 and 10 m [59]. As this is a simplified study to understand the rough potential, the amount

of usable height on the noise barriers, HN B is assumed to be 2 m, allowing for 2 rows of

solar panels to be placed on the barrier in landscape position.

The size of most standard industry panels is around 1.6×1m2 (LPV ×HPV ). If a safety

factor of 1.2 (20% of the panel size) is taken into consideration, given there may be areas

where panels cannot be mounted (such as the connection points between barrier entities)

the effective area that panels require becomes 1.92 m2. Thus, a part of equation 3.4 can be

simplified to: HN B
LPV ×HPV ×1.2 = 2

1.92 ≈ 1.

3.4.1. NATIONWIDE POTENTIAL

Using the above mentioned methodology to find the AEP of the suitable noise barriers, the

noise barrier PV potential in the Netherlands was found to be

AEPN B−POT ≈ 60.1
GW h

year

This potential corresponds to a length of 370 km of barrier walls, and is corrected for the

orientation and tilt. The barriers are assumed to have one side fitted with panels, however

this value could potentially increase assuming the East or West oriented (non tilted) walls

have both sides fitted with panels.

In [60] the potential along the noise barriers was also investigated for a number of Eu-

ropean countries, and the Netherlands was included. In 2004, the time of writing of that

paper, there were 475.9 km of noise barriers along highways and 444.6 km along railroads.

The PV potential along these was found to be 91.8 GWh/year for the highway barriers and

65.6 GWh/year for the railroad barriers. The value calculated above is in the same magni-

tude range but lower than the values mentioned in [60]. However the value calculated is

over a shorter length of barriers.

POTENTIAL PER UNIT LENGTH OF ENERGY WALL

Normalizing the energy per unit length helps compare the value calculated and the value

presented in [60]. The potential calculated above per unit length of noise barriers was 162

MWh/year/km, given a length of 370 km.

The aforementioned paper [60] found that the potential per unit length was 193 MWh/year/km

and 147 MWh/year/km for the highway and railway barriers respectively. The total length

of noise barriers in the paper is also considerably larger. Nonetheless, the value calculated

above is well between the range provided by the report in [60].

3.4.2. POTENTIAL OF SELECTED MUNICIPALITIES

Each municipality differs in size, therefore the potential of the NBs in each seperate mu-

nicipality is calculated. This is further cross checked with the number of scooters in each

corresponding municipality group and the equivalent electricity demanded. Ultimately

this will distinguish the regions where a hydrogen refuelling station would be feasible.

The municipalities, neighborhoods and noise barriers which were examined are shown

in figure 3.7. There were cases where some neighbourhoods were close to two different bar-
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riers, sometimes in different municipalities, such as the case of The Hague & Zoetermeer.

Some of the municipalities overlap or border, therefore these were grouped. More detailed

maps of the groups can be seen in appendix D. The potential of the noise barriers within

each municipality (or group of municipalities) was calculated using the method described

in section 3.4.

The total cumulative potential electricity generation for the NBs which are within the

region of the top 25 municipalities was found to be ∼ 25.8GW h/year . The NB length and

corresponding potential for each municipality (group) is shown in table 3.3 (4th and 5th

columns). The Amsterdam group had the highest potential, followed by Rotterdam and

Den Bosch. The group of Den Haag and Zoetermeer were ranked 6th, preceded by Utrecht

and Eindhoven. The NB energy potential is plotted in figure 3.10.

The potential per unit length was also calculated for the noise barriers. The values range

between 117.8 and 212.6 MWh/km/year, with an average of 159.8 MWh/km/year. Higher

values imply that the municipality in question has a higher number of barriers which may

be south facing for example. A more suitable t&o barrier will have a higher yield per km.

Zwolle has the highest yield per kilometer.

3.5. COMPARISON OF POTENTIAL TO SCOOTER DEMAND
The feasibility of a noise barrier refuelling station is assessed by comparing the electricity

demanded to produce the hydrogen to fuel the scooters with the electricity production

potential of the noise barriers in the proximity of these scooters.

DEMAND CALCULATION

In short, the method of calculating the electricity required per scooter is as follows: On

average, a scooter drives 2.5 km each day [7], therefore covering 912.5 km annually. One

hydrogen canister provides a 25 km range (city mode) with 45 gH2 [13, 46]. Therefore, for

one year a scooter would require 36.5 canisters, or 1.6425 kgH2 . Assuming an electrolyzer

efficiency of 55 kWh/kgH2 [61], one scooter needs 90.34 kWh/year of electricity for hydro-

gen production to travel its average annual distance.

NATIONWIDE COMPARISON

In the Netherlands there are 655,965 scooters in the < 50 cc category (snorfiets). In the

scenario where 100% of the scooters in the Netherlands were fuel cell powered, and using

the assumptions above, the demand for energy would be ∼59.26 GWh/year.

The difference between the potential and demand was ∼800 MWh. Hence based on

these assumptions and calculations the noise barriers could provide the base for a PV sys-

tem which would satisfy the electricity demand for the current number of scooters.

MUNICIPAL COMPARISON

Narrowing down to the municipal level allows for the feasibility of more specific regions

to be examined. The potential of the NBs within the top 25 municipalities was calculated

in the preceding section. The neighbourhoods in close proximity to said noise barriers are

shown in figure 3.7 (more detailed maps in appendix D). The number of scooters contained



3.5. COMPARISON OF POTENTIAL TO SCOOTER DEMAND 43

within these neighbourhoods is also known. Hence, a value for the electricity demanded

can be assigned to each municipality group.

Considering a distance of 2.5 km, the number of scooters nearby the NBs of each munic-

ipality is shown in the 2nd column of table 3.3, next to the equivalent electricity demanded

for those scooters.

The total number of scooters considered here are 135,370 representing 20.6% of the to-

tal scooter population of the Netherlands. Cumulatively, these scooters would require 12.22

GWh/year. The cumulative potential of the noise barriers within the top 25 municipalities

is 33.64 GWh/year which is more than double the demand requirement by the scooters in

the municipalities. The reason for the individual municipal analysis is to understand which

municipalities can supply the scooters in their vicinity.

The aim of this was to understand how many scooters or what percentage of scooters

the noise barriers could provide for.

Figure 3.10 shows three values: the NB potentials annually in the top 25 municipalities

(grey), the annual demand of the scooters within 2.5 km of these noise barriers (black), and

the ratio between those two values (green).

Figure 3.10: Electricity Demanded by Scooters and Noise Barrier Potential

In some cases there was a lower NB electricity production potential than the scooter

electricity demand, namely in the last 6 municipalities shown in figure 3.10 (Ede, Emmen,

Tilburg, Alkmaar, Groningen, and Enschede). The rest of the municipalities or groups had

sufficient noise barrier potential to supply the entire fleet of scooters in the surrounding

area. Based on the above analysis, there are sufficient lengths of noise barriers in close



44 3. NOISE BARRIER, SCOOTER, AND GEOGRAPHICAL ANALYSIS

proximity to scooter rich areas, which could provide the electricity to produce hydrogen to

satisfy the demand these scooters may have. The choice of locations to proceed with in the

detailed simulation of a case are areas which have a high NB potential to scooter demand

ratio (at least ≥ 2).

Municipality Names Scooters
Demand NB length NB Potential NB Potential to

Demand Ratio[GWh/year] [km] [GWh/year]

Amsterdam,

Haarlem &

Zaandstad

30015 2.71 48.82 8.33 170.6

Rotterdam 20280 1.83 41.92 6.82 162.6

The Hague &

Zoetermeer
11865 1.07 16.93 2.24 132.4

Utrecht 10775 0.97 17.23 2.48 143.7

Eindhoven 8520 0.77 18.22 2.90 159.1

Amersfoort 6805 0.61 4.22 0.79 187.8

s-Hertogenbosch 5930 0.54 20.20 3.55 175.9

Breda 5130 0.46 8.21 1.50 182.4

Apeldoorn 4465 0.40 3.24 0.44 135.5

Ede 4465 0.40 2.77 0.40 144.3

Zwolle 4200 0.38 4.66 0.99 212.6

Groningen 4165 0.38 1.07 0.13 117.8

Tilburg 3940 0.36 1.41 0.22 153.3

Enschede 2980 0.27 0.46 0.06 140.2

Arnhem 2855 0.26 4.67 0.65 138.8

Haarlemmermeer 2450 0.22 4.56 0.86 189.0

Alkmaar 2435 0.22 1.07 0.13 117.8

Emmen 2150 0.19 0.70 0.12 176.2

Alphen aan den Rijn 1945 0.18 5.32 1.04 196.2

Table 3.3: Selected municipality data about scooters, electricity demand, noise barrier length &
potential electricity generation



4
ENERGY WALL FUEL CELL HYDROGEN

REFUELING STATION: A CASE STUDY

The objective of this study was to gain an understanding of feasibility and parametric rela-

tions between the system components of an energy wall with hydrogen production, storage

and dispensing aimed for fuel cell scooter applications.

SYSTEM DESIGN

The entire system is visualized in figure 4.1, which is split into two main subsystems: elec-

tricity & hydrogen. This chapter aims to identify which factors influence the sizes, and

consequently costs, of each subsystems parameters and final outputs. The objective is to

produce hydrogen reliably and at a relatively low cost. The system is grid connected to

assist in the intermittency issue of solar energy. The main assumptions that were made for

the case study are:

• polycrystalline silicon PV panels

• constant number of scooters Nscooter s and hence hydrogen demand (HD) each day,

week, month, year (D/W/M/Y)

• canister refiling done in bulk i.e. all the empty canisters are refilled at once

SYSTEM SIZE INFLUENCING FACTORS

When sizing such a system, there are various approaches which were considered. A few

determining factors were identified, mainly being:

Number of scooters: this value was kept constant in order to compare the influence

of changing the parameter sizes in the two subsystems. The demand was also assumed

constant for each day and dynamic refilling was not taken into account. Rather, a quantity

of hydrogen was required to refill a set number of canisters each day, week, month and year.

The number of scooters assumed in this system is 100.

The Energy Wall & electricity production are determining factors since a significant

part of the cost of hydrogen is the cost of electricity. Also, one of the desired characteristics

45
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Figure 4.1: Flowchart of Components of Case Study System

of this system is to keep emissions associated with hydrogen production as low as possible.

The electricity production is defined by the orientation and tilt of the noise barrier wall.

The generation capacity is constrained by the length of the wall.

Finally, the cost of the system is what determines the feasibility of producing hydrogen

for scooters using the proposed configuration. The cost modeling and results are examined

in chapter 5.

4.1. SCOOTER DEMAND
Considering the scooters are the end users of this system, ti is important to determine their

daily hydrogen demand in order to size the electricity production system appropriately.

The demand is proportional to the number of scooters in the case study. In this section the

demand of one scooter is estimated.

The daily hydrogen demand of one scooter multiplied by the number of scooters gives

the total daily hydrogen demand of the system. Similarly, it is assumed that the driving pat-

terns of scooter users does not differ between seasons [], therefore the weekly and monthly

demand are also constant throughout the year.

The hydrogen demand was estimated using two attributes:

1. Daily distance travelled per scooter, DDai l y [km/scooter]

2. Fuel efficiency of hydrogen, ηscooter [kg/km]
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DDai l y

Data was given on the distance per inhabitant per day and on the distance per inhabitant

per year. The data was manipulated to find the distance per scooter per day and distance

per scooter per year. The values are summarized in table 4.1. Values taken from literature

are marked by a bold row number.

Row no. Parameter Value Unit

1 Inhabitants 17,081,507 inh

2 Total scooters (2018) 1,076,443 sct

3 Total mileage by all scooters 939,000,000 km/year

4 Daily distance per inhabitant 0.16 km/inh/day

5 Annual distance per inhabitant 61 km/inh/year

6 Annual distance per scooter 872 km/sct/year

6 Daily distance per scooter 2.5 km/sct/day

Table 4.1: Scooter Demand Assumptions [7]

Provided the total number of scooters and annual total distance travelled (rows 2 and

3), the annual distance per scooter was found (row 6). The daily distance per scooter (last

row) was then found accordingly. It was approximated as follows:

DDai l y = 2.5 km/scooter/day

For the purpose of this project and due to a lack in weekly driving pattern data for scoot-

ers in the Netherlands, the daily hydrogen demanded has been assumed to be the constant

each day of the week throughout the year.The driving patterns of scooters in the Nether-

lands does not seem to change through the seasons. [62]. Another assumption is that all

scooters have the same driving patterns, which may not be the realistic case. However,

it is assumed that the large distances travelled by some is balanced out by the occasional

scooter users in any area. The value in table 4.1 for the number of scooters is both snor-

fiets and bromfiets; snorfiets are not commonly used for long distances however these are

compensated by the journeys of bromfiets between urban centers.

ηscooter

The driving distance that a pair of canisters can provide when operating in city mode is

given as 50 km [13]. The city mode gives a conservative figure since it assumes many ac-

celerations and decelerations. In highway mode, a driving pattern of fewer accelerations

and decelerations and long hauls of constant speeds, the scooters range extends to 80 km.

A full pair of canisters contains 90 gH 2. Therefore the fuel efficiency of the scooters was

calculated as:

ηscooter =
90gH2

50km
= 1.8

gH2

km

Nscooter s

The number of scooters is one of the determining factors for the size of the hydrogen pro-

duction system since this is sized to produce enough hydrogen to serve the surrounding



48 4. ENERGY WALL FUEL CELL HYDROGEN REFUELING STATION: A CASE STUDY

area. The option of producing surplus hydrogen and distributing it for other applications

is also an option. On the other hand, producing less hydrogen than the set demand would

mean the system is under-performing and consequently not meeting the objective of reli-

able production.

In this study a constant number of scooters was chosen to be modeled; the base case

considers a fleet of 100 scooters. This is an arbitrary number and can be changed for siz-

ing different systems and applications. Assuming this fleet size, the mass of hydrogen and

electricity requirement to produce this is calculated below.

FINAL DAILY DEMAND PER SCOOTER

Considering the value of the average daily distance traveled by scooters (DDai l y ) and the

fuel efficiency of hydrogen model (ηscooter ), the daily hydrogen production required can be

found, shown in equation 4.1. The mass of hydrogen required daily per scooter, D Hscooter ,

is found to be 4.5gH2 /scooter/day. The number of scooters is denoted by Nscooter s , and

is multiplied by hydrogen demand per scooter to find the total daily hydrogen demand

(D Htot ). In this case the number of scooters is 100, therefore the total daily hydrogen pro-

duction requirement is 0.45 kgH2 /day.

D Hscooter = DDai l y ×ηscooter = 4.5
gH2

d ay ·scooter

D Htot al = D Hscooter ×Nscooter s = 4.5×100 = 450
gH2
d ay

(4.1)

The electricity requirement to produce this hydrogen, assuming an electrolyzer con-

version efficiency, ηEl ec , of 55 kWh/kgH2 (or Wh/gH2 ), the Electricity Demand (ED) is found

in equation 4.2. For a fleet of 100 scooters the total daily electricity requirement is 24.75

kWh/day.

E Hscooter = D Hscooter ×ηElec = 4.5×55 = 245.7 W h
d ay ·scooter

E Htot al = E Hscooter ×Nscooter = 24.75 kW h
d ay

(4.2)

DISTANCE TO REFUEL

The distance that a scooter would travel to refuel was based on reasoning around the daily

distance traveled. If the daily distance one travels is 2.5 km, it is not expected that that

user would travel further than that just to refuel. Hence this is taken as one of the design

constraints for the rest of the model set up.

The modularity of the cansiters allows the possibility of transferring them to more con-

venient locations for distribution, such as super markets, gas stations, and local conve-

nience stores frequented by scooter users. This concept would be particularly interesting

to maximize the utilization of the station and its components. For the system to maintain

the sustainability targets, the mode of transport which the canisters are moved with would

also need to be carbon neutral, otherwise the purpose of reducing emissions in transport is

somewhat defeated. One of the reasons this system was chosen to be small scale is to keep

the overall capital costs low, and provide a localized, decentralized system available for the

surrounding community.
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4.2. LOCATION CHOICES AND CHARACTERISTICS
Chapter 3 presented an analysis of municipalities which seem attractive to install one of

these systems. Locations with low NB potential to scooter electricity demand ratios (see

figure 3.10) were not preferable for further study.

This section inspects the characteristics of a specific noise barriers located in three mu-

nicipalities, two of which had high correlations between scooters and noise barrier poten-

tial as found in section 3.5. Meteorological data is highly site dependent therefore specific

locations were chosen to examine as case studies in terms of their electricity and hydro-

gen production. Given a location, the irradiation profiles are more accurate as opposed to

the generalized approach taken in the previous chapter. The chosen locations are provided

below.

The simplification of a constant daily demand allows for the energy system influences

to be examined independently (such as the orientation or size of Energy Wall). Barriers

with desirable orientations are preferred.

4.2.1. ROTTERDAM

The extensive work by Nash [8] which focused on the Rotterdam Ring and given the scooter

population in the municipality, Rotterdam is an interesting choice for this implementation.

The chosen barrier is near the Rotterdam Noord train station, which could serve as a con-

venient location for people to exchange canisters. The chosen barrier is shown in figure

4.2.

Figure 4.2: Noise barrier along A20 in North Rotterdam

4.2.2. AMSTERDAM

Being the most populated city in the Netherlands, Amsterdam offers ample opportunity for

reduction of greenhouse gases, air pollution, and noise. Scooters are reportedly one of the
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biggest nuisances in the city, often driving in designated cyclist paths (leading to the ban of

mopeds on some cycle lanes in the city [63]). There is a ring road surrounding Amsterdam

with sufficient length of noise barrier segments, pictured in figure 4.3. Two segments were

deemed desirable, one in Amsterdam West and one in Amsterdam South-East (Zuid-Oost).

Figure 4.3: Amsterdam Noise Barriers

4.2.3. DELFT

Since this study is part of the TUDelft, and Delft is conveniently situated between two of

the largest cities, Delft was also explored as a potential location for such a system imple-

mentation. Living here one notices a high number of (food) delivery scooters. This specific

application would be interesting for further exploration. The noise barrier at the intersec-

tion of the N470 and the A13 highway, at the border between Delft and Pijnacker and close

to the university would be a suitable choice for Delft, shown in figure 4.4.
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Figure 4.4: Noise barrier along N470 in Delft

Location Ams. West Ams. Zuid-Oost Rotterdam Delft

Coordinates 52.3630 52.3409 51.9414 51.9975

4.8424 4.95268 4.4778 4.3936

Road A10 A10 A20 N470

Length of Barrier 1021 m 771 m 952 m 498 m

Barrier Orientation
270◦ 150◦ 170◦ 170◦

(0◦ = North)

Barrier Tilt
10◦ 10◦ 10◦ 10◦

(0◦ = no tilt/perpendicular)

Max PV Capacity 347.1 kW 262.1 kW 323.7 kW 169.3 kW

Scooters in 1.5 km 2480 1145 460 1335

Scooters in 2.0 km 3635 1605 625 1680

Scooters in 2.5 km 4945 2470 1065 2290

Share of 100 scooters in 1.5 km 4% 9% 22% 7%

Share of 100 scooters in 2.0 km 3% 6% 16% 6%

Share of 100 scooters in 2.5 km 2% 4% 9% 4%

Table 4.2: Summary of Characteristics of Chosen Locations, Noise Barriers & Scooters

4.3. ENERGY PRODUCTION MODEL & SIZING
The energy model uses the location characteristics for irradiance and temperature over one

year. The PV modeler used was PVGIS, an online free resource, which provides the power

generation, irradiance (in-plane, diffuse and reflected), temperature, solar azimuth/altitude,

and wind speed for a specific location. The annual hourly profile of a 1 kW panel was ob-

tained through PVGIS, for a specific tilt and orientation according to the noise barrier char-

acteristics.

4.3.1. NOISE BARRIER PHYSICAL ASPECTS & PV CAPACITY

The installed capacity of the Energy Wall depends on the number of panels (Npanel s) which

are placed on the NB. This value is limited by the physical size of the noise barrier, i.e. the

length and height. This section shows how many panels can be placed on each of the case
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study noise barriers. There are various types of modules, as explained in section 2.1.3, but it

was established that the energy output does not increase in proportion to the price, hence

polycrystalline modules are considered for this case.

The positioning of the panels on the Energy Wall were assumed flat in order to have

high utilization of the surface area of the NB and save space. Were the panels to be tilted

to the optimal slope, more space between rows would be required to avoid shading. The

horizontal dimensions would also increase, which on a highway may not be possible due

to passing vehicles.

To find the number of panels, Npanel s , that fit on each noise barrier, equation 4.3 was

used. It calculates the ratio between the size of NB surface to the size of the PV panels. A

safety factor σ is taken into account for unusable space on the noise barrier such as the

segment interconnections, or irregular surfaces where panel mounting is not possible. The

length and height are denoted as L and H respectively, with the corresponding subscripts

NB and PV where applicable.

Npanel s =
LN B ×HN B ×σ

LPV ×HPV
(4.3)

Panels are commonly rectangle shaped, with common dimensions being 1m × 1.6m.

Therefore the denominator LPV × HPV , is assumed as 1.6m2. The PV panels assumed are

polycrystalline silicon, with an efficiency of 14%.

Noise barrier heights can range anywhere between 0.5 and 5 meters. For each case

study, the barriers chosen were at least 2-3 meters high (verified using GoogleMaps StreetView).

Therefore it is assumed that two rows of PV panels can be fitted on to the barrier. The con-

figuration is shown in figure 4.5. The example takes a noise barrier section of 2 m length

and at least 2 m high. Allowing a 20% safety factor for σ, equation 4.3 becomes:

Npanel s =
LN B ×2×0.8

1×1.6
≈ LN B

The power rating of solar panels varies depending on the technology used. Typically the

rating ranges between 250 and 400 Wp per panel. A panel rating of 340 Wp is reasonable in

this range; the rating per square meter (using a 1.6m2 panel area) is 212.5 Wp /m2. [64].

4.3.2. PV SIZING LIMITATIONS

The size of the Energy Wall electricity production system is limited by two main factors.

The first, more active constraint is the size of the grid connection capacity. As discussed in

section 5.2.2, in the interest of keeping the system cost low, the grid connection capacity

should be kept under 175 kW. With the panel capacity given above as 340 Wp/panel, this

limits the system to 515 panels. If a higher capacity such as 400 Wp were used, this would

reduce the number of panels to 438 (77 fewer panels with 60 Wp/panel increase).

The second constraint is the physical size of the noise barrier. This is the maximum

length that can be utilized to install solar panels upon. Given this, equation 4.3 and the

length of the noise barriers, the maximum installable capacity is shown in table 4.2. The

Rotterdam and Amsterdam barriers show capacities higher than the grid limit, therefore

some of the barriers would not be fully retrofitted.
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Figure 4.5: Schematic of PV Panels on Noise Barrier

4.3.3. MODULAR ENERGY WALL SEGMENTS

The concept of using modular Energy Wall segments, defined as a specific installed capac-

ity on a set length of noise barrier, has been explored in previous studies.

In previous studies using the Energy Wall as a production site, the concept of modular

Energy Wall segments was explored. Energy Wall modules are defined as a length of barrier

with a fixed capacity or number of panels. The process of simulating modular Energy Wall

segments (groups of PV modules) rather than individual modules reduces the number of

iterations and simulation time.

In [26] one Energy Wall Module (EWM) had a length of 6 m and a height of 5.2 m, fitting

12 panels with a cumulative capacity of 4.08 kWp per segment (340 Wp panels assumed).

That study explored the possibility of a micro wind turbine as well but as it concluded, the

cost did not outweigh the benefits; thus a wind turbine is not included in the present study.

For consistency, the number of modules was kept the same. One Energy Wall module

in this study is a 12 m length of noise barrier with 12 solar panels, rated 4.08 kWp each. The

maximum allowable number of segments according to the 175 kW grid limit is 42 EWMs.

4.4. ENERGY & HYDROGEN PRODUCTION CONTROL STRATEGY
An interconnection between the grid, the Energy Wall and the hydrogen production sys-

tem allows for reliable hydrogen production. At times where there is not enough energy

from the Energy Wall, the grid acts as a back up source supplying the required energy. On
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the other hand, when the tanks are full and there is still energy being produced by the En-

ergy Wall, the surplus can be sold to the grid, avoiding curtailment and "greening" the grid

electricity mix by using the sustainable energy produced.

Two main sizing methods were explored. The demand and buffer tank capacity was

kept constant for both control strategies, while the size of the PV system and the elec-

trolyzer were adjusted to understand their effect on cost. The hydrogen production is lim-

ited by the size of the tanks, as their maximum capacity is the daily demand. The two

control strategies (CS) applied were:

1. CS1: Maximize the use of renewable energy

2. CS2: Use the electrolyzer at full capacity

4.4.1. CS1: MAXIMUM USE OF RENEWABLE ENERGY

In this strategy the utilization of renewable energy is maximized in effort to reduce de-

pendence on the grid. The strategy acts so that when the sun is above the horizon, the

electrolyzer is powered by electricity from the Energy Wall. Excess photovoltaic electricity

is sent to the grid. When the sun sets, the grid supplies the electrolyzer at full capacity until

the state of charge (SOC) of the buffer storage tanks is 100%.

The number of EWMs limits are the size of noise barrier and grid capacity category. It

was established that the noise barriers have enough length, and hence space for PV panels

to produce more than enough electricity to meet the demand of hydrogen. The electrolyzer

operates from the Energy Wall during sunlight hours, and tops up from the grid at full ca-

pacity after sun set.

The rate of hydrogen production is variable through out the day and depends on the

available electricity from the Energy Wall; it is limited by the electrolyzer capacity when the

electricity produced in an hour is more than the capacity of the electrolyzer. The objective

becomes to supply the required demand while utilizing most of the PV energy.

In some instances, the PV production in a given hour was higher than the electrolyzer

capacity. In these cases, while the electrolyzer was operating at full capacity, there was

still electricity being sent to the grid, indicating an underutilization of PV electricity. The

renewable electricity was better utilized with larger electrolyzers.

4.4.2. CS2: OPERATE ELECTROLYZER AT FULL CAPACITY

The second CS works by operating the electrolyzer at maximum capacity. This means that

as long as the tanks are not full, theh electrolyzer will be producing hydrogen at full capacity

using electricity from the grid and the Energy Wall. The grid and the Energy Wall supply the

electrolyzer simultaneously so that it works at full capacity until the buffer storage tanks

are full. When there is excess PV electricity, it is sent to both the electrolyzer and back

into the grid (if the electrolyzer capacity is not large enough to use all the PV electricity).

It is assumed that the price of hydrogen using this configuration will be higher since grid

electricity has a higher price than the Energy Wall, however the reliability of the hydrogen

production may be higher.



4.5. HYDROGEN PRODUCTION 55

4.5. HYDROGEN PRODUCTION
The conversion efficiency of the electrolyzer, ηEl ec is assumed to be 55 kWh/kg. This is cal-

culated from the specifications of the GreenHydrogen electrolyzer, which is a small scale

PEM unit [61]. The pressure drops throughout the process are shown in figure 4.6, illustrat-

ing the passive aspect of the design; additional components such as compressors are not

included as a cost reduction strategy. It is important to state that there are losses along the

way, such as heat losses in the process of refiling the canisters, but these are not consid-

ered as losses of the mass of hydrogen but rather as additional electricity needed to cool

the refiling system.

Figure 4.6: Pressure flow in Hydrogen System

By keeping the number of scooters to be served at a constant value of 100 scooters, the

daily demand of hydrogen is equal each day of the year, and hence the electricity demand

from the electrolyzer is also constant. Different electrolyzer sizes were simulated in the

model, ranging from 1 kW to 5 kW capacity. The number of segments is also varied to

understand the effect of a long or short Energy Wall system.

MATLAB was used to simulate the model and control strategies. The findings and ob-

servations are extensively discussed in the next sections and the end of the next chapter

which is concerned with the cost model. The energy utilization from each source affects

the final cost of hydrogen, hence the mix of electricity defines the feasibility of each system

configuration.

4.6. MODEL ITERATIONS
The software used to simulate the paramters listed in this chapter was MATLAB.

The electrolyzer size range was from 1 to 5 kW installed capacity, in 1 kW steps. The

maximum number of EWMs was limited to 42. The range simulated was in steps of 1 mod-

ule from 1 to 20, and then in steps of 2 between 20 and 42 EWMs; this is steps in total. The

step size changed to reduce the computing time. It was interesting to see the result of the

maximum number of segments as well as the trend that the various parameters followed

through the EWM size range.

This brings the number of iterations to 155. The entire loop was repeated for 2 control

strategies, therefore the total number of iterations became 310. The results of multiple pa-

rameters of both control strategies in the model are explained in the cost findings (section

5.4). The main assumptions made and model flow is shown in figure 4.7.

The considerations of the model parameters and control strategies outlined in this chap-

ter are carried over to the cost model found in the following chapter, to identify the cost

results and feasibility of a hydrogen refueling system coupled with an Energy Wall.



56 4. ENERGY WALL FUEL CELL HYDROGEN REFUELING STATION: A CASE STUDY

Figure 4.7: Model Iterations Schematic

4.7. MODEL FINDINGS
The feasibility of the system depends on its cost and functionality. Even though it is grid

connected, the dependence on the grid should be kept low without compromising the abil-

ity to meet the demand. The energy flow between the Energy Wall (PV), the Grid (G) and

the Electrolyzer (E) were given the following definitions:

• PV2E: Energy Wall to Electrolyzer

• PV2G: Energy Wall to Grid

• PG2E: Grid to Electrolyzer

The Energy Wall capacity factors are given first. Then the contribution and utilization

of the Energy Wall is shown. A range of configurations was marked as unsuitable based on

criteria.

4.7.1. PV CAPACITY FACTORS

The PV capacity factor is defined as the ratio between actual produced electricity and max-

imum full operation generation. The PV capacity factor (CF) is defined as the amount of
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electricity produced compared to the electricity production capability in the case the sys-

tem was operating all the time at full capacity. For each location the capacity factors are

given in table 4.3. Rotterdam showed the highest capacity factor, therefore it is considered

the base case for the rest of the results, unless otherwise indicated.

Ams. West Ams ZO Rotterdam Delft

7.18% 8.78% 10.20% 9.20%

Table 4.3: PV Capacity Factors of Selected Locations

4.7.2. ENERGY WALL UTILIZATION & CONTRIBUTION

The share of electricity used from the overall PV generation for hydrogen production, as

well as the share of PV electricity in the total electricty sent to the electrolyzer follows.

UTILIZATION

The utilization, UPV , of the Energy Wall was defined as the ratio of electricity sent for hydro-

gen production, out of the total electricity produced by the Energy Wall, shown in equation

4.4. The utilization is plotted in figure 4.8 for the two control strategies and range of energy

wall modules.
UPV = PV 2E

PV 2E +PV 2G
(4.4)

Figure 4.8: Utilization of Energy Wall for Rotterdam

For CS1 the utilization is generally higher as compared to CS2, meaning more of the

PV energy is used for hydrogen production. Whatever is not sent to the electrolyzer is re-

directed to the grid. The grid functions primarily as a back up source for the electrolyzer

and secondly as a sink for the excess PV.

CONTRIBUTION

The contribution shows what percentage of electricity to the electrolyzer came from the

Energy Wall, defined as CCPV in equation 4.5. The contribution trends are shown in figure

4.9.
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CCPV = PV 2E

PV 2E +PG2E
(4.5)

The 1 kW electrolyzer sourced less than 50% of its electricity from the Energy Wall for

the production of hydrogen, regardless of the number of Energy Wall modules for both

control strategies, shown in figure 4.9. As the electrolyzer capacity increased, so did the

contribution. CS1 has a higher CCPV than CS2, and higher values are achieved sooner than

CS2 configurations when increasing the number of Energy Wall modules.

Figure 4.9: Contribution of Energy Wall to Hydrogen Production for Rotterdam

The difference between the two control strategies can be seen in the daily energy flows

in figure 4.10. The configuration in shown is for a 3 kW electrolyzer with 4 Energy Wall

modules. It is clear that CS2 uses more grid electricity compared to CS1. In the circled

area in figure 4.10b, more electricity is directed from the grid to the electrolyzer, whereas in

figure 4.10a the equivalent electricity is supplied by the Energy Wall. Another disadvantage

of CS2 is that more PV electricity is sent to the grid, decreasing both the utilization UPV ,

and more so the contribution CCPV .

Figure 4.11 shows the hourly simulation results of a 1 kW electrolyzer, and where the

electricity was sourced from for a day with high irradiance. It can be seen that even though

there was sufficient PV electricity production, some of it was sent to the grid due to the

small electrolyzer input capacity (1 kWh/h); later in the same day the grid was used to top

up the hydrogen production. This is an inefficient way to use the electricity, since a portion

of the PV generation is sent to the grid during the day for a low price, and bought back at a

higher price when needed later in the day.

In conclusion, if the electrolyzer is too small, it will send more PV electricity to the grid,

since the electrolyzer can only use 1 kWh each hour. This limits the amount of electricity

from PV used. In addition, the daily demand is not fulfilled by the end of the PV production

hours, therefore grid intervention is necessary to top up for the day.
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(a) Renewable Electricity Maximization (CS1)

(b) Electrolyzer Maximization (CS2)

Figure 4.10: Comparison of Control Strategies in terms of Electricity Exchange (3 kW Electrolyzer, 4
NB Segments)

Figure 4.11: Hourly Electrolyzer Input and Grid Pattern for 1 kW Electrolyzer

4.7.3. ELECTROLYZER CAPACITY FACTOR

The capacity factor of the electrolyzer (C FElec ) is defined as the ratio between the actual

operating capacity of the electrolyzer over the maximum operating capacity achievable.
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Figure 4.12 shows the capacity factor of different sized electrolyzers for the range of Energy

Wall segments simulated.

Both control strategies had more or less a constant electrolyzer capacity factor; the only

case in which this was not valid was for the 1 kW electrolyzer which had an increasing ca-

pacity factor with increasing number of Energy Wall segments. CS2 had a constant elec-

trolyzer capacity factor as well as levelized cost of electrolyzer (discussed further in cost

findings, section 5.4).

The tanks in this system were sized according to the daily expected hydrogen produc-

tion. In the case that the tank size was variable, this could affect CFElec .

Figure 4.12: Electrolyzer Capacity Factors for Both Control Strategies

In conclusion, the CFEl ec is not affected by the change in number of Energy Wall mod-

ules. The differences noted between control strategies are not significant, except when the

electrolyzer is small (i.e. 1 kW in this case). In that case CS2 is favored since the electrolyzer

operation is kept high at the cost of a higher input electricity cost. The 1 kW electrolyzer

CS1 case has an increasing CFel ec because it primarily uses PV electricity before topping

up to the grid. The larger the number of EW modules, the higher CFel ec since it operates

longer with PV electricity.

4.7.4. DEMAND SATISFACTION & STATE OF CHARGE

The demand is satisfied through means of supplying full canisters for empty ones to the

scooter users, and was observed using the State of Charge (SOC) of the tanks at the end of

the day for each configuration. The daily SOC was the level of charge of the tanks at the end

of the day, at the point before the canisters are refilled. The number of days the daily SOC

surpassed certain levels, namely 50%, 75%, 80%, 90%, and 95%, were measured; the values

for CS1 are shown in figure 4.13. When the configuration is able to supply the full demand

for most of the year it is considered reliable. There were configurations, especially with a

small (1kW) electrolyzer where the demand was not satisfied.

In the last sub-figure of figure 4.13, the 1 kW surpasses 95% SOC for 2 or 3 days, and
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Figure 4.13: Daily State of Charge Levels for Different Electrolyzer Sizes

only at very large number of energy wall modules. This means that it never reaches 100%,

and hence the annual demand for the 1 kW electrolyzer configuration is not completely

met. The 1 kW struggled to meet 75% SOC for configurations with less than 10 Energy Wall

modules.

For CS2, the number of days the SOC reached any level was constant (figure not shown

but horizontal lines in the context of figure 4.13), since the electrolyzer was operated con-

tinuously until the daily demand was met. For the 1 kW electrolyzer, the daily SOC sur-

passed 75% for 359 days of year. The number of days it surpassed 95% was 6 days for the

entire range of number of Energy Wall Modules.

4.7.5. AVOIDED EMISSIONS

Regulations around moped emissions have been developed by the EU. The class in which

a vehicle is found depends on the year of manufacture. Recent models (>2017) are Euro4,

while vehicles up to 2006 are Euro 2 and 2004 are Euro1. Moped emissions depend on the

size of the vehicle (two-wheeled, incl. sidecar, tricycles, etc.) and their year of manufacture

for Hybrid, Positive and Compression Ignition [65]. The gas scooter considered is Euro 4

(more specifically L1Be). The full regulations are available in [66].

The EU standard provides limits as to how much CO, NOx and PM is emitted per km of

operation. The limits of the L1Be are 1.0 gCO , 0.17 gNOX , 0.63 gT HC (Total HydroCarbon)

per kilometer. PM emissions were not allowed for new models from 2017 onwards. Thus

any moped vehicle before this year had no restrictions on the Particulate Matter it emitted.

If one scooter travels 2.5 km per day, it covers 912.5 kilometers each year. Taking the
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limits above, this would equate to 912.5 gCO , 155.125 gNOx , and 574.5 gT HC per scooter per

year avoided. For a fleet of 100 scooters as assumed in this project, this would be 91.25

kgCO , 15.5 kgNOx and 57.5 kgT HC . These are not considered greenhouse gases themselves,

but are harmful to human health.
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COSTS: MODELING & FINDINGS

In order to assess the economic feasibility of the proposed Energy Wall system with hydro-

gen production system and how it compares to conventional fossil fuel powered scooters,

the cost of the hydrogen delivered to the end users is assessed, i.e. the cost of hydrogen in

the scooter canisters.

The cost calculation has been achieved by taking into consideration the cost of each in-

dividual component of the system for every conversion stage starting from energy produc-

tion up to the delivered canisters, with the relevant assumptions stated in each subsection.

The cost stages are shown in table 5.1. Each is explained in its dedicated section below.

This cost is then converted and compared with the equivalent cost of fossil fuel scooters

on a per kilometer traveled basis. The main conversion stages considered are the renewable

electricity production, the grid backup (these are contributors to the electricity delivered to

the electrolyzer), the hydrogen production, buffer storage, and dispensing to the canisters.

A summary of cost parameters used in the model is shown in table 5.1

Cost Component Parameters CAPEX OPEX Lifetime [years] Ref.

LCOEPV PV 850AC/kW 2.5% 25 [67]

LCOEG
Commercial GSel l 0.174AC/kWh - [68]

Connection LCGH 2 ∼ 400AC/year - [16]

LCOEH2

PV Electricity LCOEPV - -

Grid Electricity LCOEG - -

LCOHPROD
Electrolyzer 1000 $/kW 2%C APE X 10 [69, 70]

Electricity LCOEH2 - -

LCOHST OR Buffer Tanks 700$/kg 1%C APE X 20 [69]

Table 5.1: Summary of Parameters Used in the Cost calculations
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5.1. METHODOLOGY
In calculating the cost of hydrogen to the end user the costs accumulated throughout the

process of converting irradiation to the dispensing of hydrogen are incorporated, providing

the final cost to the users.

The levelized cost method was selected to analyze the economic value of the subsys-

tem components shown in figure 4.1. This method concerns three main characteristic val-

ues for each subsystem of figure 4.1 namely the capital expenses (CAPEX), the operational

expenses (OPEX) and the produced quantities, in this case being electricity (in kilowatt-

hours) and hydrogen (in kilograms). The cost of each conversion stage is normalized per

unit produced allowing for changes to the system configuration to be compared economi-

cally.

The levelized cost method provides an annualized values of the CAPEX and OPEX over

the lifetime of the system. Capital expenses are significant since they concern the equip-

ment and installation costs but are made once during the lifetime of the system. Oper-

ational & maintenance (O&M) expenses are usually much lower but are made more fre-

quently.

An annuity factor is used to annualize the capital expenses over the lifetime of the

project. The calculation of the annuity factor is shown in equation 5.1, where i is the real

interest rate and t is the lifetime of the project [67]. The real interest rate is assumed to be

2%.

ANU = i × (1+ i )t

(1+ i )t −1
(5.1)

5.2. ELECTRICITY COST PARAMETERS
The levelized cost of electricity (LCOE) is a measure to express the value per unit of energy

produced, hence expressed in AC/kWh. It calculates the minimum price that system can

produce electricity while repaying the value of its components and operation over its life-

time. Traditionally the LCOE takes into account the fuel and carbon emission costs, but

renewable energies are favorable since these fuel costs are not applicable during the oper-

ation.

5.2.1. ENERGY WALL

The Energy Wall (EW) is essentially a PV system installed on a wall, hence its cost is mod-

eled as such. A PV system consists of the modules, the balance of system (BOS) compo-

nents. The latter are parts associated with the installation and operation; inverters, cabling,

mounts, bypass diodes and charge controllers are included here.

The CAPEX is the hardware capital and installation costs. Transport equipment for the

components, permits and taxes, and labour services make up the installation costs. While

in operation the inspection and cleaning of panels, as well as any replacements required

make up the OPEX of the system. These may be referred to as Operation and Maintenace

(O&M).
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In [67] the CAPEX of commercial size systems is given between 800 and 1000 AC/W. The

paper involves prices in Germany in 2018, therefore it was considered the most valid source

for this type of system. The OPEX was stated as 2.5% of the CAPEX.

At the time of writing solar electricity is as cheap if not cheaper than other conventional

forms of electricity [9]. The same source states that the average LCOE of photovoltaic instal-

lations globally has reached a value of 0.085 USD$/kWh in 2018. A groundbreaking price

of 0.26 AC/W was reported in [71] for Europe, which was an average price of mainstream

technology in April 2019.

The cost considerations here are taken without incentive or subsidy calculations, since

these may expire, or be unavailable in the future. Thus the cost of the PV energy is assessed

purely on the necessary components and their true costs.

5.2.2. GRID

With a grid connected configuration, the electrolyzer is able to produce hydrogen reliably

and meet the demand of the scooters. There are two grid cost components which are even-

tually and partially borne by the hydrogen user. In summary they are as follow:

1. The cost of buying electricity commercially from the grid (grid sell price), Gsel l

2. the cost of making the connection to the grid itself, LCGH2

GRID: COMMERCIAL PRICES

The grid sells electricity to the hydrogen production system at a price, Gsel l and buys elec-

tricity from the Energy Wall at a different price Gbuy .

The grid sell (Gsel l ) price differs between households, small/medium enterprises, and

all size industries (small, medium or large). The larger the consumer, the cheaper the elec-

tricity. The Energy Wall exchange is classified as the smallest type of consumer. The price

given by CBS for small scale users (more than 2.5 and less than 500 MWh/year) including

taxes and VAT is 0.174 AC/kWh in the last quarter of 2018. The VAT and taxes alone for that

period were 0.059AC/kWh, roughly 40% of the total price [68]. Therefore Gsel l is assumed to

be 0.174AC/kW h.

Gbuy is the price at which the grid buys energy from the Energy Wall. Ideally, this price

should be equal to or greater than the cost to produce the electricity, i.e. LCOERE N if the

system is to make a profit, but this is not considered in this set of calculations since it is not

relevant to the cost of H2 produced. It is in the interest of the grid to buy energy at lower

prices than it sells it for, i.e. Gsel l > Gbuy .

GRID: CONNECTION COSTS

Naturally, the connection to the grid has an associated cost which determined by the grid

operator. In the case of South Holland the operator is Stedin [16]; data on the connection

cost is provided and reproduced in tables G.1 & G.2. The cost of connection consists of

the one-off fee for the new connection point which includes 25m of cable, the cost per

additional length of cable, and an annual fee for the operation and maintenance of the
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grid. The magnitude of the connection cost depends on the capacity of power which must

be exchanged between the system and the grid.

The annualized cost of the grid connection, CCON , is expressed in equation 5.2, where

CAPEXGr i d represents the connection and associated cable costs and OPEXGr i d is the op-

eration and maintenance costs paid to the grid operator.

CCON = ANU ·C APE XGr i d +OPE XGr i d

[
AC

year

]
(5.2)

The 2 users of the grid connection are the Energy Wall and the electrolyzer system, de-

noted by the subscripts RE N and H2 respectively. The proportion of electricity sent to- or

received from- the grid by users are not equal, therefore the connection cost is split between

its users. The cost is split and allocated depending on how much electricity is handled by

the transformer for each user. A detailed explanation of how the cost was divided between

the users is shown in appendix G.

The levelized cost of connection, LCG , is defined as the cost of connection divided by

the amount of electricity sent to and received from the grid (eq. G.3). It is split into LCGH2

which is allocated to the hydrogen produced, and LCGRE N borne by the energy wall. Equa-

tion 5.3 gives the connection cost allocated to the hydrogen production, where EG is the

gross energy handled by the grid, EG2H2 is the energy sent to the electrolyzer from the grid,

and LCG is the total connection cost.

LCGH2 = LCG × EG2H2

EG

[
AC

kW h

]
(5.3)

The final cost of electricity that the electrolyzer pays for is defined as LCOEG , expressed

in equation 5.4. From the grid connection cost, only the cost associated with the electricity

that is sent to the electrolyzer is considered, LCGH2 . This is the only cost which trickles

down to the cost for the user.

LCOEG = LCGH2 +Gsel l

[
AC

kW h

]
(5.4)

5.2.3. COST OF ELECTRICITY TO ELECTROLYZER

The cost of electricity is proportionally between the Energy Wall and the grid, according to

how much it uses from each source. Therefore, the respective costs are transferred to the

cost of hydrogen and eventually to the scooter user as the price of a canister. The element

LCOEH2 is an all-encompassing factor used to express the price of the electricity sent to the

hydrogen production system. During electrolysis, one of the essential requirements is the

electricity, and therefore the cost of it is important.

The system was envisioned to contain passive auxilliary components rather than active

ones in order to keep the system simple and to minimize the auxilliary component energy

demand. The auxiliary components electricity is negligible compared to the electrolyzer

consumption. An energy controller primarily regulates the power input to the electrolyzer,
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and secondly redirects the surplus renewable energy to the grid. The electricity consump-

tion of this component is also considered negligible compared to the consumption of th

electrolyzer.

The levelized cost of electricity sent to the electrolyzer, defined as LCOEH2 is therefore

made up of the following cost components:

• Cost of electricity from the Energy Wall

• Cost of electricity purchased from the grid

These cost elements are expressed in equation 5.5 in the respective order. The denom-

inator, EH 2 of the equation is the annual electricity received by the electrolyzer.

LCOEH2 =
(LCOEPV ·PV 2E)+ (LCOEG ·PG2E)

EH2

[
AC

kW h

]
(5.5)

5.3. HYDROGEN COST PARAMETERS
The total levelized cost of hydrogen is determined by the cumulative cost of producing and

storing the hydrogen. The production costs include the electricity, electrolyzer, and water;

the (buffer) storage costs are mainly the compressed gas tanks.

The following sections provide values and reasoning associated with the levelized cost

of hydrogen (LCOH) of -production and -storage. W is the quantity of hydrogen processed

annually in kilograms. Production in section 5.3.1, Storage in section 5.3.3. The final price

that is sought is the price of hydrogen to the end user, LCOHUser , which includes the pro-

duction and storage costs discussed below. Dispensing costs are attributed to the user since

they are the owners of the canisters and hence not included in the final LCOHuser .

It is important to state that there are losses along the way, such as heat losses in the

process of refiling the canisters. This is viewed as an additional requirement for electricity

(i.e. to cool the canisters while they refill, since heat is generated in the process), however

these are not considered as losses of the mass of hydrogen. Therefore the mass of H2 pro-

duced is assumed to be the same mass that is dispensed to the canisters. Better conversion

efficiencies will decrease the costs.

The costs accumulated in the process of production and buffer storage of hydrogen

both contribute to the cost of the hydrogen in the canister. Therefore, the cost per kg of

each of these is added to find the final LCOH, as shown in equation 5.6.

LCOH = LCOHpr od +LCOHstor

[
AC

kgH2

]
(5.6)

The cost of production is shown in equation 5.7. It consists of the levelized cost of the

electrolyzer (LCOHEl ec ), the electricity input into the electrolyzer, and the water costs. The

first two are discussed below, while the water costs are quite low and therefore only de-

scribed in appendix C for reference.

LCOHPr od = LCOHElec +LCOHEl ectr i ci t y +LCOHW ater

[
AC

kgH2

]
(5.7)
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5.3.1. PRODUCTION: ELECTROLYZER COSTS

A PEM electrolyzer was chosen for the hydrogen production due to its high efficiency, load

following capabilities and compact design. In section 2.2.2 it was ascertained that PEM

technology is more expensive than alkaline due to its novelty and materials. This is chang-

ing as research and implementations of PEM systems progress, and it is becoming a more

viable electrolysis technology, especially for intermittent renewable energy generation ap-

plications. Cost aside, PEM was deemed more suitable for such an application due to its

dynamic load following capabilities and high efficiency.

The cost of State-of-the-Art PEM systems used for energy storage from renewables with

grid balancing was laid out by [14], for the years 2012 and 2017. Predictions were also made

for 20202, 2024, and 2030. The capital expenses depended on the conversion efficiency

of the electrolysis systems. The data is summarized in table 5.2. The operating cost of an

electrolyzer is assumed to be 2.0% of the capital cost [14, 72]. The 2020 column in table

5.2 is used as the assumption guide, however a conservative value of 1000AC/kW is assumed

since the figures stated are predictions rather than real data. The electrolyzer modeled in

this study has achieved the 55 kWh/kg conversion efficiency.

LCOHElec =
(ANU ·C APE Xel ec )+OPE XEl ec

WAnnual

[
AC

kgH2

]
(5.8)

2012 2017 2020 2024 2030

Efficiency [kWh/kg] 60 58 55 52 50

CAPEX [$/kW] 3200 1200 900 700 500

O&M [$/kW/year] 2%C APE X

Table 5.2: Operational and Capital Costs of PEM Hydrogen Production from Renewables [14]

5.3.2. PRODUCTION: ELECTRICITY

The cost of the electricity received by the electrolyzer is shown in equation 5.5. Equation

5.9 represents the electricity cost in terms of the hydrogen produced. It depends on the

electricity input from the grid and the Energy Wall. EH2 is the electricity input to the elec-

trolyzer. Therefore the annual gross cost of electricity is found and divided by the annual

quantity of hydrogen produced. The same could be achieved by multiplying LCOEH2 and

ηEl ec .

LCOHEl ectr i ci t y =
LCOEH2 ·EH2

WAnnual

[
AC

kgH2

]
(5.9)

LCOHEl ectr i ci t y = LCOEH2 ·ηEl ec

[
AC

kgH2

]
The cost per electricity unit is converted to the equivalent cost per kilogram hydrogen.

In the production modelling section (4.5), the conversion efficiency, ηEl ec , was taken as 55

kWh/kgH2 . The mass value was used instead of the volume of hydrogen since the energy
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content of a volume of hydrogen may change with pressure or temperature. Since there are

various points of pressure changes (fig 4.6) the gravimetric energy density was preferred.

Cost reductions are expected in the levelized cost of hydrogen in two areas. First, the

conversion efficiency of electrolyzers is expected to increase, meaning less electricity will

be required to produce a kilogram of hydrogen. This will decrease the overall electricity

requirement, and hence the cost of electricity into the electrolyzer. The CAPEX and OPEX

of electrolyzers is also expected to decrease in the future [14] thus, lowering the overall

levelized cost of hydrogen production.

5.3.3. BUFFER STORAGE COSTS

The cost of storing the hydrogen is defined as LCOHStor . An estimation of an 8000 L tank

is given in [69] at a value of 9,000$ which operates at 20 bar. Therefore, the cost per kg H2

stored is 700 $/kg.

LCOHStor = ANU ·C APE XStor +OPE XStor

WAnnual

[
AC

kgH2

]
(5.10)

5.3.4. LEVELIZED COST OF HYDROGEN TO USER

The conversion of the cost per kilogram to the cost per canister is achieved by multiplying

the LCOH by 0.045kgH2 (45gH2 ), the value contained in each canister. The overall cost of

hydrogen is multiplied by this value to find the cost per canister, expressed in equation

5.11. This is the lowest price possible to repay the capital costs, therefore it is assumed that

eventually this value will be higher to cover the supplier margins or other commercial costs.

LCOHUser = LCOH ×0.045

[
AC

cani ster

]
(5.11)

5.4. COST MODEL FINDINGS
In the first investigation, we look at how the cost of electricity is impacted by the size of

share provided by the Energy Wall and the Grid. This will ultimately affect the price of

hydrogen to the user. In this second aspect, the price will also be affected by the size of the

electrolyzer. To conclude, the price per kilometer driven is found and compared to other

forms of scooters.

5.4.1. LEVELIZED COST OF ELECTRICITY OF FOUR LOCATIONS

Each location had a different cost of electricity, which remained unchanged regardless of

the control strategy used or the coupling with the hydrogen production system. This cost

has to do with how much electricity the system produces, based on its location character-

istics. More electricity production throughout the year means a lower levelized cost due

to maximized output of the PV panels. When the panels are not placed in desirable loca-

tions or positions, the output decreases, increasing the LCOEPV . The levelized cost values

presented below are directly related to the capacity factors of the locations in table 4.3.
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Location Orientation Tilt
LCOEPV

[ACcents/kWh]

Amsterdam West 270◦ 10◦ 10.31

Amsterdam South East 150◦ 10◦ 8.44

Rotterdam 170◦ 10◦ 7.98

Delft 170◦ 10◦ 8.04

Table 5.3: Base Case LCOEPV of each Case Study Location

TILT SENSITIVITY

For all of the cases when the tilt of the barrier was perpendicular (i.e. NB tilt of 0◦) the price

of the PV electricity was 13-14% higher than when it was tilted at 10◦. In addition, when the

tilt of the barrier was increased by a further 10◦ (to 20◦) the LCOEPV decreased by 9% for all

the cases.

In conclusion, it is more favourable to have a larger tilt in the barrier. This comes down

to the fact that the higher the tilt of the barrier, the closer the slope of the panels is to the

optimal slope for the Netherlands (∼ 38◦ panel slope, equivalent to 52◦ NB tilt). The solar

panels are also able to produce more electricity in the same period, therefore decreasing

the unit energy cost.

5.4.2. CONTRIBUTIONS TO LCOH
The cost of hydrogen, including auxiliary costs was made up of the following components:

• Storage Tanks

• Electrolyzer

• Grid Electricity

• Energy Wall (PV) Electricity

The contributions to the LCOH for each configuration are shown in figure 5.1. Water is

a negligible part of the cost of production and is therefore not included in the figure.

BUFFER STORAGE TANK CONTRIBUTION

The tanks were sized according to the daily demand. The assumption of the cost per kg

stored is provided in section 5.3.3. The quantity of hydrogen produced and stored was ∼
0.5

kgH2
d ay . The tanks were therefore sized to accommodate this production. The contribution

to the LCOH by the storage tanks remained constant regardless of the configuration, since

the demand was kept constant.

Commercial tanks (such as the one mentioned in section 2.2.4) are able to hold 4.2 kg.

This is significantly higher than the amount required in this study. However the modeling

of a small scale of the system allows for localization and decentralization of the hydrogen

refueling station.

One of the future work points would be to oversize the tanks and observe the reliability

of the system (from the user perspective), where configurations are allowed to produce
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Figure 5.1: Breakdown of LCOH Contributions

more hydrogen than the daily requirement, for use on a low-PV day. The possibility of the

buffer storage tank capacity being higher is not excluded as a suggestion for future system

designs since the contribution to the LCOH is already quite low.

ELECTROLYZER COST CONTRIBUTION

The levelized cost of the electrolyzer (LCOHElec ) is shown in figure 5.2. The cost is not

influenced by the control strategies, except using CS1 with a 1 kW electrolyzer. LCOHElec

decreases between 1 and 15 energy Wall modules. The electrolyzer capacity factor, C FElec

increases along the same range.

A correlation between LCOHEl ec and C FEl ec for the range of electrolyzer capacities is

observed. The relation of LCOHEl ec is shown in figure 5.2, while the C FElec trend is given

in figure 4.12; the two aforementioned figures are combined and shown in figure 6.1.

In figure 4.12 one can see that for each upward step in electrolyzer capacity size, the

annual capacity factor decreases; as a result the levelized cost of the electrolyzer increases.

Therefore, an unnecessarily large electrolyzer, such as the 5 kW configuration in this case,

mainly adds to the overall LCOH, without providing significant reliability benefits as com-

pared to smaller electrolyzer sizes.
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Figure 5.2: Levelized Cost of Electrolyzer

In summary, the findings of the electrolyzer cost influences are as follow:

• For electrolyzer capacities of 2 kW or more, the capacity factor of the electrolyzer was

≤52%

• The levelized cost of the electrolyzer increased with increasing electrolyzer capaci-

ties, since the CAPEX and OPEX of the component increased but the quantity of hy-

drogen demanded (and hence produced) remains constant.

• For small electrolyzer capacities (i.e. 1 kW), where the capacity factor of the con-

figuration increases with increasing Energy Wall modules, the electrolyzer levelized

cost decreases accordingly; it reaches a steady state value when the production level

matches the demand requirement.

• In CS2, the LCOHEl ec remains truly constant as the quantity of hydrogen produced is

constant throughout the range of Energy Wall modules

In conclusion the number of Energy Wall modules does not affect the usage, and conse-

quently the LCOHEl ec , of the electrolyzers when the electrolyzer is over 2 kW. Maximization

of capacity factor tends to decrease the levelized cost of the electrolyzer, however the elec-

trolyzer should also have a high enough capacity to be able to meet the daily demand, and

hence have a high daily SOC. As electrolyzer capacity is added, the levelized cost increases

if the hydrogen production quantity remains unchanged since the capital and operational

expenses increase while the denominator quantity of hydrogen stays constant.

ELECTRICITY CONTRIBUTION

The parameters which influence the electricity cost are the choice of control strategy (CS1

or CS2), the size of the Energy Wall, and the size of the electrolyzer. The cost of PV electricity

tends to be lower than the commercial grid prices, with reference to table 5.3 and section

5.2.2 respectively. The PV price for the Rotterdam case was around 8 ACc/kW h, whereas

grid prices are at least 17.4 ACc/kW h. The price of electricity into the electrolyzer was thus

governed by the contribution of each of these two sources, expressed in equation 5.9. The
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more electricity taken from the Energy Wall, the lower the final cost of electricity used for

electrolysis. Therefore, it becomes desirable to utilize more PV energy rather than grid,

without compromising the ability of the system to meet the daily demand of hydrogen.

The contribution and utilization of the Energy Wall modules is shown in section 4.7.2.

The contribution to the hydrogen production is important since it shows how much elec-

tricity is sourced from the Energy Wall. Preferably this value should be high for two reasons:

• the PV system has the purpose of serving the hydrogen production, therefore if the

contribution is low (high grid input) the system becomes redundant

• a higher Energy Wall contribution means a lower LCOE2H2 as compared to configu-

rations with low contribution values

Figure 5.3: Total Gross Cost of Electricity for CS1 & CS2

Overall, for each configuration combination, CS1 yielded lower costs of electricity as

compared to CS2. The effect of CS1 in when comparing the gross electricity cost is shown

in figure 5.3, while the cost contributed by each source can be seen in figure 5.4. CS1 uses

more electricity from the Energy Wall, decreasing LCOEH2 and eventually LCOHPr od and

LCOHUser .

As the number of Energy Wall modules increases, the levelized cost of electricity al-

ways decreases, however the rate of decrease becomes smaller at large Energy Wall module

configurations. Therefore more Energy Wall modules lead to a lower final levelized cost of

hydrogen. One aspect not illustrated is the total capital cost and its increase with increasing

Energy Wall modules. However the cost of the PV electricity reflects the minimum price of

the electricity in order to repay the capital costs; therefore a larger number of Energy Wall
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Figure 5.4: Gross Cost of Electricity by Source for CS1 & CS2

modules will decrease the cost associated with the hydrogen. The capital cost is limited by

the utilization and contribution constraint placed in section 4.7.2.

The gross cost of electricity differs among the different electrolyzer sizes. For CS1, where

the PV electricity use is maximized, the cost of electricity decreases with increasing elec-

trolyzer capacity. Thus with a 1 kW electrolyzer configuration more is being paid annu-

ally for electricity than 2 kW and so forth. The cost difference between 1 kW and 2 kW is

substantial, however, between 2 kW and 3 kW the difference is reduced. Finally for 3 kW

or higher the cost differences are minor, however it is in the interest of the overall LCOH

to keep the electrolyzer capacity small rather than oversized to minimize the electrolyzer
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capital costs and keep the capacity factor reasonable.

Therefore the 3 kW is considered sufficient to supply the demand, keep the electricity

cost low and the electrolyzer cost considerably low as well. The capacity factor of a 3 kW

electrolyzer is 35%, while that of a 2 kW unit is around 52%. A benefit of a low capacity factor

is that the electrolyzer will have a longer operational life before it needs to be replaced.

Lifetime of components is measured either in years or operational hours, therefore with

fewer operational hours the electrolyzer may take longer (than the manufacturer lifetime)

before it needs to be replaced.

A different pattern is observed for CS2, where the total gross cost of electricity decreases

between 1 kW and 3 kW, but then starts to increase when the electrolyzer is larger than 3

kW. Hence, the lowest gross electricity cost is achieved with a 3 kW electrolyzer for the given

demand. The difference between 2 kW and 3 kW for CS2 is not great, therefore either could

be considered depending on the overall LCOH .

The 3 kW CS2 configuration yields gross electricity costs similar to the 2 kW CS1 config-

uration. Therefore CS1 was considered the best strategy in terms of keeping the gross cost

of electricity low, and the electrolyzer capacity (and hence capital cost of electrolysis) low.

OVERALL LCOH OF CONFIGURATIONS & COST PER KILOMETER

The overall LCOH for every configuration is shown in figure 5.5. Increasing the capacity of

PV lowers the price regardless of the size of the electrolyzer and control strategy. In sum-

mary, the observations made above are as follow:

• CS1 yields a lower overall LCOH when configurations are compared to the CS2 coun-

terpart. This was due to higher CCPV values, which decrease LCOEH2

• The buffer storage tank levelized cost did not change with any configurations since

the demand was kept constant

• LCOHEl ec increased with increasing electrolyzer capacities, while the capacity factor

decreased accordingly.

• The effect of number of Energy Wall segments did not impact LCOHEl ec for elec-

trolyzers larger than 1 kW with CS1. CS2 had constant LCOHElec values.

• Using CS1, the value paid for electricity decreased as the electrolyzer increased.

• Using CS2, the lowest electricity gross cost was achieved with a 3 kW electrolyzer

however using a 2 kW electrolyzer the gross cost of electricity was also considerably

low.

For CS1 the lowest LCOH was achieved with a 3 kW electrolyzer for 2 or more Energy

Wall modules. This was due to its ability to utilize high input from the Energy Wall. For

larger electrolyzers, although the gross cost of electricity is slightly lower (figure 5.3), the

overall LCOH is higher due to an increased electrolyzer capital cost, and hence LCOHElec .

Every step increase in electrolyzer size adds between 48 and 70 cents per kgH2 .

For both control strategies, the LCOH is high for a 1 kW electrolyzer, mainly due to

the high cost of electricity. This happens because the electrolyzer is not able to use large
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amounts of the PV electricity, therefore resorting to high grid dependency, bringing up the

value of LCOE2H2.

Figure 5.5: Overall LCOH of Configurations

When using CS2 the costs decrease along with the capacity installed, but at different

rates for different sized electrolyzers. The smallest electrolyzer is the cheapest option at

small capacities, but becomes the most expensive as the capacity reaches the maximum

installable. Table 5.4 gives the cost of hydrogen for a range of Energy Wall modules for the

most economically feasible configuration using a 3 kW electrolyzer and CS1.

# EWM PV capacity LCOH LCOHUser Cost/km*

[kWp] [AC/kgH2 ] [AC/cani ster ] [ć/km]

1 4.08 14.29 0.643 2.572

2 8.16 11.07 0.498 1.992

3 12.24 9.47 0.426 1.704

4 16.32 8.83 0.397 1.588

5 20.4 8.50 0.383 1.532

6 24.48 8.29 0.373 1.492

7 28.56 8.14 0.366 1.464

8 32.64 8.03 0.361 1.444

9 36.72 7.94 0.357 1.428

10 40.8 7.87 0.354 1.416

11 44.88 7.81 0.352 1.408

12 48.96 7.76 0.349 1.396

Table 5.4: LCOH for 3 kW-CS1 Configuration for a Range of EWM, *50km range assumed
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5.4.3. COMPARISON OF COST PER KILOMETER BETWEEN DIFFERENT TYPES

OF SCOOTERS

In the process of comparing the feasibility of a hydrogen refueling station for scooters, the

price per kilometer driven was calculated, and compared with the equivalent metric for

battery powered vehicles and gas scooters. The mileage of a vehicle is defined as the dis-

tance it is able to travel with the fuel available to it. The cost of producing the hydrogen

eventually is borne to the scooter user. Three scooter models are provided in section 2.4.3,

and reproduced in table 5.5. Equation 5.11 was used to find the cost of hydrogen to the

user.

APFCT Niu:NQi Sport+ AGM iCON50

Type Fuel Cell Battery Gas

Capacity 90 gH2 1.74 kWh 5 L

Cost of 1 Refill 1.29 - 0.70AC 0.3AC 7.5AC

Range 50* - 80 km 50 - 80 km 150 - 250 km

Cost / km
2.6 - 1.4 0.6 - 0.3 5 - 3

¢/km

Table 5.5: Summary of Scooter Operating Costs, *50 km range assumed for FC Scooter

CONVENTIONAL FOSSIL FUEL SCOOTERS

The price of gasoline changes according to a plethora of variables, including the origin,

geopolitical situations, and government price measures. At the time of writing a liter of

gasoline was about 1.5AC/L.[73] This price includes taxes paid to the government, which

is not the case for the Energy Wall electricity (since it can be considered a private solar

producer).

The mileage of scooters can vary depending on the model, the year of construction,

and most importantly the driving style of the user. The fuel efficiency of the iCON model

described in section 2.4.3 is given as 50 km per liter of gas, resulting in 250 km per tank

of gas. The range may be reduced depending on the driving habits of the user, therefore a

lower more conservative value of 40 km/L is assumed.

1.5
AC

L
× 5L

200km
= 0.03750

AC

km
= 3.75

¢

km
(5.12)

BATTERY POWERED ELECTRIC SCOOTERS

The cost of an electric scooter could vary depending on the price of electricity, the country,

or the technology. It is assumed that the electricity is from the grid, therefore taking the

grid prices mentioned in section 5.2.2.

Various manufacturers quote prices for charging, such as in [74] where the price was

50 cents/100km. In [75] the prices of electricity for public EV car chargers are given. The

standard rate (e.g. Amsterdam) is given as 0.3388 AC per kWh, but the prices can range

between 0.23 and 0.484AC/kWh depending on the provider and the location. The electricity
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price increases above that range for fast charging stations, ranging between 0.55 and 0.7139

AC per kWh.

The model described in section 2.4.3 has a battery capacity of 1.74 kWh. Using com-

mercial grid prices, this would cost a user 30.28 cents to recharge. This equates to a cost

per km of between 0.61 and 0.4 cents/km (depending on the range considered).

HYDROGEN (FUEL CELL) ELECTRIC SCOOTERS

This is the determining factor to whether an Energy Wall with a hydrogen system for scoot-

ers is feasible for the chosen location in Rotterdam. The cost does not include taxes such

as VAT. The lowest LCOH configurations were used to determine the cost per km, while

attempting to fulfill the hydrogen demand each day. The range of costs is shown in table

5.4

The cost per kilometer driven of the fuel cell mopeds was found to be between 1.4 and

2.6 cents per km. This is still lower than the gas scooter cost per km, even when compared

to the 250 km range that the gas scooter is able to achieve. The FC scooter figures are based

on a range of 50 km. This value decreases if a larger range is achieved, such as the 80 km

"highway mode".



6
RESULTS AND CONCLUSIONS

This section provides the findings of the undertaken work. The main and sub-research

questions are reiterated here for completeness. A discussion around the proposed system

is provided, followed by future work directions and propositions.

What is the feasibility of a hydrogen fueling station for scooters, powered by solar energy at

a noise barrier?

SUB-RESEARCH QUESTIONS

1. In terms of usable noise barriers, how many are feasible to be coupled with a hydro-

gen supply and canister refueling station in the Netherlands?

2. In technical design terms, what would the Energy Wall with hydrogen production

look like?

3. How economically feasible is it to supply hydrogen canisters to scooter users?

4. What are the technical barriers or benefits of this type of system in the Netherlands?

Noise barriers are stationary structures. They are normally found near inhabited areas

rather than remote locations. Therefore it is reasonable to use these structures as the base

for an electricity generation system for commercial mobility applications.

Through this study it was found that fuel cell scooters can cost less to operate than

gas scooters (7.5 AC/refuel, ≥3 ¢/km), but more than battery electric (30 ¢/refuel, ≥0.38

¢/km) vehicles when using the proposed Energy Wall with H2 production & storage sys-

tem. The cost of hydrogen using a 3 kW electrolyzer produced hydrogen between 14.3 and

7.2 AC/kgH2 , depending on the number of Energy Wall Modules. The cost to refuel is thus

between 2.57 - 1.29 AC/refuel for a pair of canisters. With the most conservative distance

range (50 km), and the highest cost hydrogen (1 Energy Wall Module, 14.3AC/kg), the cost

per km of a fuel cell scooter is 2.58¢/km, still lower than that of an optimistically ranged

(250 km) gas scooter, which operates at 3 ¢/km.

79
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6.1. GEOGRAPHICAL FEASIBILITY OF NOISE BARRIERS AS ENERGY

WALLS WITH HYDROGEN PRODUCTION FOR SCOOTERS IN

THE NETHERLANDS
This question was approached in three parts: the scooter distribution in various geographi-

cal entities, noise barrier suitability in the Netherlands, and the coupling potential between

theoretical fuel cell scooter demand and noise barrier electricity generation capability (ex-

tensively discussed in chapter 3).

There are currently a little more than 1 million scooters registered in The Netherlands,

ranking it 6th amongst European countries. Due to the high number of scooters and pop-

ulation density that The Netherlands demonstrated compared to other European coun-

tries, the possibility of a successful system is likely. The scooter population of the Nether-

lands was examined using Geographic Information Systems (GIS). For the scooter analysis,

a dataset provided by the central bureau of statistics (CBS [52]) was used which provided

the distribution of light scooters (snorfiets). Snorfiets represent 61% of the total scooters in

the Netherlands.

Three levels of land classification were examined: national, provincial and municipal

(for those which had over 4,000 scooters). It was found that around a quarter (24.6%) of

the total number of light scooters (snorfiets) were registered in the 25 municipalities which

had the highest number of scooters.

The noise barrier analysis focused on filtering out unsuitable barriers in terms of their

material and tilt direction properties. It was found that 34.53% of existing noise barriers

were suitable to be converted into Energy Wall units; 65.47% of noise barriers were unsuit-

able. A table summarizing the filtering criteria, and what length was removed/kept due to

which filter is presented in table 6.1. The materials that were suitable also provide struc-

tural integrity for the installation of a micro wind turbine if desired.

The coupling feasibility part of this research examined the PV electricity generation po-

tential of the barriers both at the nationwide and at the municipal level (for the highest

ranked municipalities). The nationwide potential (i.e. the entire length of suitable bar-

riers) was estimated to be 60.1 GW h/year for a length of 370 km of noise barriers. The

population of scooters consists of 655,965 light scooter (snorfiets) units, which would the-

oretically require 59.26 GWh/year of electricity to produce enough hydrogen to satisfy the

annual distance covered by these scooters. Therefore, in theory the entire population of

snorfiets could be satisfied purely on noise barrier electricity generation since the nation-

wide noise barrier potential was slightly greater than the total scooter electricity demand.

The conclusion that all the scooters could be satisfied by the noise barriers is made on

an annual electricity generation basis, which excludes the complications of seasonal and

daily energy production profiles from PV systems, however these could be aided by storage

methods. Here hydrogen would be recommended since it is advantageous long term and

the possibility to expand the infrastructure is there.

Next the electricity potential of the barriers only found within the top 25 municipalities

was estimated, as well as the corresponding demand of electricity for hydrogen production
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Filtering Criterion Length [km] Share of Total NBs

Unfiltered (Total) Barriers 1071.4 100%

Material Kept 494 46.12%
Concrete 226.3 21.12%

Glass/Plastic Transparent 10.6 0.98%

Glass/Plastic Non-Transparent 186.2 17.38%

Metal 71.2 6.65%

Material Filtered Out -577 -53.88%
Earth -399.6 -37.31%

Wood Fiber Concrete -99.7 -9.30%

Wood -50.7 -4.73%

Growth Screen -11.3 -1.05%

Stone -7.0 -0.65%

Gabion -4.8 -0.45%

Others -4.1 -0.38%

Tilt Filtered Out -124.4 -11.61%

Forward Tilt - North of Road -5.2 -0.48%

Backward Tilt - South of Road -119.2 -11.13%

Remaining Suitable Barriers 370 34.53%

Table 6.1: Noise Barrier Filtering Characteristics and Lengths

that would hypothetically be required by the scooters in close proximity to said barriers.

The results are reproduced in table 6.2 where the last column shows the ratio between the

noise barrier potential and the theoretical scooter demand.

Detailed maps of the municipalities with the most scooters can be seen in appendix D.

In summary, the following conclusions were found:

• The Netherlands is ranked 6th in the number of scooters in Europe

• In 2018, there were 1,107,700 registered scooters in the Netherlands (678,363 snorfiets

& 429,337 bromfiets) [7]

• Amsterdam had the highest number of scooters (>18,000). Rotterdam and Den Haag

also had very high numbers, with >10,000 each.

• The group of municipalities around Amsterdam (i.e. Amsterdam, Haarlem, and Zaand-

stad) contained >30,000 scooters together. People who live in these areas commonly

work in or around Amsterdam, therefore a refueling station there could serve com-

muters in these neighborhoods for example

• The 25 most scooter-rich municipalities accounted for 24.6% of the nationwide snor-

fiets population

• Estimated nationwide Energy Wall electricity generation potential: 60.1 GWh/year

• Nationwide snorfiets electricity demand (100% FC scooters): 59.26 GWh/year
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Municipality
Names

No. Demand NB length NB Potential
Scooters [GWh/year] [km] [GWh/year]

Amsterdam,

Haarlem &

Zaandstad

30,015 2.71 48.82 8.33

Rotterdam 20,280 1.83 41.92 6.82

The Hague &

Zoetermeer
11,865 1.07 16.93 2.24

Utrecht 10,775 0.97 17.23 2.48

Eindhoven 8,520 0.77 18.22 2.90

Amersfoort 6,805 0.61 4.22 0.79

s-Hertogenbosch 5,930 0.54 20.20 3.55

Breda 5,130 0.46 8.21 1.50

Apeldoorn 4,465 0.40 3.24 0.44

Ede 4,465 0.40 2.77 0.40

Zwolle 4,200 0.38 4.66 0.99

Groningen 4,165 0.38 1.07 0.13

Tilburg 3,940 0.36 1.41 0.22

Enschede 2,980 0.27 0.46 0.06

Arnhem 2,855 0.26 4.67 0.65

Haarlemmermeer 2,450 0.22 4.56 0.86

Alkmaar 2,435 0.22 1.07 0.13

Emmen 2,150 0.19 0.70 0.12

Alphen aan den Rijn 1,945 0.18 5.32 1.04

Table 6.2: Selected municipality data about scooters, electricity demand, noise barrier length &
potential electricity generation

• The length of suitable barriers is sufficient to supply the demand of electricity for

hydrogen production for the entire population of snorfiets on an annual basis

• Municipal: 19 of the 25 scooter-rich municipalities had sufficient noise barrier length

(at appropriate orientation and tilt) to meet the annual electricity demand of scoot-

ers. The comparison of scooter demand to noise barrier potential is shown in figure

3.10; the details of the number of scooters, length of barriers, electricity potential,

and scooter demand for (grouped) municipalities is shown in table 6.2.

6.2. DESIGN & SIMULATION OF ENERGY WALL COUPLED WITH

HYDROGEN PRODUCTION AND STORAGE UNITS
Various aspects were explored in the simulation of the Energy Wall with hydrogen produc-

tion. The patterns of energy exchange influenced parameters such as the state of charge

(SOC) of the tanks, the number of days that the SOC was sufficient, the capacity factor of
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the electrolyzer and the Energy Wall and how much the Energy Wall contributed to the

production of hydrogen for each configuration. Reiterating a part of section 5.4, the three

energy exchange flows were defined as follow:

• PV2E: Energy Wall to Electrolyzer

• PV2G: Energy Wall to Grid

• PG2E: Grid to Electrolyzer

The demand of the hydrogen production system was sized based on the scooter mileage

and hence "fuel" consumption demand. The total distance travelled by all bromfiets in

2017 was 939 million kilometers, over a third of which were to and from work. [7] A value

of 2.5 km/day/scooter was assumed (method and reasoning was explained in section 4.1),

however this value could change according to the intensity of use of the user. For occa-

sional scooter users this value is lower, however for more intensive users such as delivery

scooters the assumed value is probably underestimated. The fleet of scooters assumed was

100 units, as this would be a decent fleet in the larger cities, and would enable a gradual

roll-out of stations.

The system simulated explored sizes of Energy Wall modules, which consisted of 12

panels, or 4.08 kWp each. Therefore 2 Energy Wall modules are 24 panels, 8.16 kWp and so

forth. The range of electrolyzers explored was in 1 kW steps between 1 and 5 kW input.

Figure 6.1: Trend of LCOHEl ec and C FEl ec with increasing Electrolyzer Capacity

DAILY STATE OF CHARGE

The daily state of charge (SOC) is the buffer tank level at the end of the day, and the values

for small electrolyzers are shown in figure 6.2; larger electrolyzers achieved >95% for the

majority of configurations and hence their figures were not included here (values can be

seen in figure 4.13). In summary it was found that the number of days which the daily SOC

surpassed 90% using a 1 kW electrolyzer increased with increasing number of Energy Wall

modules, however even with the largest Energy Wall setup, the SOC was >90% for 210 out
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of 365 days a year. At this size Energy Wall, the 1 kW electrolyzer still struggled to surpass

95%. With a 2 kW electrolyzer the days which the SOC reached sufficient levels was much

higher, and for 5 or more Energy Wall modules a >95% was achieved more than 360 days of

the year.

Figure 6.2: State of Charge of 1kW and 2 kW Electrolyzers using CS1

ELECTROLYZER CAPACITY FACTOR

The electrolyzer capacity factor (C FElec ) varied with different sized electrolyzers. The larger

the electrolyzer, the smaller the CFEl ec . The highest CFElec achieved was with a 1 kW elec-

trolyzer (for >20 Energy Wall module configurations). The variation of C FEl ec with elec-

trolyzer size for CS1 is shown in figure 6.1 alongside the overall levelized cost of hydrogen.

CONTRIBUTION OF ENERGY WALL

The contribution of the Energy Wall was directly correlated to the LCOH of the configura-

tions. More electricity from the Energy Wall meant a lower weighted cost for electrolysis.

The relationship was almost the same, however because the contribution is a percent-

age value and the grid cost changes according to the quantity of electricity it must process,

the proportions are not exactly the same. In conclusion, the lower the contribution by PV,

the higher the grid input, and hence the higher the cost of electricity sent to the electrolyzer,

which was one of the most influential factors of the LCOH.

CONTROL STRATEGY EVALUATION

Two control strategies were simulated. The first, CS1, maximized the use of Energy Wall

electricity where possible. The second, CS2, focused on operating the electrolyzer at full

capacity when the tank level wasn’t full, using both Energy Wall and grid electricity.

The cost of electricity was lower when CS1 was used since a larger portion of the elec-

tricity input for electrolysis came from the lower-cost PV system as compared to CS2. The

capacity factor and levelized cost of the electrolyzer varied with the number of energy wall
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units when the electrolyzer was 1 kW. The increasing capacity factor indicates that the elec-

trolyzer is operates more efficiently at large Energy Wall modules, thereby reducing its lev-

elized cost in these ranges.

CS2 was beneficial in terms of minimizing the levelized cost of the electrolyzer regard-

less of the number of Energy Wall modules. The rate of hydrogen production was max-

imized in the hours that the electrolyzer was operating; the number of operating hours

were limited by the demand, since after the point where the demand is certainly supplied

(>2 kW for this setup) CFElec decreases as installed electrolyzer capacity increases. This ap-

plies for both control strategies: in figure 6.1, the larger the electrolyzer capacity, the lower

the annual capacity factor since the demand is satisfied quicker.

In conclusion, CS1 was more beneficial to the cost of hydrogen when the electrolyzer

capacity was sufficient. Each 1 kW step increase in electrolyzer capacity increased the

LCOH by 48-68 ¢/kgH2 . CS1 was able to deliver lower cost hydrogen reliably with a 2 kW

electrolyzer, but the overall LCOH was lower using a 3 kW electrolysis unit. CS2 was able

to reliably supply hydrogen with a 2 kW electrolyzer, however the cost achieved by the 3

kW electrolyzer configuration was more competitive with the 2 kW-CS1 configuration. The

3kW-CS2 had a lower cost due to the capability of the electrolyzer to use more Energy Wall

electricity at any given hour, increasing the contribution.

6.3. ECONOMIC FEASIBILITY OF AN ENERGY WALL H2 REFUEL-

ING SYSTEM
The method, assumptions, and findings of the cost modelling of the components of a hy-

drogen refueling station are detailed in Chapter 5. The cost findings present the electricity,

electrolyzer, final cost of delivered hydrogen, and include a cost comparison between dif-

ferent types of scooters.

LCOH OF ENERGY WALL CONFIGURATIONS

From all the configurations considered, the lowest levelized cost of hydrogen was achieved

with a 3 kW electrolyzer using CS1, by using PV electricity primarily and topping up from

the grid during the night. Figure 6.3 shows the levelized cost of all configurations simulated;

the 3 kW-CS1 electrolyzer ranged between 14.3 and 7.2AC/kgH2 .

This leads to a canister (45gH2 ) cost between 64.3 and 32.4 ¢/canister. The cost per kilo-

meter of the hydrogen scooter, assuming a 50 km range, was thus found to be between 2.57

and 1.29 ¢/km. The choice of price depends on the number of Energy Wall modules. Fewer

modules meant a higher LCOH, canister cost and cost/km, but lower capital expenses.

The lower cost of CS1 was attributed to the lower electricity costs. CS2 made better

use of the electrolyzer however the savings on electrolysis were less than those incurred

by higher electricity prices. Given the constant demand, C FEl ec decreases with increasing

electrolyzer sizes, while LCOHEl ec increases accordingly, shown in figure 6.1.

It should be noted that the daily demand of the simulation was kept constant for each

day of the year, and the buffer storage tanks were sized to accommodate this quantity. It

would be interesting to see how the system might behave in the case where the tanks were
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Figure 6.3: Overall LCOH of Configurations

larger than the daily demand, and were used to top up in periods of low PV electricity pro-

duction, such as the winter when there are fewer sun hours.

SCOOTER FUEL COST PER KM COMPARISON

The question is whether the price of hydrogen as a fuel is competitive with conventional

fuel or battery electric scooters. The scooter acquisition cost will be higher on average, as

fuel cell mopeds are a novel technology, still mostly in the demonstration and development

phase, disadvantaged at the maturity and availability of gas scooters (and the option to buy

second or third hand). The availability of refueling stations is also limited in the case of

FCEVs, but there are hopes that this will not be the case for long.

The cost of hydrogen as fuel per kilometer driven was estimated for three scooter tech-

nologies: gas, battery electric, and fuel cell electric. Details of the scooters sampled and

their per km costs are reproduced in table 6.3. The low and high end of ranges achievable

were explored for completeness, since this varies amongst driving styles and situations.

APFCT Niu:NQi Sport AGM iCON50

Type Fuel Cell Battery Gas

Capacity 90 gH2 1.74 kWh 5 L

Cost of 1 Refill 1.29 - 0.70AC 0.3AC 7.5AC

Range 50* - 80 km 50 - 80 km 150 - 250 km

Cost / km
2.57 - 1.29 0.6 - 0.38 5 - 3

ć/km

Table 6.3: Summary of Scooter Operating Costs, *50 km range assumed for FC Scooter

A gas scooter, such as the AGM iCON50, holds 5 L of fuel, and at an average price of
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1.5AC/L in the Netherlands [73] the cost per refill is 7.5AC. An optimistic range of 250 km

(50km:L) or a conservative range of 150 km (30km:L)means operational costs of 3 ¢/km to

5 ¢/km respectively.

The battery electric model chosen had a battery capacity of 1.74 kWh, therefore at a grid

price of 17.4 ¢/kWh, one recharge costs 30 ¢. The driving range is between 50 and 80 km.

The optimistic 80 km range costs 0.3 ¢/km, while in city-mode (50km range) its 0.6 ¢/km.

This is the target price at which fuel cell scooters could be competitive with battery electric

vehicles.

Fuel cell scooters depend on the price of hydrogen. In the simulated electricity produc-

tion and hydrogen system, the cost of h2 was as low as 7.2 AC/kg, but could be as low as

5.89AC/kg, the lower end of solar electrolysis in [15]. The cost depending on the price of H2

and range is shown in table 6.4.

Energy Wall

Low-cost

solar

electrolysis

[15]

Competitive

with BEV

scenario

Price of H2 14.2AC/kgH2 7.9AC/kgH2 7.2AC/kgH2 5.89AC/kgH2 3.33AC/kgH2

Energy Wall Modules 1 10 40
N/A N/A

PV Capacity 4.08 kWp 40.8 kWp 163.2 kWp

Cost of Refuel 1.29AC 71.1 ¢ 64.8¢ 52¢ 30¢

50 km Range Cost 2.58¢/km 1.42¢/km 1.30¢/km 0.95¢/km 0.6¢/km

80 km Range Cost 1.61¢/km 0.89¢/km 0.81¢/km 0.65¢/km 0.38¢/km

Table 6.4: Fuel Cell Scooter Cost Scenarios

6.4. EVALUATION OF H2 REFUELING STATION FOR SCOOTERS SYS-

TEM IN THE NETHERLANDS
The Dutch lifestyle allows for scooter use in daily life. Even during pandemic times, scoot-

ers seem to be a good option to get around.

In the choice of Fuel Cell or Battery electric vehicles, it should not be argued but rather

discussed as to which one is more suitable. Different things suit different people, more im-

portantly the point is to build infrastructure to cater for those able and willing to transition.

A detailed comparison is provided in section 2.4.

In cases where a shortage of hydrogen occurs, the option of importing it from elsewhere

is available. For battery powered vehicles this would be the equivalent of the grid, but elec-

tricity is less easily quantified as compared to hydrogen which is a "tangible" fuel.

The cost of battery powered electric mopeds remains the lowest to date, followed by

fuel cell electric and finally gas powered scooters. The cost comparison is shown in table

6.3
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IMPORTING HYDROGEN

An alternative set up to this system would be to import hydrogen from industrial produc-

tion facilities. Although the majority of industrial hydrogen is grey, given the ambitions of

various organizations to move towards sustainable economies, blue and green facilities are

being implemented.

For fuel cell scooters to be competitive with battery electric, the price of hydrogen needs

to be lower, which is possible when using industrially produced hydrogen (however cur-

rently the majority of this is not green, but rather grey or blue hydrogen). Electric scooters

are able to achieve a per km cost of 0.6 ¢/km (assuming a 50 km range). The price per re-

fill is 30 ¢. For one canister (45gH2 ) to cost 15¢(30¢per pair to refill), the price of hydrogen

needs to be 3.33AC/kg.

Table 6.5: Comparison of different hydrogen production methods, reproduced from [15]

The price of commercially produced is provided in [15] for various forms of production,

reproduced in table 6.5. It is shown below for reference. This system was able to achieve a
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cost of 7.2AC/kg, which is within the range provided for solar electrolysis.

REFUELING POINT

The logistics of a refueling station would work as a conventional refueling station, where a

consumer arrives, pays for a refill of their canister, and exchanges their (almost) empty can-

ister for a full one. With a proper IT system to manage safe transactions and mechanisms

prohibiting theft or damage, the station could, to a large extent, function independently.

The refueling time is very short, but it requires the user to travel to a refueling point.

One possibility could be the distribution of canisters to other common points such as con-

venience stores or stations. Battery electric scooters generally need to stay at the charging

point for a longer time, although this could be at the place of work or home of the user, or at

a public charging station. One issue here is the length of time one can leave their vehicle at

a charging station, as it may be used by multiple users and the availability of the charging

point is a consideration to whether one can charge their vehicle or not.

SEASONALITY

One system configuration which could be explored could be the production of hydrogen

with a standalone PV system (rather than grid connected). This would require larger buffer

storage tanks since they would be filling up to provide through seasons with less PV produc-

tion (i.e. winter). This also provides a competitive advantage to an isolated system (where

grid connection may not be present) as it provides independence and self-sufficiency.

AVOIDED EMISSIONS

The avoided emissions that this case study would achieve are shown in table 6.6. These

emissions are quite harmful to the health of people, therefore when avoided provide a bet-

ter quality of life. The emissions in major cities are quite high, often above the limits set by

health organizations.

Pollutant CO NOx THC

Quantity [kg] 91.25 15.5 57.5

Table 6.6: Estimated Avoided Annual Emissions of 100 FC Scooters

6.5. FUTURE WORK
This field is quite novel, hence the scope of work had to be limited. There are many aspects

that could be explored further, some of which are mentioned below.

• Further analysis of PV and wind potential of noise barriers in the Netherlands.

• More indepth filtering of noise barriers could include assessing the horizon of the

NBs. Some may have high buildings in front, or taller noise barriers, or low PV poten-

tial.

• Vary the size of the storage tanks and observe effects on PV utilization, cost of hydro-

gen, and other parameters.
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• Explore the addition of other applications to one refueling station, such as large trucks

or busses (producing hydrogen for "their" empty tanks, in a decentralized manner)

• Using buffer batteries rather than a grid connection and exploring the cost of this

configuration set up

• Set this system up for a scooter-sharing business model (such as felyx scooters in the

Netherlands [76])
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A
WINDLEAF SPECIFICATIONS AND WORKING

PRINCIPLE

This section outlines the working principles of wind turbines and briefly goes over the

physics associated with wind energy extraction as well as the auxiliary components that

a wind turbine system consists of. The energy in wind can be extracted by placing an ac-

tuator disk, effectively a wind turbine rotor with blades, in the path of the wind flow. The

turbine extracts the kinetic energy of the moving air by transferring it into motion of the

blades, converting it into electricity.

WORKING PRINCIPLE

Wind energy is extracted from the kinetic energy in the wind as it passes the blades of the

rotor which generate lift forces causing the rotor to turn. The rotor is connected to a shaft

and gearing mechanism, unless it is a direct drive generator, which transmits the rotation

from the rotor to the generator. The purpose of the generator is to convert the rotational ki-

netic energy to electrical energy and this is the final stage before transmission of electricity

to the load.

The available power is expressed in equation A.1 below, where PW is the maximum

available power that can be extracted, A is the rotor swept area, ρ and U are the density

and flow speed of the flowing medium respectively. The medium in this case is air. The

variable ηW is the efficiency and is limited by the Betz limit which is the theoretical limit

on the maximum amount of energy which can be extracted; the maximum value of ηW is

59.3%.

PW = 1

2
ρAU 3ηW (A.1)

This equation is based on the kinetic energy of a flowing volume. The detailed deriva-

tion is out of the scope of this project, however it should be noted that in higher velocity

flows there is much more energy contained in the flow. Therefore the rate of energy (or

power) through a point is higher. The power is proportional to the cube of the velocity, thus
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a slight increase in wind speed results in a higher increase in power. The power is also pro-

portional to the rotor area, expressed as A = πr 2, where r is the radius of the rotor. Thus

an increase in rotor swept area can lead to more power being extracted. This is part of the

reason why large scale wind turbines and wind farms have been striving for rotors which

are as large as possible.

POWER CURVE

In general the performance of commercial turbines is characterized by a power curve which

defines the power the turbine is able to generate throughout a range of wind speeds. If the

wind speed is too low (≤ cut in), the blades aren’t moved by the air; if it is too high the blades

and other components of the turbine might fail or become unsafe. An example power curve

is shown in figure A.1.

The cut-in speed indicates the wind speed at which power starts to be generated; the

cut-out speed is where the turbine stops generating power; the rated wind speed is the

point at which the turbine generates its rated power. Between the cut-in speed and rated

speed, the power coefficient, cP , of the turbine increases. When it reaches rated power, con-

trol mechanisms such as blade pitching are activated to keep the rotational speed of the

rotor constant, even if the wind speeds increase higher than the rated wind speed, effec-

tively making the turbine less efficient at higher speeds in order to keep the power output

constant. This is indicated by the plateau in figure A.1.

Figure A.1: Example of a Power Curve

COMPONENTS OF WIND TURBINE SYSTEMS

A wind turbine system consists mainly of the wind turbine itself and additional compo-

nents which will be described in this section. The turbine itself is made up of a rotor, a
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nacelle, and a generator. The generator type is a permanent magnet, brushless direct drive.

Direct drive generators do not include additional gearing systems, making them lighter and

more compact than geared generators. They are also more reliable since they have one less

component which might need to be replaced since gears are subjected to very large forces

and could become worn or break under cyclic operation. Brushless generators are benefi-

cial since they reduce the friction and associated losses of generation.

The generated electricity is typically 3 phase, therefore depending on the load, a con-

verter is placed between the output of the turbine and the load. It serves to convert the AC

electricity to the desired voltage level, and/or to DC if the load is, for example, a battery.

Throughout the various energy conversion stages from wind to the application of elec-

tricity, there are losses associated with each component. The term ηwi nd is the efficiency of

the wind turbine system and it is defined as the ratio of output electricity to the energy in

the wind. It is expressed in equation A.2, and it takes into account the energy lost from the

wind up until the electricity output of the turbine system. The Betz limit is the maximum

efficiency that a wind turbine can have, but the aforementioned components reduce the

value further.

ηwi nd = Eout

Ei n
= EWout

0.5ρAU 2
(A.2)

Typical efficiencies of wind turbines range from 40% to 50% [77, 78].

The capacity factor of the turbine is also of importance, since it defines the ratio be-

tween the annual generated energy over the energy it is capable of generating, if it were

working at maximum capacity every hour of the year. This is different from the efficiency,

but determines how intermittent the energy source is. A typical value for utility scale is 37%

according to [79], although this is very site specific. Offshore wind turbines have higher ca-

pacity factors than onshore wind turbines: in 2018 the average capacity factor of onshore

and offshore wind installations was 22% and 37% respectively [80].

The Windleaf, which is selected for this model, is a micro-turbine manufactured by

WindChallenge in Rotterdam. It is rated at 700 W. The annual generation capability stated

on the website is 900 kWh per year, thus the capacity factor is found to be 14.6%, although

this is subject to the location, thus it could be lower or higher. However this is the conser-

vative value given by the manufacturer. [81]





B
ELECTROLYZER OVERVIEW

GREENHYDROGEN : HyProvide P1 [61]

GreenHydrogen is a Danish company which specializes in electrolysers and hydrogen solu-

tions for renewable energy applications and on-site use. They offer alkaline and PEM elec-

trolyzers. While their alkaline A30-A90 series is suited for MW scale applications, a small

scale PEM option is also offered: the P1.

The P1 output ranges from 1 - 4 Nm3/h and the input power requirement is 5.5 kW/Nm3.

This is equivalent to 0.08988 kgH2 /h [82]. The data on the website is given for the 1 Nm3/h

model version. The output pressure of the hydrogen is 50 bar. In some system designs this

is high enough not to require additional compression and hence removing the need for

additional energy.

The electrolyzer is claimed to have low capital investments, operational costs, and main-

tenance requirements. It is also modular therefore the system can start small and grow if

needed.

AREVA: H2GEN [83]

A French company which, other than their nuclear and renewable energy specializations,

they also have a branch dedicated to hydrogen production. Their PEM electrolyzers are

offered in output capacities from 5 to 120 Nm3/h. Considering the smallest model which

produces 5 Nm3/h, this corresponds to 440 gH2 /h and to 10 canisters per hour. For the

preliminary case study design, this capacity is quite large, and this will be explained in the

following chapter. For such a large production, the hydrogen would have to be redirected

to another end user, otherwise the electrolyzer will be underutilized. Therefore sizes larger

than 5 Nm3/h are not considered. The output pressure of this electrolyzer system is 35 barg,

which is lower than the GreenHydrogen model.

Based on the specifications, the water input is tap water which means the electrolyzer

system has a water purifier included, removing the need of an external purifier. The purifi-

cation works with integrated reverse osmosis and electro deionisation.

The stack power consumption is given as 4.4 kWh/Nm3, while the system power con-

sumption is given as 5.7 kWh/Nm3. The electrolyzer and its control system come fully inte-
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grated in an outdoor unit. The stack efficiency is over 80% and the overall system efficiency

is over 70%. Areva states that the device is "environmentally friendly, reliable, free from

potassium hydroxide, and cost efficient."

NEL/PROTON: H-Series,S-Series [84–86]

NEL is one of the oldest electrolyzer manufacturers with a breadth of experience and world

leading achievements throughout history, such as the first small scale electrolyzer plant in

1927 in Norway. The two most attractive models for this application are the S-Series and

the H-series PEM electrolyzers.

The H-series electrolyzers have production capacities ranging from 2, 4, or 6 Nm3/h.

The hydrogen output pressure is 15 bar, with an option of 30 bar offered. The S-Series is a

smaller range of electrolyzers. The two models, S20 and S40, produce 0.52 and 1.05 Nm3/h

respectively. This is equivalent to 1.14 and 2.27 kg/day at an output pressure of 13.8 bar.

Both of these models are containerized, compact, low maintenance and can be installed

within hours. They also have a relatively low water consumption rate as compared to the

other electrolyzers mentioned, but a lower efficiency.

Proton onSite has been mentioned in various sources throughout literature, but the

models they produce are the same as the ones by NEL. In 2017, NEL acquired Proton On-

Site, and added world-leading PEM electrolysis to their existing portfolio. NEL claims to be

the worlds largest electrolyzer company.

HYDROGENICS: HyLYZER [87]

Hydrogenics is a Canada-based company which specializes in hydrogen production and

applications. The HyLYZER is offered in two sizes: 1 or 2 Nm3/h. It is a simple, easily in-

stallable, compact system. The electrolyzers operate automatically by sensing the pressure

at the output. These models are meant to be installed inside. Optional components to the

electrolysis system are a water treatment system and a storage tank. The output pressure

ranges from null to 7.9 barg.

ITM POWER: HPAC[88]

This Sheffield (UK) based company offers two units, the HPAC 10 & HPAC 40. The out-

put pressure is 15 barg, and produce 0.7 and 2.8 Nm3/h respectively. The HPAC10 is uses

220/230 V AC, whereas the HPAC 40 requires a 415 V 3φ connection. These units are rec-

ommended for indoor installations.



C
WATER PURIFICATION ADDITIONAL

CONTENT

The option of buying readily purified water was also examined, to compare the prices per

unit liter bought, as opposed to the price per unit liter purified. This option is more com-

plex in that an external party would be involved and required to visit the site. The prices

reported in [89] range between ∼ 13−18$/L.

The driver of the water delivery truck is not likely to drive a hydrogen truck, therefore

this option is also not the most sustainable, since there are emissions in the water delivery.

Hence, the option of on-site purification was chosen, for simplicity and independence of

the system.

PURIFICATION METHODS
Demineralization refers to the process by which dissolved mineral solids found in the wa-

ter are removed. The "contaminants" in water are minerals which have dissociated into

(charged) ions, as well as non-charged organic contaminants such as bacteria and viruses.

It may require multiple water treatment processes, such as ion exchange, distillation, and/or

reverse osmosis.

Minerals in water usually dissociate into ions, positively charged ions are cations while

negatively charged ions are called anions. Each of these ion groups are attracted to oppo-

sitely charged ions, or counter-ions. Ion exchange (IX) resins are plastic beads with a spe-

cific ionic functional group which, when placed in contact with ions in water have the effect

of exchanging ions by switching them for less objectionable ions. For example, cations in

water are exchanged with H+, while anions are replaced with OH-, leaving pure H2O as the

result. Ion exchange demineralization offers water of high purity, and at a lower cost than

distillation, but it may not be as pure as the ASTM type II specification. [90]

In [90] it is stated that ion exchange can reduce the number of dissolved solids to un-

der 10 mg/L and reduce the electrical conductivity to under 2 mS/L, which is at least three

orders of magnitude more than what the specification of water for electrolysis. Therefore
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more rigorous and higher purity methods are required, such as distillation or reverse os-

mosis.

Distillation is the process by which water is evaporated, moved to a different chamber,

and then re-condensed without the contaminants.

Osmosis is when a solution of low concentration permeates through a porous mem-

brane into a solution of higher concentration. Reverse osmosis applies pressure to the

higher concentration solution. The osmotic pressure is a pressure level that the osmosis

process exerts in attempting to bring the concentrations to an equilibrium. In reverse os-

mosis, a pressure higher than the osmotic pressure in the higher concentration chamber

forces the lower concentration through the membrane. The membrane allows water to

flow through, but blocks ions, bacteria, and larger particles. Thus, the ions and contam-

inants do not pass through the membrane, purifying the water. The process can remove

98% of the salt content, and over 99% of particles and bateria. [91, 92]



D
MORE MAPS OF MUNICIPALITIES
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Figure D.1: Neighbourhood proximity to NBs in top 25 municipalities
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Figure D.2: Groningen
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Figure D.3: Cluster of Municipalities

Figure D.4: Alkmaar and Zwolle
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Figure D.5: Amsterdam, Haarlem, Zaandstad and Haarlemmermeer
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Figure D.6: Den Haag, Rotterdam, Zoetermeer, and Alphen aan den Rijn

Figure D.7: Utrecht, Amersfoort, Ede, Arnhem and Apeldoorn
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Figure D.8: Emmen and Enschede



114 D. MORE MAPS OF MUNICIPALITIES

Figure D.9: Tilburg, Breda, ’s-Hertogenbosch and Eindhoven



E
CASE STUDY DETAILED INFORMATION

Provided here are extra details of the locations of each case study.

(a) Noise barrier along A10 in Amsterdam West

(b) Noise barrier along A10 in Amsterdam South

East/Diemen

Figure E.1: Details of Amsterdam Noise Barrier Locations
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Figure E.2: Delft and Rotterdam Noord Noise Barriers

Figure E.3: Noise barrier along N470 in Delft



117

Figure E.4: Noise barrier along A20 in North Rotterdam





F
COST LITERATURE REVIEW NOTES

PV systems are classified in terms of installed capacity. According to NREL [10] a residen-

tial system is from 3 - 10 kW installed capacity, a commercial system is between 10 kW and

2 MW and anything higher than a 2 MW system is referred to as utility scale. The classi-

fication of systems is important because the cost of each differs significantly, with larger

systems typically having lower costs per unit of installed capacity. This is a results of more

shared costs such as the inverters. The PV system designed in this study is classified as a

commercial scale system.

The cost of modules is generally given in per unit watt peak installed prices. Some ex-

amples of module costs are summarized in table F.1, along with the size of the system they

were part of, the total cost of the modules, and the cost per unit watt. The unit of cost per

Watt is useful because it is scalable (as long as the system size classification is the same).

Manufacturer Rating Price [AC] AC/W

Module Price Index - 0.26 [71]

NREL PV System Cost Breakdown 200 kWp - 0.311 [10]

Canadian Solar Panel 275 Wp 105 0.38 [93]

Tata Solar Panel 265 Wp 107 0.40 2 [94]

Boviet Solar Panel 270 Wp 115 0.43 [95]

Table F.1: Only Module Cost Survey

RECENT PRICE TRENDS & FACTORS

It should be noted that as the popularity and implementation of PV systems increases, the

cost of the modules (and system components) decreases. The cost reduction is contributed

to the technological advances and improvements in the design and production methods as

well as the increased competition within the industry. Figure F.1 shows the price of PV

1Prices given in U.S. Dollars, converted at a rate of 0.9 EUR/USD
2Prices given in Indian Rupees, converted at a rate of 0.013 EUR/RS
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modules over the past 8 years [9]. This is also confirmed by [10], which has mentioned a

price decrease in commercial systems of 65% from 2010 to 2017. Lower hardware costs,

namely modules and inverters, contributed 82% of the overall decrease however higher

module efficiencies were also a contributing factor.

(a) Cost of Installed Capacity Trend
(b) Levelized Cost of Electricity of PV

Systems Trend

Figure F.1: [9]

There are various initiatives and incentives put into place in order to accelerate the af-

fordability of solar electricity. One such initiative aiming to reduce the price of solar elec-

tricity so much that it becomes competitive with conventional fossil fuel sourced electricity

is the SunShot [96]. In the US [97] states that the effective reduction in system cost through

the Investment Tax Credit (ITC) incentive is about 30%. This value is also mentioned in a

report published by the National Renewable Energy Laboratory [96], but it is assumed that

it goes down to 26% by 2020. The SunShot goal for costs is 6, 7, an 9 cents/kWh in the utility,

residential and commercial sectors without subsidies. The cost per W of the systems men-

tioned by [96] are 6.2$/W, 3.1 $/W, and 1.6 $/W for the residential sector; 5.0$/W, 2.2$/W,

and 1.3$/W for the commercial sector; 4.1$/W, 1.8$/W, and 1.1$/W for the utility sector for

the years 2010, 2015 and 2020 respectively.

The cost of photovoltaic systems has decreased drastically in recent years. This is partly

due to incentives, but also due to a mass production in solar panels, an increase in exper-

tise of production and installation, social pressures to increase renewable energy genera-

tions and political agreements and goals which need to be met leading to subsidies and



121

governmental support for solar energy. Markets have been flooded with solar photovoltaic

technology, much of it coming from China which has had enormous impact in the field of

photovoltaic systems. Basic economics state that as the quantity of a product or service

increases, the cheaper it becomes. Naturally, the price drop is more complex than this, but

it is definitely an economic concept which has been proven in basic terms.

COST BREAKDOWN OF PV SYSTEMS

Commercial systems cost 1.85 $/WDC in 2017 according to [10]. The breakdown of this cost

is shown in figure F.2. The system costs are broken down as 47% to hardware costs, 35% to

installation, and 18% to O&M by [98].

Figure F.2: Individual Component Cost out of total system cost for PV, 2017 [10]





G
GRID CONNECTION COSTS

Table G.1 shows the one-off connection fee categories that are payable to the grid oper-

ator depending on the capacity of the connection. The costs shown in the Cost column

includes the connection to the grid and a 25 meter cable length. The additional cost per

meter is shown in the "Cost per extra meter" column. The sum of these aforementioned

costs are defined as C APE XGr i d . The annual fee, payable to the grid operator for grid op-

eration and maintenance services is shown in table G.2 and is defined as OPE XGr i d . It is

also dependent on the connection capacity.

The costs shown in tables G.1 & G.2 are excluding VAT.

Connection Capacity Cost [AC] Cost per extra meter [AC/m]

3 x 80 A - 3 x 125 A 4.210 47,50

3 x 125 A - 3 x 175 kVA 5.330 50,00

175 kVA - 630 kVA 36.870 83,00

630 kVA - 1000 kVA 38.085 93,00

1000 kVA - 1750 kVA 46.700 96,00

1750 kVA - 3000 kVA 197.649 130,00

3000 kVA - 10000 kVA 270.000 152,00

Table G.1: One-off Grid Connection Costs [16]

It can be seen in both tables G.1 & G.2 that between 3-phase and 1-phase connections

there is a substantial cost difference. Therefore, in the interest of maintaining reasonable

CAPEXGr i d and OPEXGr i d system costs, the level of energy exchanged with the grid should

optimally be below 175 kVA.

COST SPLITTING BETWEEN USERS

The 2 users of the grid connection are the Energy Wall and the electrolyzer system, denoted

by the subscripts RE N and H2 respectively. The proportion of electricity sent to- or re-

ceived from- the grid by users are not equal, therefore the connection cost is split between
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Capacity Range Connection Category Annual Cost [AC]

LS 32,775

> 80 A - 175 kVA Trafo MS/LS 78,00

> 175 kVA - 1,750 kVA MS Distributie 712,00

> 1750 kVA - 3000 kVA Trafo HS+TS/MS 1.505,00

> 3000 kVA - 10000 kVA Trafo HS+TS/MS 7.767,00

> 10000 kVA TS 130,00

Table G.2: Annual Grid Connection Costs, OPE XGr i d [16]

its users. The cost is split and allocated depending on how much electricity is handled by

the transformer for each user.

The total electricity handled by the transformer is EG , the electricity sent to the grid

from the Energy Wall is ERE N 2G and the electricity sent from the grid to the electrolyzer is

EG2H2 .

EG = ERE N 2G +EG2H2 [kW h] (G.1)

The levelized cost of the grid connection LCG is defined as the cost of the connection

CCON per unit of energy exchanged with the grid EG .

LCG = CCON

EG
= CCON

ERE N 2G +EG2H2

[
AC

kW h

]
(G.2)

The levelized cost of grid connection is distributed by weight of how much energy is

handled by the transformer. The cost is allocated to the corresponding user. It is split into

LCGH2 allocated to the hydrogen produced, and LCGRE N borne by the energy wall:

LCG = LCGH2 +LCGRE N

[
AC

kW h

]
(G.3)

The cost allocated to the hydrogen production is part of the grid electricity cost.

LCGH2 = LCG × EG2H2

EG

[
AC

kW h

]
LCGRE N = LCG × ERE N 2G

EG

[
AC

kW h

]
The final cost of electricity that the electrolyzer pays for is defined as LCOEG , expressed

in equation 5.4. From the grid connection cost, only the cost associated with the electricity

that is sent to the electrolyzer is considered, LCGH2 . This is the only cost which trickles

down to the cost for the user.
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ADDITIONAL MATERIAL FOR SCOOTERS

Figure H.1: Charging station diagram
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I
BATTERY POWERED ELECTRIC SCOOTER

REVIEW

In order to compare the hydrogen scooter model to current electric scooters which are sim-

ilar in size. They are listed in terms of their engine size; the relevant information is given in

table I.1.

Model G
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Manufacturer Mahindra Niu Niu Niu Etergo Gogoro

Engine Size [kW] 1.4 1.5 1.5 1.8 2 3

Charge Time [hrs] 3.5 7 3.5 7 2.3 Sharing

Battery Weight [kg] 13.5 8.3 5.2 10 8.5 9

Capacity [kWh] 1.6 2 1 1.74 1.155 1.3

Scooter Weight [kg] 105 58 95 71

Range/acu [km] 50 75-100 30-40 70 80 80

1 charge range [km] 50 100 35 70 240 85

Top Speed [km/h] 45 45 25 or 45 45 59 50

Cost [USD] 5750 3000 1900 2500 3400 1800

Table I.1: Battery Electric Scooter Selection Overview
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